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Association of Dengue Virus
and Leptospira Co-Infections
with Malaria Severity
Rajendra Mandage,1 Charandeep Kaur,1 Atreyi Pramanik,1 Vinod Kumar,2 Parul Kodan, Adarsh Singh,
Sounak Saha, Shivam Pandey, Naveet Wig, Ravindra Mohan Pandey, Manish Soneja, Pragyan Acharya

Plasmodium infections are co-endemic with infections
caused by other agents of acute febrile illnesses, such
as dengue virus (DENV), chikungunya virus, Leptospira spp., and Orientia tsutsugamushi. However, coinfections may influence disease severity, treatment
outcomes, and development of drug resistance. When
we analyzed cases of acute febrile illness at the All India Institute of Medical Sciences, New Delhi, India, from
July 2017 through September 2018, we found that most
patients with malaria harbored co-infections (Plasmodium mixed species and other pathogens). DENV was
the most common malaria co-infection (44% of total
infections). DENV serotype 4 was associated with mild
malaria, and Leptospira was associated with severe malaria. We also found the presence of P. knowlesi in our
study population. Therefore, in areas with a large number of severe malaria cases, diagnostic screening for all
4 DENV serotypes, Leptospira, and all Plasmodium species should be performed.

I

n tropical countries, including India, acute febrile
illnesses (AFIs) constitute a group of infections
with similar manifestations, such as fever, malaise,
body aches, chills, hepatic and renal dysfunction, and
central nervous system effects. The causative agents
of AFI can be bacterial (e.g., Orientia tsutsugamushi,
Leptospira, and Salmonella enterica serovar Typhi),
parasitic (protozoans of the apicomplexa family), or
viral (e.g., dengue virus [DENV], chikungunya virus
[CHIKV], influenza A[H1N1] virus) (1–4). Distinguishing between the causative agents of AFIs can be
difficult. In tropical climates, several AFI pathogens,
Author affiliations: All India Institute of Medical Sciences,
New Delhi, India (R. Mandage, C. Kaur, A. Pramanik, P. Kodan,
S. Pandey, N. Wig, R.M. Pandey, M. Soneja, P. Acharya); Nehru
Shatabdi Chikitsalaya, Singrauli, India (V. Kumar); Indian Institute
of Technology, Kharagpur, West Bengal, India (A. Singh, S. Saha)
DOI: https://doi.org/10.3201/eid2608.191214

such as malaria parasites, DENV, and CHIKV, occur in the same areas and during the same seasons
(5), making it possible that >1 pathogen can infect
the same person. Indeed, recent retrospective analyses based on persons hospitalized with an AFI have
uncovered malaria co-infections with dengue, chikungunya, and leptospirosis in different populations
across the world (6–14).
Despite the increasing realization that co-infections may contribute to the course and outcome of
malaria, only a few studies have investigated the
prevalence and nature of co-infections (14–20), which
limits our ability to manage and understand AFIs, as
follows. First, we do not know the spectrum of infections that a person with an AFI may harbor, leading to inadequate drug therapy. Treatment strategies
based on diagnosis of a single pathogen may lead to
inadvertent exposure of the undetected pathogen to
antimicrobial agents, thereby contributing to generation of antimicrobial-resistant species. Second, lack
of adequate data on co-infections in clinical and field
settings can misdirect the field of drug and vaccine
development. Pathogens such as malaria parasites,
DENV, and Orientia spp. have host immune-modulatory effects (21). Therefore, co-infections can aid or
antagonize each other in terms of evading host immune responses. These interactions may have major
effects on immune responses to vaccine candidates
and need to be known during design of effective vaccination strategies (22). Third, we do not know how
interactions of co-infecting pathogens lead to diverse
disease outcomes affecting organ function and ultimately mortality. In India, the prevalence of malaria
parasites, DENV, and CHIKV resembles the global
prevalence and co-endemicity of these pathogens (5).
1

These authors contributed equally to this article.

Work was conducted at the All India Institute of Medical Sciences,
New Delhi.
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Malaria infections in India are reportedly caused by
Plasmodium falciparum, P. vivax, P. ovale, and P. malariae (23). Several studies have also reported the occurrence of P. vivax severe malaria in India as well
as in Southeast Asia and South America (23–25). Our
objective with this study was to define the spectrum
of co-infections in patients with an AFI associated
with malaria admitted to the All India Institute of
Medical Sciences, New Delhi, India, a tertiary care
research hospital.
Materials and Methods
Study Participants and Sample Collection

For our prospective study, we recruited patients
with an AFI (history of fever, i.e., temperature >38°C
that had persisted for >2 days without an identified
source) from the Department of Medicine at All India
Institute of Medical Sciences from July 2017 through

September 2018. Every admitted consenting AFI patient was tested by PCR for all 5 Plasmodium species (P.
falciparum, P. vivax, P. malaria, P. ovale, and P. knowlesi), DENV, CHIKV, O. tsutsugamushi, and Leptospira.
The study was approved by the institute research
ethics committee (reference no. IEC-55/07.10.2016,
RP7/2017).
For each participant, we collected information
about geographic location (Figure) and completed
a standard questionnaire (including demographic
information, history, general physical examination
findings, systemic examination findings, and clinical
investigation findings). To determine presumptive
clinical diagnoses and treatments, we reviewed medical chart records corresponding to each participant.
All patient data were anonymized to protect
confidentiality. Blood samples were collected and
subjected to microscopy, rapid diagnostic testing,
and PCR analysis for all 5 pathogens (5 species of
Figure. Locations of
malaria patients with
co-infections, India, July
2017–September 2018.
Close-up view of Delhi
state is provided.
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Plasmodium, DENV, CHIKV, Leptospira, and Orientia). Typhoid testing was not conducted for patients
with no abdominal pain or diarrhea. None of the patients recruited for this study showed indications for
typhoid testing.
For microscopic examinations, we used peripheral blood smears (Giemsa-stained thick and thin
smears) and a 3-band rapid diagnostic test kit (SD
Bioline Malaria Ag Pf/Pan kit; Standard Diagnostics, Inc., https://www.alere.com/en/home.html).
The rapid diagnostic test detects antigens specific to
histidine-rich protein II from P. falciparum and panPlasmodium lactate dehydrogenase from P. vivax, P.
malariae, or P. ovale.
Patients positive for malaria by PCR were classified as having severe malaria according to World
Health Organization 2015 guidelines (https://
www.who.int/docs/default-source/documents/
publications/gmp/guidelines-for-the-treatment-ofmalaria-eng.pdf?sfvrsn=a0138b77_2). These guidelines define severe malaria as creatinine level >3
mg/dL, bilirubin level >3 mg/dL, bicarbonate level
<15 mmol/L, hemoglobin level <7 g/dL for adults
and <5 g/dL for children, parasite count 10%, hypoglycemia <2.2 mM, substantial bleeding, impaired
consciousness, shock, prostration (defined as myalgia and arthralgia), multiple convulsions, and pulmonary edema) (26). The remaining patients were
classified as having mild malaria.

DNA Extraction and PCR Analyses

From participating AFI patients, we collected 5 mL of
venous blood into EDTA tubes for PCR analysis. We
extracted DNA from whole blood by using a QiaAmp
DNA Mini Kit (QIAGEN, https://www.qiagen.com)
according to the manufacturer’s instructions. To detect
DENV and CHIKV, we extracted RNA from TRIzol
by using the isopropanol method, and we synthesized
complementary DNA from RNA by using a Verso
cDNA Synthesis Kit (Thermo Fisher Scientific, https://
www.thermofisher.com) according to the manufacturer’s recommendations. We analyzed all samples for the
presence of all 5 human Plasmodium species, O. tsutsugamushi, Leptospira, DENV, and CHIKV. All samples
were also subjected to microscopy and rapid diagnostic testing (for PfHRP2 and PvLDH genes) for malaria
diagnosis. The diagnosis of DENV and its serotypes
was conducted by using serotype-specific PCR primers. The presence of other infectious agents, such as
O. tsutsugamushi, Leptospira, and CHIKV was detected
by PCR (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/26/8/19-1214-App1.pdf). Randomly selected representative PCR products were subjected to
Sanger sequencing to confirm species identity (Appendix Table 2).
We categorized the types of infections or combination of infections in a person as monoinfections,
mixed infections, or co-infections. Monoinfections are
defined as infections with 1 species of Plasmodium,

Table 1. Frequency of co-infections with Plasmodium spp. and DENV serotypes 1–4, Leptopsira spp., and Orientia tsutsugamushi,
India, July 2017–September 2018*
Pathogen
No. co-infections
All Plasmodium-positive infections, n = 66
P. falciparum alone
10
P. vivax alone
34
P. knowlesi alone
5
P. vivax + P. knowlesi
4
P. falciparum + P. vivax
10
P. falciparum + P. knowlesi
1
P. falciparum + P. vivax + P. knowlesi
2
Plasmodium + bacteria co-infections, n = 17
Plasmodium + O. tsutsugamushi
5
Plasmodium + Leptospira
11
Plasmodium + Leptospira + O. tsutsugamushi
1
Plasmodium + DENV co-infections, n = 40
Plasmodium + DENV, all serotypes
40
Plasmodium + DENV-1
8
Plasmodium + DENV-3
5
Plasmodium + DENV-4
20
Plasmodium + DENV-1 + DENV-3
1
Plasmodium + DENV-1 + DENV-4
2
Plasmodium + DENV-3 + DENV-4
1
Plasmodium + DENV-1 + DENV-4 + DENV-3
3
Plasmodium + DENV + bacteria co-infections, n = 11
Plasmodium + DENV + Leptospira
8
Plasmodium + DENV+ O. tsutsugamushi
2
Plasmodium + DENV + Leptospira + O. tsutsugamushi
1
*P. malariae and P. ovale were not detected in the study population. DENV, dengue virus.
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mixed infections with >1 Plasmodium species, and
co-infections with Plasmodium species and other bacterial or viral infections.
Determination of Patient Locations and
Construction of Map of India

We were able to retrieve location data for 82 patients.
We constructed a map of India based on the official
maps provided by the Survey of India (http://www.
surveyofindia.gov.in/pages/display/235-politicalmap-of-india), as described previously (26). In brief,
we downloaded an India map shapefile (http://www.
indianremotesensing.com/2017/01/Download-Indiashapefile-with-kashmir.html) and generated the final
image by using Microsoft PowerPoint (https://www.
microsoft.com) to map each patient to their local area.
In addition, the 12 patients with P. knowlesi infection
were asked to answer questions about time of malaria
infection (as recorded in our dataset), travel outside
India in 2 years preceding the malaria infection, visits from abroad by friends/relatives, and any previous
malaria infections (possibility of recurrence/relapse).
Statistical Analyses

We recorded data on a predesigned form and managed the data in a Microsoft Excel spreadsheet and
checked all entries for possible manual errors. We
summarized categorical variables by frequency (%)
and age as means. We used χ2 or Fisher exact tests, or
both, as appropriate, to compare frequencies between
2 groups and the Student t-test to compare age distribution between 2 groups. We evaluated accuracy of
microscopy and rapid diagnostic testing methods by
using PCR as a reference for malaria diagnosis. For
each of the 2 tests, we computed sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, and negative likelihood
ratio by using PCR as a reference. We also computed
95% CIs for each measure computed to determine the
strength of association of various co-infections with
malaria severity. We used bivariate and multivariate
logistic regression methods to determine the odds ratio (95% CI) for each co-infection by using Stata version 15.0 statistical software (https://www.stata.com).

We considered p<0.05 to be statistically significant. We
created a patient baseline characteristics table by using
the R version 3.4.3 package tableone (27). The tableone
package summarizes categorical data in the form of
counts and percentages and summarizes continuous
data in the form of means and SDs.
Results
Spectrum of Co-infections and Plasmodium Mixed
Species Infections in Patients with Malaria

We analyzed the prevalence of various co-infections
and Plasmodium mixed-species infections in the 66
Plasmodium-positive samples (Table 1). P. vivax accounted for most (76%) (50/66) infections, whereas
P. falciparum accounted for 35% (23/66). P. knowlesi
was detected in 18% (12/66) of infections (Table 1); P.
malariae and P. ovale were not detected in our study.
From the 66 Plasmodium-positive patients, 40
(60%) samples indicated a DENV co-infection with or
without other co-infecting pathogens, and 29 (44%)
indicated exclusive Plasmodium/DENV co-infections.
Plasmodium co-infections with bacteria were found
for 16 (25%) patients: Leptospira infections for 11 (17%)
of the 66 and O. tsutsugamushi for 5 (8%) (Table 1).
Mapping indicated that locations of the malaria
patients in our study spanned the entire northern region of India, including the states of Rajasthan, Haryana, Punjab, Delhi, Uttar Pradesh, Bihar, and West
Bengal (Figure). Patients with P. knowlesi infection
originated from Delhi, Haryana, Uttar Pradesh, and
West Bengal. Most patients with dengue infections
originated from Delhi and Uttar Pradesh. Of the 12
patients with P. knowlesi infection, 5 had not traveled
abroad or had direct contact with any visitors from
abroad for at least 2 years before admission. No information was available for the remaining 7 patients
(Appendix Table 3).
Patient Baseline Characteristics

Detailed hematologic and biochemical parameters for
all patients were retrieved from medical records (Table 2; Appendix Table 4). Differences between severe
and mild malaria patients were found in hemoglobin

Table 2. Comparison of blood parameters for patients with mild or severe malaria, India, July 2017–September 2018*
Parameter
Mild disease, mean (± SD), n = 33†
Severe, mean (± SD), n = 33‡
Hemoglobin, g/dL
12.11 ( ± 3.22)
9.89 (± 2.96)
Hematocrit, %
36.45 (± 9.48)
29.93 (± 8.95)
Platelets, ×103/μL
87.00 (± 54.73)
76.69 (± 66.24)
Leukocytes, × 103 cells/μL
6.07 (± 3.20)
10.53 (± 6.98)
Erythrocytes, × 106 cells/μL
4.26 (± 1.34)
3.69 (± 0.95)
Creatinine, mg/dL
0.90 (± 0.41)
3.37 (± 3.41)

*In each group, 26 patients were male. Mean (± SD) ages were 32.03 (± 15.99) y for those with mild disease and 28.81 (± 13.99) y for those with severe
disease.
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levels (9.89 g/dL vs. 12.11 g/dL), hematocrit (29.93%
vs. 36.45%), platelet counts (76.69 vs. 87 × 103/μL), leukocyte counts (10.53 vs. 6.07) × 103 cells/μL), and creatinine levels (3.37 vs. 0.90). Each group contained 26 male
patients; mean age for severe malaria patients was 28
years and for mild malaria patients was 32 years.
Association of Co-infecting Pathogens with
Malaria Severity

We found that co-infection with DENV serotype 4
(DENV-4) was associated with mild malaria (adjusted odds ratio [aOR] 0.3, 95% CI 0.4–5.0), whereas
infection with Leptospira (aOR 1.6, 95% CI 0.4–6.8) or
O. tsutsugamushi (aOR 1.1, 95% CI 0.1–7.8) was associated with severe malaria. P. vivax or P. knowlesi
monoinfection was also associated with severe malaria (aOR 2.5, 95% CI 0.9–7.2) (Table 3). Other categories
of Plasmodium mixed-species infections did not show
any strong association with malaria severity (Appendix Table 5). However, the species of Plasmodium may
confound some of these analyses.
Relative Performance of Malaria Diagnostic Procedures

All 99 patients were tested for Plasmodium species by
microscopy (8 positive results), rapid diagnostic testing (26 positive), and PCR (66 positive) (Table 4). Almost 50% of the P. vivax infections escaped detection
by both microscopy and rapid testing. P. knowlesi was
detectable solely by PCR. In addition, rapid diagnostic testing was able to detect only 1 of 18 Plasmodium
mixed-species infections (Table 4). The diagnostic
performance of microscopy and rapid diagnostic testing was calculated, and each was found to have poor
sensitivity compared with PCR (Appendix Table 6).
Discussion
Among patients hospitalized with AFI at the All India Institute of Medical Sciences during July 2017–

September 2018, the major circulating Plasmodium
species was P. vivax and malaria/DENV co-infections
predominated. A high number of severe malaria cases reported to the institute are from northern India.
Among the 5 Plasmodium species known to infect humans, in our study population we detected P. falciparum, P. vivax, and P. knowlesi but found no evidence
of P. malariae or P. ovale. Most AFI patients in this
study originated from northern India across the states
of Rajasthan, Haryana, Punjab, Delhi, Uttar Pradesh,
Bihar, and West Bengal. The burden of co-infecting
pathogens in patients with malaria was revealed by
a combination of complete blood work (peripheral
blood smear analysis, rapid diagnostic testing, serum
renal and liver function testing) and in-depth molecular assays (PCR amplification of Plasmodium species–
specific genes followed by Sanger sequencing). We
found a very high percentage of Plasmodium/DENV
co-infections in our study population. This finding
can be partly attributed to the highly sensitive PCR
diagnostic methods used.
A recent meta-analysis of the prevalence of
DENV/ Plasmodium/CHIKV co-infections spanning
7 geographic regions (southern Asia, Africa, Southeast Asia, South America, North America, the Caribbean, and the Middle East) showed that DENV/
Plasmodium co-infections have been reported in 19
countries, including India; DENV/CHIKV co-infections have been reported in 24 countries including India; CHIKV/Plasmodium co-infections have
been reported in 6 countries with only a single coinfection reported from India; and DENV/CHIKV/
Plasmodium co-infections have been reported in 3
countries (5). According to that meta-analysis, the
average reported prevalence of DENV/Plasmodium
co-infection in India is ≈6.5%, which is much lower
than that detected by our study. However, a more detailed analysis from the eastern India state of Odisha

Table 3. Frequency of co-infections and mixed infections in patients with severe and mild malaria, India, July 2017–September 2018*
No. malaria cases
Unadjusted OR
Adjusted OR
Co-infections
Severe, n = 33 Mild, n = 33
p value
(95% CI)
(95% CI)
DENV
<0.08
Neg for DENV
14
12
Referent
Referent
Pos for DENV-4
6
14
0.34 (0.1–1.2)
0.3 (0.4–5.0)
Pos for other DENV serotypes: 1, 3, 1+3, 4+3
13
7
1.6 (0.5–2.5)
1.4 (0.4–4.9)
Leptospira
<0.5
Absent
26
29
Present
7
4
1.9 (0.5–7.4)
1.6 (0.4–6.8)
Orientia tsutsugamushi
<0.5
Absent
30
31
Referent
Referent
Present
3
2
1.6 (0.2–9.9)
1.1 (0.1–7.8)
Malaria parasite types
<0.1
Plasmodium mixed infections
17
10
Referent
Referent
P. vivax/P. knowlesi monoinfection
16
23
2.4 (0.9–6.7)
2.5 (0.9–7.2)
*Bivariate and multivariate logistic regression analysis was used to determine the strength of association of various co-infections and mixed malaria
infections with malaria severity. DENV, dengue virus.; neg, negative; pos, positive; OR, odds ratio.
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Table 4. Summary of detection of Plasmodium species by RDT, microscopy and PCR, India, July 2017–September 2018*
Parasites
RDT, no. (%)
Microscopy, no. (%)
PCR, no. (%)
Plasmodium negative
73 (71.7)
90 (90.9)
33 (33.3)
Plasmodium positive
26 (28.3)
9 (9.09)
66 (66.7)
P. falciparum
6 (6.06)
2 (2.02)
10 (10.1
P. vivax
14 (14.1)
7 (7.07)
34 (34.3)
P. ovale
0
0
0
P. malariae
0
0
0
P. knowlesi
0
0
5 (5.05)
Mixed Plasmodium
1 (1.01)
0
17 (17.2)
Pan-Plasmodium
7 (7.07)
0
0
*Percentages are calculated out of all AFI samples (n = 99). RDT, rapid diagnostic test.

shows that this percentage can vary within a year,
depending on season, and the highest reported
prevalence of DENV/Plasmodium co-infections from
this region was 31.8% during September–October,
an observation similar to ours (28).
Although awareness of Plasmodium/DENV coinfections is increasing, little information is available
about Plasmodium/Leptospira or Plasmodium/O. tsutsugamushi co-infections (13,29). This lack of information is concerning because our study suggests that
Plasmodium/Leptospira co-infections are associated
with severe malaria. Prevalence data for co-infections
with these pathogens are limited. We emphasize the
need for such information because although these
pathogens are carried by different vectors, they coexist in the same geoclimactic habitats that combine
a warm, moist environment with dense vegetation
and poor socio-economic development (13,29). The
presence of one co-infecting pathogen can influence
disease outcomes, treatment outcomes, development
of immunity, or drug resistance with regard to infections caused by the other co-infecting pathogen. One
example is the predisposition for bacteremia to develop in persons with malaria (30).
In most malaria-endemic settings, malaria is still
diagnosed by microscopic examination of Giemsastained peripheral blood smears and rapid diagnostic testing for parasite antigen. The rapid test is specifically designed to detect P. falciparum and P. vivax
and is extensively used because of its speed and simplicity. For microscopy, diagnostic success depends
on the skill of the technicians who observe the peripheral blood smears. We found that rapid tests and
microscopy missed most of the P. vivax–positive malaria cases and all P. knowlesi cases and detected only
1 of 18 Plasmodium mixed-species infections. This
finding clearly shows the limitations of rapid testing
and microscopy for comprehensive detection of malaria parasites, which have been independently observed in several studies and attributed to deletions
in the HRP2 and HRP3 genes in the specific case of
P. falciparum infection (31–34). This problem is well
1650

recognized for healthcare workers and researchers
working toward malaria elimination all over the
world. Although the rapid diagnostic test for malaria has been shown to be better than microscopic
examination of Giemsa-stained peripheral blood
smears, PCR has been shown to be far superior to
rapid testing for diagnosing low-parasitemia malaria
infections (35). Our observations were similar; PCR
was most sensitive, followed by rapid testing and
then microscopy. However, rapid tests have low success rates in areas of low transmission intensities and
give rise to a high proportion of false negatives (36).
In addition, rapid tests fail to detect infections with
emerging pathogens, such as the simian parasite species P. knowlesi and P. cynomolgi, both known to infect humans (37). Although recent reports highlight
the improvement of rapid tests for P. knowlesi detection by use of a cross-reacting pan-parasite lactate
dehydrogenase feature, we were unable to detect P.
knowlesi by using a pan-parasite lactate dehydrogenase–containing rapid test, possibly because of low
parasitemia, below the detection limit of the rapid
test (38). P. knowlesi, which was previously believed
to be localized to Southeast Asia, has now been reported from various parts of the world as single case
reports of travelers’ infections from areas including
Oceania, Europe, and the Middle East (39–41). From
India, P. knowlesi infection has been reported from
the Andaman and Nicobar Islands in the context of
drug resistance and in a recent study by our group in
the context of acute kidney injury (26,42). Historically, P. knowlesi infection was discovered as a naturally
occurring human infection in Malaysia in 1965 (43).
The accurate diagnosis of P. knowlesi by use of PCR
took ≈40 years from its initial discovery and gave a
preliminary indication of the burden of this zoonosis
in Sarawak, Malaysia (44). Until this point, P. knowlesi as a human infection was frequently misdiagnosed
as P. vivax, P. malariae, or P. falciparum infection.
To assess whether the infections originated locally, we surveyed the P. knowlesi patients in our
study group for the possibility of travel abroad or
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interaction with visitors from abroad within their
family. The patients who responded to our questionnaire do not appear to have traveled abroad or
to have had direct contact with anyone visiting them
from abroad, suggesting local presence of P. knowlesi.
However, unknown sources of travel from Southeast Asia, a neighbor to India, cannot be ruled out.
Currently, testing for P. knowlesi is not included in
diagnostic procedures in India, irrespective of diagnostic method (microscopy, rapid diagnostic test, or
PCR), because it has not been widely reported. However, India is known to harbor both the potential vector for P. knowlesi, the Anopheles dirus mosquito, as
well as the reservoir, pig-tailed macaques (Macaca
nemestrina), thereby making India a potential ecosystem for the proliferation of this zoonotic Plasmodium
species (45). Furthermore, the populations of Macaca
mulatta macaques and related species have recently
expanded in northern India, particularly in the state
of Uttar Pradesh, which may explain the appearance
of P. knowlesi in our study population representative
of these areas, whereas it was not reported earlier
(45). A recent report has also demonstrated the presence of P. falciparum parasites in monkey populations
from India, indicating freely occurring undetected
zoonotic transfer of the malaria parasites across reservoirs and hosts. Therefore, healthcare workers and
national programs should incorporate all species of
malaria parasites known to infect humans, in their
diagnostic portfolio.
In conclusion, our study clearly showed that
microscopy and rapid diagnostic testing gave falsenegative results for most mixed-species infections
and completely missed P. knowlesi infections, coinfections and mixed Plasmodium infections were
highly prevalent in patients with malaria, Plasmodium/DENV co-infections were the most common
co-occurring pathogens in our study population, P.
knowlesi infections were present in India, Plasmodium/DENV4 co-infections were associated with mild
malaria, and Plasmodium/Leptospira infections were
associated with severe malaria. Although the ORs
support the above findings, the 95% CIs for these associations were wide. CIs reflect the uncertainty of the
estimated effect, and wider intervals suggest greater
uncertainty. The wide 95% CIs in this study suggest
that although trends were observed, additional data
points are needed to determine the effect size of these
associations. Wider prevalence studies investigating
malaria co-infections are needed.
The government of India has recently declared
a goal of malaria elimination by 2030, which will
be a major step toward global malaria eradication

because India serves as a major Plasmodium reservoir, contributing to almost 4% of malaria-related
deaths globally. Therefore, to make malaria elimination possible, we offer 2 recommendations based
on our observations in this study, particularly for
tertiary healthcare centers or centers where the burden of severe malaria cases is high. First, malaria
elimination efforts will need to include strategies
for malaria elimination in humans as well as animal reservoirs. Second, efforts toward the development of novel diagnostics for malaria must be
renewed, and AFI diagnoses must include screening for all 5 Plasmodium species, Leptospira, and all 4
DENV serotypes.
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EID Podcast: A Worm’s Eye View
Seeing a several-centimeters-long worm traversing the conjunctiva of an eye is often the moment when many people
realize they are infected with Loa loa, commonly called
the African eyeworm, a parasitic nematode that migrates
throughout the subcutaneous and connective tissues of infected persons. Infection with this worm is called loiasis and
is typically diagnosed either by the worm’s appearance in
the eye or by a history of localized Calabar swellings, named
for the coastal Nigerian town where that symptom was initially observed among infected persons. Endemic to a large
region of the western and central African rainforests, the Loa
loa microfilariae are passed to humans primarily from bites
by flies from two species of the genus Chrysops, C. silacea and
C. dimidiate. The more than 29 million people who live in
affected areas of Central and West Africa are potentially at
risk of loiasis.
Ben Taylor, cover artist for the August 2018 issue of EID,
discusses how his personal experience with the Loa loa parasite influenced this painting.

Visit our website to listen:
https://tools.cdc.gov/
medialibrary/index.aspx#/
media/id/392605
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US CDC Real-Time Reverse
Transcription PCR Panel for
Detection of Severe Acute
Respiratory Syndrome Coronavirus 2
Xiaoyan Lu, Lijuan Wang, Senthilkumar K. Sakthivel, Brett Whitaker,
Janna Murray, Shifaq Kamili, Brian Lynch, Lakshmi Malapati, Stephen A. Burke,
Jennifer Harcourt, Azaibi Tamin, Natalie J. Thornburg, Julie M. Villanueva, Stephen Lindstrom

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was identified as the etiologic agent associated with coronavirus disease, which emerged in
late 2019. In response, we developed a diagnostic panel
consisting of 3 real-time reverse transcription PCR assays targeting the nucleocapsid gene and evaluated use
of these assays for detecting SARS-CoV-2 infection. All
assays demonstrated a linear dynamic range of 8 orders of magnitude and an analytical limit of detection of
5 copies/reaction of quantified RNA transcripts and 1 x
10−1.5 50% tissue culture infectious dose/mL of cell-cultured SARS-CoV-2. All assays performed comparably
with nasopharyngeal and oropharyngeal secretions, serum, and fecal specimens spiked with cultured virus. We
obtained no false-positive amplifications with other human coronaviruses or common respiratory pathogens.
Results from all 3 assays were highly correlated during
clinical specimen testing. On February 4, 2020, the Food
and Drug Administration issued an Emergency Use Authorization to enable emergency use of this panel.

O

n December 31, 2019, an outbreak of an unexplained acute respiratory disease, later designated coronavirus disease (COVID-19), was reported in
Wuhan, China (1). On January 7, 2020, a novel coronavirus, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), previously known as 2019-nCoV,
was identified as the causative agent of the outbreak
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(2). On January 10, 2020, a SARS-CoV-2 genome sequence was shared with the global scientific community through an online resource (3). The virus was
genetically most closely related to SARS-CoV and
SARS-related bat and civet coronaviruses within the
family Betacoronavirus, subgenus Sarbecovirus (4,5).
To support the potential public health emergency
response to COVID-19, the Centers for Disease Control and Prevention (CDC) developed and validated
a real-time reverse transcription PCR (rRT-PCR)
panel based on this SARS-CoV-2 genome sequence
(3). The panel targeted the nucleocapsid protein (N)
gene of SARS-CoV-2. The rRT-PCR panel was validated under the Clinical Laboratory Improvement
Amendments (https://www.cms.gov/Regulationsand-Guidance/Legislation/CLIA) for CDC use for
diagnosis of SARS-CoV-2 from respiratory clinical
specimens. On January 20, 2020, the CDC rRT-PCR
panel confirmed an early case of COVID-19 in the
United States (6). The US Food and Drug Administration issued an Emergency Use Authorization to
enable emergency use of the CDC rRT-PCR panel as
an in vitro diagnostic test for SARS-CoV-2 (https://
www.fda.gov/news-events/press-announcements/
fda-takes-significant-step-coronavirus-responseefforts-issues-emergency-use-authorization-first).
From January 18 through February 27, as part of the
COVID-19 response, CDC tested 2,923 specimens
from 998 persons for SARS-CoV-2.
As of April 22, ≈2,400,000 confirmed COVID-19
cases and ≈169,000 associated deaths had been identified globally, including ≈770,000 cases and ≈37,000
deaths in the United States (7). We describe the design and validation of the CDC rRT-PCR panel and
present comprehensive data on its performance with
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multiple specimen types and clinical specimens tested during the early CDC COVID-19 response.
Materials and Methods
SARS-CoV-2 Cultured Virus and Other
Respiratory Pathogens

SARS-CoV-2 was isolated in Vero cells from a respiratory specimen from an early US COVID-19 patient
(8). We measured infectious virus titer of virus stock
by 50% tissue culture infectious dose (TCID50) (2.01 ×
106 TCID50/mL) and inactivated the virus by gamma
irradiation. The inactivated stock virus was used as
reference material for assay evaluation. Cell culture
stocks or clinical specimens containing other respiratory viruses/bacteria were used to evaluate assay
specificity. Ten nasopharyngeal swab samples that
had been collected in 2018 (before COVID-19) and
were negative for respiratory viruses were also available for assay specificity evaluation.
Clinical Specimens

We used the rRT-PCR panel for SARS-CoV-2 to test
2,923 clinical specimens collected from January 18
through February 27, 2020, from persons under investigation from 43 states and territories in the United
States. Specimens included 2,437 specimens collected
from 998 persons suspected to be infected who either
met the initial definition of a COVID-19 person under
investigation (9), were a close contact with a laboratory-confirmed COVID-19 case-patient, or had been repatriated to the United States from Wuhan, China, or
the Diamond Princess cruise ship from Japan; and 486
specimens that were serially collected over time from
28 persons with COVID-19 confirmed at CDC. Respiratory specimens (90.2%) included nasopharyngeal
swab samples (n = 1,220) and oropharyngeal swab
samples (n = 1,208) in viral transport medium, nasal
swab/wash samples (n = 7), sputum (n = 197), bronchoalveolar lavage fluid (n = 2), lung tissues (n = 2),
tracheal aspirate (n = 1), and bronchial wash samples
(n = 1). Nonrespiratory specimens (9.8%) included serum (n = 156), urine (n = 72), stool (n = 54), cerebrospinal fluid (n = 2), and pericardial fluid (n = 1).
Specimen Processing and Nucleic Acid Extraction

We extracted total nucleic acid from 120 μL of respiratory specimens by using the EZ1 DSP Virus Kit
(QIAGEN, https://www.qiagen.com) following the
manufacturer’s instructions and collected 120 μL elution volumes. We processed sputum specimens by
adding equal volumes of 10 mM of freshly prepared
No-Weigh Thermo Scientific Pierce dithiothreitol

(Thermo Fisher Scientific, https://www.thermofisher.com) and incubating them at room temperature for 30 min with intermittent mixing or until the
specimens were sufficiently liquefied for extraction.
We processed stool specimens by preparing 10% suspensions by adding 100 μL of liquid stool or ≈100 mg
of solid stool to 900 μL of phosphate-buffered saline,
pH 7.4 (Thermo Fisher Scientific), pulse vortexing for
30 s, and centrifuging at 4,000 × g for 10 min at 4°C.
We then carefully removed the clarified supernatant
for extraction. To demonstrate successful nucleic acid
recovery and reagent integrity, we extracted human
specimen control consisting of cultured A549 cells
concurrently with the test specimens as a procedural control. We either tested extracts immediately or
stored them at <-70°C until use.
Primers and Probes

We aligned the N gene sequence from the publicly
available SARS-CoV-2 genome (GenBank accession
no. MN908947) with other coronavirus sequences
available from GenBank by using MAFFT version
7.450 implemented in Geneious Prime (Geneious Biologics, https://www.geneious.com). We designed
multiple primer/probe sets targeting regions in the
5′, middle, and 3′ regions of the N gene sequence
with the aid of Primer Express software version 3.0.1
(Thermo Fisher Scientific). We selected 3 candidate
gene regions, designated N1, N2, and N3, for further
study (Table 1). N1 and N2 were designed to specifically detect SARS-CoV-2, and N3 was designed
to universally detect all currently recognized clade
2 and 3 viruses within the subgenus Sarbecovirus (4),
including SARS-CoV-2, SARS-CoV, and bat- and
civet-SARS–like CoVs. BLASTn (http://www.ncbi.
nlm.nih.gov/blast/Blast.cgi) analysis demonstrated
no major combined similarity of primers and probes
of each assay with other coronaviruses (OC43, 229E,
HKU1, NL63, and Middle East respiratory syndrome coronavirus [MERS-CoV]) or microflora of
humans that would potentially yield false-positive
results. We synthesized all primers and probes by
using standard phosphoramidite chemistry techniques at the CDC Biotechnology Core Facility.
We labeled hydrolysis probes at the 5′ end with
6-carboxy-fluorescein (FAM) and at the 3′ end with
Black Hole Quencher 1 (Biosearch Technologies,
https://www.biosearchtech.com).
In Vitro RNA Transcript and Viral Template Control

Double-stranded DNA containing a 5′-T7 RNA polymerase promoter sequence (TAATACGACTCACTATAGGG) and the SARS-CoV-2 complete N gene
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Table 1. Assay primer/probe sequences for the US CDC rRT-PCR panel for detection of SARS-CoV-2*
Genome
Primers and
Amplicon
Sequence, 5→3
Assay
Genome target
location
probes†
size, bp
N1
Nucleocapsid 28303–28322‡ Forward primer
GACCCCAAAATCAGCGAAAT
73
gene
28374–28351‡ Reverse primer TCTGGTTACTGCCAGTTGAATCTG
28325–28348‡
Probe
ACCCCGCATTACGTTTGGTGGACC
N2
Nucleocapsid 29180–29199‡ Forward primer
TTACAAACATTGGCCGCAAA
67
gene
29246–29228‡ Reverse primer
GCGCGACATTCCGAAGAA
29204–29226‡
Probe
ACAATTTGCCCCCAGCGCTTCAG
N3
Nucleocapsid 28697–28718‡ Forward primer
GGGAGCCTTGAATACACCAAAA
72
gene
28768–28748‡ Reverse primer
TGTAGCACGATTGCAGCATTG
28720–28743‡
Probe
AYCACATTGGCACCCGCAATCCTG
RP¶

Human RNase
P gene

50–68#
114–95#
71–93#

Forward primer
Reverse primer
Probe

AGATTTGGACCTGCGAGCG
GAGCGGCTGTCTCCACAAGT
TTCTGACCTGAAGGCTCTGCGCG

65

Assay use
SARS-CoV-2
SARS-CoV-2
SARS-CoV-2,
SARS-CoV, and
other
Sarbecoviruses§
Sample quality
control

*CDC, Centers for Disease Control and Prevention; N, nucleocapsid protein gene; RP, ribonuclease P gene; rRT-PCR, real-time reverse transcription
PCR; SARS-CoV-2, severe acute respiratory coronavirus 2.
†Probes labeled at the 5-end with the reporter molecule 6-carboxyfluorescein (FAM) and at the 3-end with Black Hole Quencher 1 (Biosearch
Technologies Inc., https://www.biosearchtech.com).
‡Nucleotide numbering based on SARS-CoV-2 (accession no. MN908947).
§Bat- and civet-SARS–like coronaviruses.
¶Primer/probe sequences from (10).
#Nucleotide numbering based on human RP mRNA (accession no. NM_006413).

sequence was synthesized by Integrated DNA Technologies (https://www.idtdna.com). We transcribed
the DNA by using the MEGAscript T7 Transcription
Kit (Thermo Fisher Scientific). The RNA transcripts
were purified by using the MEGAclear Transcription
Clean-Up Kit (Thermo Fisher Scientific) and quantified with a Qubit fluorometer by using a Qubit RNA
HS Assay Kit (Thermo Fisher Scientific). We used the
RNA transcript for subsequent assay evaluation and
positive template control.
rRT-PCR Assay

We performed all rRT-PCR testing by using the TaqPath 1-Step RT-qPCR Master Mix, CG (Thermo Fisher
Scientific). Each 20-μL reaction contained 5 μL of 4X
Master Mix (Thermo Fisher Scientific), 0.5 μL of 5
μmol/L probe, 0.5 μL each of 20 μmol/L forward and
reverse primers, 8.5 μL of nuclease-free water, and 5
μL of nucleic acid extract. We conducted amplification in 96-well plates on an Applied Biosystems 7500
Fast Dx Real-Time PCR Instrument (Thermo Fisher
Scientific). Thermocycling conditions consisted of 2
min at 25°C for uracil-DNA glycosylase incubation,
15 min at 50°C for reverse transcription, 2 min at 95°C
for activation of the Taq enzyme, and 45 cycles of 3
s at 95°C and 30 s at 55°C. We set the threshold in
the middle of exponential amplification phase in log
view. A positive test result was defined as an exponential fluorescent curve that crossed the threshold
within 40 cycles (cycle threshold [Ct] <40).
Test Algorithm

For routine specimen testing, we ran all 3 SARSCoV-2 assays simultaneously along with the human
1656

ribonuclease P gene (RP) assay to monitor nucleic
acid extraction, specimen quality, and presence of
reaction inhibitors. To monitor assay performance,
we included positive template controls, no-template
controls, and human specimen controls in all runs.
When all controls exhibited expected performance,
we considered a specimen to be positive for SARSCoV-2 if all assay amplification curves crossed the
threshold line within 40 cycles (Ct <40). If all 3 assay
results were negative, the test result was reported as
negative. If all 3 assay results were not positive, an inconclusive test result was recorded and retesting was
required. If both initial and retest results were inconclusive, the final result was reported as inconclusive.
Results
Assay Efficiency

We prepared serial 10-fold dilutions of quantified
RNA transcript in 10 mmol/L Tris-HCl buffer containing 50 ng/µL of yeast tRNA (Thermo Fisher
Scientific) and tested them by each assay. A linear
amplification was achieved over an 8-log dynamic
range from 5 to 5 × 107 copies/reaction for all 3 assays; calculated efficiency ranged from 99.4% to
102.6% (Figure 1).
Analytical Sensitivity (Limits of Detection)
SARS-CoV-2 RNA Transcripts

We tested serial 2-fold dilutions of quantified RNA
transcript prepared in buffer as above by each assay in 24 replicates/dilution. The highest dilution of
transcript at which all replicates were positive was
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Table 2. Limits of detection of the US CDC rRT-PCR panel for
detection of SARS-CoV-2 with RNA transcripts*
No. positive tests/no. (%) reaction replicates
Copies/
reaction
N1
N2
N3
20
24/24 (100)
24/24 (100)
24/24 (100)
10
24/24 (100)
24/24 (100)
24/24 (100)
5
24/24 (100)
24/24 (100)
24/24 (100)
2.5
23/24 (95.8)
16/24 (66.7)
15/24 (62.5)
1.25
15/24 (62.5)
8/24 (33.3)
3/24 (12.5)
*CDC, Centers for Disease Control and Prevention; N, nucleocapsid
protein gene; rRT-PCR, real-time reverse transcription PCR; SARS-CoV2, severe acute respiratory coronavirus 2.

SARS-CoV-2 Spiked in Different Clinical Matrices

Serial half-log dilutions of SARS-CoV-2 were
spiked in different specimen matrices contrived
from pooled human clinical specimens: 10 serum
samples, 10 nasopharyngeal swab samples, 10 oropharyngeal swab samples, 10 sputum samples,
and 10 stool suspensions (prepared as 10% suspensions). The LoDs for all assays ranged from
1.0 × 10–1.5 to 1.0 × 10–1 TCID50/mL across all specimen matrices (Table 4). Negative results were
obtained for all 3 assays with all pooled negative
specimen matrices.
Assay Reproducibility

Figure 1. Linear regression analysis of serial 10-fold dilutions of
synthetic RNA transcripts of the nucleocapsid gene (N) ranging
from 5 to 5 × 107 copies/reaction tested by the N1 (A), N2 (B),
and N3 (C) assays in the US Centers for Disease Control and
Prevention real-time reverse transcription PCR panel for detection
of severe acute respiratory syndrome coronavirus 2. For each
assay, R2 indicates calculated linear correlation coefficients and eff.
indicates amplification efficiencies. Ct, cycle threshold.

defined as the limit of detection (LoD) for each assay.
The LoDs for all assays were 5 RNA transcript copies/reaction (Table 2), which is consistent with that
previously demonstrated (11).
SARS-CoV-2 Genomic RNA

We tested serial half-log dilutions of SARS-CoV-2
RNA extracted from inactivated cultured virus and
prepared in buffer as above in triplicate by each assay (Table 3). For all 3 assays, the LoD was ≈1 × 10−1.5
TCID50/mL.

We evaluated assay reproducibility by using 3
contrived respiratory specimens constructed from
pooled nasopharyngeal swabs and spiked with
high (1.0 × 103 TCID50/mL), moderate (1.0 × 101
TCID50/mL), and low (1.0 × 10–1 TCID50/mL) concentrations of virus. We extracted the contrived
specimens, and tested them in triplicate against
each assay on 3 different days. Interassay variation
was low for all assays (coefficient of variation range
for N1, 1.8%–3.7%; N2, 2.3%–2.8%; N3, 1.1%–1.3%;
RP, 0.9%–1.5%) (Table 5).
Analytical Specificity
In Silico Analysis Against Available SARS-CoV-2
Genome Sequences

We evaluated the primer/probe sequences of the
3 assays against 7,158 genome sequences available
from the Global Initiative on Sharing All Influenza
Data (GISAID, https://www.gisaid.org) as of April
14, 2020. Nucleotide mismatches in the primer/probe
regions with frequency >0.1% were sporadic among
viruses (Table 6). Except for 1 nucleotide mismatch
with frequency >1% (1.55%) at the eighth position
of the N3 forward primer, frequency of all other
mismatches was <1%. These nucleotide mismatches
would not be expected to affect reaction performance.
No viruses were found to have >1 mismatch in any
primer/probe region.
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Table 3. Limits of detection of the US CDC rRT-PCR panel for detection of SARS-CoV-2 with extracted SARS-CoV-2 virus RNA*
Virus
N1 Ct
N2 Ct
N3 Ct
concentration,
TCID50
Test 1 Test 2 Test 3 Call rate
Test 1 Test 2 Test 3 Call rate
Test 1 Test 2 Test 3 Call rate
1 × 100.5
27.5
27.1
27.4
3/3
29.2
28.9
28.7
3/3
28.3
28.3
28.2
3/3
1 × 100
30.9
29.4
29.9
3/3
31.2
31.1
31.1
3/3
30.0
30.0
30.0
3/3
30.7
30.9
31.1
3/3
33.0
32.7
32.3
3/3
31.4
31.4
32.5
3/3
1 × 10−0.5
33.0
32.4
32.9
3/3
34.4
34.3
34.7
3/3
34.6
32.3
33.3
3/3
1 × 10−1
34.4
33.6
35.6
3/3
36.3
36.1
37.6
3/3
35.4
35.8
35.6
3/3
1 × 10−1.5
37.2
36.1
Neg
2/3
39.0
Neg
Neg
1/3
36.1
Neg
Neg
1/3
1 × 10−2
1 × 10-2.5
36.2
36.3
Neg
2/3
38.8
37.6
Neg
2/3
37.1
Neg
Neg
1/3
Neg
Neg
Neg
0/3
Neg
Neg
Neg
0/3
Neg
Neg
Neg
0/3
1 × 10−3
*Call rate indicates each assay performed in triplicate. CDC, Centers for Disease Control and Prevention; Ct, cycle threshold; N, nucleocapsid protein
gene; neg, negative; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory coronavirus 2; TCID50, 50% tissue culture
infectious dose.

Cross-Reactivity with Other Respiratory Pathogens and
Human Microbial Flora

We evaluated the specificity of the SARS-CoV-2 rRTPCR assay with purified nucleic acid obtained from
a collection of respiratory pathogen isolates or positive clinical specimens, including human coronaviruses 229E, OC43, NL63, HKU1, SARS-CoV, and
MERS-CoV (Table 7). We also tested 10 nasopharyngeal swabs samples collected in 2018 before COVID-19 was identified. Except for the N3 assay, which
was reactive with SARS-CoV RNA as expected, we
observed no false-positive results for any pathogens
and specimens tested.
Clinical Specimen Testing
Specimens from Persons with Suspected Cases

Among the 2,437 clinical specimens collected from
998 persons with suspected cases for initial SARSCoV-2 diagnostic testing, 81 (3.32%) specimens (42
nasopharyngeal, 33 oropharyngeal, 5 sputum, 1 BAL)
collected from 46 persons with suspected cases were
positive and 2,355 (96.64%) specimens were negative
(Table 8). We did not detect SARS-CoV-2 RNA in any
of the 74 serum and 10 urine specimens tested.
Serially Collected Specimens from Persons with
Laboratory-Confirmed COVID-19

Of 486 specimens serially collected from 28 persons
with laboratory-confirmed COVID-19, results were
SARS-CoV-2 positive for 142 (29.22%) samples (60
nasopharyngeal, 42 oropharyngeal, 13 sputum, 1 tracheal aspirate, 22 stool, and 4 serum) (Table 8). We
detected SARS-CoV-2 RNA in serum of 2 of 15 persons with laboratory-confirmed COVID-19 for whom
serum was available for testing. For 1 of those casepatients, serum was collected 14 days after symptom
onset and tested positive. For the other case-patient,
a total of 10 serum samples were collected. Of those,
specimens collected on days 9, 11, and 13 were
1658

positive; specimens collected on days 3, 19, 22, 25, and
28 were negative; and specimens collected on days 6
and 16 had inconclusive results. A total of 22 stool
specimens collected from 7 case-patients were positive. We detected no SARS-CoV-2 RNA in any of the
62 urine specimens collected.
Specimens with Positive Results According to the
SARS-CoV-2 rRT-PCR Assay

Of the 223 clinical specimens with positive results by
all 3 rRT-PCR assays, Ct values obtained by the N1,
N2, and N3 assays correlated well with each other
(N1 vs. N2, R2 = 0.94; N1 vs. N3, R2 = 0.97; N2 vs. N3,
R2 = 0.96) (Figure 2). Among the 71 pairs of nasopharyngeal and oropharyngeal specimens collected
simultaneously from the 46 persons with suspected
cases or from persons with laboratory-confirmed
COVID-19 and any positive nasopharyngeal/
oropharyngeal specimen, both nasopharyngeal
and oropharyngeal samples were positive for 31
(43.67%); nasopharyngeal was positive but oropharyngeal was negative for 24 (33.80%); oropharyngeal
was positive but nasopharyngeal was negative for
7 (9.86%); nasopharyngeal was positive but oropharyngeal was inconclusive for 5 (7.04%); and oropharyngeal was positive but nasopharyngeal was inconclusive for 4 (5.63%).
Inconclusive SARS-CoV-2 rRT-PCR Results

Inconclusive results were obtained for 40 (1.37%)
of 2,923 specimens tested, including 1 (0.04%) of
2,437, from a person with a suspected case at initial
testing, and 39 (8.02%) of 486 specimens collected
for follow-up investigation from persons with laboratory-confirmed COVID-19. All specimens with
inconclusive results had Ct values >35 (Table 9).
Of these, 35 (87.5%) specimens were collected >7
days after symptom onset. Times from symptom
onset to collection were unknown for the other 5
(12.5%) specimens.
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Quality Control Data

Among 185 no-template controls and 219 human
specimen controls included with specimen testing,
negative results were obtained for all (100%) controls

for N1, N2, and N3 assays and expected RP values
were observed for human specimen controls. Ct values obtained from positive template control of 185
runs were in the expected range (data not shown).

Table 4. Performance of the US CDC rRT-PCR panel for detection of SARS-CoV-2 with various specimen matrices spiked with SARSCoV-2*
N1 Ct
N2 Ct
N3 Ct
RP Ct
Virus titer, Test Test Test Call
Test Test Test
Call
Test Test Test Call
Test Test Test Call
TCID50†
1
2
3
rate
1
2
3
rate
1
2
3
rate
1
2
3
rate
1 × 100.5
NP
30.4 29.9 29.9
3/3
30.3 30.5 30.5
3/3
30.0 29.6 29.7
3/3
26.0 26.1 26.1 3/3
OP
30.1 29.7 29.7
3/3
30.7 30.8 30.5
3/3
29.6 29.5 29.5
3/3
30.0 30.3 30.2 3/3
Sputum 30.3 30.1 30.4
3/3
31.2 31.5 31.7
3/3
30.5 30.0 30.4
3/3
24.9 24.8 25.1 3/3
Serum
30.1 29.7 29.8
3/3
31.1 31.0 31.1
3/3
29.8 29.8 29.6
3/3
29.1 28.6 28.3 3/3
Stool
30.7 30.5 30.7
3/3
31.7 31.9 31.7
3/3
30.7 29.9 30.2
3/3
34.9 35.1 35.7 3/3
1 × 100
NP
32.1 30.8 30.4
3/3
32.3 32.0 31.6
3/3
31.3 30.7 30.9
3/3
24.5 24.2 25.0 3/3
OP
31.6 31.3 31.4
3/3
32.8 32.3 32.2
3/3
30.8 31.3 31.1
3/3
29.3 29.2 29.5 3/3
Sputum 32.0 32.0 31.8
3/3
33.1 32.9 32.7
3/3
31.7 31.4 32.1
3/3
24.3 24.3 24.6 3/3
Serum
32.2 30.8 31.4
3/3
32.4 32.6 33.1
3/3
31.2 31.3 31.3
3/3
28.1 28.2 27.5 3/3
Stool
32.1 32.3 32.0
3/3
33.6 33.9 33.5
3/3
32.1 32.0 32.1
3/3
34.6 35.1 34.5 3/3
1 × 10–0.5
NP
33.7 32.5 33.9
3/3
34.1 33.9 35.5
3/3
33.2 32.6 33.5
3/3
25.3 25.4 25.5 3/3
OP
33.6 33.6 33.1
3/3
34.4 34.4 34.6
3/3
33.5 33.0 32.0
3/3
29.2 29.4 29.6 3/3
Sputum 35.1 33.4 33.0
3/3
35.0 34.2 34.8
3/3
33.5 33.4 33.2
3/3
24.0 24.2 24.3 3/3
Serum
33.4 32.2 33.3
3/3
35.2 34.1 33.9
3/3
32.7 32.7 33.1
3/3
28.3 28.2 29.3 3/3
Stool
35.0 35.3 35.3
3/3
36.2 36.4 35.3
3/3
34.2 34.6 34.0
3/3
33.4 36.2 35.0 3/3
1 × 10–1
NP
33.9 34.0 34.6
3/3
36.0 36.2 36.5
3/3
34.1 34.3 35.1
3/3
25.6 25.6 25.9 3/3
OP
33.4 33.3 33.6
3/3
35.9 36.7 35.3
3/3
34.5 34.3 35.1
3/3
29.2 29.3 29.3 3/3
Sputum 35.2 35.0 36.2
3/3
36.8 36.8 35.3
3/3
35.3 35.2 35.1
3/3
24.1 24.1 24.3 3/3
Serum
37.5 35.3 34.8
3/3
36.4 37.2 36.3
3/3
35.2 33.7 34.3
3/3
28.3 28.3 28.6 3/3
Stool
36.1 35.8 36.0
3/3
37.3 37.9 38.1
3/3
35.8 35.6 34.7
3/3
34.1 33.9 34.2 3/3
1 × 10–1.5
NP
35.6 36.8 35.9
3/3
39.9 36.8 37.6
3/3
36.7 35.1 35.7
3/3
26.1 26.3 26.6 3/3
OP
36.2 35.2 Neg
2/3
36.8 38.0
Neg
2/3
Neg Neg Neg
0/3
29.3 29.3 29.6 3/3
Sputum 36.9 36.3 Neg
2/3
39.1 39.5 38.4
3/3
35.8 38.2 Neg
2/3
23.9 24.2 24.2 3/3
Serum
36.8 36.5 36.4
3/3
38.4 39.1 36.9
3/3
35.6 36.2 Neg
2/3
27.9 28.2 27.4 3/3
Stool
Neg Neg Neg
0/3
39.2 38.1 37.5
3/3
35.5 38.1 38.0
3/3
34.2 33.3 35.6 3/3
1 × 10–2
NP
Neg Neg Neg
0/3
39.4
Neg
Neg
1/3
Neg Neg Neg
0/3
25.5 25.7 25.8 3/3
OP
Neg Neg Neg
0/3
38.5 38.0
Neg
2/3
37.1 Neg Neg
1/3
29.4 29.3 29.4 3/3
Sputum 36.1 Neg Neg
1/3
38.2 38.5
Neg
2/3
37.1 37.5 Neg
2/3
24.0 24.0 24.1 3/3
Serum
37.5 Neg Neg
1/3
39.9
Neg
Neg
1/3
38.9 Neg Neg
1/3
28.2 27.9 27.2 3/3
Stool
Neg Neg Neg
0/3
39.1
Neg
Neg
1/3
38.1 Neg Neg
1/3
33.5 35.1 34.6 3/3
1 × 10–2.5
NP
36.2 Neg Neg
1/3
38.9
Neg
Neg
1/3
Neg Neg Neg
0/3
26.3 26.5 26.6 3/3
OP
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
29.0 29.2 29.2 3/3
Sputum 37.4 Neg Neg
1/3
Neg
Neg
Neg
0/3
36.7 Neg Neg
1/3
24.0 24.2 24.4 3/3
Serum
36.4 Neg Neg
1/3
38.4
Neg
Neg
1/3
Neg Neg Neg
0/3
28.1 28.2 27.2 3/3
Stool
37.6 Neg Neg
1/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
33.4 34.1 35.5 3/3
1 × 10–3
NP
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
26.8 26.7 27.0 3/3
OP
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
29.2 29.4 29.1 3/3
Sputum Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
23.9 24.1 24.3 3/3
Serum
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
28.2 28.3 27.9 3/3
Stool
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
34.1 35.0 35.0 3/3
0
NP
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
25.0 25.2 24.8 3/3
OP
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
28.6 28.3 28.5 3/3
Sputum Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
23.1 23.0 23.1 3/3
Serum
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
27.6 27.8 27.7 3/3
Stool
Neg Neg Neg
0/3
Neg
Neg
Neg
0/3
Neg Neg Neg
0/3
33.5 33.8 33.2 3/3
*Call rate indicates each assay performed in triplicate. CDC, Centers for Disease Control and Prevention; Ct, cycle threshold; N, nucleocapsid protein
gene; neg, negative; NP, nasopharyngeal; OP, oropharyngeal; RP, ribonuclease P gene; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2,
severe acute respiratory coronavirus 2; TCID50, 50% tissue culture infectious dose.
†50% tissue culture infectious dose/mL.
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Table 5. Reproducibility of the US CDC rRT-PCR panel for detection of SARS-CoV-2 with respiratory specimen matrix spiked with
SARS-CoV-2*
N1 Ct
N2 Ct
N3 Ct
RP Ct
Virus titer, TCID50
Test 1 Test 2 Test 3
Test 1 Test 2 Test 3
Test 1 Test 2 Test 3
Test 1 Test 2 Test 3
Day 1
1.0 × 103
21.1
21.1
21.0
21.5
21.2
21.5
21.0
21.1
21.1
26.0
25.9
26.1
1.0 × 101
27.8
27.6
27.5
28.6
28.6
28.9
27.6
27.3
27.7
26.0
25.8
26.1
35.6
33.8
33.8
34.7
34.2
34.5
34.0
34.5
33.7
26.4
26.4
26.4
1.0 × 10−1
Day 2
1.0 × 103
21.8
21.8
21.8
21.6
21.5
21.6
21.2
21.1
21.2
26.5
26.3
26.3
1.0 × 101
28.4
28.3
28.5
29.4
29.3
29.0
28.1
28.0
28.1
26.7
26.7
26.67
37.6
35.7
34.0
36.0
34.7
34.9
34.1
33.8
34.5
26.8
26.3
26.2
1.0 × 10−1
Day 3
1.0 × 103
20.8
20.7
20.8
20.6
20.4
20.6
20.7
20.6
20.7
26.8
26.7
26.9
1.0 × 101
27.1
27.6
27.3
27.5
27.6
27.4
27.2
27.3
27.3
26.6
26.8
26.8
34.2
33.9
34.1
33.1
33.5
34.9
33.2
34.2
33.5
26.6
26.9
26.7
1.0 × 10−1
Summary results
Mean
SD
CV
Mean
SD
CV
Mean
SD
CV
Mean
SD
CV
1.0 × 103
21.2
0.5
2.2%
21.2
0.5
2.3%
21.0
0.2
1.1%
26.4
0.4
1.4%
1.0 × 101
27.8
0.5
1.8%
28.5
0.8
2.8%
27.6
0.4
1.3%
26.5
0.4
1.5%
34.7
1.3
3.7%
34.5
0.8
2.5%
33.9
0.4
1.2%
26.5
0.2
0.9%
1.0 × 10−1
*Specimen matrix constructed from combined nasopharyngeal swabs obtained from 10 persons. CDC, Centers for Disease Control and Prevention; Ct,
cycle threshold; neg, negative; CV, coefficient of variation; N, nucleocapsid protein gene; RP, ribonuclease P gene; rRT-PCR, real-time reverse
transcription PCR; SARS-CoV-2, severe acute respiratory coronavirus 2; TCID 50, 50% tissue culture infectious dose.
†50% tissue culture infectious dose/mL.

Discussion
The COVID-19 pandemic has affected multiple countries, causing severe illness and death, with sustained
and efficient person-to-person community transmission, and it continues to pose a serious public health
threat. Rapid and reliable laboratory diagnosis of
SARS-CoV-2 infection is a critical component of public health interventions to mitigate this threat.
Our assay design and validation strategy were
guided by several principles. First, we based assay designs on previous diagnostic assays that had
been developed for detection of MERS-CoV (12) and
SARS-CoV (10) and targeted the N gene. Because of
the relative abundance of N gene subgenomic mRNA
produced during virus replication (13), rRT-PCR assays targeting the N gene of coronaviruses could
theoretically achieve enhanced diagnostic sensitivity.
One study also showed that the N gene–based rRTPCR assay was more sensitive than the open reading
frame (ORF) 1 assay for detection of SARS-CoV-2 in
clinical specimens (14). Second, we designed rRTPCR assays on the basis of limited genetic information
available soon after the emergence of SARS-CoV-2,
when it was announced that a novel coronavirus of
zoonotic origin was described as being similar to

bat-SARS–like CoVs and only 1 SARS-CoV-2 sequence
was publicly available. The N3 assay was intentionally designed to universally detect SARS-CoV-2 and
other SARS-like sarbecoviruses to ensure detection
of SARS-CoV-2 as this virus evolves over time and
to improve early identification of future emerging
novel coronaviruses from this high-risk subgenus.
After completion of this study, the sequence of a new
bat-SARS–like CoV, RaTG13 (EPI_SL_402131), was
released on GISAID. Detected in 2013 from China,
this virus appears to be the nearest bat precursor of
SARS-CoV-2 (15), having 96% genome and 97% N
gene sequence identity with SARS-CoV-2. All 3 assays are predicted to detect the RaTG13 strain. Third,
we designed and used multiple assays for routine
specimen screening to confirm virus detection when
present at low concentrations and to reduce the possibility of false-negative results caused by polymorphisms within the binding sites of the target sequences, which might occur as the virus evolves. Fourth,
we validated all assays by using multiple specimen
types, including upper and lower respiratory specimens, serum, and stool samples, all of which have
been shown to be diagnostically valuable for detection of SARS-CoV and MERS-CoV (10,16).

Table 6. Nucleotide mismatches among 7,158 SARS-CoV-2 genome sequences found in the primer and probe regions included in the
US CDC rRT-PCR panel for detection of SARS-CoV-2*
Primer/probe
N1 probe
N1 reverse
N2 forward
N3 forward
N3 probe
N3 reverse
3
15
21
4
8
10
5
17
14
Location, 5→3
Mismatch nucleotide
C>T
G>T
T>C
C>T
T>C
G>T
C>T
C>T
C>A
No. sequences
39
22
33
7
111
7
7
9
22
Mismatch frequency, %†
0.54
0.31
0.46
0.10
1.55
0.10
0.10
0.13
0.31
*CDC, Centers for Disease Control and Prevention; N, nucleocapsid protein gene; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe
acute respiratory coronavirus 2.
†Only mismatches with frequency >0.10% are shown.
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Table 7. Cross-reactivity of the US CDC rRT-PCR panel for detection of SARS-CoV-2 against other respiratory pathogens*
SARS-CoV-2 rRT-PCR
Other respiratory
Pathogen (strain)
Source
pathogens, rRT-PCR (Ct)
N1
N2
N3 (Ct)
Adenovirus C1 (Ad.71)
Virus isolate
Pos (14.0)
Neg
Neg
Neg
Bocavirus
Clinical specimen
Pos (14.9)
Neg
Neg
Neg
Coronavirus 229E
Virus isolate
Pos (9.6)
Neg
Neg
Neg
Coronavirus OC43
Virus isolate
Pos (12.9)
Neg
Neg
Neg
Coronavirus HKU1
Clinical specimen
Pos (22.3)
Neg
Neg
Neg
Coronavirus MERS
Virus isolate
Pos (14.3)
Neg
Neg
Neg
Coronavirus NL63
Clinical specimen
Pos (21.9)
Neg
Neg
Neg
Coronavirus SARS (Urbani)
Virus isolate
Pos (27.3)
Neg
Neg
Pos (26.3)†
Enterovirus D68
Virus isolate
Pos (21.3)
Neg
Neg
Neg
Human metapneumovirus (CAN 99–81)
Virus isolate
Pos (13.8)
Neg
Neg
Neg
Influenza A H1N1 (A/India/2012)
Virus isolate
Pos (14.7)
Neg
Neg
Neg
Influenza A H3N1 (A/Texas/2012)
Virus isolate
Pos (10.7)
Neg
Neg
Neg
Influenza B (B/Massachusetts/1999)
Virus isolate
Pos (8.4)
Neg
Neg
Neg
Parainfluenza 1 (C35)
Virus isolate
Pos (17.2)
Neg
Neg
Neg
Parainfluenza 2 (Greer)
Virus isolate
Pos (17.1)
Neg
Neg
Neg
Parainfluenza 3 (C-43)
Virus isolate
Pos (20.4)
Neg
Neg
Neg
Parainfluenza 4a (M-25)
Virus isolate
Pos (16.7)
Neg
Neg
Neg
Parainfluenza 4b (CH 19503)
Virus isolate
Pos (18.2)
Neg
Neg
Neg
Respiratory syncytial virus (Long)
Virus isolate
Pos (15.1)
Neg
Neg
Neg
Rhinovirus 1A
Virus isolate
Pos (15.9)
Neg
Neg
Neg
Mycoplasma pneumoniae
Cultured bacteria
Pos (20.7)
Neg
Neg
Neg
Streptococcus pneumoniae
Cultured bacteria
Pos (21.1)
Neg
Neg
Neg

*CDC, Centers for Disease Control and Prevention; Ct, cycle threshold; neg, negative;pos, positive; MERS, Middle East respiratory syndrome; N,
nucleocapsid protein gene; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory coronavirus 2.
†N3 assay designed for universal detection of clade 2 and 3 within Sarbecovirus subgenus including SARS-CoV-2, SARS-CoV, and bat- and civetSARS–like coronaviruses.

A study of SARS-CoV-2 viral load in upper respiratory tract specimens of infected patients showed that viral loads were higher in the
nasopharynx than in the throat (17). Our study
also showed a higher detection rate for nasopharyngeal swab samples than for oropharyngeal swab samples, although in some cases, viral
load was higher in oropharyngeal than in nasopharyngeal swab samples. Our limited sputum

data showed that SARS-CoV-2 seems to be more
often detected and with higher viral loads in lower
respiratory tract specimens than in upper respiratory tract specimens, especially later in the course
of infection (72.22% positivity rate for sputum compared with 46.51% for nasopharyngeal and 30.00%
for oropharyngeal samples in serial follow-up specimens). This phenomenon could be explained by
the active replication of SARS-CoV-2 in the lungs,

Table 8. Test results for 2,923 human specimens determined by the US CDC real-time RT-PCR panel for detection of SARS-CoV-2*
Serial follow-up specimens from laboratorySpecimens for initial laboratory diagnosis, no. (%)
confirmed positive cases, no. (%)
Specimens
Positive
Negative
Inconclusive
Total
Positive
Negative
Inconclusive
Total
Upper respiratory tract
NP swab
42 (3.85) 1,048 (96.06)
1 (0.09)
1,091 (100)
60 (46.51)
50 (38.76)
19 (14.73)
129 (100)
OP swab
33 (3.09) 1,035 (96.91)
0
1,068 (100)
42 (30.00)
86 (61.43)
12 (8.57)
140 (100)
Nasal
0
7 (100)
0
7 (100)
0
0
0
0
swab/wash
Lower respiratory tract
Sputum
5 (2.79)
174 (97.21)
0
179 (100)
13 (72.22)
3 (16.67)
2 (11.11)
18 (100)
BAL
1 (50)
1 (50)
0
2 (100)
0
0
0
0
Bronchial wash
0
1 (100)
0
1 (100)
0
0
0
0
Tissue, lung
0
2 (100)
0
2 (100)
0
0
0
0
Tracheal
0
0
0
0
1 (100)
0
0
1 (100)
aspirate
Other
Serum
0
74 (100)
0
74 (100)
4 (4.88)
76 (92.68)
2 (2.44)
82 (100)
Stool
0
0
0
0
22 (40.74)
28 (51.85)
4 (7.41)
54 (100)
Urine
0
10 (100)
0
10 (100)
0
62 (100)
0
62 (100)
Pleural fluid
0
1 (100)
0
1 (100)
0
0
0
0
CSF
0
2 (100)
0
2 (100)
0
0
0
0
Total
81 (3.32) 2,355 (96.64)
1 (0.04)
2,437 (100)
142 (29.22) 305 (62.76)
39 (8.02)
486 (100)
*BAL, bronchoalveolar lavage; CDC, Centers for Disease Control and Prevention; CSF, cerebrospinal fluid; NP, nasopharyngeal; OP, oropharyngeal;
rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory coronavirus 2.
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where the SARS-CoV-2 angiotensin–converting enzyme 2 receptor predominates (18). Similar to findings for SARS-CoV (19), our results showed that the
SARS-CoV-2 RNA detection rate was high in the serial follow-up stool specimens collected from casepatients with laboratory-confirmed COVID-19.
In contrast, SARS-CoV and MERS-CoV could be
detected in serum/blood during the early prodromal phase of infection (12,20), whereas SARSCoV-2 RNA was not detected in any of the serum

Figure 2. Comparison of the N1, N2, and N3 assays in the US
Centers for Disease Control and Prevention real-time reverse
transcription PCR panel for detection of SARS-CoV-2 with 223
SARS-CoV-2–positive clinical specimens. Linear regression lines
were fitted to Ct values, with regression equations and coefficients
of determination (R2). A) N1 vs. N2; B) N1 vs. N3; C) N2 vs.
N3. Ct, cycle threshold; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
1662

specimens during the initial testing, although it
was detected in serum collected from 2 (13.3%)
case-patients >9 days after symptom onset. Similarly, whereas SARS-CoV and MERS-CoV RNA have
been detected in urine (16,19), SARS-CoV-2 RNA
was not detected in urine in our study nor has detection been reported (21).
All specimens with inconclusive results in our
study had Ct values >35, with reactivity not attributable to 1 individual assay, indicating that the viral RNA
levels in the specimens were at the LoD of the assay.
All specimens with inconclusive results were collected
either >7 days after symptom onset or from repatriates
who had been quarantined on the Diamond Princess
cruise ship for ≈2 weeks before specimen collection. Inconclusive results most likely resulted from low viral
loads, especially in upper respiratory tract specimens
collected later in the course of infection. This observation is supported by another study, which showed
that SARS-CoV-2 actively replicated in the oropharynx
during the first 5 days after symptoms onset only (21).
If inconclusive results are obtained, collection of additional specimens and specimen types may be warranted for accurate diagnosis.
All 3 SARS-CoV-2 rRT-PCR assays proved to
be both sensitive and specific with high reproducibility. The earliest specimens from US COVID-19
case-patients were confirmed by virus isolation,
whole-genome or partial gene sequencing, or both
(22) (GenBank accession nos. MN985325, MN988713,
MN994467–8, MN997409, MT027062–4, MT039887–8,
MT044257–8, MT106052–4, MT118835, MT159705–22,
and MT184907–13), although not all positive followup specimens detected by rRT-PCR assays were confirmed by independent assays. An independent comparison study showed that the CDC N2 and N3 assays
performed well among 7 assays targeting the N gene
that were evaluated and posted by the World Health
Organization (Y. Jung, unpub. data, https://www.
biorxiv.org/content/10.1101/2020.02.25.964775v1). In
another study that compared 7 assays, the N2 assay
was shown to be among the most sensitive (23). However, both studies used enzyme chemistries not optimized by CDC for testing, and we did not observe difference in sensitivity among the 3 assays in our study.
To expedite reagent kit manufacturing by removal of the N3 assay from the panel, we analyzed results
of 2,437 specimens for initial COVID-19 testing when
only N1 and N2 assay results were used for interpretation. Positive and negative test results showed 100%
agreement to interpretation with all 3 assays. Only 1
(0.04%) specimen with an inconclusive result, which
was positive for N2 at initial testing and positive for
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N3 at retesting, would be reported as negative if the
N3 assay was excluded from result interpretation of
the CDC panel. This analysis demonstrates that interpretation of only N1 and N2 assay results agreed
totally (99.96%) with the original results, and removal
of the N3 assay from the panel would have a negligible effect on the ability of the test to detect positive
specimens. The analytical LoD of the panel remained
the same for detection of SARS-CoV-2 with or without the N3 assay included, and sensitivity of the panel
was not affected. The benefits of testing with only N1
and N2 assays include simplified diagnosis of COVID-19 with fewer reactions for each patient specimen
as well as increased testing throughput and reduced

reagent cost, although removal of the N3 assay from
the panel limits the ability to detect other SARS-like
coronaviruses. Accordingly, the N3 assay has been
removed from CDC testing interpretation, and current recommendations are to test with the N1 and N2
assays only (11). Because SARS-CoV-2 is an RNA virus with an estimated evolutionary rate of ≈1.8 × 10-3
substitutions/site/year (24), performance of the assays included in the CDC panel will be monitored as
SARS-CoV-2 continues to circulate and evolve over
time. Therefore, assay designs included in the CDC
panel are subject to change to account for future genetic mutations in the SARS-CoV-2 genome that may
affect test sensitivity.

Table 9. Inconclusive test results for human specimens with the US CDC real-time RT-PCR panel for detection of SARS-CoV-2*
Initial test, Ct
Retest, Ct
Specimen ID
N1
N2
N3
N1
N2
N3
Days after onset
Specimen from suspected cases
NP1
Neg
39.3
Neg
Neg
Neg
36.9
Unknown†
Serial follow-up specimens from laboratory-confirmed COVID-19 cases
NP1
36.1
39.8
Neg
Neg
Neg
37.5
15
NP2
39.6
39.6
Neg
36.9
38.5
Neg
16
NP3
41.6
Neg
Neg
37.8
Neg
39.4
12
NP4
38.1
Neg
Neg
37.0
38.5
Neg
14
NP5
Neg
37.8
36.1
Neg
38.3
36.8
16
NP6
Neg
40.1
Neg
Neg
37.5
37.0
22
NP7
Neg
38.3
36.1
37.2
Neg
Neg
13
NP8
38.3
Neg
36.0
36.7
38.1
Neg
22
NP9
Neg
39.9
Neg
Neg
38.7
Neg
25
NP10
Neg
Neg
36.4
Neg
Neg
37.6
11
NP11
36.6
Neg
36.2
Neg
38.0
Neg
13
NP12
37.5
39.2
Neg
Neg
38.9
36.0
15
NP13
36.9
Neg
39.5
Neg
36.9
37.0
13
NP14
36.4
40.2
Neg
36.2
Neg
Neg
17
NP15
37.0
Neg
Neg
Neg
37.2
Neg
18
NP16
Neg
39.1
35.8
38.0
37.3
Neg
11
NP17
35.4
37.9
Neg
Neg
38.7
36.9
16
NP18
Neg
37.8
36.1
36.7
37.2
Neg
Unknown‡
NP19
35.5
39.0
Neg
39.8
Neg
Neg
Unknown‡
OP1
Neg
38.0
Neg
35.9
Neg
Neg
18
OP2
36.3
38.2
Neg
38.4
Neg
Neg
20
OP3
Neg
39.1
Neg
Neg
38.4
37.8
11
OP4
Neg
38.2
37.3
35.8
Neg
36.0
10
OP5
Neg
37.2
36.7
37.7
Neg
Neg
7
OP6
Neg
Neg
36.5
38.1
Neg
Neg
9
OP7
Neg
Neg
38.4
Neg
Neg
36.6
9
OP8
37.2
38.2
Neg
37.2
Neg
36.8
11
OP9
Neg
37.6
38.1
Neg
Neg
39.3
15
OP10
36.6
38.0
Neg
Neg
39.3
Neg
9
OP11
Neg
Neg
Neg
Neg
Neg
Neg
Unknown‡
OP12
Neg
37.8
Neg
37.6
Neg
37.6
Unknown‡
Sputum 1
Neg
42.9
37.3
Neg
Neg
38.6
10
Sputum 2
38.0
Neg
Neg
36.1
38.2
Neg
12
Serum 1
39.8
Neg
Neg
Neg
39.6
Neg
6
Serum 2
38.1
Neg
Neg
Neg
Neg
35.8
16
Stool 1
Neg
Neg
38.3
Neg
40.1
Neg
21
Stool 2
Neg
38.8
Neg
36.9
39.2
Neg
13
Stool 3
36.0
Neg
Neg
37.3
Neg
Neg
15
Stool 4
Neg
39.9
Neg
37.7
Neg
35.8
9

*CDC, Centers for Disease Control and Prevention; Ct, threshold cycle; COVID-19, coronavirus disease; N, nucleocapsid protein gene; neg, negative; NP,
nasopharyngeal; OP, oropharyngeal; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory coronavirus 2.
†Repatriated from Diamond Princess Cruise Ship, Japan.
‡Repatriated from Diamond Princess Cruise Ship and confirmed positive in Japan.
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In conclusion, the CDC rRT-PCR panel for detection of SARS-CoV-2 demonstrated high sensitivity and
specificity for detecting 5 RNA copies/reaction with
no observed false-positive reactivity, and it facilitated
rapid detection of SARS-CoV-2 infections in humans.
These assays have proven to be valuable for rapid laboratory diagnosis and support, clinical management,
and infection prevention and control of COVID-19.
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Coronavirus Disease Outbreak in
Call Center, South Korea
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We describe the epidemiology of a coronavirus disease
(COVID-19) outbreak in a call center in South Korea. We
obtained information on demographic characteristics by
using standardized epidemiologic investigation forms. We
performed descriptive analyses and reported the results
as frequencies and proportions for categoric variables. Of
1,143 persons who were tested for COVID-19, a total of
97 (8.5%, 95% CI 7.0%–10.3%) had confirmed cases. Of
these, 94 were working in an 11th-floor call center with
216 employees, translating to an attack rate of 43.5%
(95% CI 36.9%–50.4%). The household secondary attack
rate among symptomatic case-patients was 16.2% (95%
CI 11.6%– 22.0%). Of the 97 persons with confirmed COVID-19, only 4 (1.9%) remained asymptomatic within 14
days of quarantine, and none of their household contacts
acquired secondary infections. Extensive contact tracing,
testing all contacts, and early quarantine blocked further
transmission and might be effective for containing rapid
outbreaks in crowded work settings.

S

ince the first imported case of coronavirus disease (COVID-19) was confirmed in South Korea
on January 20, 2020, a sharp increase in the number
of COVID-19 cases has been observed, with most
infections being reported from specific clusters (1).
Outbreaks of COVID-19 related to mass gathering,
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religious activities, workplaces, and hospitals have
accounted for the largest portion cases in the national outbreak (1).
In March 2020, the Korea Centers for Disease Control and Prevention (KCDC), South Korea’s nationallevel public health authority, was informed about a
cluster of cases of COVID-19 in a call center located in
a commercial–residential mixed-use building (building X) in the capital city of Seoul. We describe the epidemiology of this COVID-19 outbreak and detail the
containment efforts to limit the spread of the disease.
Materials and Methods
Setting

On March 8, the Seoul Metropolitan Government was
notified of a confirmed case of COVID-19 in a person
who worked in building X; the case reportedly was associated with a possible cluster of cases. On March 9,
KCDC and local governments (in Seoul, the city of
Incheon, and Gyeonggi Province) formed a joint response team and launched an epidemiologic investigation with contact tracing. Building X is a 19-story floor
in one of the busiest urban area of Seoul. Commercial
offices are located on the 1st through 11th floors, and
residential apartments are located on the 13th through
19th floors. We identified and investigated 922 employees who worked in the commercial offices, 203 residents
who lived in the residential apartments, and 20 visitors.
The call center is located on the 7th through 9th floors
and the 11th floor; it has a total of 811 employees. Employees do not generally go between floors, and they do
not have an in-house restaurant for meals.
Case Definition

We defined a patient under investigation (PUI) as one
who worked at, lived at, or visited building X during
February 21–March 8, 2020. We defined a confirmed

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

COVID-19 Outbreak in Call Center, South Korea

Figure 1. Epidemic curve of a coronavirus disease outbreak in a call center, by date of symptom onset, Seoul, Korea, 2020.
Asymptomatic cases are excluded.

case-patient as a PUI with a positive COVID-19
laboratory test. We confirmed the diagnosis of
COVID-19 by using real-time reverse transcription
PCR assays. We defined a symptomatic case-patient
as a confirmed case-patient with symptoms at the time
of positive testing, a presymptomatic case-patient as a
confirmed case-patient who was asymptomatic at the
time of positive testing but later had symptoms during the 14 days of monitoring, and an asymptomatic
case-patient as confirmed a case-patient with a positive COVID-19 test result who remained asymptomatic during the entire 14-day period.
Response Measures

Building X was closed on March 9, 2020, immediately
after the outbreak was reported. We offered testing
to all occupants (office workers and apartment residents) during March 9–12. We collected nasopharyngeal and oropharyngeal swab specimens from
PUIs for immediate real-time reverse transcription

PCR testing; the average turnaround time was 12–24
hours. Confirmed case-patients were isolated, and
negative case-patients were mandated to stay quarantined for 14 days. We followed and retested all testnegative case-patients until the end of quarantine. We
also investigated, tested, and monitored household
contacts of all confirmed case-patients for 14 days after discovery, regardless of symptoms. During March
13–16, we sent a total of 16,628 text messages to persons who stayed >5 minutes near the building X; we
tracked these persons by using cell phone location
data. The messages instructed the recipients to avoid
contact with others and go to the nearest COVID-19
screening center to get tested.
Data Collection and Analysis

We obtained information on demographic characteristics and presence of symptoms through face-to-face
interviews with case-patients, using standardized
epidemiologic investigation forms. We performed

Table 1. Attack rate by location during a coronavirus disease outbreak in a call center, Seoul, South Korea, 2020
Location type and floor
Potentially exposed, no. (%)
Confirmed cases, no. (%)
Attack rate, % (95% CI)
Commercial
1st–6th
84 (7.3)
0
0
7th (call center)
182 (15.9)
0
0
8th (call center)
207 (18.1)
0
0
9th (call center)
206 (18.0)
1 (1.0)
0.5 (0.0–3.1)
10th
27 (2.4)
2 (2.1)
7.4 (1.3–25.8)
11th (call center)
216 (18.9)
94 (96.9)
43.5 (36.9–50.4)
Residential
13th–19th
201 (17.6)
0
0
Other
20 (1.7)
0
0
Total
1,143
97
8.5 (7.0–10.3)
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descriptive analyses reported the results as frequencies and proportions for categoric variables. The investigation was a part of public health response and
was not considered research subject to institutional
review board approval; therefore, written informed
consent by participants was not required.
Results
Of 1,145 PUIs, we tested 1,143 (99.8%) for COVID-19
(922 employees, 201 residents, and 20 visitors) and

identified 97 (8.5%, 95% CI 7.0–10.3) confirmed casepatients (Figure 1). Of 857 patients for whom demographic information was available, 620 (72.3%)
were women; mean age was 38 years (range 20–80
years). Most (94 [96.9%]) of the confirmed case-patients were working on the 11th-floor call center,
which had a total of 216 employees, resulting in an
attack rate of 43.5% (95% CI 36.9%–50.4%) (Table 1;
Figure 2). Most of the case-patients on the 11th floor
were on the same side of the building. Among the 97

Figure 2. Floor plan of the 11th floor of building X, site of a coronavirus disease outbreak, Seoul, South Korea, 2020. Blue indicates the
seating places of persons with confirmed cases.
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confirmed case-patients, 89 (91.7%) were symptomatic at the time of investigation and 4 (4.1%) were
presymptomatic during the time of investigation but
later had onset of symptoms within 14 days of monitoring; 4 (4.1%) case-patients remained asymptomatic after 14 days of isolation.
The first case-patient with symptom onset, who
worked in an office on the 10th floor (and reportedly
never went to 11th floor), had onset of symptoms on
February 22. The second case-patient with symptom
onset, who worked at the call center on the 11th floor,
had onset of symptoms on February 25. Residents
and employees in building X had frequent contact
in the lobby or elevators. We were not able to trace
back the index case-patient to another cluster or an
imported case.
We followed up on a total of 225 household contacts of confirmed COVID-19 case-patients (average
2.3 household members per confirmed case-patient).
COVID-19 had occurred in 34 household members
who had contact with symptomatic case-patients,
translating to a secondary attack rate of 16.2% (Table
2). Among 11 household members of presymptomatic case-patients and 4 household members of asymptomatic case-patients, none had COVID-19 symptoms
nor tested positive after 14 days of quarantine.
Discussion
We described the epidemiologic characteristics of a
COVID-19 outbreak centered in a call center in South
Korea. We identified 97 confirmed COVID-19 casepatients in building X, indicating an attack rate of
8.5%. However, if we restrict our results to the 11th
floor, the attack rate was as high as 43.5%. This outbreak shows alarmingly that severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can be exceptionally contagious in crowded office settings such
as a call center. The magnitude of the outbreak illustrates how a high-density work environment can become a high-risk site for the spread of COVID-19 and
potentially a source of further transmission. Nearly
all the case-patients were on one side of the building on 11th floor. Severe acute respiratory syndrome
coronavirus, the predecessor of SARS-CoV-2, exhibited multiple superspreading events in 2002 and 2003,
in which a few persons infected others, resulting in

many secondary cases. Despite considerable interaction between workers on different floors of building
X in the elevators and lobby, spread of COVID-19 was
limited almost exclusively to the 11th floor, which indicates that the duration of interaction (or contact)
was likely the main facilitator for further spreading
of SARS-CoV-2.
Unique features of this outbreak investigation include a complete 14-day follow-up of close contacts
of case-patients after containment measures were implemented. Close contact with an infected person is a
well-recognized risk factor for acquiring SARS-CoV-2
(2). In a recent US study, the symptomatic secondary
attack rate among 445 close contacts of COVID-19
case-patients was 10.5% among household members (3). In this outbreak in South Korea, we found
that the secondary attack rate within the household
was 16.5% among symptomatic index case-patients,
which is consistent with other reports.
The role of asymptomatic COVID-19 case-patients in spreading the disease is of great concern.
Among 97 confirmed COVID-19 case-patients in
this study, 4 (4.1%) remained asymptomatic during
the 14-days of monitoring. This rate is lower than
the 30.8% rate estimated in previous modeling (4).
A case-patient series from Beijing, China, indicated
that asymptomatic case-patients accounted for 5%
(13/262) of patients transferred to a designated COVID-19 hospital (5). Our data might represent the
likely proportion of asymptomatic COVID-19 infections in the community setting. We also found that,
among 17 household contacts of asymptomatic casepatients, none had secondary infections. Previous
reports have postulated that SARS-CoV-2 in asymptomatic (or presymptomatic) case-patients might
become transmissible to others (6); however, given
the high degree of self-quarantine and isolation
measures that were instituted after March 8 among
this cohort, our analyses might have not detected the
actual transmissibility in asymptomatic COVID-19
case-patients. Robust mass testing of all suspected
case-patients might have prevented asymptomatic
transmission because asymptomatic persons were
given information about their possible infection and
therefore might have self-isolated from their household members.

Table 2. Household secondary attack rate, by presence of symptoms, during a coronavirus disease outbreak in in a call center, Seoul,
South Korea, 2020
Symptom status of index patients
Exposed, no. (%)
Confirmed cases, no. (%)
Secondary attack rate, % (95% CI)
Symptomatic
210 (93.3)
34 (100.0)
16.2 (11.6–22.0)
Presymptomatic
11 (4.8)
0
0
Asymptomatic
4 (1.9)
0
0
Total
225
34
15.1 (10.8–20.6)
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020
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This outbreak investigation has several limitations. First, we could not track these cases to another
cluster, making it difficult to identify the actual index
case-patient. Second, not all clinical information was
available for all confirmed cases, prohibiting detailed
description of clinical syndromes. Date of symptom
onset by office seat would be informative in understanding SARS-CoV-2 transmission in close contact
area. However, our findings demonstrate the power
of screening all potentially exposed persons and
show that early containment can be implemented and
used in the middle of national COVID-19 outbreak.
By testing all potentially exposed persons and their
contacts to facilitate the isolation of symptomatic and
asymptomatic COVID-19 case-patients, we might
have helped interrupt transmission chains. In light of
the shift to a global pandemic, we recommend that
public health authorities conduct active surveillance
and epidemiologic investigation in this rapidly evolving landscape of COVID-19.
In summary, this outbreak exemplifies the threat
posed by SARS-CoV-2 with its propensity to cause
large outbreaks among persons in office workplaces.
Targeted preventive strategies might help mitigate
the risk for SARS-CoV-2 infection in these vulnerable group.
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We describe the contact investigation for an early
confirmed case of coronavirus disease (COVID-19),
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), in the United States. Contacts
of the case-patient were identified, actively monitored
for symptoms, interviewed for a detailed exposure
history, and tested for SARS-CoV-2 infection by realtime reverse transcription PCR (rRT-PCR) and ELISA.
Fifty contacts were identified and 38 (76%) were interviewed, of whom 11 (29%) reported unprotected faceto-face interaction with the case-patient. Thirty-seven
(74%) had respiratory specimens tested by rRT-PCR,
and all tested negative. Twenty-three (46%) had ELISA
performed on serum samples collected ≈6 weeks after exposure, and none had detectable antibodies to
SARS-CoV-2. Among contacts who were tested, no
secondary transmission was identified in this investigation, despite unprotected close interactions with the
infectious case-patient.
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I

n December 2019, a viral pneumonia outbreak
caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) emerged in Wuhan,
China, before spreading rapidly to other provinces
in China and then internationally (1). On January 20,
2020, the Centers for Disease Control and Prevention
(CDC) confirmed a US case of coronavirus disease
(COVID-19), the disease caused by SARS-CoV-2, in
a traveler who had recently returned to Washington state from Wuhan (2). We investigated contacts
of the confirmed case-patient to describe transmission to inform public health recommendations and
control measures.
Methods
Washington state and local health officials interviewed the case-patient to identify contacts and activities during time of symptom onset until appropriate
isolation of the patient. Because contact investigations
for COVID-19 had not been conducted in the United
States, the Washington State Department of Health
(WA DOH), in consultation with CDC, developed
contact definitions based on the best evidence available at the time, which are not necessarily consistent
with those currently in use (Table 1). We tailored the
contact definitions after the case-patient interview
based on the known movement and activities of the
case-patient. We categorized contacts into community or healthcare contacts. For this investigation, we
defined community contact as any close contact (being within 6 feet of the case-patient) for a prolonged

1

These authors contributed equally to this article.
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Table 1. Contact definitions, number of contacts identified by category, and comments regarding the contact identification process
during the contact investigation of an early confirmed US COVID-19 case, Washington, USA, 2020*
Type
Definition†
Contacts
Comments
Community Any close contact (being within 6 feet of the
0
None
contact
case-patient) for a prolonged time (>10 min),
other than office co-worker
Being an office co-worker of the case-patient with
11 office coNone
close contact of any duration
workers
Contact with infectious secretions from the case0
None
patient
Sharing a healthcare waiting room or area during 31 waiting room 7/31 of the waiting room contacts likely overlapped
the same time and up to 2 h after the casepatients
with the case-patient in the waiting room.
patient was present
Healthcare Any face-to-face interactions between an HCP
6 HCP
None
contact
and the case-patient without the HCP wearing full
PPE†
Potential contact with the case-patient’s
2 HCP
2 HCP were EVS workers who did not have direct
infectious secretions by an HCP without wearing
contact with the case-patient. They were included
full PPE‡
for potential exposure to infectious secretions from
the case-patient while cleaning surfaces.
*COVID-19, coronavirus disease; EVS, environmental services; HCP, healthcare personnel; PPE, personal protective equipment.
†Contact definitions were developed on January 21, 2020, before published guidance from CDC for COVID-19 was available. Contacts were identified
during the time from the case-patient’s symptom onset until the case-patient was appropriately isolated. An airport shuttle driver who had contact with the
case-patient before symptom onset was identified during contact tracing but was not included in this investigation. He self-monitored for 14 days and
reported remaining asymptomatic.
‡At the time of the investigation, full PPE consisted of gown, gloves, eye protection, and an N95 respirator.

time (>10 minutes); being an office co-worker of the
case-patient with close contact of any duration; contact with infectious secretions from the case-patient;
or sharing a healthcare waiting room or area during
the same time and up to 2 hours after the case-patient
was present. Transient community interactions (e.g.,
grocery store cashiers) were not considered community contacts. Healthcare contact included any faceto-face interaction between healthcare personnel
(HCP) and the case-patient without wearing the full
personal protective equipment (PPE) that was recommended at the time of the investigation (i.e., gown,
gloves, eye protection, and N95 respirator) or potential contact with the case-patient’s secretions by HCP
without wearing full PPE. HCP who cared for the
patient after patient isolation while wearing the full
recommended PPE were monitored but not included
in this contact investigation report.
The local health departments actively monitored identified contacts during the 14 days after
the last exposure date to the case-patient (i.e., the
monitoring period). Active monitoring consisted of
daily telephone calls or text messages to ask the contacts whether they had measured fever (>100.4°F or
>38°C) or symptoms including cough, shortness of
breath, chills, runny nose, body aches, sore throat,
headache, diarrhea, nausea, or vomiting. The local
health department supplied thermometers to contacts without a home thermometer. Contacts who
developed signs or symptoms during the monitoring period were assessed as persons under investigation (PUIs) for SARS-CoV-2 infection, and
1672

nasopharyngeal (NP) and oropharyngeal (OP)
swabs were obtained for testing.
Concurrently with mandatory active monitoring,
CDC, WA DOH, and the local health departments
conducted an enhanced contact investigation. This
investigation was implemented after the urgent public health activities of identifying contacts and initiating active monitoring procedures were begun and
was voluntary. The enhanced contact investigation
included an in-depth interview using a standardized
questionnaire and collection of NP and OP specimens
and serum samples. We approached all identified
community and healthcare contacts by telephone for
participation. For contacts who agreed, we conducted the interview by telephone or during in-person
household visits, depending on the contact availability at the time of the initial outreach. The questionnaire included demographic characteristics, medical
history, and type and duration of the exposure to the
case-patient. Exposure types assessed on the questionnaire were “physically within 6 feet of the casepatient,” “had face-to-face interaction,” “had direct
physical contact,” and “traveled in the same vehicle,
sitting within 6 feet of the case-patient.” For HCP,
we also obtained data regarding healthcare-specific
exposures and PPE use during the encounter. For all
asymptomatic contacts who agreed, we collected NP
and OP specimens and serum samples during the
monitoring period to test for SARS-CoV-2 by molecular and serologic methods. We tested symptomatic
contacts under PUI protocols. We approached participants in the initial enhanced investigation ≈6 weeks
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after last exposure to the case-patient for collection of
follow-up serum samples.
NP and OP swabs were shipped to CDC and
tested for SARS-CoV-2 using a real-time reverse transcription PCR (rRT-PCR) assay with 3 targets (N1,
N2, and N3), as previously described (3). The human
RNase P gene was used as an internal human gene
to confirm RNA quality. Serum samples were tested
at CDC using a SARS-CoV-2 ELISA with a recombinant SARS-CoV-2 spike protein (courtesy of Dr. Barney Graham, National Institutes of Health, Bethesda,
MD, USA) as an antigen (4). Protein ELISA 96-well
plates were coated with 0.15 µg/mL of recombinant
SARS-CoV-2 spike protein and ELISA was carried out
as previously described (5). An optimal cutoff optical
density value of 0.4 was determined for >99% specificity and 96% sensitivity (B. Freeman et al., unpub. data;
https://www.biorxiv.org/content/10.1101/2020.
04.24.057323v1). Specimens with total SARS-CoV-2
antibody titers >400 were considered seropositive.
Serum samples from the case-patient were used as
a positive control and commercially available serum
collected before January 2020 from an uninfected person as a negative control.
This public health investigation was determined
to be non-research by CDC and WA DOH. Thus, it
was not subject to review by either institutional review board.
Results
The case-patient, a 35-year-old man, was asymptomatic when he returned home to Washington from Wuhan on January 15, 2020 (2). During the next 2 days,
he developed a cough (day 1 of illness) and chills (day
2) while continuing to work in an office setting. He
reported feeling feverish on day 3, a weekend day.
On day 4, he went to an urgent care clinic, where he
was identified as meeting the PUI criteria at the time
for COVID-19; NP and OP swabs and serum samples
were collected and sent to CDC for SARS-CoV-2 testing (6). Upon laboratory confirmation as a COVID-19
case-patient (day 5), he was hospitalized for isolation
and clinical observation (Figure 1).
The investigation identified 50 contacts of the
case-patient while he was symptomatic, including
42 community contacts (11 office co-workers and 31
waiting room contacts at the urgent care clinic) and
8 healthcare contacts (Table 1). The case-patient lived
alone, so he had no household contacts. Among the
50 contacts, the median age was 44 years (range <1–86
years); 25 (50%) were male. All 50 contacts were actively monitored daily. Eight (16%) developed symptoms, including cough (n = 6), headache (n = 5), runny

nose (n = 5), sore throat (n = 4), or fever (n = 1), during
their monitoring period and were assessed as PUIs;
none required hospitalization (Table 2).
Of the 50 contacts, 38 (76%) participated in the
voluntary enhanced contact investigation and completed the standardized questionnaire interview (Figure 2). Among these, 24 (63%) had >1 underlying condition, including asthma (n = 10; 26%), hypertension
(n = 7; 18%), type 2 diabetes mellitus (n = 4; 11%), or
pregnancy/postpartum (n = 2; 5%) (Table 3).
Eleven office co-workers were identified as having had close contact (<6 feet) with the case-patient.
Four (36%) co-workers were exposed over the course
of 1 day and 7 (64%) were exposed over the course
of 2 days. The duration of close contact ranged from
2 to 90 minutes (<10 minutes, n = 2; 10–15 minutes,
n = 3; 60–90 minutes, n = 6). All 11 co-workers reported face-to-face interaction with the case-patient,
and 6 (55%) had direct physical contact (e.g., shaking
hands, touching shoulder). Although the case-patient
admitted symptoms of cough while at the office, no
co-workers recalled being within 6 feet of the casepatient while he was coughing. On day 2 of illness,
the case-patient attended a 2-hour lunch with 7 coworkers. Three co-workers traveled in the same vehicle as the symptomatic case-patient for a total of 30
minutes on the way to and from lunch.
All 8 HCP had interactions with the case-patient
without wearing the full recommended PPE. One
HCP was a public health employee who briefly visited the case-patient’s home and had a face-to-face
conversation without wearing PPE; however, further
details of this HCP’s exposure were not available because the contact did not participate in the enhanced
contact investigation. The remaining 7 HCP worked
at the urgent care clinic where the patient initially
sought care: a receptionist, medical assistant, nurse,
physician assistant, radiograph technician, and 2 environmental services (EVS) workers.
All 7 HCP at the urgent care clinic participated in
the enhanced contact investigation. Of those, 5 (71%)
had face-to-face interaction with the case-patient; the
case-patient was wearing a facemask for most encounters. Duration of exposure among HCP ranged from 5
to 25 minutes (<10 minutes, n = 1; 10–15 minutes, n =
3; 15–30 minutes, n = 1). Three HCP had direct physical contact with the case-patient while the HCP was
wearing a facemask and no gloves; HCP 1 positioned
the case-patient for chest radiograph imaging, HCP 2
took the patient’s vital signs, and HCP 3 examined the
case-patient and performed an OP exam. When obtaining the NP and OP swabs, HCP 3 wore an N95 respirator, face shield, and gloves but no gown. HCP 4 had
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Figure 1. Case-patient investigation and contact identification during the investigation of an early confirmed US COVID-19 case,
Washington, USA, 2020. The case-patient was asymptomatic when he arrived home from Wuhan, China. The next day, he developed a
cough (day 1), followed by chills (day 2) and a subjective fever (day 3). When he arrived at the urgent care clinic (day 4), he was given a
facemask and sat in the waiting room for ≈20 minutes. He was evaluated in a standard examination room, and received a chest radiograph
in a radiology room down the hallway from the exam room. The case-patient was identified as meeting the Centers for Disease Control and
Prevention (CDC) criteria at the time for a person under investigation for COVID-19, and specimens (nasopharyngeal and oropharyngeal
swabs and serum samples) were collected for testing (6). He was clinically stable and discharged home pending SARS-CoV-2 test results.
When COVID-19 was confirmed (day 5), the case-patient was admitted to a hospital for observation and isolation. After 11 days, he was
discharged to home isolation until 2 negative sets of nasopharyngeal and oropharyngeal specimens were obtained >24 hours apart, in
accordance with CDC guidance at the time (7). Persons exposed during transient interactions, such as restaurant waitstaff and persons
encountered at the grocery store, were not considered community contacts. COVID-19, coronavirus disease.

direct physical contact while wearing an N95 respirator and gloves when drawing blood and processing
specimens. Neither HCP wearing N95 respirators had
been fit tested within the last year. The EVS workers
cleaned the clinic >8 hours after the case-patient left
the urgent care clinic. While cleaning, 1 EVS worker
wore gloves consistently but the other did not.
The 31 waiting room contacts included patients
and persons accompanying them who were likely to
be in the waiting room at the same time as the case-patient or up to 2 hours after the case-patient was taken
to a room. According to the sign-in sheet, ≈7 contacts
overlapped in the waiting room with the case-patient.
Because the case-patient was anonymous to the waiting room contacts, the 20 (65%) interviewed waiting
1674

room contacts were unable to describe their exposure
type and duration. However, they consistently described being given a facemask if they had respiratory
symptoms, staying >6 feet apart from other waiting
room patients, and sitting <30 minutes in the waiting
room. The case-patient said that he did not interact
directly with any of the waiting room contacts.
Of the 50 contacts, 37 (74%) had NP and OP specimens collected and tested for SARS-CoV-2; 33 (66%)
had specimens collected once, and 4 (8%) had specimens collected twice (Table 3). Of the 8 (16%) contacts
who were assessed as PUIs during the investigation, all
were tested for SARS-CoV-2 infection while symptomatic. Among asymptomatic contacts, the NP and OP
specimens were collected a median of 11 days (range
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9–13 days) from the last date of exposure. All NP and
OP specimens tested negative for SARS-CoV-2 by rRTPCR, including those from PUIs. Serum samples were
obtained from 32 (64%) of the 50 contacts (Table 3). Initial serum was obtained from 28 (56%) contacts, and
follow-up serum was obtained from 23 (46%) contacts;
none had detectable antibodies to SARS-CoV-2.
Discussion
This investigation identified no secondary cases among
close contacts of this early US COVID-19 case-patient
by molecular or serologic methods. Systematic contact
tracing initiated soon after case confirmation identified
office co-workers, HCP, and persons who overlapped
in an urgent care clinic waiting area as contacts of the
symptomatic case-patient with potential risk for infection. All 50 contacts were actively monitored daily for
development of signs or symptoms consistent with
COVID-19 and were assessed as PUIs if signs or symptoms developed. During the 14 days after last exposure
of the identified contacts, testing of respiratory specimens by rRT-PCR of all symptomatic contacts (PUIs)
and most asymptomatic contacts revealed no evidence
of secondary transmission. Serum specimens collected
≈6 weeks after the last exposure for 23 (46%) contacts
showed no evidence of SARS-CoV-2 antibodies, providing additional confirmation that secondary transmission did not occur among tested contacts.
The lack of transmission among contacts in this
investigation is similar to findings reported in other
early systematic contact investigations of case-patients with COVID-19 in January and February, in
which only close household contacts were infected
(8–11). One potential explanation for the lack of transmission among tested contacts may be the nature of
the community exposures to the case-patient compared with the more intimate and continuous exposures that would typically be experienced by household contacts. Given the current situation of sustained
community transmission of SARS-CoV-2, it is of interest that there was no evidence of transmission to
co-workers, despite a 60–90 minute lunch together
and travel together in a car while the case-patient was
symptomatic, albeit with mild symptoms (12).
Similar to other reported COVID-19 case-patients, this case-patient had SARS-CoV-2 detected
from NP and OP specimens at very low cycle threshold values (NP 18–19, OP 21–22) at the time of first
testing at the urgent care clinic (day 4 of illness), indicating a high viral load (2,13). Of note, the casepatient wore a facemask in the urgent care clinic
waiting room and during most of the healthcare encounters, except during examination and respiratory

specimen collection. In addition, HCP who interacted with the case-patient all wore partial PPE, which
included a facemask or an unfitted N95 respirator.
Influenza studies found that patients or HCP wearing a facemask is associated with a reduced risk of
nosocomial transmission (14). A COVID-19 contact
investigation described 35 HCP who wore facemasks
during a prolonged exposure to an aerosol-generating procedure for a patient with COVID-19; none
acquired infection (15). These investigations suggest
that facemasks worn by the case-patient or the HCP
might have helped prevent secondary transmission
of COVID-19 in the healthcare setting, although additional studies are needed.
A unique aspect of our contact investigation was the
inclusion of serologic testing, which strengthened the
conclusion that secondary transmission did not occur
among tested contacts. Molecular testing detects viral
RNA present in an active infection and is dependent on
sampling location, technique, and the timing. Although
the serologic assay used does not necessarily confirm
current infection, it enables detection of seroconversion, indicating a history of SARS-CoV-2 infection.
SARS-CoV-2 antibodies are detectable in most persons
with COVID-19 within 1–3 weeks after illness onset, although more data are needed to determine whether all
persons infected with SARS-CoV-2 develop detectable
antibodies (16,17). Use of serologic testing complements
molecular diagnostics and adds to the ability to detect
Table 2. Demographic characteristics, clinical symptoms, and
laboratory testing of PUIs for COVID-19 related to an early
confirmed US COVID-19 case, Washington, USA, 2020*
Characteristic
PUI, N = 8
Age, y, median (range)
41.5 (21–58)
Sex
M
2
F
6
Contact group
Office co-workers
2
Healthcare personnel
2
Waiting room contacts
4
Clinical symptoms
Days from last case-patient exposure to
5.5 (1–11)
symptom onset, median (range)
Cough
6
Headache
5
Runny nose
5
Sore throat
4
Body aches
3
Fever
1
Chills
1
Shortness of breath
0
Laboratory testing
PUIs with respiratory specimens
8
PUIs with initial serum specimens
4
PUIs with follow-up serum specimens
5
*Values are no. persons except as indicated. COVID-19, coronavirus
disease; PUIs, persons under investigation.
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Figure 2. Contact investigation
flowchart of identified
contacts, active monitoring,
and participation in the
enhanced contact investigation
of an early confirmed US
coronavirus disease case,
Washington, USA, 2020.
NP, nasopharyngeal;
OP, oropharyngeal; PUI,
person under investigation.
*Includes contacts from whom
specimens obtained for PUI
testing. †Specimens were
unable to be tested if blood
could not be obtained (n = 5)
or if the standard specimen
requirements for testing were
not met (n = 2).

asymptomatic infections or infections that occurred in
persons who did not have testing performed during the
acute phase of illness.
This contact investigation had limitations. The
investigation involved a single case; thus, only transmissions related to specific interactions for a single
case are assessed. The case-patient had no household contacts, and all HCP contacts reported using
at least partial PPE. Therefore, these findings cannot be generalized for persons with other types of
contacts. Furthermore, not all contacts were tested.
Testing was biased toward contacts who knew the
case-patient personally (office co-workers) or provided direct care for the case-patient (HCP). Most
contacts were tested by rRT-PCR assay at one point
during their monitoring period; we cannot exclude
that timing of NP and OP swab collection could
have affected the ability to capture asymptomatic
infection. In addition, details of the exposure history, particularly exposure duration and frequency, are subject to recall bias. Contacts of the case1676

patient before symptom onset were not included
in this investigation, including airplane contacts
from the day before the case-patient’s symptom onset. Finally, contact identification could have been
incomplete. We cannot rule out the possibility that
certain interactions not captured in the contact investigation, including those classified as transient
interactions, could have resulted in transmission, although unprotected prolonged exposures described
in this report did not result in transmission.
This contact investigation provides detailed exposure information regarding prolonged close interactions among tested contacts that did not result
in secondary transmission of SARS-CoV-2. Multiple factors likely influence transmissibility of a
given COVID-19 case-patient, including viral load,
symptom severity, aerosol generation, host factors
in the case-patient and contact, use of protective
equipment (e.g., facemask use by the case-patient),
and exposure type, timing, duration, setting, and
frequency. Further investigations are needed to
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Table 3. Demographic characteristics, underlying medical conditions, exposures, and SARS-CoV-2 testing among contacts of an early
confirmed US COVID-19 case participating in the enhanced contact investigation, Washington, USA, 2020*
Community contacts
Healthcare contacts
All contacts, Office co-workers, Waiting room
Healthcare
Characteristic
N = 38
n = 11
contacts, n = 20
personnel, n = 7†
Age, y, median (range)
45 (0–78)
39 (24–62)
53.5 (<1–78)
36 (30–56)
Sex
M
21 (55)
9 (82)
9 (45)
3 (43)
F
17 (45)
2 (18)
11 (55)
4 (57)
Race
White
27 (71)
2 (18)
18 (90)
7 (100)
Asian
8 (21)
8 (73)
0
0
Black
0
0
0
0
Not specified
3 (8)
1 (9)
2 (10)
0
Ethnicity
Hispanic/Latino
5 (13)
0
3 (15)
2 (29)
Not Hispanic/Latino
28 (74)
10 (91)
14 (70)
4 (57)
Not specified
5 (13)
1 (9)
3 (15)
1 (14)
Underlying medical conditions‡
None
15 (39)
8 (73)
3 (15)
4 (57)
Asthma
10 (26)
3 (27)
4 (20)
3 (43)
Diabetes mellitus, type 2
4 (11)
0
4 (20)
0
Hypertension
7 (18)
1 (9)
6 (30)
0
Coronary artery disease
1 (3)
0
1 (5)
0
Immunosuppressive condition or therapy
1 (3)
0
1 (5)
0
Pregnant or postpartum§
2 (5)
0
1 (5)
1 (14)
Exposure type¶
Face-to-face interaction
16/18 (89)
11 (100)
NA
5 (71)
Direct physical contact
10/18 (56)
6 (55)
NA
4 (57)
Physically within 6 feet
16/18 (89)
11 (100)
NA
5 (71)
Within 6 feet while case-patient was coughing or
3/18 (17)
0
NA
3 (43)
sneezing
Touched object handled by the case-patient
13/18 (72)
10 (91)
NA
3 (43)
In the same room
14/18 (78)
9 (82)
NA
5 (71)
Traveled in the same vehicle
3/18 (17)
3 (28)
NA
0
Active monitoring
Days from last exposure to start of active monitoring,
4 (1–7)
6 (5–7)
4 (4–5)
1 (1–1)
median (range)
Assessed as PUI during monitoring period†
7 (18)
2 (18)
4 (20)
1 (14)
Days from last exposure until symptom onset among
5 (1–11)
6 (1–11)
4.5 (3–11)
6 (6–6)
PUIs
Laboratory testing
Any testing (rRT-PCR or serology)
37 (97)
11 (100)
19 (95)
7 (100)
Enhanced contact investigation: initial specimen collection within 14 d after last exposure to case-patient
Contacts with respiratory specimens#
36 (95)
11 (100)
19 (95)
6 (86)
Contacts with serum specimens
28 (74)
8 (73)
14 (75)
6 (86)
Days from last exposure to initial specimen collection
11 (9–13)
10 (10–11)
11 (10–13)
9 (9–11)
(respiratory and serum specimens) among
asymptomatic contacts, median (range)
Enhanced contact investigation: follow-up serum, 6 weeks after last exposure to case-patient
Contacts with follow-up serum specimens
23 (61)
9 (82)
10 (50)
4 (57)
Days from last exposure to follow-up serum collection, 46 (44–49)
47 (46–47)
46 (44–49)
46 (45–47)
median (range)
*Values are no. persons except as indicated. COVID-19, coronavirus disease; HCP, healthcare personnel; NA, not asked; PUI, person under
investigation; rRT-PCR, real-time reverse transcription PCR.
†One HCP PUI was not available for interview and was not included in this table. Nasopharyngeal and oropharyngeal specimens were collected for this
PUI testing, and were negative by rRT-PCR for SARS-CoV-2. No serum specimens were collected.
‡Some contacts had >1 underlying medical condition.
§Postpartum was defined as within 6 weeks after delivery.
¶Exposure types were not asked for waiting room contacts, as the case-patient was anonymous to the waiting room contacts.
#Included respiratory specimens obtained for PUI testing.

determine host factors and exposures associated
with increased transmission.
Contact investigations coupled with laboratory
testing remain crucial public health tools for identifying, isolating, and preventing additional COVID-19

cases. Serologic methods, in addition to molecular
detection, are a valuable tool in improving our understanding of the rate of asymptomatic infection. Understanding more about the occurrence of asymptomatic
and presymptomatic infection and its contribution to
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SARS-CoV-2 transmission is critical for guiding community mitigation strategies and infection prevention
and control recommendations.
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Limited data are available on the clinical presentation and
outcomes of coronavirus disease (COVID-19) patients in
the United States hospitalized under normal-caseload or
nonsurge conditions. We retrospectively studied 72 consecutive adult patients hospitalized with COVID-19 in 2
hospitals in the San Francisco Bay area, California, USA,
during March 13–April 11, 2020. The death rate for all
hospitalized COVID-19 patients was 8.3%, and median
length of hospitalization was 7.5 days. Of the 21 (29% of
total) intensive care unit patients, 3 (14.3% died); median
length of intensive care unit stay was 12 days. Of the 72
patients, 43 (59.7%) had underlying cardiovascular disease and 19 (26.4%) had underlying pulmonary disease.
In this study, death rates were lower than those reported
from regions of the United States experiencing a high volume of COVID-19 patients.

H

ealth officials in China first reported a cluster
of cases of a new acute respiratory illness associated with a seafood market in Wuhan, China,
on December 31, 2019 (1). Less than 1 month later,
cases of what would become known as coronavirus disease (COVID-19) were reported in patients
in northern California, USA (2). In the San Francisco Bay area counties of Alameda and Santa Clara,
COVID-19 cases in travelers returning from Wuhan
were confirmed on January 28 and January 31, respectively. As of May 5, 2020, a total of 1,809 laboratory-confirmed cases have occurred in Alameda
County (population 1.7 million) and 2,555 cases in
Santa Clara County (population 1.9 million); however,

Author affiliations: Stanford Health Care, Stanford, California,
USA (J. Ferguson, J.I. Rosser, O. Quintero, J. Scott,
A. Subramanian, A. Rogers, S. Kappagoda); Stanford University,
Stanford (M. Gumma)
DOI: https://doi.org/10.3201/eid2608.201776

these numbers probably vastly underestimate the
disease incidence because of the lack of widespread
testing in the region early in the epidemic (3,4).
Studies from China and Europe have described the
clinical presentation of COVID-19, but data from the
United States are still emerging (5–9). In addition,
current data from the United States have primarily
come from hospitals working under high-volume or
surge conditions. In this study, we describe the characteristics and outcomes of patients hospitalized in
northern California with COVID-19 early in the epidemic under nonsurge conditions.
Methods
Study Design and Oversight

We conducted a retrospective chart review of demographic and clinical data for patients admitted to our
2 partner institutions, Stanford University Hospital
(SUH) and Stanford Health Care-ValleyCare (ValleyCare), during March 13–April 11, 2020, with follow
up through May 2, 2020. SUH is an academic medical
center with 600 beds, including 119 intensive care unit
(ICU) beds, located in Palo Alto, Santa Clara County.
ValleyCare is a community hospital with 167 beds, including 22 ICU beds, in Pleasanton, Alameda County.
The Stanford Health Care Institutional Review Board
approved this study.
Inclusion and Exclusion Criteria

We sequentially enrolled all patients >18 years of age
who were hospitalized for >24 hours and had reverse
transcription PCR (RT-PCR)–confirmed severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
during the study period. Our study comprised patients who spent >1 nights in the hospital; we excluded
1

These authors contributed equally to this article.
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patients seen only in the emergency department and
discharged in <24 hours.

exact tests for categorical variables, all using a type
I error of 0.05.

Data Sources and Collection

Results

We used the electronic medical record system, EpicSystems (https://www.epic.com) to extract data on
clinical symptoms and signs, laboratory test results,
and outcomes. We collected and managed study data
using REDCap electronic data capture tools hosted at
Stanford University (10,11).
Laboratory Testing

All laboratory data were ordered as part of routine
clinical care. SARS-CoV-2 infection was confirmed
using RT-PCR, which was validated on nasopharyngeal, oropharyngeal, endotracheal aspirate, and bronchoalveolar lavage samples.
Definitions

We recorded the date of the earliest reported symptom. Diabetes was defined by any preadmission medication prescription for diabetes or documented hemoglobin A1C >6.5% (reference <5.7%). Admission tests
refers to laboratory studies collected within the first
24 hours of admission. We defined admission chest
radiograph as one done within 24 hours after hospital
arrival and admission chest computed tomography as
one performed within 48 hours after hospital arrival.
Radiographic findings were based on the radiology
report in the electronic medical record. We defined
acute respiratory distress syndrome using the Berlin
Criteria (presence of acute respiratory failure with bilateral pulmonary infiltrates, ratio of arterial oxygen
tension to fraction of inspired oxygen <300 with >5
cm water of positive-end expiratory pressure, and
absence of cardiogenic pulmonary edema) (12). We
defined acute kidney injury as an increase in serum
creatinine during admission of 1.5 times baseline (13).
We defined cardiomyopathy as an ejection fraction
assessed on transthoracic echocardiogram of <50% or
>10% decrease from the baseline ejection fraction if
the result of a prior echocardiogram within the past
2 years was available. We defined central line–associated bloodstream infection using National Healthcare
Safety Network criteria (14).
Data Analysis

We conducted all analyses using R version 3.6.2
(https://www.r-project.org). The 4 patients who
remained hospitalized at the end of the study period were right-censored on May 2 and included in
length-of-stay calculations. We performed MannWhitney U tests for continuous variables and Fisher
1680

Demographic Characteristics

A total of 72 SARS-CoV-2–positive patients were admitted during March 13–April 11, 2020. Twelve were
admitted to ValleyCare Hospital and 60 to Stanford
Hospital. Twenty-two (30.6%) patients were Hispanic
or Latino, 20 (27.8%) were Asian or Asian-American,
19 (26.4%) were white, and 4 (5.6%) were black (Table
1). Most (51 [70.8%]) patients came from stable housing situations with family. Twelve (16.7%) lived in a
skilled nursing facility, assisted living, group home,
or unstable living situation, and 1 (1.4%) lived alone.
Concurrent Conditions

Forty-three (59.7%) patients had underlying cardiovascular disease, and 19 (26.4%) had underlying pulmonary disease. Thirty-six percent had no cardiovascular or pulmonary disease. Among the ICU patients,
in univariate analysis, only diabetes was significantly
associated with ICU admission.
The most common concurrent conditions among
all 72 patients were hypertension (36.1%), hyperlipidemia (34.7%), and diabetes (27.8%). Twenty-three
non-ICU (45.1%) and 6 ICU (28.6%) patients had no
known cardiovascular disease. The most common
respiratory concurrent conditions were asthma (7
patients) or chronic obstructive pulmonary disease
(3). Tobacco use did not differ between non-ICU and
ICU patients.
Six (8.3%) patients had an immunocompromising
condition. These conditions included 3 with active
malignancies, 2 solid organ transplant recipients, and
1 patient with systemic sclerosis.
Before admission, 20 (27.8%) patients had been
prescribed azithromycin. Two (2.8%) patients had
been prescribed hydroxychloroquine to target COVID-19. No patients were on long-term hydroxychloroquine for other indications. Twenty-six (36.1%) patients, including 5 (23.8%) treated in the ICU, had no
known concurrent conditions.
Characteristics at Admission

At admission, the most common symptoms were
fever (73.6%), dry cough (58.3%), and shortness of
breath (56.9%) (Table 2). Patients also commonly
reported nonspecific influenza-like symptoms of
fatigue, myalgias, nausea, and diarrhea. Few (5.6%)
patients reported altered sensation of taste or
smell. ICU patients were more likely to have fever
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Table 2. Clinical characteristics and laboratory and radiographic findings for COVID-19 patients, northern California, 2020
COVID-19 patients
Characteristic
All, n = 72
Non-ICU, n = 51
ICU, n = 21
p value
Symptoms, no. (%)
Fever
53 (73.6)
37 (72.5)
16 (76.2)
1.00
Chills
25 (34.7)
15 (29.4)
10 (47.6)
0.18
Cough, dry
42 (58.3)
28 (54.9)
14 (66.7)
0.44
Cough, productive
15 (20.8)
12 (23.5)
3 (14.3)
0.53
Shortness of breath
41 (56.9)
29 (56.9)
12 (57.1)
1.00
Chest pain/pressure
8 (11.1)
6 (11.8)
2 (9.5)
1.00
Fatigue
26 (36.1)
21 (41.2)
5 (23.8)
0.19
Myalgias
32 (44.4)
19 (37.3)
13 (61.9)
0.07
Arthralgias
1 (1.4)
1 (2.0)
0
1.00
Headache
14 (19.4)
9 (17.6)
5 (23.8)
0.53
Sore throat
10 (13.9)
5 (9.8)
5 (23.8)
0.14
Nasal congestion/rhinorrhea
7 (9.7)
3 (5.9)
4 (19.0)
0.18
Nausea
17 (23.6)
15 (29.4)
2 (9.5)
0.13
Vomiting
7 (9.7)
7 (13.7)
0
0.01
Diarrhea
19 (26.4)
13 (25.5)
6 (28.6)
0.78
Altered sense of taste/smell
4 (5.6)
3 (5.9)
1 (4.8)
1.00
Other†
16 (22.2)
11 (21.6)
5 (23.8)
NP
Vital signs
Medium max temp in first 24 h, °C (IQR)
38.1 (37.3–38.8)
37.8 (37.2–38.7)
38.6 (38.6–39.3)
<0.05
Temperature >38.2°C, no. (%)
34 (47.2)
19 (37.3)
15 (71.4)
<0.05
Room air SaO2, no. (%)
SaO2 >94
42 (58.3)
36 (70.6)
6 (28.6)
<0.05
Median SaO2
30 (41.7)
15 (29.4)
15 (71.4)
<94 RR (IQR)
20 (18–22)
19 (18–20)
22 (18–27)
<0.05
Laboratory results, median (IQR)‡
5.6 (4.3–7.8)
5.7 (4.4–8.1)
5.2 (4.0–7.0)
0.40
Leukocytes, K/L
ANC, n = 71
3,890 (2,705–5,835)
3,875 (2,630–5,725)
4140 (2930–6430)
0.42
ALC, n = 71
910 (580–1,235)
915 (592–1,335)
890 (520–1,090)
0.47
194 (160–256)
198 (162–265)
183 (157–250)
0.40
Platelets, K/L
Sodium, mmol/L
136 (133–138)
136 (132–139)
136 (134–137)
1.00
Potassium, mmol/L
3.8 (3.7–4.2)
3.9 (3.7–4.2)
3.8 (3.6–4.0)
0.31
Creatinine, mg/dL
0.89 (0.67–1.07)
0.89 (0.73–1.07)
0.89 (0.66–1.07)
0.69
Glucose, mg/dL
108 (98–124)
107 (96–120)
114 (102–147)
0.18
AST, U/L
45.5 (31.8–63.5)
45.0 (29.0–59.5)
52.0 (38.0–82.0)
0.04
ALT, U/L
36.5 (23.8–56.2)
35.0 (22.5–51.5)
49.0 (34.0–58.0)
0.09
CK, total, U/L
119 (55–360)
53 (48–70)
282 (174–774)
0.01
LDH, U/L
394 (251–492)
344 (250–442)
430 (299–522)
0.03
Ferritin, ng/mL
824 (453–1643)
612 (304–1030)
1422 (817–1944)
0.04
CRP >0.5 ng/dL, no./total (%)
36/41 (87.8)
21/26 (80.8)
15/15 (100)
0.14
IL-6 >5 pg/mL, no./total (%)
5/7 (71.4)
3/3 (100)
2/4 (50.0)
0.43
Procalcitonin >0.5 ng/mL, no./total (%)
4/47 (8.5)
3/33 (9.1)
1/14 (7.1)
1.0
20/26 (76.9)
14/19 (73.7)
6/7 (85.7)
1.0
D-dimer >0.5 g/mL, no./total (%)
Troponin >0.055 ng/mL, no./total (%)
2/45 (4.4)
1/31 (3.2)
1/14 (7.1)
0.53
Radiology, no. (%)
Chest radiograph
Diffuse/patchy bilateral infiltrates
45 (62.5)
26 (51.0)
19 (90.5)
<0.05§
Focal consolidation
11 (15.3)
9 (17.6)
2 (9.5)
NP
Pleural effusion
4 (5.6)
2 (3.9)
2 (9.5)
Clear
11 (15.3)
11 (21.6)
0
Other¶
5 (6.9)
4 (7.8)
1 (4.8)
Chest computed tomography scan
Diffuse/multifocal/GGO/opacities
11 (15.3)
8 (15.7)
3 (14.3)
Diffuse consolidations
4 (5.6)
3 (5.9)
1 (4.8)
Focal consolidation
2 (2.8)
2 (3.0)
0

*ALC, absolute lymphocyte count; ALT, alanine aminotransferase; ANC, absolute neutrophil count; AST, aspartate aminotransferase; CK, creatinine
kinase; COVID-19, coronavirus disease; CRP, C-reactive protein; GGO, ground glass opacities; IL-6, interleukin-6; IQR, interquartile range; LDH, lactate
dehydrogenase; NP, test not performed; RR, respiratory rate.
†Altered mental status, dizziness, night sweats, anorexia, and abdominal pain.
‡Reference ranges: leukocytes, 4.0–11.0 K/L; ANC, 1,700–6,700 cells/L; ALC, 1,000–3,000 cells/L; platelets, 150–400 K/L; sodium, 135–145
mmol/L; potassium, 3.5–5.5 mmol/L; creatinine, 0.67–1.17 mg/dL; glucose, 70–100 mg/dL; AST, 10–50 U/L; ALT, 10–50 U/L; CK, total <190 U/L; LDH,
135–225 U/L; ferritin 30–400 ng/mL; CRP <0.5 ng/dL; IL-6, <5 pg/mL; procalcitonin, <0.5 ng/mL; D-dimer, <0.5 g/mL; troponin <0.055 ng/mL.
§Compares diffuse/patchy bilateral infiltrates with all other categories combined.
¶Bibasilar opacities and interstitial markings.
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documented within 24 hours after admission and
had higher temperatures recorded. Of 48 patients
who had a multiplex PCR–based respiratory viral
panel performed within 24 hours after admission, 2
had a viral co-infection (1 patient with respiratory
syncytial virus and 1 with both respiratory syncytial virus and rhinovirus).
Abnormal results of chest imaging were more
common in patients requiring ICU admission. Among
patients admitted to the ICU, 19 (90.5%) had an initial chest radiograph with diffuse or patchy bilateral opacities, compared with 26 (51.0%) of non-ICU

patients. None of the patients admitted to the ICU
had normal-appearing chest radiograph result at admission. Overall, very few patients had a chest computed tomography scan performed within the first 48
hours of hospitalization.
Treatments

Patients most commonly received remdesivir (44.4%
of all patients and 76.2% of ICU patients), azithromycin, or both during hospitalization (Table 3). Four
ICU patients received tocilizumab, and 1 received leronlimab. Among the 12 patients seen at ValleyCare,

Table 3. Complications, interventions, and outcomes of COVID-19 patients, northern California, 2020*
COVID-19 patients
Variable
All, n = 72
Non-ICU, n = 51
ICU, n = 21
Complications, no. (%)
Acute respiratory distress syndrome
13 (18.0)
0
13 (61.9)
Arrhythmia†
6 (8.3)
0
6 (28.6)
Ventilator- or hospital-associated pneumonia
5 (6.9)
0
5 (23.8)
Acute kidney injury
4 (5.6)
0
4 (19.0)
Catheter-related bloodstream infection
2 (2.8)
0
2 (9.5)
Cardiomyopathy‡
2 (2.8)
0
2 (9.5)
Highest level of oxygen support required, no. (%)
None
29 (40.3)
28 (54.9)
1 (4.8)
Oxygen by nasal cannula
22 (30.6)
21 (41.2)
1 (4.8)
High-flow nasal cannula
2 (2.8)
1 (2.0)
1 (4.8)
Nonrebreather mask
6 (8.3)
1 (2.0)
5 (23.8)
Mechanical ventilation
13 (18.1)
0
13 (61.9)
Median duration of mechanical ventilation, d§ (IQR)
NP
17 (13–29)
Interventions, no. (%)
Use of a paralytic agent
7 (9.7)
0
7 (33.3)
Use of proning
6 (8.3)
1 (2.0)
5 (23.8)
Tracheostomy
6 (8.3)
0
6 (28.6)
Use of vasopressors
13 (18.1)
0
13 (61.9)
Use of renal replacement therapy¶
4 (5.6)
0
4 (19.0)
Inhaled nitric oxide
4 (5.6)
0
4 (19.0)
Treatment, no. (%)
Azithromycin
33 (45.8)
19 (37.3)
14 (66.7)
Remdesivir
32 (44.4)
15 (29.4)
16 (76.2)
Hydroxychloroquine
16 (22.2)
11 (21.6)
5 (23.8)
Systemic glucocorticoids
5 (6.9)
3 (5.9)
2 (9.5)
Tocilizumab
4 (5.6)
0
4 (19.0)
Other#
11 (15.3)
8 (15.7)
3 (14.3)
Any antimicrobial drug
48 (66.7)
28 (54.9)
19 (90.5)
Any antifungal drug
1 (1.4)
0
1 (4.8)
Median length of stay,** d (IQR)
Hospitalization
7.5 (4–13)
5 (3–9)
17 (11–30)
ICU
NP
NP
12 (5–28)
Disposition, no. (%)
Discharged from hospital
Home
53 (73.6)
43 (84.3)
10 (47.6)
SN/LTAC facility
9 (12.5)
5 (9.8)
4 (19.0)
Died or discharged with hospice
6 (8.3)
3 (5.9)
3 (14.3)
Remains hospitalized
4 (5.6)
0
4 (19.0)

p value
NP

Referent
1.0
0.13
<0.05
NP
NP
NP

<0.05
<0.05
1.0
0.63
<0.05
NP
<0.05
0.29

0.35††

*COVID-19, coronavirus disease; ICU, intensive care unit; IQR, interquartile range; LTAC, long-term acute care; NP, test not performed; SN, skilled
nursing.
†Includes 2 atrial fibrillation with rapid ventricular response, 2 supraventricular tachycardia, 2 bradycardia.
‡New ejection fraction <50% after previously normal ejection fraction on echocardiogram in the preceding 2 y and/or >10% decrease in ejection fraction
from baseline.
§Includes 1 patient who remained on mechanical ventilation at discharge to LTAC facility on April 7, 2020.
¶Newly requiring renal replacement therapy during admission.
#Zinc, n = 11; leronlimab, n = 1.
**Length of stay includes 4 patients who remained hospitalized on the study end date with censoring date of May 2, 2020.
††Comparison of death or discharged with hospice in ICU and non-ICU patients (Fisher exact test).
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in addition to supportive care, 11 (91.7%) received
hydroxychloroquine, 11 (91.7%) received zinc, and 5
(41.7%) received azithromycin. No patients received
convalescent plasma, lopinavir/ritonavir, chloroquine, or intravenous gamma globulin during the
study period. A trial of prone positioning was used
for 2 hypoxic, nonintubated patients, in accordance
with institutional protocol (15).
Complications

No major complications developed in the patients
who never required ICU care during hospitalization
(non-ICU patients) (Table 3). Acute respiratory distress syndrome developed in 13 (61.9%) ICU patients.
No patients were treated with intravenous pulmonary vasodilators or extracorporeal membrane oxygenation. Arrhythmias developed in 6 ICU patients,
4 with supraventricular tachycardia, including atrial
fibrillation or atrial flutter, and 2 with bradycardia,
including complete heart block requiring a permanent pacemaker that developed in 1.
Outcomes

Five (6.9%) patients died, and 1 patient was discharged to hospice. Fifty-three (73.6%) patients were
discharged home, and 9 (12.5%) were discharged to
a skilled nursing facility or long-term acute care hospital. At the end of the study period (May 2, 2020),
4 remained hospitalized awaiting placement in a
skilled nursing facility or long-term acute care hospital. Of the 6 patients who died or were discharged
to hospice, median age was 83.5 years. Median length
of hospitalization for all patients was 7.5 days (interquartile range [IQR] 4–13 days).
Among ICU patients, 3 (14.3%) died; median
length of hospitalization was 17 days (IQR 11–30
days). Thirteen (61.9%) ICU patients required mechanical ventilation for a median of 17 days (IQR 13–
29 days), and 6 (28.6%) patients underwent tracheostomy. All 4 patients who remained hospitalized had
required ICU admission; however, all had improved
by the end of the study period, and none still required
mechanical ventilation or ICU level of care.
Discussion
We found a lower overall death rate (8.3%) than
for the largest US studies thus far, which reported
17.5%–21% death rates (J.A. Lewnard et al., unpub.
data, https://doi.org/10.1101/2020.04.12.20062943;
C.M. Petrilli et al., unpub. data, https://doi.org/
10.1101/2020.04.08.20057794) (16). The death rate for
ICU patients of 14.3% was also lower than previously
reported rates within the United States (45%–50%)

(C.M. Petrilli et al., unpub. data, https://doi.org/1
0.1101/2020.04.08.20057794) (17). These results are
based on censoring 4 patients who remained hospitalized at the end of the study period, all of whom
no longer required ICU level of care and awaited
placement in rehabilitation or long-term acute care
facilities. Although our sample size is small, this difference in death rates might be attributed to nonsurge
conditions. Patient volumes did not exceed normal
operating capacity in the 2 hospitals during the study
period, which might signify that patients were admitted who might not merit hospitalization in conditions
where hospital beds were limited. Disease severity
was probably lower in the population in our study;
71% (51/72) of patients required only nasal cannula
supplemental oxygen or no oxygen during admission. In addition, the substantial number of patients
treated with remdesivir might have contributed to
the lower death rate. Preliminary data from recent
clinical trials suggest remdesivir use may be associated with reduced mortality (18,19).
The presenting symptoms and laboratory findings of the patients in our study are similar to those
noted in the studies from China published earlier
in the COVID-19 pandemic despite the finding that
our patient population probably had greater racial
and ethnic diversity (6–9). As seen in prior studies,
respiratory complaints were the most common presenting symptoms; however, 5 (6.9%) patients in our
study did not have respiratory symptoms of cough
or shortness of breath. This finding emphasizes the
importance of capturing nonrespiratory symptoms
on COVID-19 screening questionnaires.
California in general, and the San Francisco Bay
area in particular, have had a longstanding housing affordability crisis (20). Seven (9.7%) patients
in our study lacked a safe place to isolate at home
because of crowded living conditions (no separate
bedroom), living with an immunocompromised
person, or both. These circumstances also might
have contributed to lower hospitalization death
rates because patients with mild disease required
hospital admission.
One important context for this study is the difference in the standard of care at the 2 institutions.
When our institutions began seeing COVID-19 patients, the Centers for Disease Control and Prevention and the World Health Organization had
published clinical care guidelines emphasizing
supportive care as the standard of care and recommended using experimental therapies only as part
of a randomized controlled trial (21,22). Both of our
study sites are involved in clinical trials of the novel
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antiviral agent remdesivir but began enrolling at different times: March 14 at SUH and April 9 at ValleyCare. This difference in implementation led to
nonuniform use of hydroxychloroquine, azithromycin, and zinc between SUH and ValleyCare. At both
study sites, azithromycin was commonly prescribed
to outpatients before admission, despite lack of evidence of clinical efficacy. Detailed national guidelines from the Society for Critical Care Medicine
were published on March 20 and from the Infectious
Disease Society of America on April 11 (23,24). Notable differences in the standard of care were seen
even between our 2 affiliated hospitals, perhaps reflecting the initial lack of national guidelines.
Our study has several limitations. Overall case
numbers were low, probably because of early and decisive public health interventions in our community
(25). This observational study is not powered or designed to analyze treatment efficacy of the experimental therapies given. Analysis of the efficacy of remdesivir, received by most critically ill patients in this
cohort, will be conducted as part of a multisite clinical
trial. Four patients remained hospitalized at the conclusion of the study period, and final outcomes could
therefore not be reported. Thus, the duration of hospitalization is weighted toward patients who had shorter admissions and outcomes of a subset of prolonged
hospital courses were not captured. Our results most
likely are not generalizable to hospitals with excessive
COVID-19 caseloads or with fewer resources for high
acuity patients.
In summary, we found that under nonsurge conditions, the overall death rate and the death rate for
ICU patients were lower than those previously reported in the United States. The differences in treatment strategy between the 2 hospitals in this study
highlight the need for standardized, well-publicized
guidelines for new pathogens early on in an epidemic.
J.I.R. is supported by National Institutes of Health Training
Grant 5T32AI052073-14.
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US guidelines have recommended testing children emigrating from high tuberculosis-incidence countries with
interferon-gamma release assays (IGRAs) or tuberculin
skin tests (TSTs). We describe the Harris County (Texas)
Public Health Refugee Health Screening Program’s testing
results during 2010–2015 for children <18 years of age:
5,990 were evaluated, and 5,870 (98%) were tested. Overall, 364 (6.2%) children had >1 positive test: 143/1,842
(7.8%) were tested with TST alone, 129/3,730 (3.5%) with
IGRA alone, and 92/298 (30.9%) with both TST and IGRA.
Region of origin and younger age were associated with
positive TST or IGRA results. All children were more likely
to have positive results for TST than for IGRA (OR 2.92,
95% CI 2.37–3.59). Discordant test results were common
(20%) and most often were TST+/IGRA– (95.0%), likely
because of bacillus Calmette-Guérin vaccination. Finding
fewer false positives supports the 2018 change in US immigration guidelines that recommends using IGRAs for recently immigrated children.

T

he World Health Organization (WHO) has estimated that there were 1 million tuberculosis
(TB) cases and 234,000 tuberculosis-related deaths
among children in 2017 (1). An estimated additional
67 million children were infected with Mycobacterium tuberculosis (2). Testing of children emigrating
from high- to low-incidence countries can provide
benefit to individual patients and to the community
by identifying patients for whom providing treatment would reduce the risk of progression to disease and thus decrease the reservoir for future contagious disease cases.
Not all recently arrived children are at equal risk
for TB infection. Refugees, asylees, and victims of human trafficking (VHTs) may be at highest risk as the
result of prolonged periods of displacement, undernutrition, poor sanitation, and poor access to medical care (3). In the United States, special immigrant
visa (SIV) holders are predominantly children of persons from Afghanistan or Iraq who served as military
translators and do not typically live in congregate settings (4,5), potentially placing them at lower risk for
TB exposure. Those with parole classification most
commonly emigrated from Cuba, a country with a
low incidence of TB (6–8).
In 2018, the Centers for Disease Control and Prevention (CDC) updated the preimmigration guidelines for TB testing for immigrants to the United
States, recommending that children 2–14 years of age
who come from high TB-incidence countries (>20 cases/100,000 population) be tested with an interferongamma release assay (IGRA) rather than a tuberculin
skin test (TST) (9). Previously, because of resource restrictions, TSTs were performed more commonly in

many countries, and 9%–35% of refugee children tested positive (10–15). However, in a large study, almost
two thirds of children with positive preimmigration
TST results had negative IGRA results on postimmigration testing (11), indicating that many positive TST
results likely were caused by prior vaccination with
bacillus Calmette-Guérin (BCG).
Almost 10% of refugees, asylees, parolees, or SIV
holders in the United States resettle in Texas, and almost 25% of those resettle in Harris County (which
includes Houston) (16). Texas is also a human trafficking hub, with many internationally trafficked
persons passing through the state (17). We describe
the comparative epidemiology of positive TSTs and
IGRAs in children of different immigration classifications cared for through the Harris County Public
Health Refugee Health Screening Program.
Methods
The Harris County Public Health Refugee Health
Screening Program performs intake screening for TB,
HIV, and pathogenic parasites and performs other
routine laboratory screenings for all refugees, asylees,
identified VHTs, parolees, and SIV holders resettling
in the county. We performed a cross-sectional study
of children 0–18 years of age who were evaluated
by this program during January 1, 2010–December
31, 2015. We obtained demographic information, TB
exposure history, symptom screening, and testing results from the Harris County Public Health Refugee
Health Screening Program and the US Committee for
Refugees and Immigrants (although the data originated from the Texas Department of State Health Services when the Texas Refugee Health Program resided there). All children were seen in a clinic run by the
Harris County Public Health Refugee Health Screening Program. At this visit, demographic information
and testing before immigration were obtained from
the family and overseas records. Children not tested
before immigration or who had no overseas records
were tested during the clinic visit. Most of the children with a positive test for TB infection were evaluated at the Texas Children’s Hospital TB Clinic where
additional testing and, if indicated, treatment were
provided by 3 of the authors of this article (G.S.L.,
A.T.C., and J.R.S.).
Immigration classification was determined by
the US Committee for Refugees and Immigrants. Immigration classifications are defined by US Citizenship and Immigration Services (Table 1) (18–22). We
used WHO definitions for regions of origin (23). We
predicted that refugees, asylees, and VHTs would be
higher-risk groups for TB infection because they were
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Table 1. Definitions of immigration classifications, United States
Immigration
classification
Definition
Refugee
A person located outside the United
States who demonstrates he or she was
persecuted or has a fear of persecution
because of race, religion, nationality,
political opinion, or membership in a
particular social group and is not firmly
resettled in another country (18).
Asylee (asylum
Any person who meets the definition of a
seeker)
refugee and is already in the United
States or seeking admission at a port of
entry (19).
Parolee (Cuban and Persons from Cuba and Haiti who have
Haitian Family
family members who are US citizens or
Reunification Parole lawful permanent residents, who are able
Programs)
to come to the United States without
waiting for immigrant visas to become
available (20).
Special immigrant
There are many categories; however, the
visa (holders
children included in this study are children
of Iraqi and Afghan translators who are
interpreters who have worked with the US
Armed Forces or under the chief of
mission authority at the US embassy in
Baghdad or Kabul (21).
Victim of human
A person who has been recruited,
trafficking
harbored, or transported for compelled
labor or commercial sex acts through the
use of force, fraud, or coercion (22).

more likely to have lived in congregate settings. We
predicted the lower-risk groups to be parolees and
SIVs because of their residence in lower TB-incidence
nations and not living in congregate settings. Although overseas vaccination data were unavailable,
we assumed that children were BCG immunized because most children emigrated from countries where
universal BCG vaccination is practiced.
Clinicians in the Harris County Public Health
Refugee Health Screening Program performed initial
TB testing. Providers were able to choose the type of
TB testing used; they typically used the TST in children <5 years of age and an IGRA in children >5 years
of age (24). TST results were considered positive if
there was >10 mm of induration, unless the child was
living with HIV or had contact with a person with
pulmonary TB, in which case the threshold was >5
mm of induration (25). The main IGRA used was the
T-SPOT.TB (Oxford Immunotec, https://www.tspot.
com), for which a result was defined as positive if >8
spots were noted in either well (24). A positive QuantiFERON Gold-In Tube (QIAGEN, https://www.qiagen.com) result was defined as an antigen-nil value of
>0.35 IU/mL (24).
We classified children with positive test(s) for infection as TB infected, likely TB uninfected, or having TB disease. These classifications were determined
by 2 authors (ATS and JRS) at the time each child
1688

was seen. In the first 2 categories, children had normal physical examinations and 2-view chest radiographs. We classified children as having TB infection
if they had a positive IGRA result (IGRA+), if they
had a positive TST result (TST+) and no IGRA was
done (not all TST+ children had IGRAs performed),
or if the IGRA result was indeterminate/invalid. We
typically defined children as being likely uninfected
if they were TST+/IGRA–, had normal physical examination findings and normal chest radiographs,
and had no known contacts with TB disease or if they
had negative tests with normal physical examination
findings and chest radiographs. However, we did not
classify all children who were TST+/IGRA– as being
uninfected; some of these children were classified
as having TB infection, most commonly because of
young age (<2 years). TB disease was diagnosed in
children who had clinical, physical examination, or
radiographic findings consistent with TB disease (26).
We created 3 models to determine which factors
were independently associated with positive tests of
infection: a positive TST result, a positive IGRA result, and any positive TB test result (TST or IGRA).
We compared demographic characteristics and other
categorical variables among the higher-risk and lower-risk groups for statistically significant differences
by the χ2 test or Fisher exact test for dichotomous
variables and Wilcoxon rank-sum or Kruskal-Wallis
test for continuous variables. We included any factor
with a p value <0.25 in the binary regression model.
We created the final model using a backward-step approach. To assess secular trends in usage and positivity, we analyzed monthly totals using linear regression and the Wilcoxon signed-rank test. A p value
<0.05 was considered significant.
We conducted all analyses using the SPSS Statistics 25 (IBM, https://www.ibm.com). We obtained
institutional review board approval from the Harris
County Public Health Department and Baylor College of Medicine (Houston, TX, USA).
Results
During the study period, the Harris County Public
Health Refugee Health Screening Program evaluated 5,990 children (Table 2), 98% (5,870) of whom
received >1 test of TB infection (Table 3): IGRA, 3,730
(63.5%); TST, 1,842 (31.4%); both TST and IGRA, 298
(5.1%). In the TST and IGRA group, 206 (69.1%) were
TST–/IGRA–, 29 (9.7%) TST+/IGRA+, 57 (19.1%) TST
+/IGRA–, 3 (1.0%) TST+/IGRA indeterminate/invalid, and 3 (1.0%) TST–/IGRA+ (Figure 1). Discrepant
test results occurred in 60 (20.1%) children tested with
both TST and IGRA.
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Table 2. Demographic variables of internationally displaced children, Harris County, Texas, USA, 2010–2015*
Immigration classification
Higher-risk groups
Lower-risk groups
Refugee,
Asylee,
VHT,
Parolee,
SIV holder,
Category
Variable
n = 4,246
n = 173
n = 16
n = 851
n = 704
Demographics
Age, y, median (IQR)
8 (4–12)
9 (5–12) 11.5 (7–15)
9 (5–13)
4 (2–8)
Female sex
2,025 (47.7)
81 (46.8)
7 (43.8)
404 (47.5)
304 (43.2)
WHO region of origin
Eastern
1,414 (33.3)
89 (51.4)
0
0
704 (100.0)
Mediterranean
Southeast Asia
1,416 (33.3)
7 (4.0)
1 (6.3)
0
0
Africa
1,202 (28.3)
40 (23.1)
0
0
0
America
183 (4.3)
31 (17.9)
12 (75.0)
851 (100.0)
0
Western Pacific
18 (0.4)
2 (1.2)
1 (6.3)
0
0
European
13 (0.3)
4 (2.3)
2 (12.5)
0
0
Underlying conditions
HIV infected
22 (0.5)
0
0
1 (0.1)
2 (0.3)
Pathogenic parasites
328 (17.1)
18 (11.3)
2 (12.5)
98 (12.5)
115 (17.9)
detected in feces

p value
<0.001†
0.281‡
<0.001‡

<0.001‡
<0.001‡

*Values are no. (%) except as indicated. Percentages reflect those for whom the information was available. IQR, interquartile range; SIV, special
immigrant visa; VHT, victim of human trafficking; WHO, World Health Organization.
†p value using Kruskal-Wallis test.
‡p value using 2 test.

Overall, 364 children (6.2%) had >1 positive TB
test. Among these children, 325 (89.3%) received diagnoses of TB infection, 35 (9.6%) were considered
likely uninfected, and 4 (1.1%) received diagnoses of
TB disease (Figure 1). The 35 children with a positive
test who were considered likely uninfected were all
TST+/IGRA–. In addition, 22 (38.6%) children who
were TST+/IGRA– were classified as having TB infection, typically earlier in the study period because
of young age, variability in provider practice, or both
(Figure 1).
The Texas Children’s Hospital Tuberculosis
Clinic in Houston cares for most of children in Harris County with TB disease. According to a chart review, none of the children who had TB infection or
who were considered likely uninfected had TB disease developed during the following 4–9 years (2,427
person-years of follow-up). Furthermore, we crossreferenced the public health records for Harris County and found that none of these children had been
reported to have TB disease develop.

We found 3 factors to be associated with a either a
positive TST or IGRA: region of origin, age group, and
HIV status. Immigration classification was associated
with a positive TB test result on univariate analysis,
but this association did not hold true on multivariate
analysis. Children, irrespective of immigration classification and from all regions and age groups, had
greater odds of having a positive TST result than a
positive IGRA result (OR 2.92, 95% CI 2.79–3.59).
Immigration Classification

On univariate analysis, irrespective of test performed,
children determined to have a higher-risk immigration
classification had nearly 3 times the odds of having a
positive TST or IGRA compared with those with lower-risk immigration classifications (OR 2.68, 95% CI
1.94–3.68). Specifically, children with higher-risk immigration classifications had twice the odds of having
a positive TST (OR 2.14, 95% CI 1.45–3.15) and nearly
4 times the odds of having a positive IGRA (OR 3.84,
95% CI 2.21–6.68) compared with children with

Table 3. Tests for TB infection performed and test results by immigration classification in migrant children, Harris County, Texas, USA,
2010–2015*
Immigration classification
Higher-risk groups
Lower-risk groups
Refugee,
Asylee,
VHT,
Parolee,
SIV holder,
Category
n = 4,246
n = 173
n = 16
n = 851
n = 704
OR (95% CI)
p value†
Test(s) performed
TST alone
1,381 (32.5)
30 (17.3)
1 (6.3)
168 (19.7)
300 (42.6)
1.08 (0.96–1.23)
<0.001
IGRA alone
2,558 (60.2)
137 (79.2)
15 (93.8)
642 (75.4)
349 (49.6)
1.12 (0.99–1.26)
TST and IGRA
204 (4.8)
4 (2.3)
0
22 (2.6)
29 (4.1)
1.45 (1.06–1.98)
Result
TST positive
196/1,589 (12.3) 4/35 (11.4)
0
7/190 (3.7) 25/329 (7.6) 2.14 (1.45–3.15)
<0.001
IGRA positive
142/2,819 (5.0)
5/141 (3.5)
0
5/664 (0.8)
9/389 (2.3)
3.84 (2.21–6.68)
<0.001
Total positive tests
311 (7.3)
9 (5.2)
0
10 (1.2)
34 (4.8)
2.67 (1.94–3.68)
<0.001
*Values are no. (%) or no. positive/no. tested (%) except as indicated. IGRA, interferon gamma release assay; OR, odds ratio; SIV, special immigrant
visa; TST, tuberculin skin test; VHT, victim of human trafficking.
†p value using 2 test.
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Figure 1. Consort diagram of TST and IGRA results in internationally displaced children over a 6-year period, Harris County, Texas,
USA, 2010–2015. The percentage reported for TB disease, infection, and uninfected are the percentage of persons who had >1 positive
test. IGRA, interferon gamma release assay; TST, tuberculin skin test; TB, tuberculosis; +, positive; –, negative.

lower-risk immigration classifications (Table 3). These
differences were not seen on multivariate analysis.
All children, regardless of immigration classification, had greater odds of a positive result for TST compared with IGRA (OR 2.92, 95% CI 2.79–3.59). This
difference was more pronounced among those with
lower-risk classification (OR 4.81, 95% CI 2.54–9.10)
than those with higher-risk classification (OR 2.68,
95% 2.15–3.35).
Region of Origin

On multivariate analysis, region of origin was a
notable correlate for a positive test of TB infection.
TST and IGRA positivity varied by region of origin.
Using children from Southeast Asia as a reference
group, we found that children from eastern Mediterranean countries (adjusted odds ratio [aOR] 0.48,
95% CI 0.33-0.70) and the Americas (aOR 0.19, 95%
CI 0.09–0.39) had reduced odds for a positive TST
result compared with children from Southeast Asia.
Similarly, children from eastern Mediterranean
countries (aOR 0.34, 95% CI 0.21-0.53) and the Americas (aOR 0.12, 95% CI 0.06–0.25) had reduced odds
for a positive IGRA result compared with children
from Southeast Asia (Table 4). Using the IGRA result as the reference, we found the odds of having a
1690

positive TST result to be greater in children from
eastern Mediterranean countries (OR 3.99, 95% CI
2.59–6.16) and the Americas (OR 4.15, 95% CI 1.62–
10.62) (Figure 2, panel A).
Age Group

TST and IGRA positivity varied by age group. Using children <2 years of age as the reference group,
on multivariate analysis, we found that children 2–5
years of age had reduced odds for a positive TST result (aOR 0.40, 95% CI 0.26–0.61) and children 2–10
years of age had reduced odds for a positive IGRA
result (2–5 years, aOR 0.26, 95% CI 0.11–0.60; 6–10
years, aOR 0.41, 95% CI 0.20–0.85) (Table 4).
Using the IGRA result as the reference, we found
that all children, regardless of age, had greater odds
of having a positive TST than a positive IGRA (OR
2.92, 95% CI 2.79–3.59). Children 6–10 years of age
had the greatest odds of having a positive TST result
compared with a positive IGRA result (OR 5.47, 95%
CI 3.45–8.69) (Figure 2, panel B).
HIV Infection

On multivariate analysis, we found that children living
with HIV had 3 times the odds for a positive TST result compared with children who were HIV uninfected
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Table 4. Factors associated with a positive result for TST, IGRA, or both in 5,870 migrant children, Harris County, Texas, USA, 2010–
2015*
TST model
IGRA model
TST and IGRA combined model
Characteristic
No.† aOR (95% CI)
p value
No.†
aOR (95% CI)
p value
No.†
aOR (95% CI)
p value
Age, y
<2
53
Referent
10
Referent
55
Referent
2–5
75 0.40 (0.26–0.61) <0.001
13
0.26 (0.11–0.60)
0.002
81
0.36 (0.24–0.54) <0.001
6–10
43 0.72 (0.45–1.07)
0.25
35
0.41 (0.20–0.85)
0.02
74
0.28 (0.18–0.42) <0.001
11–14
34 0.68 (0.39–1.21)
0.19
56
1.05 (0.52–2.12)
0.90
85
0.55 (0.37–0.83)
0.004
>14
27 0.77 (0.44–1.35)
0.36
47
1.35 (0.66–2.77)
0.41
69
0.72 (0.48–1.10)
0.13
Region of origin
Southeast Asia
99
Referent
62
Referent
149
Referent
E. Mediterranean 74 0.48 (0.33–0.70) <0.001
30
0.34 (0.21–0.53) <0.001
98
0.44 (0.33–0.59) <0.001
Africa
49 0.69 (0.45–1.07)
0.10
61
1.02 (0.70–1.49)
0.91
100
0.81 (0.61–1.09)
0.17
Americas
10 0.19 (0.09–0.39) <0.001
8
0.12 (0.06–0.25) <0.001
17
0.14 (0.08–0.23) <0.001
HIV positive
5
2.99 (1.01–8.87) 0.049
2
–
–
7
5.57 (2.23–13.90) <0.001
*aOR, adjusted odds ratio; E., Eastern; IGRA, interferon gamma release assay; TST, tuberculin skin test; –, numbers too small to enable performance of
these tests.
†Number in group with a positive TB test result.

(aOR 2.99, 95% CI 1.01–8.87). HIV infection was not associated with a positive IGRA result (Table 4).
Discussion
In the United States, 66% of reported TB cases occur
among foreign-born persons, a rate 13 times higher
than for persons born in the United States (27). Previous studies, mostly using the TST, found a prevalence
of TB infection of 9%–35% among refugee children
(10–15). However, positive results were less common
in our cohort, likely because of the variety of immigration classifications included and expanded IGRA use.

We found that the prevalence of positive results for tests of TB infection varied by region of
origin and age and that all children in the study had
greater odds of a positive result from TST than from
IGRA. Immigration classification was not associated
with positive results for TB infection. We also found
discordance between TST and IGRA results across
the pediatric age spectrum, suggesting that the effect
of BCG vaccination on TST positivity may be more
prolonged than typically expected (28). In addition,
potentially confounding our results, children who
received TSTs before and after immigration may

Figure 2. Comparison of TST and IGRA results (using IGRAs as reference) in internationally displaced children over a 6-year period,
Harris County, Texas, USA, 2010–2015. A) By location; B) by age. Brackets indicate ORs and 95% CIs between categories. IGRA,
interferon gamma release assay; OR, odds ratio; TST, tuberculin skin test.
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have had immunologic boosting, resulting in falsely
positive TSTs and IGRAs (29).
Region of origin was a notable risk factor for positive TB test results. Children from Southeast Asia
had greater odds of having a positive result for TST,
IGRA, or both than did children from eastern Mediterranean countries and the Americas, but we found
no difference for these children compared with those
from Africa. This finding is consistent with known
epidemiologic risk factors: the prevalence of TB
disease is high in countries in Africa and Southeast
Asia, and Southeast Asia has a higher prevalence
of TB disease than eastern Mediterranean countries
and Cuba (where most children from the Americas
region originated) (30).
Age was another noteworthy risk factor for
positive TB test results. Children <2 years and >14
years of age had a higher prevalence of positive results for TST, IGRA, or both compared with children 2–14 years of age. Older children (>14 years
of age) in our cohort had increased prevalence of
positive TB test results by both the TST and IGRA,
which more likely represented true TB infection
because of the children’s greater time outside the
home and cumulative exposure to adults with infectious pulmonary TB (30–34). The higher frequency of positive tests in children <2 years of age, on
the other hand, is more difficult to explain. Higher
TST positivity in children <2 years of age likely represented greater cross-reactivity with BCG, given
the temporal proximity to vaccination or potential
boosting if children had serial TSTs performed (before and after immigration). However, BCG immunization cannot explain the increased prevalence
of positive IGRA results in these young children.
Furthermore, these data contradict previous studies that demonstrate that older children are more
likely to have TB infection (30–34). One possible explanation is that IGRA-positive children <2 years of
age in our cohort had more prolonged exposure to
an adult family member with infectious pulmonary
TB in the home, because very young children spend
more time in the home than their school-aged counterparts. To date, IGRAs have not been used routinely for the diagnosis of TB infection in children
<2 years of age because of a paucity of data on test
performance (35).
Most previous estimates of the prevalence of TB
infection in immigrant children used the TST as the
test of choice, given an initial paucity of pediatric
data and the scarcity and cost of IGRAs. Our findings
paralleled the results of a recent study using IGRA
testing, which estimated that 5.6% of immigrant
1692

children had TB infection, compared with previous
estimates of 22% based on TST testing (36). American
Academy of Pediatrics guidelines currently recommend IGRA use down to 2 years of age (35); some experts recommend using IGRAs in children as young
as 1 year of age. Use of IGRAs rather than the TST
would likely reduce false positive tests and allow
for TB infection therapy to be targeted to those who
would most benefit.
The CDC does not recommend tiered testing
(that is, obtaining an IGRA if a TST result is positive)
for TB infection. However, at times, the initial test of
infection, selected either by choice or by necessity, is
not the optimal test, particularly for a BCG-immunized child. In our study, all children had greater
odds of having a positive TST result compared with
a positive IGRA test regardless of immigration classification, region of origin, or age. In addition, we
had almost 300 children in whom both TSTs and
IGRAs were obtained, of whom 20% had discordant
results, mostly TST+/IGRA–. Our findings are consistent with a prior study that demonstrated that for
BCG-immunized children who have immigrationrelated testing, false positive TST results are common, and IGRAs should be the tests of choice for this
patient population (10).
Discordance between TST and IGRA results
was seen in all age groups. Although false-positive
results are an expected limitation of TST use among
BCG-vaccinated children, the impact of BCG vaccine in causing falsely positive TST results has typically been thought to be temporally related to BCG
vaccine receipt, which in most countries is a single
dose immediately after birth. However, discordant
TST and IGRA results in older children suggest either that the effect of some strains of BCG on the
TST result lasts longer than previously recognized
(28) or that the effect of nontuberculous mycobacteria infections that also can cause a falsely positive TST result may be underestimated in children
from developing nations. A third possibility is that
immunologic boosting as a result of repeat skin
testing before and after immigration may have resulted in false positive TSTs (29). Concerns about
false positive TST results are considered in updated
2018 guidelines (9) for TB testing before immigration, thereby suggesting use of IGRAs for all persons >2 years of age.
Our study has limitations. Although we have
follow-up data from the Texas Children’s Hospital
TB clinic for most children evaluated for a positive
test of TB infection, we do not have data for some
children evaluated at other clinics or for children
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whose test for TB infection was negative. BCG
vaccination status was not routinely documented;
thus, the presumption of false-positive TSTs secondary to cross-reactivity with BCG assumes that
most children were BCG-immunized. We assumed
BCG vaccination because this vaccination is recommended in the national immunization programs of
95% of countries from which these children emigrated (37). HIV infection was rare in our cohort,
precluding drawing meaningful conclusions regarding positive results for TST, IGRA, or both in
HIV-infected children from our data. Finally, these
data may not be generalizable to all immigrant children relocating to the United States because this
study included predominantly children from TB
high-burden countries (9).
In summary, the prevalence of positive TB test
results in this cohort of children was lower than
previously reported, and TB disease was rare. The
lower prevalence of positive tests of TB infection
in this childhood population likely stems from
the predominant use of IGRA testing. The TST
and IGRA results are frequently discrepant, particularly among those with lower-risk immigration classification, younger children who have
received a BCG vaccine, and those from lower-burden countries.
As a result of these data and our experience,
we advocate for other health jurisdictions to implement the routine use of IGRA testing for all children,
regardless of immigration classification, region
of origin, or age, who are evaluated as part of the
immigration process to the United States. We also
advocate for use of confirmatory IGRA testing in
BCG-immunized children with no known TB contacts who have positive TST results. Use of IGRA as
opposed to TST in BCG-immunized children would
reduce false-positive test results and enable TB infection therapy to be targeted to those who would
most benefit.
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Epidemiology of Legionnaires’ Disease,
Hong Kong, China, 2005-2015
Yiu-Hong Leung, Chau-Kuen Lam, Yung-Yan Cheung, Chi-Wai Chan, Shuk-Kwan Chuang

We reviewed findings of clinical, epidemiologic, and
environmental investigations for 288 confirmed casepatients with Legionnaires’ disease reported in Hong
Kong, China, during January 2005−December 2015.
We found that chronic renal failure/impairment (adjusted odds ratio [aOR] 4.09), chronic pulmonary diseases
(aOR 3.22), malignancy (aOR 3.04), and heart diseases (aOR 2.15) were independently associated with a
higher risk for severe Legionnaires’ disease. However,
patients with hyperlipidemia had a lower risk for severe
outcome (aOR 0.17). Legionella positivity rate was 22%
for 1,904 water samples collected. We found a higher
positivity rate in summer months (28%-30%), which
corroborated with months of highest rainfalls. Our novel
finding that Legionnaires’ disease patients with hyperlipidemia had a lower risk for severe outcome deserves
further study to confirm the observation and ascertain
the underlying reason.

L

egionnaires’ disease is caused by bacteria of the
species Legionella, of which Legionella pneumophila
serogroup 1 (Lp1) is the most virulent and the most
common cause of disease (1). Legionnaires’ disease is
transmitted mainly by inhalation of infectious aerosols; microaspiration of contaminated water is another possible mode of transmission (2,3).
Aerosol-generating systems, including cooling
towers, whirlpools, decorative fountains, humidifiers or respiratory equipment, have been linked to
Legionnaires’ disease cases and outbreaks (4,5). In
particular, cooling towers are the most commonly
reported source of infection for Legionnaires’ disease
outbreaks, and hundreds of persons were affected in
some outbreaks (5,6).
In Hong Kong, Legionnaires’ disease has been a
notifiable infectious disease since 1994. Medical practitioners are required by law to report suspected or
confirmed cases to the Centre for Health Protection
Author affiliation: Hong Kong Department of Health, Hong Kong,
China
DOI: https://doi.org/eid2608.191244

(CHP) of the Department of Health. A confirmed case
is defined as illness in a patient who had pneumonia
and confirmatory laboratory results, including detection of Lp1 antigen in urine, detection of Legionella
species nucleic acid or culture positive for Legionella
species in respiratory specimens, or demonstration
of a >4-fold increase in antibody titer against L. pneumophila in paired serum specimens. In this study,
we reviewed the clinical, epidemiologic and environmental investigation findings for all confirmed
Legionnaires’ disease cases reported during January
2005–December 2015.
Materials and Methods
CHP conducted an epidemiologic investigation for
all reported cases. We interviewed patients or their
proxies and their attending doctors to obtain clinical
and exposure history. We retrieved medical records
of the patients to obtain supplementary clinical information, including complication and relevant microbiological and laboratory results.
In 2016, CHP adopted a risk-based strategy for
environmental investigation and sampling for Legionnaires’ disease cases that environmental investigation and sampling from potential sources will be
conducted only if certain criteria are met (e.g., definite nosocomial case). Before that time, environmental investigation and sampling were conducted for
all case-patients except those who had not stayed in
Hong Kong during the entire incubation period.
Sample Collection

We conducted joint field visits with engineers of the
Electrical and Mechanical Services Department to the
patients’ residence. We collected water samples and
environmental swab specimens from potential sources, including water outlets in kitchens and bathrooms
of residence, and other aerosol generating system
identified (e.g., humidifier or respiratory equipment).
During field visits, we also looked for aerosol–generating systems, such as decorative fountains or fresh
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water cooling towers near patients’ residence. Water
samples and environmental swab specimens would
then be collected from these systems as appropriate.
If patients had been exposed to other aerosol-generating systems in other places, such as workplace, club
house, or recreational facilities, we would also conduct field visits to these places to collect water samples and environmental swab specimens.
Water samples were sent to the Public Health
Laboratory Centre of CHP for testing of total Legionella count. Environmental swab specimens for detection of Legionella species were tested by culture. We
performed molecular typing of L. pneumophila isolates
from human and environmental samples by using
pulsed-field gel electrophoresis and later by Legionella
sequence-based typing according to the 7-gene protocol from the European Working Group for Legionella
Infections sequence-based typing scheme (http://
www.hpa-bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_homepage.php).
Data Collection

We reviewed case records of all confirmed Legionnaires’ disease cases in the study period. We retrieved
information including sociodemographic characteristics (age, sex, ethnicity, smoking history, and occupation), medical history, clinical manifestations, and
relevant laboratory and microbiological results from
case records. We obtained population occupation
data for the 2011 Hong Kong Population Census from
the Census and Statistics Department.
Data Analysis

We defined severe cases as those in patients who required admission to the intensive care unit for management of Legionnaires’ disease or in patients who
died from this disease. Other cases were regarded as
mild cases.

We entered all data into a spreadsheet by using
Excel version 2010 (https://www.microsoft.com).
For bivariate analysis, we computed crude odds ratio
for sociodemographic and other variables that might
predict severe illness. We used logistic regression for
multivariate analysis. We used SPSS Statistics 14.0
(https://www.ibm.com) for all data analyses.
Results
A total of 288 confirmed Legionnaires’ disease cases
were reported during the study period. The annual
number of cases ranged from 11 to 66, and the annual
incidence ranged from 0.16 cases/100,000 population
to 0.91 cases/100,000 population (Figure 1). Cases
with an onset during April–October accounted for
77% of all cases. However, more cases occurred during June–August (Figure 2).
Sociodemographic Characteristics and
Clinical Manifestations

Median age of the patients was 64 years (range 25–96
years, interquartile range 56–74 years), and 88% of
case-patients were >50 years of age. A total of 86%
of patients were male, 93% were Chinese, and 61%
patients were either smokers or former smokers.
Information on occupation was unknown for 3
patients. A total of 164 patients (58%) were economically inactive (housewives, retired, or unemployed).
Among the 121 working patients, 12% worked as
drivers and 9% worked as security guards. The corresponding percentage of persons who worked in these
occupations among the total working population in
the 2011 Hong Kong Population Census was 4% for
drivers and 3% for security guards.
Most (230, 80%) patients had a history of chronic medical illnesses. Hypertension (56%), diabetes
(38%), and heart diseases (24%) were the most commonly reported illnesses (Table 1). All except 1 patient
Figure 1. Annual number and
incidence of Legionnaires’
disease cases, Hong Kong,
China, 2005–2015.
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Figure 2. Number of
Legionnaires’ disease cases
by month of onset, Hong Kong,
China, 2005–2015. The onset
date for 1 case was unknown.

required hospital admission, and the duration of hospital stay ranged from 2 to 125 days (median 12 days).
Fever (94%), cough (85%), and shortness of breath
(65%) were the most commonly reported symptoms.
Gastrointestinal symptoms were reported only by
≈20% of patients.
Respiratory failure developed in 119 (41%) patients, among whom 99 patients required intubation
and mechanical ventilation. Deterioration of renal
function developed in 149 (52%) patients, of whom
58 (39%) patients required renal replacement therapy.
Other reported complications included septic shock
(29%), acute coronary syndrome (6%), gastrointestinal bleeding (4%), and rhabdomyolysis (3%). A total
of 114 (40%) patients required admission to an intensive care unit for management. A total of 42 patients
died from Legionnaires’ disease. The case-fatality rate
was 15%.
A total of 124 patients were classified as having severe cases and 164 patients as having mild cases. We
showed by using bivariate analysis that patients with
chronic renal failure/impairment, chronic pulmonary

diseases, heart diseases, and hyperlipidemia had major
associations with severe disease (Table 1). We showed
by using multivariate analysis that patients with
chronic renal failure/impairment (adjusted odds ratio
[aOR] 4.09, 95% CI 1.81–9.27), chronic pulmonary diseases (aOR 3.22, 95% CI 1.10–9.42), malignancy (aOR
3.04, 95% CI 1.17–7.91), and heart diseases (aOR 2.15,
95% CI 1.12–4.13) were independently associated with
a higher risk for severe disease. In contrast, patients
who had hyperlipidemia had lower risk for severe outcome (aOR 0.17, 95% CI 0.08–0.40).
Microbiological Investigation

We provide the annual number of Legionnaires’
disease cases by confirmatory microbiological testing (Figure 3). Before 2008, ≈36%–63% of cases were
confirmed by serologic analysis. Subsequently, most
cases were confirmed by urine antigen test (UAT).
An increasing number of cases since 2011 were also
confirmed by PCR for respiratory specimens. Overall, 74% cases were confirmed by UAT, 16% by serologic analysis, and 9% by PCR. For the 26 case-

Table 1. Bivariate and multivariate analysis of factors associated with severe outcome of Legionnaires’ disease cases, Hong Kong,
China, 2005–2015
Total, no. (%), Severe, no. (%), Mild, no. (%), Crude odds ratio Adjusted odds ratio
Factor
n = 288
n = 124
n = 164
(95% CI)
(95% CI)
Male sex
248 (86)
108 (87)
140 (85)
1.16 (0.59–2.29)
1.43 (0.61–3.36)
Age >64 y
140 (49)
67 (54)
73 (45)
1.47 (0.92–2.34)
1.17 (0.66–2.05)
Smoker/former smoker
173 (61)*
79 (65)
94 (58)
1.38 (0.85–2.25)
1.55 (0.86–2.78)
History of chronic medical illnesses
Chronic renal failure/impairment
46 (16)
30 (24)
16 (10)
2.95 (1.53–5.71)
4.09 (1.81–9.27)
Chronic pulmonary diseases
22 (8)
15 (12)
7 (4)
3.09 (1.22–7.82)
3.22 (1.10–9.42)
Malignancy
25 (9)
15 (12)
10 (6)
2.12 (0.92–4.89)
3.04 (1.17–7.91)
Heart diseases
69 (24)
40 (32)
29 (18)
2.22 (1.28–3.84)
2.15 (1.12–4.13)
Hyperlipidemia
53 (18)
13 (11)
40 (24)
0.36 (0.19–0.71)
0.17 (0.08–0.40)
Diabetes
109 (38)
49 (40)
60 (37)
1.13 (0.70–1.83)
0.94 (0.52–1.69)
Hypertension
161 (56)
77 (62)
84 (51)
1.56 (0.97–2.51)
1.62 (0.88–2.96)
Immunosuppression
22 (8)
10 (8)
12 (7)
1.11 (0.46–2.66)
0.75 (0.28–2.00)
*Information for 4 patients was unknown.
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Figure 3. Number of
Legionnaires’ disease cases
by confirmatory microbiological
testing, Hong Kong, China,
2005–2015.

patients given a diagnosis by PCR, 18 of them also
had a UAT performed; only 2 of these patients had
a positive result.
We analyzed respiratory specimens for Legionella
culture for 166 (58%) patients and L. pneumophila was
isolated for 71 (43%) patients. Among them, 69 had
Lp1, 1 had L. pneumophila nonserogroup 1 (non-Lp1),
and 1 had an unknown L. pneumophila serogroup.
Among 16 case-patients given a diagnosis by PCR
and negative UAT results, a respiratory specimen
from 1 patient was culture positive for non-Lp1 and
a specimen from another patient was positive for an
unknown Lp serogroup. Another 2 patients had Lp1
nucleic acid detected by additional molecular testing.
Environmental Investigations

Among the 288 cases, 256 had environmental investigations performed. A total of 1,904 water
samples and 892 environmental swab specimens
were collected from potential sources. The overall
Legionella positivity rate for water samples was 22%
(425/1,904), and it was generally higher for samples
collected during June–August (28%–30%) (Table 2).
Environmental investigations were conducted at 243
households; 85 (35%) had >1 water sample positive
for Legionella species.
Regarding environmental swab specimens, 127
(14%) were positive for Legionella species. For collection sites, surface of water tap aerator, internal surface
of water tap, shower head, or shower hose constituted
≈80% (101/127) of the positive samples. The positivity rate for water taps was 22% and that for showers
was 6% (Table 3). In addition, we found that >30% of
samples collected from water filters were positive for
Legionella species. From the 240 households with environmental swab specimens collected, 56 (23%) had
>1 environmental swab specimen positive for Legionella species.
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Source of Infection

We found that 78% (225) of case-patients contracted
the infection locally, and 14% (39) cases were classified as imported cases (Figure 1). The source of infection of the remaining 8% of case-patients was regarded as unclassified because patients had stayed in
Hong Kong and outside Hong Kong during the incubation period and had no exposure history for epidemiologic classification.
There were 3 nosocomial cases in patients who
had stayed in a hospital for the entire incubation period. Disinfection of the relevant potable water system
in the hospital by superheating and flushing and/or
shock hyperchlorination was performed for all 3 casepatients. In addition, 11 case-patients were residents
of long-term care facilities. Environmental investigations conducted failed to identify the source of infection for any of these case-patients.
All 288 patients had sporadic cases for which no
outbreak was identified. Molecular typing was performed for 25 case-patients; only 1 case-patient had
matching human and environmental samples. The
patient was a 66 year-old retired man who had multiple illnesses. Lp1 was isolated from his tracheal aspirate and bronchoalveolar lavage; a water sample collected from his kitchen water tap, which had a filter;
and a swab sample from the container of a respirator
in his home. We found that the Lp1 isolates from the
patient and the water samples had indistinguishable
patterns by pulsed-field gel electrophoresis.
Discussion
The incidence of Legionnaires’ disease in Hong Kong
increased during the study period, showing a >4-fold
increase from 0.16 cases/100,000 population during
2005 to 0.91 cases/100,000 population during 2015.
A similar increasing trend has been observed in the
United States and countries in Europe since the 2000s.
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In the United States, the incidence of legionellosis increased from 0.42 cases/100,000 population during
2000 to 1.62 cases/100,000 population during 2014 (7).
In Europe, Legionnaires’ disease incidence increased
from 0.54 cases/100,000 population during 2000 to 1.4
cases/100,000 population during 2015 (8,9).
The true incidence of Legionnaires’ disease was
reported to be underestimated (4,10). The exact reason for the increasing incidence of Legionnaires’
disease is not known but is believed to be related to
the increasing population of persons at high risk for
infection, improved diagnosis and reporting, and increased use of UAT (11).
In Hong Kong, increasing incidence of Legionnaires’ disease during the study period might be related to increased use of more sensitive diagnostic
tests. During 2005–2008, the average percentage of
cases diagnosed by UAT was 50%, which increased
to 78% during 2009–2015. The number of UATs performed showed an increase of 127% during 2015 compared with 2010; the annual increase was 11%–28%.
The percentage positive results for UATs performed
in the corresponding period decreased from 1.2% to
0.9%. In contrast, the number of reported Legionnaires’ disease cases increased from 20 during 2010 to
66 during 2015.
We also observed an increased number of cases
diagnosed by PCR from 2011 onward. Among the
18 PCR-diagnosed cases for which a UAT was performed, only 2 showed positive UAT results, which
implied that 16 of these PCR-diagnosed cases would
not have been diagnosed if PCR had not been performed. With the development of commercially available multiplex PCR assays for respiratory pathogens,
including Legionella species (12), it is expected that
the Legionnaires’ disease incidence will continue to
increase, and the percentage of Legionnaires’ disease
cases diagnosed by PCR will also increase.
The clinical and epidemiologic characteristics of
Legionnaires’ disease cases in Hong Kong were similar to those reported in other localities. Legionnaires’
disease incidence in Hong Kong showed an apparent
seasonal trend with peak incidence during summer
months. A similar situation has been reported for the
United States, Europe, Canada, and Japan (13). Associations between legionellosis and several weather
variables had been reported; the most consistent results are related to rainfall, and studies have identified small but major increases in risk for legionellosis
with increased rainfall after a lag time of 1–2 weeks
(14). In Hong Kong, ≈80% of rainfall occurred during May–September, and June–August had the greatest rainfall (15). Apart from Legionnaires’ disease

incidence, our study also showed that water samples
collected during June–August had the highest Legionella positivity rate.
Male sex, age >50 years, smoking, and a history of
chronic diseases are well-established risk factors for
acquiring Legionnaires’ disease (4,10,13). Our study
showed consistent findings; 86% of patients were
men and 88% of patients were >50 years of age. In addition, 61% of patients were either smokers or former
smokers, and 80% had chronic medical illnesses.
In contrast, studies on the factors associated with
severe outcome for Legionnaires’ disease are less
common. Marston et al. reported that older age, male
sex, nosocomial infection, immunosuppression, endstage renal disease, and cancer were independently
associated with death caused by Legionnaires’ disease (16). Chidiac et al. reported that older age and
female sex were independent predictors of death for
community-acquired legionellosis cases in France
(17). Our findings demonstrated that age and sex of
patients were not associated with severe outcomes,
but a history of certain chronic medical illnesses was
a major predictor of severe outcomes. We found that
chronic renal failure/impairment (aOR 4.09), chronic
pulmonary diseases (aOR 3.22), malignancy (aOR
3.04), and heart diseases (aOR 2.15) were independent risk factors for severe disease.
We also found that patients with hyperlipidemia had an 83% lower risk for severe outcomes
than persons without this illness. This finding was
unexpected. We postulate that this finding might be
related to use of statins among patients with hyperlipidemia. In addition to its lipid-lowering effect,
statins have been shown to attenuate acute lung
injury by modulating neutrophil function, reducing proinflammatory cytokine release, and reducing
vascular leak in experimental and animal studies;
current evidence suggests that pretreatment with
statins might have a beneficial effect in prevention of
pneumonia and reducing severity of community-acquired pneumonia (18). We found that 66% (35/53)
of patients with hyperlipidemia were documented
to have used statins. Subgroup analysis showed that
a lower percentage of persons who used statins had
severe disease (23%, 8/35) than persons who did not
use statins (28%, 5/18). However, these results were
not significant, which might be caused by the small
sample size. Additional studies should be conducted to confirm our hypothesis.
Delay in starting appropriate antimicrobial therapy could also be a risk factor for poor disease outcome. Unfortunately, our data did not capture the
date of Legionnaires’ disease diagnosis and date of
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Table 2. Legionella culture results of water samples by month of
collection, Hong Kong, China, 2005–2015
No. water samples positive for
Month
Legionella/no. tested (%)
January
19/109 (17)
February
8/45 (18)
March
6/32 (19)
April
26/155 (17)
May
29/129 (23)
June
49/167 (29)
July
76/275 (28)
August
71/236 (30)
September
26/186 (14)
October
21/178 (12)
November
31/172 (18)
December
63/220 (29)*
Total
425/1,904 (22)
*For 1 case-patient, 39 of 43 water samples collected from patient’s
workplace were positive for Legionella species. The percentage positive
for December is 14% if this case-patient is excluded from analysis.

starting appropriate antimicrobial therapy, which is
a limitation regarding the analysis of risk factors associated with severe outcome.
In our study, we found that patients who worked
as drivers among working patients was overrepresented when compared with the general working
population (12% vs. 4%). Several studies had reported being a professional driver as a risk factor for Legionnaires’ disease. Den Boer et al. found that being
a professional driver was an independent risk factor
for Legionnaires’ disease in a case–control study of
sporadic community-acquired Legionnaires’ disease
cases in the Netherlands during July 1998–June 2001
(19). A study on sporadic Legionnaires’ disease cases
with onset during 2001–2006 in the United Kingdom
also found that professional drivers had ≈5 times increased risk for Legionnaires’ disease (20).
The underlying reason for the association between working as a driver and Legionnaires’ disease
is not known, but studies have reported that the air
conditioning system, cabin air filter, or windshield
washer fluid might be potential sources of transmission for Legionella species. Sakamoto et al. reported
Table 3. Legionella culture results of environmental swab
specimens by site of collection, Hong Kong, China, 2005–2015
No. water samples positive
Site
for Legionella/no. tested (%)
Water tap
74/332 (22)
Water tap aerator
47/248 (19)
Internal surface of water tap
27/84 (32)
Water filter
10/31 (32)
Shower*
27/459 (6)
Shower head
12/295 (4)
Shower hose
14/154 (9)
Water dispenser
2/17 (11)
Other
14/37 (28)
Total
127/892 (14)
*One sample was collected from shower head and shower hose.
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that a Legionella species was detected in 50% of the
swab samples collected from the evaporator components of car air conditioning systems (21). Alexandropoulou et al. found that 32% of car cabin air filters tested were colonized with L. pneumophila (22).
Another study reported that Legionella species was
detected in 84% of windshield washer fluid samples
collected from elementary school buses, and culturable cells were detected in aerosolized washer fluid
during spraying of washer fluid (23).
Residential water supplies had been implicated
as the source of infection for Legionnaires’ disease
(24). Other studies have reported Legionella colonization in 6%–37% of residential potable water systems
(25–28). Our study found that 35% of households had
>1 water sample positive for Legionella species. Our
finding was higher than that for another study in
Hong Kong, which reported Legionella colonization in
22% of households surveyed (29). Apart from water
samples, we also found that 23% of households had
environmental swab specimens positive for Legionella
species. Despite the high prevalence of households
with Legionella colonization, matching Legionella isolates from human and environmental samples by molecular typing was found for only 1 case.
We also found that 32% of environmental swab
specimens collected from water filters, 22% from water taps, and 6% from shower facilities were positive
for Legionella species, but none of these samples were
implicated as the source of infection for the cases in
this investigation. Studies on the Legionella prevalence
in swab samples have been reported rarely in the literature. A study from Japan reported that only 1 of
90 swab samples collected from 19 households were
positive for Legionella species (28). The high prevalence
of Legionella colonization in water fixtures deserves attention, and further studies are needed to delineate its
relationship with Legionnaires’ disease in patients.
All cases of Legionnaires’ disease during the
study period were sporadic, and no outbreak was detected in Hong Kong. The source of infection could
not be determined for nearly all cases. However, this
result might have been caused by the fact that only
≈10% of cases with environmental investigations conducted had positive isolates from human and environmental samples such that molecular typing could
be performed because only 58% of case-patients had
lower respiratory tract samples that could be tested
for Legionella species.
Some patients could not produce lower respiratory tract specimens, and in some instances, samples
obtained were used only for bacterial culture. Communication and follow-up with the attending physicians
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and microbiology laboratories should be enhanced
such that lower respiratory tract samples are collected
for all Legionnaires’ disease patients to test for Legionella species to facilitate epidemiologic investigations.
In Hong Kong, Legionnaires’ disease incidence
was increasing during the study period, but all cases
were sporadic, and no outbreak was recorded. The
apparent upward trend in incidence might be explained by increased use of more sensitive diagnostic tests. Legionnaires’ disease patients with chronic
renal failure/impairment, chronic pulmonary diseases, malignancy, or heart diseases are at a higher risk
for severe disease. Patients who had hyperlipidemia
were found to have a lower risk for severe outcome,
which is a novel finding that deserves further study
to confirm the observation and ascertain the underlying reason. Environmental investigations showed
that the Legionella positivity rate in water samples
was higher in summer months, which corroborated
with the seasonality of human infection and months
that had greatest rainfall. Surveillance and epidemiologic investigation of Legionnaires’ disease cases is
crucial in monitoring trends and other epidemiologic
characteristics and for outbreak detection, which can
contribute to formulation of prevention and control
strategies for this disease.
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Legionella in Tap Water from the Flint River
In 2014, the city of Flint, Michigan, changed the source
of its drinking water, leading to a public health outbreak.
But it wasn’t just lead that was poisoning the water;
the plumbing system, even in a Flint hospital, was also
contaminated with dangerous Legionella bacteria.
In this EID podcast, Dr. Amy Pruden, a professor in the
Department of Civil and Environmental Engineering at
Virginia Tech, describes a lesser-known chapter in her
team’s investigation of the Flint water crisis.
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Rise in Babesiosis Cases,
Pennsylvania, USA, 2005–2018
David Ingram, Tonya Crook

Babesiosis is an emerging infection in the state of Pennsylvania, and clinicians need to be made aware of its clinical manifestations as well as the risk factors associated
with severe disease. Before 2010, our tertiary academic
center in central Pennsylvania previously saw zero cases
of babesiosis. We saw our first confirmed case of Babesia infection acquired in Pennsylvania in 2011; we recorded 2 confirmed cases in 2017 and 4 confirmed cases
in 2018. All 4 cases from 2018 were thought to be acquired in southcentral Pennsylvania counties, whereas
prior reports of cases were predominately in the southeast and northeast counties of the state.

B

abesiosis, a tickborne infection caused by protozoan parasites that infect erythrocytes, has been
identified as an emerging infection of concern in the
state of Pennsylvania, USA (1–4). Infection with Babesia parasites can cause a range of symptoms, including fever, myalgias, and fatigue. Although many patients are asymptomatic, the infection can be severe in
some persons, especially those who are >50 years of
age, immunosuppressed, or asplenic (1,5,6).
The most common species known to cause human infection in the United States is Babesia microti, which is transmitted by the Ixodes scapularis
tick (blacklegged tick). Transmission can also occur
through blood transfusion; B. microti is currently the
most common pathogen transmitted through the
blood supply in the United States (7,8). The highest incidence of human infection has been reported
in the Northeast and upper Midwest states (9). Until
fairly recently, few cases of B. microti infection have
occurred in Pennsylvania. However, new data suggest not only increased prevalence of ticks harboring
B. microti within the state (10) but also a rise in the
number of cases seen in clinical practice (2–4).
Babesiosis is not a mandatory reportable infection in Pennsylvania; however, the Pennsylvania
Author affiliation: Penn State Health Milton S. Hershey Medical
Center, Hershey, Pennsylvania, USA
DOI: https://doi.org/10.3201/eid2608.191293

Department of Health does receive reports of cases of
babesiosis from healthcare providers that elect to do
so. Among these recounted cases, the department has
seen a 20-fold increase in the past 12 years (E. Negrón,
Pennsylvania Department of Health, pers. comm.,
2018 Aug 1). A similar trend was documented in a
recent study from February 2019 involving a 4-hospital system in southeastern Pennsylvania, where clinicians saw an increase in cases from <7 cases annually
during 2008–2014 to 26 cases in 2015 (4).
We have suspected a similar increase in the number of cases at our institution, Penn State Milton S.
Hershey Medical Center (Hershey, PA, USA), which
is a tertiary academic center located in central Pennsylvania. We performed a retrospective review of all
of the confirmed cases of babesiosis at our institution
for the period 2005–2018 to determine whether we
were truly seeing an increased number of cases and to
highlight the demographic and clinical characteristics
of these patients.
Methods
We obtained a list of all patients who had International Classification of Diseases, 9th Revision
(ICD-9) (088.82), and International Classification of
Diseases, 10th Revision (ICD-10) (B60.0), diagnostic codes for babesiosis as well as patients that had
Babesia serologic tests ordered at Hershey Medical
Center during 2005–2018. The list consisted of 352
patient encounters, some of which were duplicates.
We retrospectively chart reviewed each patient encounter to identify confirmed cases of babesiosis.
Only patients who met Centers for Disease Control
and Prevention criteria for confirmed cases of babesiosis were included in our study (Table 1): patients
who had confirmatory laboratory results (i.e., parasite seen on peripheral smear, positive PCR from
blood, or both) and met >1 of the objective or subjective clinical evidence criteria. Although we did not
use positive serologic test results as a part of our diagnostic criteria, identifying patients who had serologic tests ordered was used to increase the number
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Table 1. Centers for Disease Control and Prevention criteria for diagnosis of confirmed cases of babesiosis, 2011*
Laboratory criteria for diagnosis
Clinical criteria for diagnosis
Identification of intraerythrocytic Babesia organisms by light
Objective: >1 of the following: fever, anemia, or thrombocytopenia
microscopy in a Giemsa, Wright, or Wright-Giemsa–stained blood
smear; OR detection of Babesia microti DNA in a whole blood
Subjective: >1 of the following: chills, sweats, headache, myalgia,
specimen by PCR; OR detection of Babesia spp. genomic
or arthralgia.
sequences in a whole blood specimen by nucleic acid
amplification; OR Isolation of Babesia organisms from a whole
blood specimen by animal inoculation.
*Includes cases that have confirmatory laboratory results and meet >1 of the objective or subjective clinical evidence criteria, regardless of the mode of
transmission (can include clinically manifest cases in transfusion recipients or blood donors). Full case definition available at
https://wwwn.cdc.gov/nndss/conditions/babesiosis/case-definition/2011.

of patients in our initial cohort. We noted inconsistencies in the way blood smears and PCR testing
were ordered in our electronic medical records, and
we wanted to ensure we did not miss any cases.
The Babesia serologic testing used at Hershey
Medical Center is the indirect fluorescent antibody
(IFA) test. This test is specific for B. microti species.
We considered a titer >1:256 to be positive on the
basis of the titer value determined to be supportive
of the diagnosis of babesiosis according to Centers
for Disease Control and Prevention laboratory criteria (11). From our initial list of 352 patient encounters, we identified 8 cases of confirmed babesiosis.
We maintained demographic, clinical, and laboratory data in a REDCap Electronic Database (12).
Research protocols were reviewed and approved by
the Penn State College of Medicine Institutional Review Board.
The Patients
Demographic Characteristics

Of the 8 confirmed cases of babesiosis seen at our
institution, 7 of the cases were acquired in the state
of Pennsylvania (Table 2). One case was thought
to have been acquired in Massachusetts. Of the 7
cases in Pennsylvania, more than half (4/7) were
acquired in south-central Pennsylvania counties; 2
cases were from northeast counties, and 1 case was
from a southeast county (Figure 1). No cases were
reported during 2005–2010, 1 case was reported in
2011, 1 case in 2015, 2 cases in 2017, and 4 cases in

2018. All cases were diagnosed during the summer
months. All but 1 of the patients were >60 years
of age at the time of diagnosis. The median age at
time of diagnosis was 70 years (range 20–77 years),
and 75% of the patients were male. Only 1 patient
reported a history of tick bite preceding infection.
Six of 8 patients reported history of outdoor activity before seeking care. None of the patients had
history of recent blood transfusion.
Clinical Manifestations

The cohort included 2 patients with a history of splenectomy and 1 patient with a history of diabetes.
Most of the patients were immunocompetent. None
of the patients were on immunosuppressive therapy. No HIV patients or posttransplant patients were
in the cohort. Most patients reported fever (6/8)
and malaise (5/8). Other symptoms included myalgias or arthralgias (2/8), anorexia (2/8), rash (1/8),
headache (1/8), nausea or vomiting (1/8), diarrhea
(1/8), and respiratory failure (1/8). The average
time from symptom onset to diagnosis was 9.7 days.
The most common laboratory abnormalities seen
were anemia, thrombocytopenia, transaminitis,
and hyperbilirubinemia. Anemia was seen in all
of the patients; average hemoglobin level was
9.8 g/dL (reference range 13–16 g/dL) (Table 3).
Thrombocytopenia was seen in 7/8 patients; average platelet count was 90.8 × 109/L (reference
range 150–350 × 109/L). Most of the patients (6/8)
had platelet counts of <75. Elevated alanine aminotransferase and aspartate aminotransferase were

Table 2. Demographic characteristics of 8 patients with confirmed babesiosis, Penn State Health Milton S. Hershey Medical Center,
Hershey, Pennsylvania, USA, 2005–2018
Patient
Date patient
Location of infection
History of tick
History of outdoor History of recent
no.
Age, y/sex
sought care
acquisition*
bite
activity
transfusion
1
77/F
2011 Jul 1
Northampton County
No
No
No
2
75/M
2015 Aug 4
Berks County
No
Yes
No
3
70/M
2017 Jun 30
Massachusetts
Yes
Yes
No
4
75/M
2017 Jul 19
Lehigh County
No
Yes
No
5
63/M
2018 Jun 19
York County
No
Yes
No
6
20/M
2018 Jun 27
Cumberland County
No
Yes
No
7
70/F
2018 Jul 2
Lebanon County
No
No
Unknown
8
65/M
2018 Jul 21
Cumberland County
No
Yes
No
*All counties are in Pennsylvania.
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Figure 1. Counties where confirmed babesiosis cases were thought to have been acquired during 2011–2018 according to previous studies
(2–4) compared with cases seen at Penn State Health Milton S. Hershey Medical Center, Hershey, Pennsylvania, USA, during 2005–2018.
Red triangles indicate cases from previous studies (not all cases shown); blue stars indicate cases seen at Hershey Medical Center.

seen in 7/8 patients; average alanine aminotransferase was 72 U/L (reference range 0–40 U/L) and
average aspartate aminotransferase 176.6 U/L (reference range 0–40 U/L). Hyperbilirubinemia was
also seen in 7/8 patients; average bilirubin level
was 6.4 mg/dL (reference range 0–1.2 mg/dL).
Diagnosis and Treatment

All 8 patients had blood smears that were positive for
identification of intraerythrocytic Babesia organisms
(Table 4). Most (6/8) patients had an initial parasitemia of >10% (average parasitemia 18%). Three patients had PCR results obtained, all of which were
positive. Six of the 8 patients had serologic test results
obtained, and serum samples from all 6 patients were
reactive for IgG (titers >1:256).

Concurrent Lyme disease was noted in half (4/8)
of patients. Patients were screened for Lyme disease
by using ELISA; if the result was positive, then a
Western blot was performed. Patients had Lyme disease diagnosed if they had positive ELISA results and
positive IgM or IgG results on Western blot.
Most (7/8) patients received a combination of
azithromycin and atovaquone for treatment. Three
patients received clindamycin and quinine as part
of their treatment; of these 3 patients, 1 patient received clindamycin and quinine alone for the duration of their therapy, and 2 patients were switched
to azithromycin and atovaquone because of persistent parasitemia. Two of the patients who received
clindamycin and quinine (1 of whom was switched
to azithromycin and atovaquone) also required blood

Table 3. Laboratory results for 8 patients with confirmed babesiosis, Penn State Health Milton S. Hershey Medical Center, Hershey,
Pennsylvania, USA, 2005–2018
Test
Average (range)
Reference range
8.7 (3.5–17.5)
4–10.4
Leukocyte,  109 cells/L
Hemoglobin, g/dL
9.8 (6.3–11.9)
13–17
90.8 (26–307)
150–350
Platelets,  109 /L
Alanine aminotransferase, U/L
72 (23–185)
0–41
Aspartate aminotransferase, U/L
176.6 (38–733)
0–40
Bilirubin, mg/dL
6.4 (1.0–19.7)
0.0–1.2
Alkaline phosphatase, U/L
94 (58–172)
40–130
Creatinine, mg/dL
2.2 (0.8–4.7)
0.7–1.3
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020
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Table 4. Diagnostic results for 8 patients with confirmed babesiosis, Penn State Health Milton S. Hershey Medical Center, Hershey,
Pennsylvania, USA, 2005–2018
Patient no.
Smear (% parasitemia)
PCR result
IgG*
Co-infection with Borrelia burgdorferi
1
Positive (12)
Not obtained
Not obtained
Yes
2
Positive (45)
Positive
Positive
Yes
3
Positive (40)
Positive
Positive
Yes
4
Positive (11)
Not obtained
Positive
No
5
Positive (16)
Not obtained
Not obtained
No
6
Positive (17)
Positive
Positive
Yes
7
Positive (2)
Not obtained
Positive
No
8
Positive (1)
Not obtained
Positive
No
*IgG serologic test result considered positive if titer >1:256.

or platelet transfusions. Five patients underwent red
cell exchange transfusions. The average duration of
treatment was 18.1 days. The average duration of
parasitemia was 9 days, but we only had exact date of
clearance for 3 of the 8 patients.
Hospital Course and Complications

Patients were identified as having severe babesiosis if they had parasitemia >10% or if they had intensive care unit (ICU) care, exchange transfusion
requirement, intubation, acute respiratory distress
syndrome, shock, or dialysis (4,6,13). Six of the 8
patients were classified as having severe infection.
These 6 patients all had parasitemia >10%. Five of
the 8 patients required ICU care and underwent exchange transfusions. One patient required dialysis,
and 2 patients required blood or platelet transfusion.
No patients required intubation or pressor support,
and all patients survived.
Four of the 6 patients with severe infection had
co-infection with Borrelia burgdorferi (Lyme disease).
The 2 nonsevere patients did not have co-infection.
All 6 of the severely ill patients had infectious disease
consults during their hospitalization. The 2 patients
that were considered not severely ill did not receive
an infectious disease consultation. The average length
of stay for all patients was 11 days. The average
length of stay for patients with severe infection was
12.3 days and for patients with nonsevere infection
was 7 days.
Discussion
Our findings further suggest that babesiosis is an
emerging infection in the state of Pennsylvania. Data
from our institution as well as the Pennsylvania Department of Health show a clear trend toward increasing cases throughout the state (Figure 2). In our
study, 7 of the 8 reported cases were thought to be
acquired in Pennsylvania. There were no reported
cases during 2005–2010 and 1 case in 2011, followed
by a steady rise in cases until 2018, when our institution saw 4 cases. The distribution of the areas of
1706

suspected infection acquisition makes us question
whether we might be seeing a further expansion into
central Pennsylvania over time. Over half (4/7) of the
cases seen at Hershey Medical Center were acquired
in southcentral Pennsylvania counties, and all 4 of
those cases were seen most recently in the year 2018
(contrary to previous years, when cases occurred in
northeast and southeast counties). These southcentral
counties were determined by the home address ZIP
codes of infected patients who had no history of travel before seeking care. Previous studies highlighting
cases of babesiosis in Pennsylvania included patients
from northeast and southeast counties only (2–4; Figure 1). Whether a westward expansion of babesiosis is
truly occurring within the state is difficult to conclude
on the basis of our small sample size; nonetheless,
these findings warrant further inquiry, and we would
be interested to see if other institutions in the southcentral region have noted a similar trend. Because
most persons infected with B. microti are either asymptomatic or have mild symptoms and diagnostic
testing is often not obtained, the actual number of
babesiosis cases at our institution was most likely underrepresented. In addition, given our methodology
of focusing specifically on babesiosis-related codes
in ICD-9 and ICD-10, we might have missed patients
that were presumed to be co-infected (i.e., having
both Lyme and babesiosis) and treated empirically.
Babesiosis is currently considered endemic in
the US states of Connecticut, Massachusetts, Minnesota, New Jersey, New York, Rhode Island, and
Wisconsin (9). Surveillance data shows a steady rise
in babesiosis cases throughout the United States and
further geographic expansion (9,13). When examining neighboring states that are currently endemic for
babesiosis, specifically New York and New Jersey,
we observed a historical pattern of expansion that
might be indicative of what is to come in the state
of Pennsylvania. Both states were endemic for Lyme
disease, which shares the same vector as babesiosis
(blacklegged ticks), before seeing the rise in babesiosis cases (14–20).
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Figure 2. Annual number
of babesiosis cases in
Pennsylvania, USA, 2005–2017.
Includes confirmed cases
reported during 2005–2010
based on identification of
Babesia microti organisms on
blood smear and confirmed
and probable cases reported
during 2011–2017 based on
the 2011 Centers for Disease
Control and Prevention case
definition (https://wwwn.cdc.gov/
nndss/conditions/babesiosis/
case-definition/2011). Dotted line
indicates upward trend of cases
over time.

One study suggests that geographic spread of B.
microti is favored by prior establishment of B. burgdorferi (the agent responsible for Lyme disease) and
that co-infection (in mice reservoirs) with B. burgdorferi increases the likelihood of B. microti transmission
(21). A paper from 1998 documented the presence of
I. scapularis ticks in 49 of the 67 counties in Pennsylvania (22); however, a more recent study from 2015
identified the presence of the tick in all 67 counties
(10). This same study reported tick infection rates of
47.4% for B. burgdorferi, 3.5% for B. microti, and 3.3%
for Anaplasma phagocytophilum. This 3.5% infection
rate by Babesia was higher than a previously reported
rate of 0.7% in a 2010 report (23). The reasons for this
suspected expansion are thought to be multifactorial,
including the results of climatic effects on tick populations, growth of deer populations, and incursion
into tick and deer habitats by humans (13).
When evaluating the patients treated at Hershey
Medical Center, we found that our patients were demographically similar to patients described in prior
studies; most patients in our investigation were male
(75%) and elderly (median age 70 years). Only 1 patient reported a history of tick bite preceding infection, but most (75%) reported a history of outdoor
activity. This finding further stresses the importance
of having a high clinical suspicion in elderly patient
populations despite absence of tick bite history.
The average number of days of symptoms before
diagnosis was ≈10 days, which is a slightly shorter period compared with reports from other studies (5,24)
and might have been because all patients had blood
smears obtained early on during admission. The reason for obtaining blood smears was predominately
for work-up of new anemia or thrombocytopenia.
Most (75%) patients were identified as having severe

infection; 6 of the 8 had parasitemia >10%. Five of
these 6 patients required ICU care and underwent exchange transfusion. The purpose of ICU care in these
patients was for close monitoring and exchange transfusion. No patients required pressor support or mechanical ventilation. The exchange transfusion process consists of removing a patient’s red blood cells
and replacing them with donor red blood cells and is
recommended for babesiosis patients who have parasitemia ≥10%; severe hemolysis (hemoglobin <10 g/
dL); or pulmonary, hepatic, or renal impairment (25).
No randomized trials have evaluated the efficacy of
red cell exchange therapy; recommendations for this
treatment are based on case series that show that
parasitemia can be reduced by >50%–90% with red
cell exchange therapy (26–28). Of the patients who
required ICU care and exchange transfusion, only 1
of the patients was considered immunocompromised
because of history of splenectomy; 1 other patient
with severe infection had a history of splenectomy but
did not require exchange transfusion. The remaining
patients were considered immunocompetent, including 1 patient with diabetes. The unifying risk factor
for most patients was older age. The high percentage of patients with severe infection was attributed
to our hospital being a large tertiary academic center
that received referrals from other hospitals. Some of
the cases were referred specifically for evaluation for
exchange transfusion. Co-infection with B. burgdorferi
might have also contributed to severity of infection,
given that 4 of the 6 patients with severe infection
had serologic test results indicative of Lyme disease.
Prior studies have shown increased disease severity
and duration of illness in patients co-infected with B.
burgdorferi and Babesia (29), which is consistent with
the findings in our study.
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No deaths occurred in our study cohort. Average length of hospital stay was 11 days. Most patients (7/8) received treatment with azithromycin
and atovaquone. Three patients received clindamycin and quinine; 1 patient received clindamycin and
quinine alone for the duration of their therapy, and
2 patients were switched to azithromycin and atovaquone because of persistent parasitemia. These 2
patients improved with the azithromycin and atovaquone regimen; however, this outcome might
have been attributable to their having undergone
exchange transfusion. Historically, clindamycin
and quinine was the regimen of choice for the treatment of B. microti infection (1). Later, azithromycin
and atovaquone became recommended for mild to
moderate disease because the regimen was shown
to be as effective as the combination of clindamycin
and quinine and had fewer adverse effects (25). Most
recently, a study from 2017 suggested that azithromycin plus atovaquone was equally effective for patients with severe infection (30).
Conclusions
Ours is yet another article highlighting the emergence of babesiosis in the state of Pennsylvania.
Given the nonspecific signs and symptoms associated with the illness and the potential severity of
infection, especially in our elderly population, we
believe that increased awareness and reporting of
this infection is necessary. Clinicians must maintain
a high index of suspicion in patients with a nonspecific febrile syndrome despite absence of tick bite
history or lack of an immunocompromising condition. Evaluation for co-infections, particularly coinfection with B. burgdorferi, should be considered
given patients with co-infection appear to have
more severe disease.
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Sporadic CJD among Physicians, Germany

We investigated sporadic Creutzfeldt-Jakob disease
(sCJD) among physicians in Germany by analyzing occupational information of patients with sCJD recorded by
the German CJD Surveillance Unit (1993–2005; 1,250
patients, of whom 4 [0.32%] were physicians) and the
National Reference Center for Human Spongiform Encephalopathies (2006–2016; 1,491 patients, of whom
13 [0.87%] were physicians). Among the physicians, we
did not identify any neurologists, neurosurgeons, psychiatrists, or pathologists. A cumulative sum test showed
an increase in reported physicians over time. Data for
2017–2018 indicated an increased rate of physicians
among all notified sCJD cases (5/239 [2.1%]) when we
used the total population of Germany as control group.
Our data suggest the possibility of an increased risk
for sCJD among physicians in Germany. However, we
can only speculate about the reasons, and larger multinational studies are needed to replicate the finding and
to clarify whether this finding is a general or a countryspecific phenomenon.

C

reutzfeldt-Jakob disease (CJD) is a syndrome
comprising dementia and various neurologic
signs and symptoms (1) caused by the transmissible
misfolded prion protein scrapie (2). Reported death
rates and incidence rates differ from 1.67 (3) to >2
per million person-years (4,5). In contrast to animal
prion diseases (6,7), transmitted human prion diseases are uncommon. Variant CJD (vCJD) caused by
ingestion of beef is rare (231 cases worldwide) (8),
and its incidence has decreased since 2000 (9). Most
cases of human prion disease are sporadic CJD (sCJD;
84%–93%), followed by genetic CJD (5%–10%). Only
<4% are considered to be iatrogenic (iCJD) (3,10–12).
Clinical diagnostic criteria of iCJD imply the presence of an iatrogenic risk factor (13). Known cases
were caused by cadaver-derived growth hormones,
dura mater grafts, neurosurgical instrument contamination, and corneal grafts (12). On the other hand,
iCJD might be overlooked when no classic risk factor is present. Neuropathologic characteristics can
identify iCJD only in a subgroup of cases (14,15). Unrecorded cases related to surgery are likely because
an increased risk for sCJD in persons with a history
of surgery was reported (16); however, data on this
issue remain ambiguous (17). vCJD transmitted by
transfusion of blood products has been reported (8),
but no confirmed case was recorded among recipients
of blood from donors with sCJD (18–20).
An increased risk for iCJD among caregivers
and healthcare professionals has been suggested,
but its evaluation is complex (21–24). Previous studies neither unequivocally displayed nor ruled out
relevant increases in risk for CJD among healthcare

professionals (25,26). Furthermore, these investigations were mostly designed as case–control studies,
which are prone to bias because of case selection.
Therefore, we aimed to evaluate sCJD among physicians using historical epidemiologic data from 25
years of CJD surveillance in Germany and the whole
population of that country as controls.
Methods
Study Design and Data Acquisition

In the framework of a retrospective cohort study,
we evaluated 4,645 patient files representing all suspected CJD cases reported to the German surveillance
group during June 1993–December 2016 about the patient’s occupational history to identify physicians of
all specialties. In addition and as negative controls,
we collected information about other professions.
The centralized assessment of suspected human
prion diseases in Germany started in June 1993 and
was conducted by the CJD Surveillance Unit of the
University Medical Center Goettingen. Since January 2006, health authorities have officially charged
this center with CJD surveillance and named it the
National Reference Center for Human Transmissible
Spongiform Encephalopathies (NRZ-TSE). In Germany, notification of sCJD is required. Health authorities
advise clinical institutions to contact the NRZ-TSE for
clinical classifications of notified cases. The NRZ-TSE
counsels physicians with respect to differential diagnosis and hygienic issues and records clinical data,
including the patient’s professional background. Specifically, until 2006, physicians from the CJD Surveillance Unit visited and interviewed patients and caregivers using a standardized questionnaire.
Patient Cohorts

We considered all patients in the database for this
study. Inclusion criteria for further analyses were
diagnosis of probable or definite sCJD according to
World Health Organization criteria (2) and age >35
years. We reviewed all available questionnaires (evaluated by the NRZ-TSE) and medical reports (sent to
the NRZ-TSE by treating institution) since 1993 for
patient’s professions to identify physicians. During 1993–2005, the research group of the University
Medical Center Goettingen had to actively search for
suspected CJD cases (e.g., through regular newsletters to all neurologic and psychiatric centers in Germany). Most reported patients had been visited by
physicians from the research group, and epidemiologic questionnaires were available for analyses. In
2006, the group was assigned as National Reference
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Center, leading to a substantial increase in reported
cases and resulted in a decrease in the proportion of
visitations and interviews. Because of these structural
differences, we divided the study cohort into cohort
A (reported 1993–2005; 1,250 persons) and cohort B
(reported 2006–2016; 1,491 persons) and analyzed
them separately.
Population-Based Cohorts

We used publicly available data on the population of
Germany to create control groups in each time frame
(matching cohorts A and B). Numbers of working and
retired physicians were sourced from the database of
the German Federal Medical Association (Bundesärztekammer [BÄK], Berlin, Germany), which provides
the number of physicians and information about age,
sex, specialty, and location. Membership is required
for, but is not restricted to, all working physicians and
does not expire with retirement. To analyze the entire
population, we obtained numbers from the German
Federal Office of Statistics.
Data Analyses and Statistical Methods

BÄK data give numbers of physicians in Germany in
different age categories. The youngest category was
<35 years of age (without further differentiation).
Only 10 patients in the sCJD cohort were <35 years
of age, and none were physicians. We included only
patients and controls >35 years of age to achieve approximate age matching between the German physicians and the sCJD cohort. We did not further stratify
for age (and sex) because of the low case count among
physicians with sCJD. We pooled all data from our
sources using Excel 2016 (Microsoft, https://www.
microsoft.com). We used Statistica (https://www.
statsoft.de) for descriptive analyses and performed
further statistical analyses using the statistical software R version 3.4.2 (https://www.r-project.org).
We considered results with p<0.05 to be significant.
The aims of the study were to evaluate the rate
of physicians in the cohort of CJD patients and to
investigate a potential risk modification using population-based data. The aims had been framed before
data collection. We used Fisher exact test to compare
the number of physicians in the cohort of CJD patients and the number of physicians in the population of Germany.
Analyses were performed as follows. To define
the number of nonphysicians in the CJD cohort, we
considered only patients with known occupation.
These analyses were based on the assumption of a
corresponding number of physicians in the group
of patients with unknown occupation. We further
1712

considered all CJD patients assuming that no additional physicians were in the group of patients with
unknown occupation. We used the results to perform
sensitivity analyses to evaluate the number of physicians in the group of patients with unknown occupation that would be necessary to reach statistical
significance using Fisher exact test. We conducted a
CUSUM (cumulative sum)–based test for a change
point in a time series (27) to investigate alterations
of the number of reported physicians with CJD over
time (per year). Finally, in an additional step, we collected data from 2017 and 2018 and analyzed them to
validate results of the previous analyses on the basis
of the historical cohorts (1993–2016).
Results
Descriptive Data Analyses: CJD Cohort

Of 4,645 suspected CJD cases during June 1993–December 2016, we classified 2,754 as probable sCJD
(1,543) or definite sCJD (1,211). We classified other
cases as possible sCJD (2) (156 cases), non-CJD (1,188),
genetic prion disease (197), and iCJD (12). A total of
338 reported cases remained unclassified because
of incomplete clinical information. We reduced the
number of probable and definite sCJD cases to 2,741
after excluding patients <35 years of age. We determined occupation for 1,532 (55.9%) patients, of whom
17 (1.1%) were physicians (Figures 1, 2).
In cohort A (June 1993–December 2005), we classified 539 (43%) of the 1,250 cases as probable sCJD
and 711 (57%) as definite sCJD. In cohort B (January
2006–December 2016), we classified 1,000 (67%) of the
1,491 cases as probable sCJD and 491 (33%) as definite
sCJD. The mean age of cohort A patients was 66 years
(range 35–90 years) and of cohort B patients was 68
years (range 37–93 years). In cohort A, 58% of patients
were women; in cohort B, 52%. Information about codon 129 polymorphism was available for 1,039 (83%)
cohort A cases and 581 (39%) for cohort B cases (Table 1). For 1,532 (56% in cohorts A and B combined)
patients, we were able to evaluate history of occupation before illness (cohort A, 1,093 patients; cohort B,
439). For some patients, >2 different professions were
recorded (up to 7). We considered occupation as a
physician at any point in time. Occupation as a physician was known for 4 cohort A patients (0.3% of all
patients; 0.4% of cohort A patients) and 13 cohort B
patients (0.9% of all patients; 3% of cohort B patients).
Physicians with sCJD (including patients from
the validation cohort 2017–2018) had a broad spectrum of medical specialties. Surgical specialties were
present for 14 patients (surgery without information
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Figure 1. Study cohort and case
selection in a study of sCJD
among physicians, Germany,
1993–2018. All case numbers are
based on the classifications of
the German National Reference
Center for Human Transmissible
Spongiform Encephalopathies
(2) in February 2019. CJD,
Creutzfeldt-Jakob disease; sCJD,
sporadic CJD; TSE, transmissible
spongiform encephalopathy.

about further specialty, 3 patients; trauma/orthopedic surgery, 5; gynecology and otolangyrology, 2
each; urology and visceral surgery, 1 each). The others had nonsurgical specialties (internal medicine,
5; anesthesiology, podiatry, and general practice, 1
each). Of all physicians with sCJD (1993–2018), 64%
had a surgical specialty (Table 2); in 2018, only 31%
of all physicians in German had a surgical specialty
(28). Very long duration of disease occurred only
among physicians with surgical specialties (mean 205
days vs. 109 days for nonsurgical specialties; overall 175 days [range 49–809 days]). We identified no
hospital in Germany that had employed >1 physician
with sCJD, but a complete occupational history was
not available for all patients, especially in cohort B.
We found no link between a physician and another
known sCJD patient, but only limited information
was available (Appendix Table, https://wwwnc.

cdc.gov/EID/article/26/8/19-1159-App1.pdf). Most
patients were not able to give detailed information
about this issue because of progressed cognitive impairment. The rate of autopsy-confirmed cases was
55%. Prion typing was performed in only 4 cases.
Descriptive Data Analyses: Population-Based Cohort

The number of physicians in Germany increased
from 297,803 in 1993 to 496,240 in 2016 (29), a factor
of 1.67. For each period corresponding to cohort A
(1993–2005) and cohort B (2006–2016), mean values
of yearly numbers were calculated that excluded
physicians <35 years of age. Mean numbers were
295,556 (range 240,709–345,599) during 1993–2005
and 382,558 (range 349,878–416,311) during 2006–
2016. We performed the same calculations considering the entire population of the same age in Germany
(30): mean 47,907,927 (range 44,336,444–51,243,273)
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Figure 2. Definite and probable
sCJD cases and number
of physicians with sCJD,
Germany, 1993–2018. All case
numbers are based on the
classifications of the German
National Reference Center
for Human Transmissible
Spongiform Encephalopathies
(2) in February 2019. Red
bars, number of physicians
reported in 1 year; blue line,
number of probable and
definite sCJD cases per year.
sCJD, sporadic CreutzfeldtJakob disease.

during 1993–2005 and 51,601,356 (range 51,553,192–
51,961,175) during 2006–2016.
Rate of Physicians in sCJD Cohorts and in the
Total Population of Germany

We based contingency tables on the numbers of all
patients in the study cohort for whom occupation
was known (cohort A, 1,093 patients; cohort B, 439
patients), all physicians in the sCJD cohort (cohort
A, 4 patients; cohort B, 13 patients), the population
of Germany, and all physicians in that population
(Table 3). Fisher exact test yielded an odds ratio (OR)
of 0.59 (95% CI 0.16–1.52; p = 0.44) for cohort A and
OR 4.09 (95% CI 2.16–7.06; p<0.001) for cohort B (Table 3). These results indicate a significantly higher
rate of physicians in cohort B than in the total population of Germany.
We based this approach on the assumption of a
corresponding proportion of physicians and nonphysicians in the group of sCJD patients without known
Table 1. Characteristics of sCJD patients, Germany, 1993–2018*
Variable
Cohort A
Time period
1993 Jun–2005 Dec
Total, no. (%)
1,250 (100)
Definite sCJD
711 (57)
Probable sCJD
539 (43)
Mean age, y (range)
66 (35–90)
Sex
F
731 (58)
M
519 (42)
Codon 129, no. (%)
MM
693 (67)
MV
180 (17)
VV
166 (16)
Occupation known, no. (%)
1,093 (87)
Physicians, no. (% of all patients,
4 (0.3, 0.4)
% of known occupation)

occupational history. In a second step, we included
the entire study cohort, assuming there were no additional physicians in the group of sCJD patients for
whom occupational history was not known. Cohort A
did not differ significantly from the total population
of Germany (OR 0.52 [95% CI 0.14–1.33]; p = 0.27);
likewise, cohort B did not differ significantly from the
total population of Germany (OR 1.18 [95% CI 0.63–
2.02]; p = 0.54). Subsequently, we conducted a sensitivity analysis to determine the number of physicians
in the group without known occupation who would
be required for a statistically significant difference between the study cohort and the total German population: 9 for cohort A (p = 0.03) and 5 for cohort B (p =
0.047). In a fou rth step, we investigated the change
of the rate of reported physicians in the study cohort
over time: 0.32% for cohort A (1993–2005) and 0.87%
for cohort B. Results of our CUSUM test showed an
increase of reported cases (p = 0.04) and identified a
change point from 2008 to 2009.
Cohort B
2006 Jan–2016 Dec
1,491 (100)
491 (33)
1,000 (67)
68 (37–93)

Validation cohort
2017 Jan–2018 Dec
234 (100)
59 (25)
175 (75)
68 (41–91)

769 (52)
722 (48)

118 (50)
116 (50)

322 (55)
134 (23)
125 (22)
439 (29)
13 (0.9, 3)

8 (53)†
7 (47)†
0
70 (30)
5 (2.1, 7.1)

*MM, methionine homzygosity; MV, heterozygosity; sCJD, sporadic Creutzfeldt-Jakob disease; VV, valin homozygosity.
†Since 2015, codon 129 analyses were not regularly performed during neuropathologic investigation.
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Table 2. Characteristics of physicians with sCJD, Germany, 1993–2018*
Variable
Total, N = 22
Population-based %†
100
Sex, no. (%)
F
3 (14)
M
19 (86)
Mean age, y (range)
67 (53-83)
Classification, no. (%)
Definite
12 (55)
Probable
10 (45)
Mean duration of disease, d (range)§
175 (49-809)
Codon 129, no.
MM
7
VV
2
MV
2
NA
11

Surgical, n = 14
39

Nonsurgical, n = 8
61

2 (14)
12 (86)
65 (53-83)

1 (12)
7 (88)
69 (60–75)

7 (50)
7 (50)
205 (84-809)

5 (63)
3 (38)
109 (49–272)

5
2
1
6

2
0
1
5

*MM, methionine homozygosity; MV, heterozygosity; NA, genotype not available; sCJD, sporadic Creutzfeldt-Jakob disease; VV, valine homozygosity.
†Percentage of surgical and nonsurgical specialties among all physicians in 2018 (28).
§Information about disease duration (onset to death) was available for 21 patients,

Postanalytic Evaluation of 2017 and 2018

In 2017 and 2018, a total of 239 sCJD patients were reported (129 in 2017, 110 in 2018). We identified 5 physicians (1 in 2017, 4 in 2018) (Figure 2). Including the
entire postanalytic cohort (sCJD patients 2017–2018),
regardless of known occupational history and using
population data from 2017 (29,30), excluding patients
<35 years of age, we found a significantly elevated
rate of physicians among sCJD patients (OR 2.61 [95%
CI 1.08–6.34]; p = 0.05 by Fisher exact test) (Table 3).
Discussion
Although prion diseases are transmissible, homozygosity for methionine at codon 129 (an intrinsic
factor) is the only established risk factor for sCJD
(11,31). Case–control studies have shown slightly elevated ORs for several features; for example, work at
an animal laboratory, ophthalmologic surgery (32),
ingestion of raw meat and brain (24), and history of
brain surgery (33) (Table 4). Being employed as health
professionals was a risk in a meta-analysis of case–

control studies (34) but was not confirmed in a later
prospective study (23). Because of the methodologic
approaches used, most results were nonsignificant or
prone to biases (17,43). Only 1 study used large population-based data from a US death registry (6 million
cases screened, 636 CJD cases and 3,180 controls selected) and identified working as a butcher and work
in physicians’ offices as occupational risk factors (35).
Other investigations of occupational risk factors for
sCJD are not available, but the presence of unpublished data that might show inconclusive or null results cannot be excluded. Data on the development of
reported cases over time with respect to occupational
history are not available.
In addition to selection bias, the lack of studies that could validate occupational risk factors for
sCJD might be caused by multiple comparisons of
too many variables causing insignificant results. For
this study, we focused on the evaluation of employment as physician as potential risk factor for sCJD.
We used data from a prospective epidemiologic

Table 3. Physicians in cohorts of sCJD patients and in the whole population, Germany, 1993–2018*
Variable
Physicians†
Nonphysicians†
OR (95% CI)‡
Cohort A, 1993–2005)
sCJD patient
Known occupation
4
1,089
0.59 (0.16–1.52)
All
4
1,246
0.52 (0.14–1.33)
German population
295,552
47,611,282
Cohort B (2006–2016)
sCJD patient
Known occupation
13
426
4.09 (2.16–7.06)
All
13
1,478
1.18 (0.63–2.02)
German population
382,545
51,218,372
Validation cohort (2017-2018)
All sCJD patients
5
234§
2.61 (1.08–6.33)
German population
424,413
51,924,527

p value
0.44
0.27

<0.001
0.54
0.05

*OR, odds ratio; sCJD, sporadic Creutzfeldt-Jakob disease.
†>35 years of age.
‡By Fisher exact test.
§Information about occupation was available for 88 patients.
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Table 4. Review of studies about health professionals and CJD*
Study or report
Observation or sCJD patient
Case–control study
Wientjens et al., 1996 (34)
Observation: 1975–1984 (Japan, United Kingdom, United States), meta-analysis of 3 case–
control studies
• 178 cases, 333 controls (hospital based, community based, and spouses)
• Nonsignificantly increased risk for health professionals (OR 1.5 [95% CI 0.5–4.1])
Van Duijn et al., 1998 (24)
Observation: 1993–1995 (France, Germany, Italy, Netherlands, United Kingdom)
• 405 cases, 405 controls (hospital-based)
• No increased risk for health professionals (OR 0.92 [95% CI 0.69–1.32])
Cocco et al., 2003 (35)
Observation: 1984–1995 (United States)
• 636 cases, 3,180 controls (population-based from a death registry)
• Increased risk for workers in physicians’ offices (OR 4.6 [95% CI 1.2–17.6])
Ruegger et al., 2009 (32)
Observation: 2001–2004 (Switzerland)
• 69 cases, 224 controls (from general practitioners and random digit telephone dialing)
• Nonsignificantly increased risk for medical professionals (OR 1.46 [95% CI 0.43–5.15])
Case report
Schoene et al., 1981 (36)
1 neurosurgeon
Miller, 1988 (37)
1 histopathologist
Sitwell, 1988 (38)
1 histopathologist
Gorman et al., 1992 (39)
1 pathologist
Berger et al., 1993 (40)
1 internist (with training in pathology 30 y before disease onset)
Weber et al., 1993 (41)
1 orthopedic surgeon (handling dura 20–24 y before onset)
Mitrova et al., 2000 (42)
1 physician, 5 nurses, 1 medical technician, 1 ambulance driver
Alcalde-Cabero et al., 2012 (25)
Observation: 1965–2010; case reports and literature review
• 202 health professionals (among 8,321 cases)
• 65 physicians (9 general practitioners, 7 surgeons, 7 internists, 4 dentists, 3 ophthalmologists,
2 pathologists), and 137 other health professionals
*OR, odds ratio; sCJD, sporadic Creutzfeldt-Jakob disease.

surveillance database in Germany and populationbased data as controls.
Our first analysis showed a significantly elevated rate of physicians in the study cohort (OR 4.09;
p<0.001) during 2006–2016 (cohort B), the years in
which structured epidemiologic surveillance had
been conducted. The exclusion of patients with unknown occupational history represents a case–control
design limited by the possibility of selection bias. An
occupation as physician may be more likely to be reported than others; on the other hand, only clinical
data relevant for case classification were available for
many patients from cohort B. The study design for
cohort A was more precise because most suspected
patients were examined in person in notifying hospitals, whereas for cohort B, only a proportion of sCJD
patients (27%) were examined.
Nonetheless, our second analysis of the entire
CJD population and found no significant results (OR
0.53 [p = 0.27] for cohort A; OR 1.18 [p = 0.543] for
cohort B). Therefore, we performed a sensitivity analysis indicating 5 additional physicians in the group
with unknown occupational history (1,052 [71%]) in
cohort B who would be necessary for a significant result. This number was higher in cohort A (9 patients),
although the number of patients in cohort A with
unknown occupation was much smaller (157 [13%]).
These findings suggest that the number of reported
physicians with sCJD increased in later years, whereas
1716

the reported number of sCJD cases was stable. We
validated this finding with a CUSUM test (p = 0.04,
change point from 2008 to 2009). During 2017–2018,
the increased rate of sCJD in physicians was significant, even when we included all 239 reported cases in
the analysis (OR 2.61; p = 0.05).
Fourteen of the 22 physicians were surgeons, but
none had worked in neurosurgery and only 1 had
worked in a neuropathology department for 1 year.
This finding is remarkable because the high proportion of surgeons (64%) versus nonsurgeons (36%) in
the sCJD group differs from the population control
(39% vs. 61%). The apparent differences of clinical
characteristics (age of onset, disease duration) might
be explained by slightly different distribution of codon 129 genotypes in the 2 groups. Because of the low
number of cases, we could not investigate these observations further. In most cases, information about
genotype, prion type, and neuropathologic characteristics was insufficient to identify or exclude iCJD. No
neurologists or psychiatrists were reported. We could
not find regional links within the group of physicians
or with other sCJD patients who had received surgical interventions and might have been index patients
for obscure iCJD. Thus, we were not able to establish
a causal relation between the statistical risk factor (occupation as a physician) and the disease. Nonetheless, this finding must be interpreted with regard to
potential incubation times of up to 30 years (10) and
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incomplete information about residence history in
most patients from cohort B.
Although the use of a very large cohort of patients
with sCJD and a population-based control group is
a strength of our investigation, the study has several limitations. Because of the low number of physicians with sCJD, every bias in the case group would
cause an immense effect on statistical analyses (e.g.,
unrecorded cases, misdiagnosed cases). Thus, we
must interpret our results cautiously. Definite (neuropathologic) diagnosis was available only for some
cases in our study, but the high accuracy of clinical
diagnoses performed by our center has been reported
previously (5). The altered status of the surveillance
group after it was named a National Reference Center in 2006 might be a source of bias. We cannot exclude that the surveillance system in Germany has
improved over the years, but the available data of
patients’ occupations has decreased in recent years
(Table 1), which makes an underestimation of the
number of physicians before 2006 highly unlikely. An
increased awareness for CJD among German physicians resulting in more reported cases in recent years
is also unlikely regarding the decreasing worldwide
incidence of vCJD since 2000.
Another limitation of our study is the lack of further and more detailed statistical analyses. We could
not calculate individual ORs for certain medical specialties. Only an extremely large-scale study pooling
data from multiple national reference centers would
be capable of doing that. In addition, we were not
able to stratify ORs by age and sex. The age cutoff
of >35 years was an attempt only to achieve an approximate matching of age in the case and the control groups. On the other hand, recorded physicians
with sCJD showed a strong tendency to be male and
have an age at onset of 60–75 years. In this context,
unstratified analyses might underestimate ORs. Another limitation of the study is that we analyzed only
1 occupational risk factor. Other professionals, such
as laboratory scientists or nurses, should be carefully
considered, but the lack of data (especially population-based figures) prevented from further analyses.
The high proportion of physicians among patients with sCJD and its increase over the last years
were displayed in a statistical model based on data
from the population of Germany. We showed that
sCJD patients were significantly more likely than
the general population to be physicians, suggesting
that it might be an occupational risk factor. Previous
epidemiologic studies have not clearly identified an
elevated risk for sCJD among physicians (Table 4),
but the most recent available data are from 2010. Our

study yielded significant results only after 2005, and
the CUSUM test identified an increased number of
physicians with sCJD after 2008. No specialties involved specifically in treating patients with CJD have
been reported. Nonetheless, we found that a high
proportion of physicians with sCJD were surgeons,
although we can only speculate about the reasons. A
larger study comprising new data from other countries is needed to clarify whether this finding is a general or a country-specific phenomenon.
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Increasing use of immunosuppressive biologic therapies
poses a challenge for infectious diseases. Immunosuppressed patients have a high risk for influenza complications and an impaired immune response to vaccines.
The total burden of immunosuppressive conditions in the
United States, including those receiving emerging biologic therapies, remains unknown. We used the national
claims database MarketScan to estimate the prevalence
of immunosuppressive conditions and risk for acute respiratory illnesses (ARIs). We studied 47.2 million unique
enrollees, representing 115 million person-years of observation during 2012–2017, and identified immunosuppressive conditions in 6.2% adults 18–64 years of age
and 2.6% of children <18 years of age. Among 542,105
ARI hospitalizations, 32% of patients had immunosuppressive conditions. The risk for ARI hospitalizations was
higher among enrollees with immunosuppression than
among nonimmunosuppressed enrollees. Future efforts
should focus on developing improved strategies, including vaccines, for preventing influenza in immunosuppressed patients, who are an increasing population in the
United States.

I

nfluenza is a common cause of illness and death
in the United States and affects persons of all ages
(1). Risk for complications from infection is higher
in subpopulations, such as persons with immunosuppressive conditions (2,3). In recent years, an increasing number of patients are receiving biologic or
immune-modulating agents with immunosuppressive potential (4,5). Although data exist on the prevalence of some immunosuppressive conditions, the
total burden of these conditions in the United States
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remains unknown, particularly when considering
patients who are receiving emerging immunosuppressive therapies (6–8).
Influenza vaccination prevents disease and averts
severe outcomes, such as hospitalization and death
(1,9). A meta-analysis of observational studies of influenza vaccines identified that pooled vaccine effectiveness was 33%–67% against medically attended,
laboratory-confirmed influenza illness in the overall
population (10). However, a review of immunogenicity studies suggests that antibody responses to inactivated influenza vaccines (IIVs) in persons who are immunocompromised could be suboptimal compared
with persons without immunosuppression (11).
Clinical effectiveness data are sparse, but a recent observational study demonstrated lower vaccine effectiveness against influenza illness (≈20%)
in patients with cancer compared with the general
population (≈42%) (12,13). Increasing efficacy of influenza vaccines in immunosuppressed populations
might substantially improve population benefits of
influenza vaccines. Establishing a case definition for
and quantifying the burden of immunosuppressive
conditions might facilitate evaluation and use of influenza vaccines to enhance immune response in this
high-risk target group.
IIVs that contain egg-propagated vaccine viruses
and a standard dose of 15 µg of hemagglutinin antigen of each virus per dose, without adjuvant, are
the most commonly used vaccines worldwide (14).
In recent years, 2 enhanced IIVs, MF59-adjuvanted
standard-dose IIV and a high-dose IIV that contains 4 times the hemagglutinin antigen of each virus compared with the standard-dose IIV, have been
developed to improve the immune responses to and
efficacy of standard-dose IIVs (15,16). Both vaccines
are currently licensed in the United States for use in
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older adults (9). High-dose IIV has also met prespecified criteria for superior efficacy against laboratoryconfirmed influenza compared with standard-dose
IIV (15,17). Although these enhanced IIVs are not yet
licensed for use in US patients <65 years of age, some
evidence suggests that humoral immune responses to
these vaccines might also be greater than responses to
standard IIVs in adults 18–64 years of age who have
immunosuppressive conditions (18,19).
In this study, we created and used case definitions
for immunosuppressive conditions by using a modified version of an algorithm implemented by previous investigators (20). Our primary objective was
to determine the prevalence of immunosuppressive
conditions in the US population among MarketScan
(Truven Health MarketScan, https://marketscan.
truvenhealth.com) enrollees <65 years of age. We recognized that International Classification of Diseases
(ICD) and drug codes might not accurately capture
enrollees with impaired immune systems. Thus, our
secondary objective was to explore whether rates of
influenza vaccination and hospitalization for acute
respiratory infection (ARI) differed between those
with and without immunosuppressive conditions
identified by our case definitions.
Methods
Data Sources

We analyzed the MarketScan Commercial Claims
and Medicare data from August 1, 2012, through
July 31, 2017, to explore the prevalence of immunosuppressive conditions. We calculated rates of ARI
hospitalizations among these enrollees relative to
enrollees without immunosuppressive conditions.
MarketScan is a de-identified commercial insurance
claims database representing 30–50 million persons
per year from >160 large employers and health plans
representing all 50 US states (21). The Medicare database includes Medicare-eligible retirees with employer-sponsored Medicare Supplemental plans. The
database includes healthcare claims with diagnosis
and procedure codes for medical encounters and all
outpatient prescription medications. Variables we
examined included age, sex, influenza vaccination,
and medications, as well as codes from the ICD, 9th
Revision, Clinical Modification (ICD-9-CM), or ICD,
10th Revision, Clinical Modification (ICD-10-CM),
for immunosuppressive conditions (any medical encounter/claim) and hospitalizations for pneumonia,
influenza, and diseases of the respiratory system. We
restricted our sample to those enrolled and covered
by the drug benefit program during the study years.

Immunosuppressive Conditions

Greenberg et al. have previously established an algorithm for identifying patients with active immunosuppression on the basis of ICD and Current Procedural Terminology (CPT) codes in a large database
of patients who were acutely ill with sepsis (20). We
slightly modified the approach by Greenberg et al. to
derive a case definition of immunosuppressive conditions based on 6 groups of diseases and 3 classes of
medications (Figure 1). The Infection Diseases Society of America has published detailed guidance for
the selection and timing of vaccines for persons with
specific immunocompromising conditions but does
not consider specific ICD codes (5). We reviewed
those guidelines to identify additional immunocompromising conditions not included in the Greenberg
algorithm (sickle cell disease, asplenia, and psoriatic
arthritis) and assessed whether inclusion of these
conditions would affect our results.
We considered 3 groups of enrollees to be immunosuppressed: 1) persons with symptomatic HIV/
AIDS (excluding asymptomatic HIV), hematologic
malignancy, or other intrinsic immune conditions;
2) persons with solid malignancy, organ transplant,
rheumatologic, or other inflammatory conditions
that were deemed immunosuppressed if patients received chemotherapy or an immune modulator; or
rheumatologic or other inflammatory conditions who
received systemic (nontopical, noninhaled) steroids;
3) any enrollee not in the first 2 groups who received
chemotherapy, an immune modulator, or systemic
steroids for >14 days (not considered by Greenberg et
al.). Enrollees receiving corticosteroids for <14 days
were not considered immunosuppressed because
most probably were receiving short-term burst doses,
which has low immunosuppressive potential (5). The
3 enrollee groups were mutually exclusive. Enrollees
who did not meet the immunosuppressed case definition were considered nonimmunosuppressed.
We examined data for persons of all ages who
had continuous enrollment in 1 insurance plan during 2 consecutive years. We used ICD-9 and ICD-10
codes from any medical encounter/claim to identify
immunosuppressive conditions during the 12-month
enrollment periods, including influenza seasons from
August 1, 2012, through July 31, 2017. Enrollees were
considered immunosuppressed during the enrollment year if they had >1 hospitalization or 2 separate
outpatient visits listing a corresponding ICD-9 code
before October 1, 2015 or ICD-10 code after October 1,
2015 (Table 1), or were prescribed 1 of the listed medications during each of the 12 months (August 1–July
31) of the study period (Table 2, https://wwwnc.cdc.
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Figure 1. Algorithm for case definitions of immunosuppressive conditions in MarketScan claims database of Commercial and Medicare
enrollees, United States, August 2012–July 2017. *These 3 conditions were deemed to be immunosuppressive. †These 3 conditions
were deemed to be immunosuppressive only if enrollees were given chemotherapeutic agents or immune-modulating agents or if
enrollees who had rheumatologic or inflammatory conditions were receiving systemic corticosteroids. ‡We deemed that enrollees might
be given chemotherapeutic agents or immune-modulating agents and not be captured by ICD codes (from the 9th Revision, Clinical
Modification, or 10th Revision, Clinical Modification) for the 6 potential immunosuppressive conditions described in the first 2 footnotes.
We excluded treatment with corticosteroids for <14 days from these groups to avoid capturing enrollees who might be receiving shortterm bursts of corticosteroids (e.g., those with asthma). ICD, International Classification of Diseases.

gov/EID/article/26/8/19-1493-T2.htm). For the purposes of analysis, we considered these persons immunosuppressed for that entire 12-month period.
Acute Respiratory Illness Hospitalizations

All ICD codes that we used for immunosuppressive
conditions might not necessarily be specific for conditions that impair immunity. Thus, we also evaluated
risk for ARI hospitalization among patients who had
immunosuppressive conditions in the MarketScan
population. We identified ARI hospitalizations for
pneumonia, influenza, and diseases of the respiratory
system based on the first 3 discharge diagnosis ICD9 or ICD-10 codes during August 1–July 31 in the 5
study years. Codes included 460–466 and 480–488 before October 1, 2015 (ICD-9-CM), and J00–J06, J09–J18,
and J20–J22 after October 1, 2015 (ICD-10-CM). Data
are limited on the validity of these ARI hospitalization
1722

codes overall and their position on the discharge diagnosis (22). Using codes in any position improves
sensitivity but decreases positive predictive value. To
balance sensitivity and specificity, we restricted discharge diagnoses to the first 3 positions and assumed
that relative risk for ARI hospitalization between immunosuppressed and nonimmunosuppressed enrollees based on these codes would be unaffected. We inferred that higher relative rates of ARI hospitalizations
among immunosuppressed enrollees would support
the notion that the cohort of patients identified by our
case definitions had some degree of immunosuppression overall.
Influenza Vaccination

We identified enrollees who received influenza
vaccine by using CPT codes (Table 3). We assumed
that the relative adjusted vaccination rates between
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immunosuppressed and nonimmunosuppressed
populations would reflect differences in influenza
vaccine uptake.
Statistical Analysis

We examined prevalence of immunosuppressive
conditions among all enrollees during each influenza

season, stratified by age groups (0–8 years, 9–17
years, 18–49 years, and 50–64 years). We calculated
relative incidence rates and 95% CIs of ARI hospitalization and influenza vaccination for enrollees with
and without immunosuppressive conditions by using a generalized linear model with binomial distribution and log link function. We calculated 95%

Table 1. Conditions and ICD-9-CM and ICD-10-CM codes used to identify enrollees with immunosuppression in MarketScan
database, United States, July 2012–August 2017*
Condition
ICD-9 codes
ICD-10 codes
HIV/AIDS†
HIV/AIDS disease
042
B20-B24
Hematologic malignancy
Lymphatic and hematopoietic tissue malignancy
200–208
C81-C83; C88-C96
Other immune conditions‡
Disorders of immune mechanism
279
D89
Neutropenia
288.0
D70
Functional disorders of neutrophils
288.1
D71
Genetic anomalies of leukocytes
288.2
D72.0
Decreased leukocyte count
288.5
D72.81
Leukocyte disease NEC
288.8
D72.89
Leukocyte disease NOS
288.9
D72.9
Myelofibrosis
289.83
D75.81
Blood diseases NEC
289.89
D47.4; D75.89; D75.9; D89.2
Blood diseases NOS
289.9
D75.9; D75.89
Immunologic findings NEC
795.7
R76; R83.4-R87.4; R89.4
Nonspecific immune findings NEC and NOS
795.79
R76; R83.4-R87.4; R89.4
Solid malignancy
Organ/system malignant tumors
140–199
C00-C07; C11-C19; C22-C80; Z85
Neuroendocrine tumors
209
C7A; C7B; D3A
Neoplasms of uncertain behavior
235–239
D00-D49
Organ transplant§
Complications of transplanted organ
996.8
T86
Organ transplant status
V42
Z94; Z98.85
Rheumatologic/inflammatory¶
Sarcoidosis
135
D86
Amyloidosis NOS
277.3
E85
Familial Mediterranean fever
277.31
E85.0; M04
Amyloidosis NEC
277.39
E85.1; E85.3; E85.8
Multiple sclerosis
340
G35
Other CNS demyelination
341
G36; G37.1; G37.3; G37.8; G37.9
Acute infective polyneuritis
357
G61.0; G61.9
Acute myocarditis
422
I40
Polyarteritis nodosa and other
446
M30
Allergic alveolitis/pneumonitis NOS
495.9
T78.40; J67.9
Other alveolar pneumonopathy
516
J84.01; J84.02; J84.09
Enteritis and colitis
555–558
K50-K52
Lupus erythematosus
695.4
L93.0; L93.2; M32
Diffuse connective tissue disease
710
L94; M35.8; M35.9
Arthropathy with infection
711
M12.9; M01.X0; M02.10
Crystal arthropathies
712
M11
Rheumatoid arthritis/inflammatory polyarthropathy
714
M05-M14
Inflammatory spondylopathies
720
M46
Polymyalgia rheumatica
725
M31.5; M35.3

*CNS, central nervous system; ICD9-CM, International Classification of Diseases, 9th Revision, Clinical Modification; ICD-10-CM, International
Classification of Diseases, 10th Revision, Clinical Modification; NOS, not otherwise specified; NEC, necrotizing enterocolitis.
†Excludes asymptomatic HIV codes of ICD-9 (V08) and ICD-10 (Z21).
‡Sickle cell disease, asplenia, and psoriatic arthritis were not included in the Greenberg algorithm (20) but are considered to have immune deficiencies by
Infectious Diseases Society of America guidelines (5). Adding these to the algorithm only increased the prevalence of immunosuppressive conditions by
0.1%.
§Bone marrow and peripheral stem cell transplant were considered under organ transplant and only considered immunosuppressed if enrollees were
currently being given chemotherapeutic agents or immune modulators. Considering these enrollees under other immune conditions in which
immunosuppressed does not require receipt of chemotherapeutic agents or immune modulators would increase the overall prevalence of
immunosuppressed by 0.01%.
¶Psoriatic arthritis was not included in the Greenberg algorithm and could be an indication for immunosuppressive treatment. Adding this condition did not
increase the prevalence of immunosuppressive conditions.
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Table 3. Codes for influenza vaccine used in analysis of MarketScan data for immunosuppressive conditions and hospitalizations for
acute respiratory illness, United States
CPT no.*
Vaccine type
90653
Influenza virus vaccine, inactivated, subunit, adjuvanted, for intramuscular use
90654
influenza, seasonal, intradermal, preservative free
90655
Influenza virus vaccine, split virus, no preservative, for children 6–35 mo of age, for intramuscular use
90656
Influenza virus vaccine, split virus, no preservative, for use in persons >3 y of age, for intramuscular use
90657
Influenza virus vaccine, split virus, for children 6–35 mo of age, for intramuscular use
90658
Influenza virus vaccine, split virus, for use in persons >3 y of age, for intramuscular use
90659
Influenza, whole
90660
Influenza virus vaccine, live, for intranasal use
90661
Influenza virus vaccine, derived from cell cultures, subunit, preservative and antimicrobial drug free, for intramuscular use
90662
Influenza, high dose seasonal
90663
Influenza virus vaccine, pandemic H1N1
90664
Influenza virus vaccine, pandemic formulation, live, for intranasal use
90666
Influenza virus vaccine, pandemic formulation, split virus, preservative free, for intramuscular use
90667
Influenza virus vaccine, pandemic formulation, split virus, adjuvanted, for intramuscular use
90668
Influenza virus vaccine, pandemic formulation, split virus, for intramuscular use
90724
Influenza, unspecified formulation
90470
H1N1 immunization administration (intramuscular, intranasal)
90672
Influenza virus vaccine, quadrivalent, live, for intranasal use
90673
Influenza virus vaccine, trivalent, derived from recombinant DNA (recombinant influenza vaccine 3), hemagglutnin protein
only, preservative and antimicrobial drug free, for intramuscular use
90685
Influenza virus vaccine, quadrivalent, split virus, preservative free, when administered to children 6–35 mo of age, for
intramuscular use
90686
Influenza virus vaccine, quadrivalent, split virus, preservative free, when administered to children >3 y of age, for
intramuscular use
90687
Influenza virus vaccine, quadrivalent, when administered to children 6–35 mo of age, for intramuscular use (not recognized
by Medicare)
90688
Influenza virus vaccine, quadrivalent, when administered to persons >3 y, for intramuscular use (not recognized by
Medicare)
*CPT, Current Procedural Terminology.

CIs for incidence rates based on the assumption that
incidence rates followed a Poisson distribution. We
compared rates for the entire year (August 1–July
31) and for December through March, the 4 months
with the highest detection of influenza by surveillance data (23). We selected age, year, and sex, a priori, and adjusted the relative rates of ARI for these
factors. We calculated person-time by using the total
months each enrollee spent in a health plan supplying data to MarketScan during each study period.
We conducted all analyses by using SAS version 9.4
(https://www.sas.com). The p values were 2-sided,

and we considered a p value <0.05 as being statistically significant.
Results
During August 2012–July 2017, a total of 47.2 million unique enrollees representing 115 million person-years of observation were included in the US
MarketScan database (Table 4). Some enrollees did
not complete an entire year of follow-up; 87% were
enrolled for an entire year and 95% for >10 months.
Age distribution of all enrollees compared with
those with immunosuppressive conditions varied:

Table 4. Prevalence of immunosuppressive conditions by person age and sex for acute respiratory illness in the MarketScan
database, United States, July 2012–August 2017
Immunosuppressive conditions†
Characteristic
All enrollees, person-years, no. (%)*
Person-years (%)
Prevalence/100 person-years, %
Total
115,113,322 (100)
6,823,509 (100)
5.9
Age, y
<1–8
11,074,106 (10)
160,137 (2)
1.4
9–17
13,666,230 (12)
474,703 (7)
3.5
18–49
52,413,795 (46)
2,580,737 (38)
4.9
50–64
28,552,259 (25)
2,470,817 (36)
8.
>65
9,406,932 (8)
1,137,115 (17)
12.1
Sex
M
55,282,285 (48)
2,597,852 (38)
4.7
F
59,831,037 (52)
4,225,657 (62)
7.1

*Person-time was calculated by using the total months each enrollee spent in a health plan supplying data to MarketScan during the study period. During
August 2012–July 2017, a total of 47.2 million unique enrollees were in our MarketScan analysis.
†See Figure 1. Denotes patients had International Classification of Diseases codes for either 3 immunosuppressive conditions OR 3 conditions +
immunosuppressive pharmacologic treatment (chemotherapeutic agents or immune-modeling agents or systemic corticosteroids >14 d).
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10% versus 2% for those <8 years of age, 12% versus
7% for those 9–17 years of age, 46% versus 38% for
those 18–49 years of age, 25% versus 36% for those
50–64 years of age, and 8% versus 17% for those >65
years of age) (Table 5).
Among 115 million person-years contributed
during the study period, we found a prevalence of
5.9% for immunosuppressive conditions; prevalence
was higher for female patients (7.1%) than for male
patients (4.7%) (Table 5). Prevalence was 6.2% in the
18–64 year age group and 2.6% among children <18
years of age. Among enrollees with immunosuppressive conditions, 27% had HIV/AIDS, hematologic malignancy, or other intrinsic immune conditions; 36% had solid malignancies, organ transplant,
or rheumatologic/inflammatory conditions treated
with immunosuppressive medications; and 37% were
related to immunosuppressive medications without
the presence of an immunosuppressive medical conditions. We noted some increases in prevalence for
immunosuppressive conditions during 2012–2017 for
each of the age groups (Figure 2). When we included
additional conditions not in the Greenberg algorithm
(20) (sickle cell disease, asplenia, and psoriatic arthritis), our overall results did not change.
During the study period, we identified 542,105
ARI hospitalizations, of which 173,665 (32%) occurred
in enrollees who had immunosuppression (Table
6). Annual rates of ARI were 4.2-fold higher among
enrollees with immunosuppressive conditions (25.5
cases/1,000 person-years) compared with enrollees
without immunosuppressive conditions (4.7 cases/

1,000 person-years). When we restricted analysis to
only the first 2 immunosuppressed groups without
the immunosuppressive medications only group, we
found that rates of ARI were 4.25-fold higher. Enrollees with immunosuppressive conditions accounted
for 15% of the ARI hospitalizations among children
<18 years of age and 38% of the ARI hospitalizations
among persons 18–64 years of age.
Age-stratified relative rates of ARI hospitalization adjusted for sex and year were higher among
those with immunosuppressive conditions compared
with immunocompetent enrollees <1–8 years of age
(8.1%, 95% CI 7.8%–8.4%), 9–17 years of age (5.0%,
95% CI 4.7%–5.4%), 18–49 years of age (6.7%, 95%
CI 6.5%–6.8%), and 50–64 years of age (4.8%, 95% CI
4.6%–4.9%) (Table 5). The relative rates of ARI hospitalization annually were similar to the relative rates
during peak influenza months of December–March.
Rates of influenza vaccination were also higher
among enrollees 0–8 years of age (1.24-fold), 9–17
years of age (1.29-fold), 18–49 years of age (1.7-fold),
and 50–64 years of age (1.4-fold) with immunosuppressive conditions compared with enrollees without
immunosuppressive conditions (Table 5).
Discussion
With the availability of new immunotherapy drugs
and treatment practices for patients who have malignancies and chronic inflammatory diseases, persons with immunosuppressive conditions could account for an increasing proportion of patients in the
United States (4,25–28). A systematic review suggests

Table 5. Acute respiratory illness hospitalizations for patients by age who had immunosuppressive conditions in MarketScan
database, United States, July 2012–August 2017*
ARI hospitalizations in
ARI in immunosuppressed versus
All ARI hospitalizations
immunosuppressed persons†
nonimmunosuppressed persons,
Rate/1,000
Rate/1,000
relative rate/1,000 person-years
Characteristic
No.
person-years
No. (%)
person-years
(95% CI)‡
Year round, August–July
Age, y
All
542,105
4.7
173,665 (32.0)
25.5
4.2 (4.0–4.3)
>1–8
50,170
4.5
6,638 (13.2)
41.2
8.1 (7.8–8.4)
9–17
14,388
1.1
2,839 (19.7)
6.0
5.0 (4.7–5.4)
18–49
88,051
1.7
29,136 (33.1)
11.3
6.7 (6.5–6.9)
50–64
142,631
5.0
57,512 (40.3)
23.3
4.8 (4.6–4.9)
>65
246,865
26.2
77,540 31.4)
68.3
2.1 (2.0–2.1)
Peak influenza season, December–March
Age, y
All
240,856
6.3
77,308 (32.1)
34.0
4.3 (4.2–4.5)
<1–8
27,084
7.3
3,408 (12.6)
63.4
7.9 (7.5–8.3)
9–17
5,838
1.3
1,258 (21.5)
7.9
5.7 (5.1–6.4)
18–49
37,190
2.1
12,786 (34.4)
14.8
6.8 (6.8–7.4)
50–64
61,316
6.4
25,491 (41.6)
31.0
5.0 (4.8–5.2)
>65
109,428
34.9
34,365 (31.4)
90.8
2.1 (2.0–2.2)
*ARI, acute respiratory illness.
†See Figure 1. Immunosuppressive denotes patients had International Classification of Diseases codes for either 3 immunosuppressive conditions OR 3
conditions plus immunosuppressive pharmacologic treatment (chemotherapeutic agents or immune modulators or systemic corticosteroids >14 d).
‡Relative rates of ARI were adjusted for year of hospitalization and sex.
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Figure 2. Prevalence of
immunosuppressive conditions
among children and adults in
MarketScan claims database,
United States, August 2012–
July 2017.

that these patients, especially those who have HIV,
solid-organ and stem-cell transplants, and cancer, as
well as patients receiving biologic agents, have an increased risk for influenza-related complications and
suboptimal immune responses to standard IIV (11).
Our analysis indicates that ≈6% of the enrollees in a
large US claims database had immunosuppressive
conditions during 2012–2017, which might represent
some 12 million US persons if these rates are similar
in the general US population (29). We found that risk
for ARI hospitalization was 5–8-fold higher among
enrollees <65 years of age who we classified as immunosuppressed, which is consistent with results of
published studies that documented higher risk for
complications from influenza and other pathogens in
this patient population (5,30–35). The higher risk for
ARI hospitalizations in enrollees with immunosuppression is also consistent with studies demonstrating inferior antibody responses to standard IIVs in
immunosuppressed patients. (11). Some 38% of all
patients 18–64 years of age hospitalized for ARI had
immunosuppressive conditions. Our results indicate
that immunosuppressed patient groups are disproportionally hospitalized for ARI and likely at high
risk for complications from influenza.
Data are limited on whether enhanced vaccines
would improve protection against influenza in immunosuppressed patients compared with standard
IIVs. Immunosuppressive conditions are heterogeneous, comprising a wide range of immune states,
some of which are time-variant, including receipt of
immunosuppressive medications. Clinical trials of
1726

influenza vaccines typically include healthy persons.
Studies assessing vaccine immunogenicity in patients
with immunosuppressive conditions usually focus
on a few specialized conditions; because of sample
size limitations for efficacy endpoints, these studies
typically focus on immunogenicity (18,19,36–41). A
meta-analysis of studies has demonstrated strongly
reduced humoral immune responses to standard IIVs
in immunosuppressed patients who had HIV, organ
transplants, or cancer and those receiving immunosuppressive medications (11). The pooled odds of
increased antibody titers after IIV ranged from 0.24
to 0.71 among immunosuppressive conditions compared with nonimmunosuppressive conditions (11).
Studies of high-dose seasonal IIVs have demonstrated
consistently stronger antibody responses (1.1–6.7-fold
increase in antibody titers) compared with standard
IIVs in adults <65 years of age (18,19,36,38,39). Studies of adjuvanted seasonal IIVs have not consistently
resulted in improved immune responses compared
with standard IIVs (19,42–44). Although these studies
of high-dose IIVs offer hope for improving immune
response in immunosuppressed patients, they are not
likely to represent the entire spectrum of conditions
that might affect the immune system and might not
reflect actual clinical efficacy.
Our analysis offers a starting point for identifying patients that clinical trials of healthy participants
typically do not capture and in whom protection from
standard vaccines might be suboptimal. A great deal
of heterogeneity exists in immunosuppressive conditions with varying degrees of immunosuppression and
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conditions that affect different components of the immune system. The conditions captured in our analysis
probably represent the severe end of the immunosuppression spectrum. For example, we did not assess certain medical conditions associated with lesser degrees
of immune suppression, such as diabetes and endstage renal failure (45,46). The risk for disease is likely
to vary among the immunosuppressive conditions
identified in our study. However, from a public health
perspective, a case definition of immunosuppression
provides a target population for assessing overall risk
for disease, rates of vaccination, and protective effects
of vaccination.
The increased rate of ARI hospitalizations and
influenza vaccination among immunosuppressed
enrollees in MarketScan datasets suggests that these
codes identified persons at increased risk for severe
manifestations of infection. In addition to an increase in severe infections caused by immunosuppression, higher rates of ARI hospitalization might
reflect differences in healthcare-seeking patterns or
admission practices. Patients who have some immunosuppressive conditions also have had reduced immune responses to standard IIV (11) and thus might
benefit from improved influenza vaccine strategies.
Further research evaluating performance of influenza vaccines among the immunosuppressed cohort
could help determine if expanded use of enhanced
vaccines is warranted and cost-effective. The case
definition for immunosuppressive conditions could
also be used to evaluate influenza vaccine effectiveness in hospital-based observational studies or large
administrative databases that individually link vaccination records to laboratory confirmed influenza
(12,47). Last, evaluation of antibody and cellular
immune responses to enhanced vaccines compared
with standard vaccines in patients with these broad
range of immunosuppressive conditions could help
bridge the evidence gap that is needed to inform licensure and policy decisions for expanding the use
of these vaccines.
Our results should be interpreted in the context of
several limitations. We used a previously developed

set of ICD codes for identifying active immunosuppression in patients who had sepsis, but not all patients with these conditions might have active immunosuppression. For example, although we specified
codes that included HIV only when symptomatic,
we cannot be certain about the degree of immunosuppression among patients who had ICD codes for
symptomatic HIV/AIDS. Conversely, we might have
missed other conditions that could be immunosuppressive. However, the approach proposed by Greenberg et al. is a reasonable start because these authors
validated these codes of immunosuppression against
medical records (sensitivity 87%, specificity 98%) and
identified that these patients had higher risk for sepsis (20). However, this validation occurred at 1 hospital, and the accuracy of the codes might be affected by
temporal differences in coding practices and among
medical institutions.
In addition, the switch from ICD-9 to ICD-10
might have affected our case definition and needs
further validation against individual medical records.
We used a broad definition for ARI hospitalization,
which is not specific to risk for influenza risk alone.
We also did not expand the use of the ARI discharge
codes to beyond the third position because it would
reduce the positive predictive value of the code. A
review demonstrated that ≈15% of winter ARI hospitalizations are attributable to influenza (48). However, the relative differences in respiratory diseases
between potentially immunocompromised and nonimmunocompromised enrollees was informative and
is consistent with the higher risk for severe complications from infectious illnesses, including influenza, in
this population. MarketScan vaccination data probably underestimate true influenza vaccine coverage
in the population, particularly for persons >65 years
of age, because not all vaccinations are billed to insurance companies (24). However, the relative vaccination rates for immunosuppressed and nonimmunosuppressed persons were informative and unlikely to
be affected.
Our study also considered an enrollee immunosuppressed during the study year if they met

Table 6. Age-specific influenza vaccination coverage and relative rates of coverage in enrollees with and without immunosuppressive
conditions in MarketScan database, United States, July 2012–-August 2017
Vaccine coverage, %
Relative rate of vaccination, immunosuppressed versus
Age, y*
Immunosuppressed
Nonimmunosuppressed
nonimmunosuppressed, % (95% CI)
>1–8
60.1
58.3
1.24 (1.23–1.25)
9–17
47.2
40.5
1.30 (1.29–1.30)
18–49
20.9
14.7
1.72 (1.71–1.73)
50–64
28.9
23.9
1.47 (1.46–1.48)
>65
30.3
27.9
1.27 (1.26–1.28)
*MarketScan vaccination data probably underestimate true influenza vaccine coverage in the population particularly for persons >65 years of age
because not all vaccinations are billed to insurance companies (24). Relative rates of vaccination between immunosuppressed and
nonimmunosuppressed should not be affected.
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the case definition at any point in the year, but immunosuppression can be time-variant. Data from
MarketScan represents a subset of the US insured
population and might not be generalizable to other
insured or noninsured populations (49,50). Claimsbased data are also subject to inaccuracies and missingness. Insured patients are likely healthier than
uninsured patients and thus our data may underestimate immunosuppression. Although we did not
observe substantial increases in prevalence of immunosuppression, prevalence might be higher after
the onset of the study period because of increasing
coverage of these medications through insurance
providers that are captured by MarketScan. Last, although some enrollees dropped out before the end
of the 12-month study period, prevalence estimates
would be unaffected if drop-out rates were similar
between immunosuppressed and nonimmunosuppressed enrollees.
In conclusion, our findings quantify that immunosuppressive conditions, many of which impair
immune responses to standard influenza vaccines,
affect ≈6% of the enrollees in a large US claims database. Patients identified by our case definitions manifested higher risk for complications from respiratory
infections, with 1 in 3 ARI hospitalizations occurring among patients who were immunosuppressed.
Consequently, novel strategies to improve efficacy of
influenza vaccines in these high-risk patients could
substantially reduce the overall burden of severe influenza and hospitalizations in the population.
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CrAssphage as a Novel Tool
to Detect Human Fecal
Contamination on Environmental
Surfaces and Hands
Geun Woo Park, Terry Fei Fan Ng, Amy L. Freeland, Vincent C. Marconi, Julie A. Boom,
Mary A. Staat, Anna Maria Montmayeur, Hannah Browne, Jothikumar Narayanan,
Daniel C. Payne, Cristina V. Cardemil, Aimee Treffiletti, Jan Vinjé

CrAssphage is a recently discovered human gut–associated bacteriophage. To validate the potential use
of crAssphage for detecting human fecal contamination on environmental surfaces and hands, we tested
stool samples (n = 60), hand samples (n = 30), and
environmental swab samples (n = 201) from 17 norovirus outbreaks for crAssphage by real-time PCR. In
addition, we tested stool samples from healthy persons
(n = 173), respiratory samples (n = 113), and animal fecal specimens (n = 68) and further sequenced positive
samples. Overall, we detected crAssphage in 71.4% of
outbreak stool samples, 48%–68.5% of stool samples
from healthy persons, 56.2% of environmental swabs,
and 60% of hand rinse samples, but not in human respiratory samples or animal fecal samples. CrAssphage
sequences could be grouped into 2 major genetic clusters. Our data suggest that crAssphage could be used
to detect human fecal contamination on environmental
surfaces and hands.

H

ygienic practices, including disinfection of environmental surfaces, are important to reduce
exposure to pathogens that spread through fecal–
oral transmission. Thus, monitoring of human fecal
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contamination and identifying the source of contamination is an important approach to prevent transmission of gastroenteritis viruses for which humans are
the only natural host (e.g., human norovirus) (1). Culturable bacteria (e.g., Escherichia coli, Enterococcus spp.,
and Bacteroides spp.) are widely used as indicators to
assess the presence of human fecal contamination of
environmental waters (2–5). However, fecal indicator
bacteria are not specific to human fecal contamination
(6) and have a poor correlation with exposure risk to
enteric viruses (4,7–9).
Over the past few decades, several viruses (e.g.,
human polyomavirus, Aichi virus, norovirus, and
human adenovirus) have been studied as human
fecal indicators for the detection of sewage-contaminated source and drinking water (10–13). Recently,
both norovirus and adenovirus have been suggested
as potential biomarkers of viral contamination to assess hygiene status and potential human health risk
of contaminated surfaces and hands of affected persons (4,12,14–17). However, the detection of those viruses in indoor environments was relatively rare and
inconsistent, making it difficult to estimate indoor hygiene and limiting their applicability for use in both
industrial and regulatory settings (12,14–17).
Recently, a new DNA bacteriophage was discovered by computational analysis of publicly accessible human fecal metagenomics data and was
named crAssphage, referring to the Cross-Assembly
software that was used for its discovery (18). The
single-stranded circular DNA genome is 97 kbp in
size with 80 predicted open reading frames (ORFs)
(18). Genetically, crAssphage are extremely heterogenous and can be grouped into at least 10 different
genera (18,19). Various bacteria of the phylum Bacteroidetes have been proposed as the primary hosts of
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crAssphage, which was supported by recent findings
that phage ΦCrAss001 from human feces could be
isolated in Bacteroides (20). To date, crAssphage has
primarily been detected in human stools and rarely
in animals (18,21). In addition, crAssphage can be
found at high levels in sewage throughout the year
and correlate with the detection of fecal indicators (E.
coli, enterococcus, human polyomavirus, and somatic
coliphage), suggesting they could be used for monitoring human fecal pollution of water (21–25).
In this study, we aimed to validate the potential
use of crAssphage to detect human fecal contamination on environmental surfaces and hands. We tested
human stool samples, environmental swab samples,
and hand rinse samples collected during norovirus
outbreaks, as well as stool samples from persons
without acute gastroenteritis (AGE) and saliva and
nasal samples from humans with respiratory symptoms. To confirm the specificity of crAssphage for the
human gut, we also tested fecal specimens from cats,
rats, rhesus monkeys, and husbandry animals (cows,
pigs, sheep, and horses).
Materials and Methods
Clinical Samples from Humans

In this study, we used archived fecal specimens that
had been collected from patients with AGE from 5
norovirus outbreaks on cruise ships during 2015–2016
(n = 30) and from 12 norovirus outbreaks in long-term
care facilities (LTCFs) in Oregon during 2013–2016 (n
= 30) (26). In addition, we tested 22 vomitus samples
from norovirus-positive patients as well as 43 saliva
and 48 nasal swab samples from norovirus-negative
patients. In addition, stool specimens from 2 cohorts
of persons without AGE symptoms were included:
adults >25 years of age who participated as non-AGE
controls in a study to determine the incidence of norovirus in Veteran Affairs Medical Centers (VAMCs)
(IRB approval no. 00091065) (27) and children <5
years of age who participated in the New Vaccine and
Surveillance Network (IRB approval no. 6164) (28).
Because stool samples from the norovirus outbreaks
were categorized as public health nonresearch, human subject regulations did not apply.
Fecal Samples from Animals

We obtained fecal samples from 3 laboratory animals
(rhesus monkeys [n = 12], rats [n = 4], and cats [n =
2]) without diarrhea from archived collections at the
Centers for Disease Control and Prevention (CDC)
in Atlanta, Georgia. In addition, fecal DNA extracts
from cows (n = 10), sheep (n = 10), horses (n = 10), and
1732

pigs (n = 30) were provided by Jeong Kwang Cheol at
the University of Florida and Qiuhong Wang at Ohio
State University.
Environmental Swab and Hand Rinse Samples

We collected environmental swab samples at the time
of disembarkation of 5 cruise ships (cruise ship A–E)
that experienced norovirus outbreaks. We sampled
hard surfaces, including toilet seats, toilet door handles, telephone handles, television remote controls,
and door handles in cabins that had been occupied by
passengers who had reported AGE symptoms by using macrofoam swabs (Puritan, https://www.puritan
medproducts.com) as described previously (29). On
cruise ship B, we sampled the same environmental
surfaces again 3 weeks later when no elevation of the
number of AGE cases was reported; these samples are
expressed as “B, follow up.” We collected all swab
samples before standard surface cleaning procedures
for each ship. We shipped swab samples on dry ice to
CDC and stored them at -80°C until testing. We also included in this study archived hand rinse samples collected from 30 norovirus patients in LTCFs (26).
Nucleic Acid Extraction and Real-Time PCR
Detection of CrAssphage

We extracted total nucleic acid from clinical samples,
hand rinse samples, and swabs, as described previously (26,29; Appendix, https://wwwnc.cdc.gov/
EID/article/26/8/20-0346-App1.pdf). We designed
oligonucleotide primers and probes on the basis
of conserved regions of the DNA polymerase gene
(ORF00018) from 43 publicly available crAssphage
strains by using the real-time quantitative PCR assay tool from Integrated DNA Technologies (https://
www.idtdna.com) (18). Primer sequences had no
more than 1 mismatch with the prototype CrAssphage genome (GenBank accession no. NC_024711).
We tested extracted DNA from clinical and environmental samples by using TaqMan real-time PCR and
the AgPath-ID One Step RT-PCR Kit (ThermoFisher
Scientific, https://www.thermofisher.com ) on an
Applied Biosystems 7500 platform (also ThermoFisher Scientific); the oligonucleotide primers (TN201/
TN203) and probe (TN202) generated a 146-bp product (Table 1) (Appendix). We amplified the full-length
ORF00018 (DNA polymerase) gene of a sample (ship
E [stool II] in Figure 1) by using primers CrAssPol-F
and CrAsspol-R (Table 1) to generate a 2,428-bp amplicon, as described previously (30). In each experiment, we included a 10-fold serial dilution (105.7–100.7
copies/3 µL) of this purified and quantified amplicon
to generate a standard curve. The detection limit of
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Table 1. Oligonucleotide primers and probe used for detection and typing of crAssphage
Primer or
probe
DNA sequence
CrAssPol_F†
5-CGG CGG GTT AAT CAA AAT AGA A-3
CrAssPol_R†

5-GCG GAG AAC CCC ATT TAT TAA TAA G-3

TN201

5-ATG TWG GTA RAC AAT TTC ATG TAG AAG-3

TN203

5-TCA TCA AGA CTA TTA ATA ACD GTN ACA ACA-3

TN202

FAM-5-ACC AGC MGC CAT TCT ACT ACG AGH AC-3-BHQ1

JP1crasF

5-TAA AAC TAC WAT TTA TAG AGT TAA TAA AGA TGC STT TAG T-3

Position*
8907–8928
(flanking pol)
11334–11310
(flanking pol)
10919–10945
(within pol)
11111–11082
(within pol)
11079–11054
(within pol)
10023–10062
(within pol)

Description
Forward primer
conventional PCR
Reverse primer
conventional PCR
Forward primer
real-time PCR
Reverse primer real-time
PCR and typing PCR
Probe real-time PCR
Forward primer typing

*The sequence position was determined against a crAssphage sequence from GenBank (accession no. NC_024711).
†Liang et al. (30).

the crAssphage real-time PCR was 0.7 DNA copies
per PCR reaction. The average slope and deviation of
the standard curves was 3.3626 + 0.0377 (r2 >0.9926).
We calculated the concentration of crAssphage by
converting cycle threshold values to DNA copies.
DNA Sequencing of crAssphage

To enable sequencing, we amplified DNA from realtime PCR–positive samples by using oligonucleotide
primers JP1crasF/TN203 (Table 1) to generate a 1,089bp PCR amplicon (Appendix). We sequenced the purified PCR products by using 500-cycle (2 × 250-bp
paired-end) MiSeq Reagent Kit (Illumina, https://
www.illumina.com). After filtering and trimming raw
sequence reads, we assembled contigs by using the de

novo assembler SPAdes 3.7.0 (http://cab.spbu.ru/
software/spades) (Appendix). We analyzed assembled crAssphage amplicon sequences by read mapping and gene annotation using Geneious 11.1.2 (Biomatters, https://www.geneious.com), as described
previously (31). The GenBank accession numbers for
the strains sequenced in this study are MT475797–824
(Figure 1) and MT475766–96 (Figure 2).
Phylogenetic and Sequence Analyses

We generated multiple sequence alignment of crAssphage sequences by using MUSCLE (32) and constructed maximum-likelihood phylogenetic trees by using
PhyML (33). We used the best nucleotide substitution
model analyzed by Smart Model Selection based on

Figure 1. Phylogenetic relationships and pairwise sequence comparison of crAssphage strains from swab samples collected during
norovirus outbreaks on cruise ships. A) Phylogeny of crAssphage on cruise ships, showing ship and source for each strain. Inset shows
position of cruise ship strains among reference strains; scale bar indicates number of nucleotide changes between sequences. B) Colorcoded pairwise identity matrix for crAssphage strains. Each cell includes the percentage identity among 2 sequences (horizontally to the
left and vertically at the bottom). Key indicates pairwise identity percentages.
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Figure 2. Phylogenetic relationships and pairwise sequence comparison of crAssphage strains from hand rinse samples collected
during norovirus outbreaks at long-term care facilities. A) Phylogeny of crAssphage strains. Strain identification includes facility (A–J),
strain number, and human source (H, healthcare worker; R, resident) for each isolate. Sample source and genotypes are indicated. Red
strain names indicate that both hand and stool sample are genetically related, blue strain names that paired hand and stool samples are
genetically distinct. Black strain names indicate hand or stool sample pairs that tested negative for crAssphage. Inset shows position of
long-term care strains among reference strains; scale bar indicates number of nucleotide changes between sequences. (B) Color-coded
pairwise identity matrix for crAssphage strains. Each cell includes the percentage identity among 2 sequences (horizontally to the left
and vertically at the bottom). Key indicates pairwise identity percentages

the Bayesian information criterion (34) and calculated
pairwise nucleotide identity (NI) between sequences
by using the Sequence Demarcation Tool (35).
Data Analysis

We determined sensitivity, specificity, and predictive
values of crAssphage on norovirus co-infection (or cocontamination) as described previously (36). We performed log transformation, followed by the Wilcoxon
rank-sum test, to compare the median crAssphage
concentration (log10 genomic copies per sampled object for surface and hand rinse sample or per gram
for stool) between different comparison groups. We
used SPSS Statistics 21 (IBM, https://www.ibm.com)
for statistical calculations and considered differences
with p values <0.05 to be statistically significant (37).
Results
Detection of crAssphage in Human and
Animal Samples

Overall, we detected crAssphage in 71.4% of human
stool samples, including 42 (70.0%) of the 60 stool
samples collected from 17 norovirus outbreaks, 46
(48%) of the 96 stool samples from adults >25 years
of age without AGE symptoms and 53 (68.8%) of the
1734

77 stool samples from children <5 years of age with
AGE symptoms (Table 2). Specifically, 23 (76.7%) of
the 30 stool samples from the 5 norovirus outbreaks
on cruise ships tested positive, and 19 (63.3%) of 30
stool samples collected from the 12 norovirus outbreaks in LTCFs tested positive (Table 2). Thirty-nine
(65.0%) of the 60 stool samples tested positive for
both crAssphage and norovirus. The median concentration of crAssphage per gram of stool ranged from
5.9 (range 2.8–8.9) log10 genome copies in samples
from norovirus outbreaks to 8.1 (range 3.1–10.3) log10
genomic copies in samples from adults without AGE
symptoms and 8.4 (range 4.1–10.1) log10 genomic
copies in samples from children <5 years of age without AGE symptoms. All vomitus samples from patients in norovirus outbreaks as well as saliva and
nasal swab samples from children with respiratory
symptoms tested negative for crAssphage. We did
not detect crAssphage in any of the 78 fecal samples
from animals.
Detection of crAssphage on Environmental
Surfaces on Cruise Ships

We collected a total of 201 swab samples from frequently touched surfaces on 6 cruise ship voyages (5
cruise ships [A–E]) during norovirus outbreaks and
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Table 2. Prevalence of crAssphage in stool samples from norovirus outbreaks on cruise ships and in long-term care facilities and
healthy controls without acute gastroenteritis
% CrAssphage (no.
Setting (no. samples)
Age, y, (range)
positive/no. tested)
crAssphage titer (range)*
Cruise ship voyages† (5)
65.5 (29–88)
76.7% (23/30)
4.5 (3.2–8.9)
Long-term care facilities‡ (12)
63.5 (18–87)
63.3% (19/30)
5.4 (2.8–8.9)
Adults without acute gastroenteritis (96)
59.0 (28–83)
48% (46/96)
8.1 (3.1–10.3)
Children without acute gastroenteritis (77)
1.1 (0.2–5.0)
68.8% (53/77)
8.4 (4.1–10.1)
*log10 genomic copies per gram of stool sample.
†This study.
‡Park et al. (26).

1 cruise ship (B, follow up) 3 weeks after a norovirus outbreak). We detected crAssphage DNA in 113
(56.2%) of the swab samples. The rates for each individual cruise ship were as follows: 15.2% (5/33)
(cruise ship A); 84.8% (28/33) (cruise ship B); 62.3%
(19/31) (cruise ship C); 44.7% (17/38) (cruise ship
D); 72.7% (24/33) (cruise ship E); and 60.6% (20/33)
(cruise ship (B, follow up).
On Surfaces in Cabins of Norovirus-Positive Patients

A total of 47 (58.8%) of 80 swab samples tested positive for crAssphage; median concentration was 2.5
(0.8–5.6) log10 genomic copies per surface (Table 3).
Remote controls had the highest crAssphage contamination (87.5%), followed by toilet seats (68.5%),
which had the highest crAssphage titer, 3.3 log10
(1.2–5.6) log10 genomic copies per seat. Of the 80 swab
samples, 29 (36.3%) tested positive for norovirus; 11
of those samples also tested positive for crAssphage.
The positive predictive value (PPV) of norovirus coinfection of crAssphage-positive samples was 38.0%;
the negative predictive value (NPV) was 29.4% (Table
4). Compared with all surfaces sampled, toilet seats
(56.3%) in the cabins from AGE-positive passengers
had the highest norovirus contamination, with an average concentration of 5.5 (3.1–7.4) log10 genomic copies per surface.
On Surfaces in Public Areas

Of all surfaces in public areas on cruise ships that
were sampled, 51.5% (21/64) tested positive for
crAssphage; median concentration was 2.4 (1.6–3.2)
log10 genomic copies per surface. Five surfaces in
public areas (casino chips, a medical center clipboard,
gift shop register touch screens, surfaces that were
exposed to a public vomiting incident, and edges of
a trolley for dirty linen) had contamination of >50%.
Only 5 surfaces, including a menu folder (cruise ship
A), a medical center clipboard (cruise ship A), hand
contact surfaces in the public vomiting incident location (cruise ship A), hand rails in the atrium (cruise
ship B), and ATM buttons (cruise ship C), tested
positive for human norovirus; titers were 1.8–5.1 log10

genomic copies per surface. Two of the 5 noroviruspositive surfaces (a medical center clipboard and a
handrail in the atrium) also tested positive for crAssphage. PPV for norovirus co-contamination of crAssphage-positive surfaces was 40.0%; NPV was 67.8.
Three Weeks after a Norovirus Outbreak

Seven (46.7%) of the 15 swab samples collected from
cabins on cruise ship B that had been occupied by
patients with AGE 3 weeks earlier tested positive for
crAssphage, whereas 7 (38.9%) of the 18 surfaces in
public areas tested positive. Compared with results
from the same cruise ship immediately after the outbreak 3 weeks earlier, the number of crAssphagepositive surfaces decreased from 12 to 7 in public areas of cruise ship B. However, swabs from 6 surfaces
(ATM buttons, a buffet utensil, a medical center clipboard, atrium handrails, a wheelchair handle rest in
passenger areas, and smoking bar countertop surfaces in the crew smoking room) tested positive for
crAssphage again. Two crAssphage-positive swab
samples collected from a handrail (ship B handrail,
follow-ups 1 and 2) and a wheelchair (ship B wheelchair, follow-ups 1 and 2) on cruise ship B contained
multiple crAssphage sequences (Figure 1). These
sequences were genetically distinct from those detected during the norovirus outbreak on the same
cruise ship 3 weeks earlier (voyage B), suggesting
not persistence of previous fecal material but more
recent contamination with human fecal matter. In
contrast, norovirus contamination on surfaces decreased from 24.2% (8/33) during the outbreak to
3.0% (1/33) 3 weeks later.
Contamination of Hands with crAssphage
during Norovirus Outbreaks in LTCFs

In total, 18 (60.0%) of 30 hand rinse samples tested
positive for crAssphage, including samples from 7
healthcare workers (HCWs) and 11 residents. Both
hand rinse and stool samples from 15 norovirus patients (4 HCWs and 11 residents) tested positive for
crAssphage (Appendix Table). In a previous study,
we reported that 14 (46.7%) of 30 hand rinse samples
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tested positive for norovirus, including 3 HCWs
and 11 residents (26). Overall, 2 (28.6%) of 7 crAssphage-positive hand rinse samples from HCWs and 8
(72.7%) of 11 from residents tested positive for human
norovirus. The PPV was 72.7% and the NPV 25.0%
for co-contamination of crAssphage-positive hands of
residents with norovirus, whereas for HCWs the PPV
was 66.7% and NPV 58.3%.
Sequence and Phylogenetic Analysis of crAssphage

Of the 42 PCR-positive stool samples, 30 (71.4%) were
successfully sequenced and the titer of the remaining 12 samples was too low. Sequences from several
crAssphage were identical (e.g., ship Dstool V# 1 and
ship D stool IV, and ship C stool III and ship D stool
II) (Figure 1). Overall, crAssphage sequences detected
in samples from cruise ships rarely clustered closely
together (Figure 1), whereas crAssphage from LTCFs
were more closely related, with near-identical sequences (99%–100% NI) (Figure 2).
From the cruise ship outbreaks, 13 (56.5%) of the 23
crAssphage-positive stool samples and 10 (8.8%) of 113
crAssphage-positive swab samples were sequenced

successfully. Phylogenetic analysis showed that
crAssphage sequences could be grouped in 2 genetic clusters within proposed genus 1 (19) (Figure 1).
Several samples contained multiple crAssphage sequences, including multiple stool samples with >1 sequence (ship D), swab samples from a wheelchair and
a handrail each containing 2 sequences (ship B, follow
up), and a swab sample from a public vomiting event
(ship B) containing 3 different crAssphage sequences.
From the crAssphage in LTCFs, 17 (89.5%) of 19
stool samples and 13 (72.2%) of 18 positive hand rinse
samples were successfully sequenced. The sequences could be grouped in 2 clusters that had <83% NI
(Figure 2, panel A). Within each cluster, crAssphage
was genetically diverse, with pairwise NI ranging from 96% to 100% (Figure 2, panel B). Identical
crAssphage sequences were detected in paired hand
rinse and stool samples from 5 persons (3 residents
[G0636, B0608, and J0621] and 2 HCWs [E0626 and
B0600]) (Figure 2). Among those persons, 2 residents
[G0636, and J0621] had identical norovirus sequences in paired hand and stool samples as well. In contrast, crAssphage sequences in stool samples from 2

Table 3. Prevalence of crAssphage and human norovirus on environmental surfaces on 5 cruise ships with norovirus outbreaks
CrAssphage
Norovirus
No. positive/total
Concentration*
No. positive/total
Concentration*
Sampled objects†
no. (%)
(range)
no. (%)
(range)
Cabins of norovirus-positive patients
Toilet seatsP
11/16 (68.5)
3.3 (1.2–5.6)
9/16 (56.3)
5.5 (3.1–7.4)
Toilet door handlesM
7/16 (43.75)
2.3 (1.0–3.1)
5/16 (31.3)
5.1 (3.7–5.7)
P
Telephone handles
9/16 (56.4)
2.4 (1.7–3.5)
3/16 (18.8)
4.9 (4.9–5.5)
Remote control surfacesP
14/16 (87.5)
2.6 (1.4–4.1)
5/16 (31.3)
3.6 (2.9–5.1)
Cabin door handlesM
6/16 (37.5)
2.0 (0.8–3.4)
6/16 (37.5)
4.4 (3.1–6.0)
Overall
47/80 (58.8)
2.5 (0.8–5.6)
29/80 (36.3)
4.8 (3.1–7.4)
Public area (passenger area)
ATM buttonsP
2/3 (66.6)
2.8 (2.4–3.4)
1/3 (33.3)
1.8
Menu folderL
2/5 (40)
1.9(1.7–2.1)
1/5 (20.0)
4.9
Condiment containersM
2/5 (40)
2.2(2.1–2.3)
0/5 (0)
Buffet utensilsM
1/2 (50)
1.6
0/2 (0)
Ice cream handleP
1/4 (25.0)
2.2
0/3 (0)
Casino chipsP
3/5 (60)
2.7 (2.1–2.8)
0/5 (0)
Medical center clipboardsP
3/5 (60)
2.3 (2.1–2.5)
1/5 (20)
5.1
Gift shop register touch screensP
3/5 (60)
3.0 (2.7–3.0)
0/5 (0)
P
Youth center toys
2/4 (50.0)
2.1 (2.1–2.2)
0/4 (0)
Atrium hand railsW
2/5 (40.0)
3.0 (2.1–3.9)
1/5 (20)
4.1
Internet café keyboardsP
3/5 (60)
1.8(1.8–2.5)
0/5 (0)
Wheelchair handle restsP
2/5 (25)
2.9 (2.0–3.8)
0/5 (0)
Hand contact surfaces exposed to public
2/4 (50)
3.2 (2.8–3.5)
1/4 (25)
4.3
vomiting incidentM
Toilet seat surfaces in public rest roomP
3/3 (100)
4.7 (2.4–4.7)
0/3 (0)
0
Overall
21/64 (51.5)
2.4 (1.6–3.2)
5/64 (7.8)
3.3 (1.8–5.1)
Public area (crew area)
Time clock machinesP
3/5 (60)
2.2 (2.1–2.5)
0/5 (0)
Edges of trolley for dirty linensP
5/5 (100)
2.3 (1.8–3.2)
0/5 (0)
Elevator buttons in food service areasP
3/5 (60)
2.3 (2.1–3.1)
0/5 (0)
Computer keyboardP
2/5 (40)
2.3 (2.0–2.5)
0/5 (0)
W
Countertop surfaces in crew smoking room
2/5 (40)
2.3(2.1–2.5)
0/5 (0)
Overall
15/25 (60)
2.3 (1.8–3.2)
0/25 (0)
1

log10 genomic copies per sampled object.
Each superscripted character indicates surface material of sampled object as follows: P, plastic; M, metal; W, wood; and L, leather.

2

1736

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

CrAssphage to Detect Human Fecal Contamination

Table 4. Sensitivity, specificity, and predictive values of norovirus co-contamination on crAssphage positive environmental surfaces
and hand rinse samples*
Setting
Sample type Source (no. samples)
Sensitivity, %
Specificity, %
PPV, %
NPV, %
Cruise ship†
Swab sample
Case cabin (80)
23.4
45.5
38.0
29.4
Public area (64)
9.5
93.0
40.0
67.8
Overall (144)
19.1
72.4
38.2
50.0
LTCFs‡
Hand rinse
Resident (15)
72.7
25.0
72.7
25.0
sample
HCW (15)
28.6
87.5
66.7
58.3
Overall (30)
55.6
66.7
71.4
50.0
*HCW, healthcare worker; LTCF, long-term care facility; NPV, negative predictive value; PPV, positive predictive value.
†This study
‡Park et al. (26).

patients (resident D0611 and HCW B0601) did not
match their corresponding hand rinse sample. Also,
norovirus was detected only in the hand sample, not
a stool sample, from HCW B0601. A single crAssphage sequence was detected on hands from 2 HCWs
(D0645 and C0639), and 2 genetically different crAssphages were detected on the hand from 1 HCW
(D0618), whereas all stool samples from these 3 HCW
tested crAssphage negative.
The median concentration of crAssphage in the 30
stool samples that could be sequenced was 6.5 (range
2.8–8.9) log10 genomic copies per gram of stool, compared with 3.9 (range 3.2–6.6) copies for samples that
could not be sequenced (p<0.001). Viral load of crAssphage detected in environmental samples that could
be sequenced was 3.5 (2.0–5.4) log10 genomic copies
(n = 10), compared with 2.3 (range 0.6–5.6) copies (n =
103) for samples that could not be sequenced.
Discussion
We detected crAssphage in >60% of stool samples
from patients with AGE during norovirus outbreaks
as well in at least half of stool samples from healthy
populations but not in other clinical materials (vomitus, saliva, or nasal rinse) or fecal specimens from
animals. The high prevalence of crAssphage on surfaces and hands in norovirus outbreak settings suggests that these phages can be used as an indicator
to monitor human fecal contamination of environmental sources other than sewage-contaminated
water (21–25). CrAssphage contamination was also
frequently found on environmental surfaces in public
areas of cruise ships both during and after norovirus
outbreaks, suggesting a potential role of crAssphage
in monitoring fecal contamination on surfaces in
common settings that could be targeted for enhanced
cleaning and disinfection practices.
CrAssphage can be classified into 4 subfamilies, which can be further divided into 10 candidate
genera (18,19). In agreement with data from previous studies (19,38), we found genetically different
phages in stools and environmental surfaces from

different norovirus outbreaks. The extreme genetic
diversity of crAssphage could help to determine
possible contamination sources. For example, crAssphage strains in stool samples collected from the
same LTCFs during outbreaks displayed a strong
degree of interpersonal variation. Thus, identical
crAssphage sequences found in stool and hand rinse
samples of the same person suggest self-contamination, whereas different sequences suggest possible
contamination with fecal material from someone
else. On the basis of these assumptions, we concluded that the hands of most LTCF residents were
frequently self-contaminated, whereas the hands of
HCWs were more likely cross-contaminated, either
by contact with frequently touched environmental
surfaces or by assisting norovirus patients, highlighting the need to strictly adhere to hand hygiene
practices and to take additional contact precautionary measures during norovirus outbreaks.
This study has several limitations. First, although
we designed our PCR assay to detect crAssphage
based on a larger number of sequences than were
used in previous studies (21,23,30,39), only viruses
from 1 of the 10 recognized crAssphage genera were
detected, suggesting that crAssphage from other
genera would likely have been missed. Second, because gastroenteritis viruses such as norovirus are
often transmitted through vomitus or aerosols, use
of crAssphage during outbreaks might be limited
(40–42). Finally, because crAssphage assay was not
validated with other domestic animals that share
human-occupied spaces (e.g., dogs), nonhuman fecal
contamination could not completely be ruled out.
CrAssphage are strongly correlated with bacterial species related to Bacteroidetes but are not associated with diarrheal disease in adults (38,43).
Thus, the presence of crAssphage does not correlate
with norovirus contamination but rather with human fecal contamination. Detection of crAssphage
on environmental surfaces might help to better assess exposure risk for human norovirus in public areas (e.g., on cruise ships) as well as help to identify
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frequently touched surfaces that are often fecally
contaminated as key sites for enhanced cleaning
practices. Sequence analysis of crAssphage in paired
hand rinse and stool samples provided laboratory
evidence that hands of several persons were likely
cross-contaminated with fecal material from other
patients, suggesting that crAssphage can be used
as a tool to monitor fecal contamination patterns.
Because we did not test crAssphage contamination
before or after cleaning of environmental surfaces,
or assess hand hygiene practices performed by the
staff in the LTCFs during the norovirus outbreaks,
we recommend additional studies to guide prevention measures, such as enhanced cleaning (e.g., use
of the US Environmental Protection Agency’s registered products of list G).
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Evaluating the Effectiveness of
Social Distancing Interventions
to Delay or Flatten the Epidemic
Curve of Coronavirus Disease
Laura Matrajt, Tiffany Leung

By April 2, 2020, >1 million persons worldwide were infected with severe acute respiratory syndrome coronavirus 2. We used a mathematical model to investigate
the effectiveness of social distancing interventions in a
mid-sized city. Interventions reduced contacts of adults
>60 years of age, adults 20–59 years of age, and children <19 years of age for 6 weeks. Our results suggest
interventions started earlier in the epidemic delay the
epidemic curve and interventions started later flatten the
epidemic curve. We noted that, while social distancing
interventions were in place, most new cases, hospitalizations, and deaths were averted, even with modest
reductions in contact among adults. However, when interventions ended, the epidemic rebounded. Our models
suggest that social distancing can provide crucial time
to increase healthcare capacity but must occur in conjunction with testing and contact tracing of all suspected
cases to mitigate virus transmission.

S

evere acute respiratory syndrome coronavirus 2
(SARS-CoV-2) emerged in Wuhan, China, in December 2019 (1), and in March 2020, the World Health
Organization declared coronavirus disease (COVID-19) a pandemic (2). By April 2, 2020, COVID-19
had spread to >181 countries worldwide, and >1 million confirmed cases of COVID-19 and >50,000 deaths
had been reported globally (3).
On January 21, 2020, the first case of COVID-19
in the United States was identified in a traveler who
had recently returned to Washington from Wuhan
(4,5). By March 14, Washington had reported 642 confirmed cases and 40 deaths associated with COVID-19
(6). In response to the rapid spread of the virus, on
March 12, 2020, approximately 7 weeks after the first
confirmed case in the state, the governor of Washington announced a set of interventions in 3 counties
(7,8). More stringent prohibitions were soon imposed,
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followed by a shelter-in-place order lasting >6 weeks
beginning on March 25, 2020 (9). Similar interventions
have been enacted in other US states and in countries
in Europe (10,11,12).
We used an epidemic mathematical model to
quantify the effectiveness of social distancing interventions in a medium-sized city in the United States
or Europe by using Seattle, Washington, as an example. We provide estimates for the proportion of cases,
hospitalizations, and deaths averted in the short term
and identify key challenges in evaluating the effectiveness of these interventions.
Methods
We developed an age-structured susceptible-exposed-infectious-removed model to describe the
transmission of SARS-CoV-2 (Appendix). We divided the population into 10 age groups: 0–5, 6–9,
10–19, 20–29, 30–39, 40–49, 50–59, 60–69, 70–79, and
>80 years of age. We calibrated the model to the age
distribution of the population of the Seattle metropolitan area by using data from the US Census Bureau
(13). For each age group, we divided the population
into compartments: susceptible (S) for persons who
could be infected; exposed (E) for persons who have
been exposed but are not yet infectious; infectious (I);
and removed (R) for persons who have recovered or
died (Table; Figure 1). We only considered symptomatic infections on the basis of estimates that <1% of
infections are asymptomatic (15). We assumed only
20% of the cases would be identified because 80% of
cases are reported to be mild and would probably be
undocumented (16,17). We used previously reported
case-fatality and hospitalization rates by age group
(16,18). We used the contact matrix for 6 age groups
computed by Wallinga et al. (19) and extended it to 10
age groups (Appendix).
We used January 21, 2020, the day the first case
was identified in Washington, as the first day of our
simulation on the basis of the analysis by T. Bedford
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Table. Description of parameters used in the susceptible-exposed-infectious-removed mathematical model for evaluating the
effectiveness of social distancing interventions on coronavirus disease*
Parameter
Meaning
Value
Range
Reference
1/σ
Mean latent period
5.16 days
4.5–5.8 days
(14)
1/γ
Mean infectious period
5.02 days
3–9 days
†
β
Transmission coefficient
Calculated
NA
NA
С
Contact matrix
NA
NA
(19)
N
Total population
3.5 million
NA
(13)
*NA, not applicable.
†Q. Bi, unpub. data, https://www.medrxiv.org/content/10.1101/2020.03.03.20028423v3.

(20). By using genomic epidemiology of the first 2
COVID-19 cases identified in Washington, Bedford
found that SARS-CoV-2 had been circulating locally
for 6 weeks before the second case was identified in
the state (20).
We modeled social distancing by reducing the
contact rates in an age group for 6 weeks, corresponding to the policy in Washington in mid-March (7,8,21).
We divided the population into 3 major groups for
social distancing interventions: children, persons <19
years of age; adults 20–59 years of age; and adults >60
years of age.
We investigated the effectiveness of 4 scenarios
of social distancing. The first was distancing only
for adults >60 years of age, in which contacts for this
group were reduced by 95%. The rationale for this
scenario is that older adults are at highest risk for
hospitalization and death and should have the most
drastic restrictions in their contacts. Similar policies
were implemented in early April in some countries,
such as Sweden (22). In the second scenario, adults
>60 years of age would reduce social contacts by
95% and children would reduce contacts by 85%, as-

suming that most of the contacts of children occur at
school and would be reduced due to school closures.
This scenario corresponds to an intervention in which
the high-risk group is fully protected. In addition, it
reduces the contact rates for children, who are known
to be a major part of the chain of transmission for
other respiratory infectious diseases. Research indicates that children are infected with SARS-CoV-2 as
often as adults (Q. Bi, unpub. data, https://www.medrxiv.org/content/10.1101/2020.03.03.20028423v3)
but seem to have much milder symptoms (23). At this
point, whether their infectiousness also is reduced is
unclear. In the third scenario, adults >60 years of age
reduce contacts by 95% and adults <60 years of age
reduce contacts by 25%, 75%, or 95%. This scenario
corresponds to a policy in which high-risk age groups
still are protected and younger adults are somewhat
restricted in their contacts. However, persons in essential businesses can continue working and children can resume school, which is crucial considering
school closures have been shown to have an adverse
effect on the economy (24). In the fourth scenario,
contacts are reduced for every group; adults >60
Figure 1. Mathematical model
illustrating study population divided
into 10 age groups and stratified
as susceptible (S), exposed (E),
infectious (I), and removed (R)
from coronavirus disease epidemic.
Susceptible persons become
exposed at the force of infection
λ(t), progress to become infectious
at rate, σ, and are removed from
infecting others at rate, γ.
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years of age reduce contacts by 95%, children by 85%,
and adults <60 years of age by 25%, 75%, or 95%. This
scenario represents many interventions currently in
place throughout the world.
To quantify the uncertainty around our results,
we performed 1,000 simulations varying 3 parameters: the basic reproduction number (R0), the latent
period, and the duration of infectiousness (Appendix). For each statistic in the results, we computed the
error bars by removing the top and bottom 2.5% of
the simulations.
Results
Estimates for the duration of infectiousness for SARSCoV-2 range from 5 to 20 days (25; Q. Bi, unpub. data,
https://www.medrxiv.org/content/10.1101/2020.
03.03.20028423v3). Therefore, we analyzed the influence of the duration of infectiousness on the effectiveness of the social distancing interventions. We kept
all other parameters fixed but considered an epidemic
with infectious periods of 5, 6, 7, or 8 days, which correspond to the most plausible values (25; Q. Bi, unpub. data, https://www.medrxiv.org/content/10.11
01/2020.03.03.20028423v3).

In our model, when the infectious period was set
to a shorter time of 5 days, the epidemic peaked at
100 days after the introduction of the first case. As
we extended the infectious period, the epidemic took
much longer to take off (Figure 2) because we kept
a fixed R0, so that a longer infectious period implied
a smaller infectious rate. When we used the longest
infectious period of 8 days, we noted the epidemic
peaked 128 days after the first case was introduced.
Therefore, early interventions delay the epidemic
but do not substantially change the pool of susceptible persons, which allows similar-sized epidemics
to occur later (Figure 2).
We then considered the delay of the epidemic
under the 4 social distancing interventions and different infectious periods (Figure 2). As expected, the
fourth social distancing strategy, the one applied to
all age groups, delayed the epidemic the longest, >50
days, compared with a baseline of using no interventions. Targeting adults >60 years of age and children
delayed the epidemic by ≈10 days, regardless of infectious period. Targeting adults <60 and >60 years
of age delayed the epidemic by 41 days when we set
the infectious period to 8 days and delayed it 39 days

Figure 2. Number of
ascertained coronavirus
disease cases over 180 days
(identified cases over time
calculated by mathematical
model) using varying infectious
periods: A) 5 days; B) 6 days;
C) 7 days; D) 8 days. We
used parameter values of
R0 = 3, γ = 1/5.02, σ = 1/5.16,
and contact in adults reduced
by 75%. Dotted lines indicate
the beginning of the social
distancing intervention at 50
days and end at 92 days.
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when we set the infectious period to 5 days. Social
distancing of only adults >60 years of age only delayed the epidemic by 2 days, regardless of infectious
period (Appendix Table 1). The infectious period
did not substantially affect the peak epidemic height
compared with baseline.
We examined the effectiveness of the 3 social
distancing interventions in adults and the timeframe
in which interventions began. We considered social
distancing interventions starting 50 days (Figure 3,
panels A, C, E) and 80 days (Figure 3, panels B, D,
F) after the first case was identified and reduction in
adult contacts by 25% (Figure 3, panels A, B), 75%
(Figure 3, panels C, D), and 95% (Figure 3, panels E,
F). We found that the effect of interventions was dramatically different when started early in the epidemic
curve, before the exponential phase of the epidemic,
rather than later.
When we started interventions on day 50, we saw
a delay in the epidemic regardless of the level of reductions in contact in the adult population, with little
change in the magnitude of the epidemic peak. In
comparison, when we began the interventions later,
during the exponential phase of the epidemic, all interventions flattened epidemic curve. The strategy of
reducing the contacts only of adults >60 years of age
resulted in a moderate reduction of 5,000 (21%) fewer
cases at the epidemic peak compared with baseline.

Limiting contact for adults >60 years of age, as expected, is the only intervention for which there was
minimal rebound after the intervention was lifted
(Figure 3, panels B, D, F) because older adults make
up only 16% of the population and have substantially
fewer contacts than the other age groups.
We found that the strategy targeting adults >60
years of age and children resulted in 10,500 (45%)
fewer cases than baseline at the epidemic peak (Figure 3, panels B, D, F), emphasizing the fact that children are the age group with the highest number of
contacts in our model. By comparison, when we applied the adults-only strategy, we saw 11,000 (47%)
fewer cases than baseline at the epidemic peak for
25% reduction in contacts in adults <60 years of age
(Figure 3, panel B). When we reduced contact by 75%
in this age group, the peak epidemic cases dropped
by 21,000 (91%). When we reduced contact by 95%
in this age group, we noted 22,500 (98%) fewer cases
(Figure 3, panels D, F), and the epidemic curve grew
at a slower rate in both instances. Of the 4 intervention scenarios, the strategy involving all age-groups
decreased the epidemic peak the most and showed
the slowest growth rate, which we expected because
contacts in all age groups are reduced. Even when
we used a lower reduction in contacts of 25% in
adults <60 years of age, we noted 16,000 (69%) fewer
cases at the epidemic peak (Figure 3, panel B). With

Figure 3. Number of
ascertained coronavirus
disease (identified cases
over time calculated by
mathematical model) with
adults reducing their contact
by 25% (A, B); 75% (C, D);
and 95% (E, F). We used
parameter values of R0 = 3, γ
= 1/5.02, σ = 1/5.16. Dotted
lines represent the beginning
and end of the 6-week social
distancing interventions, after
which contact rates return to
normal. For panels A, C, and
E, intervention starts at day
50 after identification of first
case; for panels B, D, and F,
intervention starts at day 80
after identification of first case.
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higher reduction in contacts (95%) in adults <60
years of age, the strategy involving all age groups
mitigated nearly all cases at the epidemic peak (Figure 3, panel F). However, our results suggest that
all interventions can result in new epidemic curves
once the interventions are lifted.
Next, we considered the effects of social distancing interventions over the first 100 days of the epidemic and assumed that the social distancing interventions started on day 50, which corresponds to the
approximate date when social distancing interventions started in Washington. To investigate the sensitivity of the model to the chosen parameters, we ran
1,000 simulations (Appendix). We obtained curves
that varied widely for both the number of cases and
the duration and timing of the epidemic (Appendix
Figures 1–3). We ran simulations with the mean parameter values (R0 = 3, an infectious period lasting 5
days, and a latent period of 5.1 days). We then observed the number of cases and proportion of cases,

hospitalizations, and deaths averted during the first
100 days. We noted that reducing the contacts of
adults >60 years of age averted only 18% of cases for
the whole population (Figure 4) but averted 50% of
cases for this age group (Appendix Figure 4). In addition, this intervention reduced the overall number of
hospitalizations by 30% and reduced deaths by 39%
for the whole population (Figure 4) and hospitalizations and deaths by >49% for the adults >60 years
of age (Appendix Figures 5, 6). Adding a social distancing intervention in children slowed the epidemic
curve (Figure 3) and reduced the overall hospitalizations by >64% (Figure 4) and by >53% across all age
groups (Appendix Figures 5, 6).
When only 25% of adults <60 years of age
changed their contact habits, all interventions rebounded as soon as the intervention was lifted
(Figure 3, panel A). Surprisingly, cases, and hence
hospitalizations and deaths, can be reduced by
90% during the first 100 days if all groups reduce

Figure 4. Proportion of coronavirus disease cases, hospitalizations, and deaths averted during 100 days for various social distancing
scenarios in which adults reduce their contact by 25% (A–C); 75% (D–F); and 95% (G–I). We used parameter values of R0 = 3, γ =
1/5.02, σ = 1/5.16. Error bars represent results of 1,000 parameter simulations with the top and bottom 2.5% simulations removed.
1744

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

Effectiveness of Social Distancing for COVID-19

their contacts with others, even when adults do so
by only 25% (Figure 4, panel A). In this scenario,
the reduction in the number of cases, hospitalizations, and deaths was evenly distributed across all
age groups (Appendix Figure 4, panel A, Figure 5,
panel A, Figure 6, panel A). When adults <60 years
of age reduced contacts by 75%, cases, hospitalizations, and deaths rebounded immediately after the
end of the intervention, except in the intervention
in which contact was reduced for all groups (Figure 3, panel C). As expected, adult groups had the
greatest reductions in cases, hospitalizations, and
deaths from this intervention (Appendix Figure 5,
panel B, Figure 6, panel B). When adults <60 years
of age reduced contacts by >75%, the strategies that
reduced the contacts of adults only and that reduced
the contacts of everyone averted >98% of cases, hospitalizations and deaths during the first 100 days
(Figure 4, panels E, F). Further, when we reduced
the contact rate of adults by >75%, the strategy targeting all adults and the strategy targeting everyone
mitigated the outbreak (Figure 3, panels C, E; Figure
4; Appendix Figure 4, panels B, C, Figure 5, panels B,
C, Figure 6, panels B, C). However, our model suggests that the epidemic would rebound even in these
scenarios. Of note, the error bars were much larger
when adults reduced their contact rates by 25%, and
this uncertainty tended to smooth out as the adults
further reduced their contact rates.
Discussion
The term “flatten the curve,” originating from the
Centers for Disease Control and Prevention (26),
has been used widely to describe the effects of social
distancing interventions. Our results highlight how
the timing of social distancing interventions can affect the epidemic curve. In our model, interventions
put in place and lifted early in the epidemic only delayed the epidemic and did not flatten the epidemic
curve. When an intervention was put in place later,
we noted a flattening of the epidemic curve. Our results showed that the effectiveness of the intervention
will depend on the ratio of susceptible, infected, and
recovered persons in the population at the beginning
of the intervention. Therefore, an accurate estimate of
the number of current and recovered cases is crucial
for evaluating possible interventions. As of April 2,
2020, the United States had performed 3,825 tests for
SARS-CoV-2 per 1 million population (27). By comparison, Italy had performed 9,829 tests/1 million
population (27). Expanding testing capabilities in all
affected countries is critical to slowing and controlling the pandemic.

Some evidence suggests that persons who recover from COVID-19 will develop immunity to SARSCoV-2 (28). However, at this point the duration of immunity is unclear. If immunity lasts longer than the
outbreak, then waning immunity will not affect the
dynamics of the epidemic. Furthermore, persons who
recover from COVID-19 could re-enter the workforce
and help care for the most vulnerable groups. However, if immunity is short-lived, for instance on the
order of weeks, persons who recover could become
re-infected, and extensions to social distancing interventions might be necessary.
We used a mathematical model to quantify shortterm effectiveness of social distancing interventions
by measuring the number of cases, hospitalizations,
and deaths averted during the first 100 days under
4 social distancing intervention scenarios and assuming different levels of reduction in the contacts of the
adult population. When we investigated the shortterm effects of social distancing interventions started
early in the epidemic, our models suggest that the
intervention involving all age groups would consistently decrease the number of cases considerably and
delay the epidemic the most. Of note, with >25% reduction in contact rates for the adult population, combined with 95% reduction in older adults, the number
of hospitalizations and deaths could be reduced by
>78% during the first 100 days, a finding that agrees
with previous reports (29,30).
Our results must be interpreted with caution.
Hospitalizations and deaths averted during the first
100 days in our model would likely occur later if the
interventions are lifted without taking any further action, such as widespread testing, self-isolation of infected persons, and contact tracing. As in any model,
our assumptions could overestimate the effect of the
interventions. However, quantifying the short-term
effects of an intervention is vital to help decision
makers estimate the immediate number of resources
needed and plan for future interventions.
Our simulations suggest that even in the more optimistic scenario in which all age groups reduce their
contact rates by >85%, the epidemic is set to rebound
once the social distancing interventions are lifted. Our
results suggest that social distancing interventions can
give communities vital time to strengthen healthcare
systems and restock medical supplies, but these interventions, if lifted too quickly, will fail to mitigate the
current pandemic. Other modeling results also have
suggested that extended periods of social distancing
would be needed to control transmission (18). However, sustaining social distancing interventions over
several months might not be feasible economically and
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socially. Therefore, a combination of social distancing
interventions, testing, isolation, and contact tracing of
new cases is needed to suppress transmission of SARSCoV-2 (31,32). In addition, these interventions must
happen in synchrony around the world because a
new imported case could spark a new outbreak in any
given region.
Our results suggest that the SARS-CoV-2 infectious period has an extraordinary influence in the
modeled speed of an epidemic and in the effectiveness of the interventions considered. However,
current estimates of the infectious period range from
5 to 20 days (25; Q. Bi, unpub. data, https://www.
medrxiv.org/content/10.1101/2020.03.03.2002842
3v3). Of note, all estimates of the infectious period
were made on the basis of PCR positivity, which does
not necessarily translate to viability or infectivity of the
virus (33). We urgently need studies to definitively define the duration of infectiousness of SARS-CoV-2.
Our work has several limitations and should be
interpreted accordingly. First, deterministic mathematical models tend to overestimate the final size
of an epidemic. Further, deterministic models always
will predict a rebound in the epidemic once the intervention is lifted if the number of exposed or infectious persons is >0. To avoid that problem, we forced
our infected compartments to 0 if they had <1 person
infected at any given time. Second, we considered
the latent period to be equal to the incubation period, but others have suggested that presymptomatic
transmission is occurring (L. Tindale, unpub. data,
https://www.medrxiv.org/content/10.1101/2020.0
3.03.20029983v1) and SARS-CoV-2 is shed for a prolonged time after symptoms end (34). Whether virus
shed by convalescent persons can infect others currently is unclear. Further, we considered that mild
and severe cases would be equally infectious and our
model could be overestimating the total number of
infections, which would amplify the effect of social
distancing interventions. We also considered infected
children and adults to be equally infectious, and our
model could be overestimating the effect of social distancing in persons <19 years of age. Strong evidence
suggests that children have milder COVID-19 symptoms than adults and might be less infectious (23).
More studies are needed clarify the role children play
in SARS-CoV-2 transmission. In our models, we assumed death and hospitalization rates would be similar to those experienced in Wuhan, where older age
groups have been the most affected. Because different
countries have different population structures and
different healthcare infrastructure, including varying
numbers of hospital beds, ventilators, and intensive
1746

care unit beds, effects of social distancing interventions could vary widely in different places.
Our results align with an increasing number of publications estimating the effects of interventions against
COVID-19. Several researchers have investigated how
social distancing interventions in Wuhan might have affected the trajectory of the outbreak (30,35,36; J. Zhang,
unpub. data, https://www.medrxiv.org/content/10.1
101/2020.03.19.20039107v1). Others have investigated
the effect of similar measures elsewhere and concluded
that social distancing interventions alone will not be able
to control the pandemic (37,38; M.A. Acuña-Zegarra,
unpub. data, https://www.medrxiv.org/content/10.1
101/2020.03.28.20046276v1; N.G. Davies, unpub. data,
medrxiv.org/content/10.1101/2020.04.01.20049908v1;
S. Kissler, unpub. data, https://www.medrxiv.org/co
ntent/10.1101/2020.03.22.20041079v1).
Taken together, our results suggest that more aggressive approaches should be taken to mitigate the
transmission of SARS-CoV-2. Social distancing interventions need to occur in tandem with testing and
contact tracing to minimize the burden of COVID-19.
New information about the epidemiologic characteristics of SARS-CoV-2 continues to arise. Incorporating
such information into mathematical models such as
ours is key to providing public health officials with
the best tools to make decisions in uncertain times.
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Population Genomic Structure and
Recent Evolution of Plasmodium
knowlesi, Peninsular Malaysia
Suzanne E. Hocking, Paul C.S. Divis, Khamisah A. Kadir, Balbir Singh, David J. Conway

Most malaria in Malaysia is caused by Plasmodium
knowlesi parasites through zoonotic infection from macaque reservoir hosts. We obtained genome sequences
from 28 clinical infections in Peninsular Malaysia to clarify
the emerging parasite population structure and test for evidence of recent adaptation. The parasites all belonged to
a major genetic population of P. knowlesi (cluster 3) with
high genomewide divergence from populations occurring
in Borneo (clusters 1 and 2). We also observed unexpected local genetic subdivision; most parasites belonged to 2
subpopulations sharing a high level of diversity except at
particular genomic regions, the largest being a region of
chromosome 12, which showed evidence of recent directional selection. Surprisingly, we observed a third subpopulation comprising P. knowlesi infections that were almost
identical to each other throughout much of the genome,
indicating separately maintained transmission and recent
genetic isolation. Each subpopulation could evolve and
present a broader health challenge in Asia.

A

ll endemic human malaria parasite species originated as zoonotic crossover infections from
nonhuman primates (1–3) and now cause approximately half a million human deaths annually (4).
Until recently, zoonotic malaria was considered to
be very rare, but original findings in Malaysia (5,6)
and subsequent surveys elsewhere have revealed
that many human malaria cases in Southeast Asia are
caused by the macaque parasite Plasmodium knowlesi
(7). This parasite species now causes almost all malaria in Malaysia (4) and is responsible for clinical
cases throughout Southeast Asia, where the distributions of macaque reservoir hosts and mosquito vectors overlap with human populations (8). As several
Author affiliations: London School of Hygiene and Tropical
Medicine Department of Infection Biology, London, UK
(S.E. Hocking, D.J. Conway); Universiti Sarawak Malaysia Malaria
Research Centre, Kota Samarahan, Malaysia (P.C.S. Divis,
K.A. Kadir, B. Singh, D.J. Conway)
DOI: https://doi.org/10.3201/eid2608.190864

countries in Southeast Asia are working toward
eliminating malaria, P. knowlesi represents a special
public health challenge. Because of the presence of
wild reservoir hosts, elimination of P. knowlesi is unlikely, and the problem will deepen if the parasite
adapts or environments change to enable more effective transmission between humans (9). Of particular
concern, numbers of cases each year are continuing
to increase (4), and intensive surveillance in particular areas indicates this increase is not attributable to
ascertainment bias (10).
Population genetic studies are essential to determining whether recent parasite adaptation has occurred, which might reflect ongoing evolution that
is likely to affect the epidemiology. The P. knowlesi
parasite has a ≈25 megabase genome of 14 chromosomes (11,12), haploid in blood stage infections and
recombining in a brief diploid stage after male and
female parasites mate in the mosquito vector, so informative studies require analysis of loci throughout the genome. Understanding of P. knowlesi population genetics has been gained by microsatellite
genotyping (13,14) and whole-genome sequencing
(15,16). In Malaysian Borneo, P. knowlesi consists of 2
genetically divergent populations (termed clusters 1
and 2) associated with different reservoir hosts: cluster 1 with long-tailed macaques (Macaca fascicularis)
and cluster 2 with pig-tailed macaques (M. nemestrina) (14). In Peninsular Malaysia, on the mainland of
Asia, a different genetic subpopulation of P. knowlesi
exists. This subpopulation was initially indicated by
comparing genome sequences of a few old laboratory isolates from Peninsular Malaysia with genome
sequences of recent clinical samples from Borneo
(15), and by comparing sequences of 2 genes in clinical samples from both areas (17). Subsequent multilocus microsatellite analysis of recent clinical cases
of P. knowlesi infection from Peninsular Malaysia has
confirmed that all cases are attributable to the cluster
3 type (13).
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Experimental studies have been conducted on
only a few strains of P. knowlesi, isolated many years
ago and maintained in laboratory monkeys (18). Genome sequencing has revealed these strains to be of
the cluster 3 type (13,15), and one of them has been
adapted to in vitro culture in human erythrocytes,
using 2 independent approaches involving culture
with mixtures of macaque and human erythrocytes
before growth in human erythrocytes alone (19,20).
The short-term adaptability of this single strain is further illustrated by selection for culture in long-tailed
macaque erythrocytes, which was associated with
the loss of a specific ligand gene needed for invading
human erythrocytes (21). These examples from laboratory observations strongly suggest that highly diverse natural parasite populations are likely to adapt
to changing conditions.
All of the separately occurring P. knowlesi populations might evolve and emerge to present an even
more serious public health challenge than already
realized. To determine the population genetic substructure within P. knowlesi locally, we analyzed recent clinical samples from patients with P. knowlesi
infection in Peninsular Malaysia by using wholegenome sequencing.
Materials and Methods
We collected heparinized venous blood samples of
up to 10 mL from 56 patients with P. knowlesi malaria
at 5 hospitals in Peninsular Malaysia during February 2016–January 2018 (Figure 1; Appendix 1 Table,
https://wwwnc.cdc.gov/EID/article/26/8/190864-App1.pdf), after obtaining written informed
consent from each patient. The study was approved
by the Medical Research and Ethics Committee of
the Malaysia Ministry of Health and by the Ethics
Committee of the London School of Hygiene and
Tropical Medicine.
We depleted leukocytes by passing each blood
sample through a CF11 cellulose column to increase
the proportion of parasite compared with host DNA.
We extracted genomic DNA by using QIAamp DNA
Mini kits (QIAGEN, https://www.qiagen.com)
and confirmed that all contained only P. knowlesi
by using nested PCR assays, testing for all locally
known malaria parasite species (22). We lyophilized genomic DNA before transport to the United
Kingdom, then dissolved the DNA in 30 µL of nuclease-free water and quantified it on a spectrophotometer by using the Quant-iT PicoGreen dsDNA
Assay Kit (Thermo Fisher Scientific, https://www.
thermofisher.com). We processed samples containing >300 ng of DNA for sequencing. We performed
1750

paired-end short-read genome sequencing by using
Illumina MiSeq version 3 kits on the MiSeq platform
(Illumina, https://www.illumina.com) with a read
length of 300 bp, and aligned reads to the P. knowlesi
PKNH 2.0 reference genome sequence (Appendix 1).
After assembly and quality filtering, data from 28
clinical case samples were available for downstream
analysis, representing samples from 5 hospitals
in Peninsular Malaysia (Figure 1). For comparison
with samples from elsewhere, we retrieved Illumina
short reads from previous studies (15,16,23) and assembled them by using the identical pipeline as we
had for the newly sequenced samples.
We masked from analysis parts of the genome
to which short reads are difficult to uniquely map,
including the subtelomeres and the multicopy kir
and SICAvar gene families (Appendix 1). We called
single-nucleotide polymorphisms (SNPs) by using

Figure 1. Locations of hospitals in peninsular Malaysia from
which clinical Plasmodium knowlesi infections were sampled
and sequenced in the states of Perak (Taiping and Sungai
Siput), Kelantan (Gua Musang), and Pahang (Kuala Lipis
and Temerloh). Of 56 infection samples processed through
leukocyte depletion and subsequent DNA extraction, 32 had
sufficient quantity and purity of P. knowlesi DNA for Illumina
sequencing (https://www.illumina.com), of which 28 yielded
high coverage genomewide sequence for population
genomic analysis (sample and sequencing details listed in
Appendix 1 Table, https://wwwnc.cdc.gov/EID/article/26/8/
19-0864-App1.pdf).
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a full repertoire of P. knowlesi genome sequences,
including the 28 new sequenced infection samples
from Peninsular Malaysia with high read coverage obtained in this study, as well as 74 previous
samples from Malaysian Borneo (40 from cluster
1 and 34 from cluster 2) and 5 laboratory isolates
(107 in total) (15,16,23). The procedures and parameters we used are comparable to those used
for other original studies of P. knowlesi conducted
previously (15,16) and to those used in population
studies on endemic human malaria parasites, such
as P. falciparum, that have much less diversity than
P. knowlesi (15,24).
We used the packages adegenet (https://github.
com/thibautjombart/adegenet/wiki) (25) and pegas
(https://cran.r-project.org/web/packages/pegas/
index.html) (26) in the R statistical framework to
conduct principal component analysis and generate
neighbor-joining trees by using an SNP-based pairwise genetic distance matrix. For population structure analysis, we used the package PopGenome (27)
to calculate nucleotide diversity, within-population
Tajima’s D indices, and between-population fixation
indices (FST). For sliding-window analysis genomewide, we calculated nucleotide diversity in nonoverlapping 50-kb windows. To scan for genes that might
be under balancing selection, we calculated Tajima’s
D on a gene-by-gene basis and excluded genes with
<3 SNPs from analysis. We calculated FST values between each of the major parasite clusters for all individual SNPs across the genome with a minor allele
frequency of >10%, and we calculated mean values in
all nonoverlapping sliding windows of 500 consecutive SNPs across the genome.
We performed a scan for loci under recent positive selection by identifying SNPs with an allele associated with extended haplotype homozygosity, using the R package rehh (28) and applying the default
setting assumption that common alleles are more
likely to be ancestral. We calculated the standardized
integrated haplotype score (|iHS|) for biallelic SNPs
with no missing calls and with a minor allele frequency of >10%. We set SNPs with |iHS| values in the
top 0.01% as core SNPs, around which we identified
putative windows of selection by using the extended
haplotype homozygosity (EHH) score, plotted until
the EHH signal declined to <0.05 on each side. We
merged overlapping windows of EHH containing
some of the same SNPs to produce a contiguous overall putative selection window for that region, and we
considered any gaps of >20 kb between SNPs with
elevated |iHS| values to break a putative window
of selection.

Results
Genomic Diversity of Different P. knowlesi
Subpopulations

We successfully obtained paired-end short read Illumina genome sequences with high-read depth mapping
to the P. knowlesi reference sequence from 28 P. knowlesi
clinical case samples (Appendix 1) gathered from hospitals at 5 locations in Peninsular Malaysia (Figure
1). Analysis of these new infection samples together
with previous sequences from infections in Malaysian
Borneo enabled 994,761 SNPs to be initially called, of
which 40,934 SNPs were removed because they were
in genomic regions with generally unreliable short-read
mapping (kir and SICAvar genes and subtelomeres), resulting in a total of 953,827 SNPs throughout the rest of
the genome. After filtering out SNPs that had missing
data in >10% of individual infection samples, we included 474,109 high-quality SNPs in subsequent analysis (Appendix 2 Datasheet 1, https://wwwnc.cdc.gov/
EID/article/26/8/19-0864-App2.xlsx).
We generated a neighbor-joining tree by using pairwise genetic distances among individual P.
knowlesi infection samples, which considered most
nucleotide calls for all SNPs within each infection
sample (Figure 2, panel A). The tree showed that all of
the 28 samples from Peninsular Malaysia belonged to
a genetic population (cluster 3) divergent from those
in Malaysian Borneo (clusters 1 and 2). These new
clinical samples from Peninsular Malaysia clustered
with the old laboratory isolates (mostly from Peninsular Malaysia) that were sequenced previously and
had initially indicated the existence of a third major
genetic population within this species (15). The overall genomewide nucleotide diversity (π) among the
new cluster 3 samples was 4.13 × 10-3 (the allele frequency spectrum is shown in Appendix 1 Figure 1),
broadly similar to that for cluster 1 and higher than
for cluster 2 (Figure 2, panel B). Differences between
clusters 1 and 2 have been examined in detail in original analysis of parasites from Malaysian Borneo (16),
and higher population genomic diversity within P.
knowlesi has been noted in comparison with endemic
malaria parasite species P. vivax and P. falciparum (15).
Low Levels of Diversity within Individual
Clinical Infections

Although all of the P. knowlesi clinical isolates were
genotypically distinct from each other as indicated by
considerable pairwise differences, most of them contained minimal within-infection sequence diversity,
as indicated by the high values of the genomewide
within-isolate fixation index FWS (Figure 3). Of the 28
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Figure 2. Genomewide analysis of diversity in Plasmodium
knowlesi clinical samples from Peninsular Malaysia compared
with samples from elsewhere. A) Neighbor-joining tree based on
a pairwise genetic distance matrix between individual P. knowlesi
infection samples for the 28 new clinical samples from Peninsular
Malaysia (shown in red), 5 previously sequenced laboratory
isolates (shown in orange), most of which were originally isolated
from Peninsular Malaysia many years ago (15), and 74 samples
from Malaysian Borneo that grouped into separate subpopulation
clusters (cluster 1 shown in blue, cluster 2 in green) (15,16,23). All
the clinical isolate samples from Peninsular Malaysia grouped into
cluster 3 together with the laboratory isolates. The distance matrix
is based on the proportion of all single-nucleotide polymorphisms
(SNPs) showing differences between each infection sample
(scale bar shows branch length for 0.5% of SNPs differing); most
reads within each infection sample determine the allele scored
for each SNP. B) Genomewide scan of nucleotide diversity (π)
for P. knowlesi among the clinical isolates in Peninsular Malaysia
(cluster 3, shown in red), compared with diversity observed
in the subpopulations in Malaysian Borneo (clusters 1 and 2).
The sliding window plot shows values of nucleotide diversity for
nonoverlapping windows of 50 kb in each of the 14 chromosomes.

cluster 3 clinical isolates from Peninsular Malaysia in
our study, only 4 were clearly mixed (with FWS values
<0.95). This low proportion of mixed genotype infections was similar to that observed for the different P.
knowlesi subpopulations (clusters 1 and 2) in Malaysian Borneo (Figure 3).
Population Genetic Substructure of P. knowlesi
in Peninsular Malaysia

Analysis of SNP allele frequencies genomewide confirmed that the P. knowlesi cluster 3 population in
Peninsular Malaysia is highly divergent from each
of the separate clusters 1 and 2 in Malaysian Borneo
1752

(Figure 4). Comparison of cluster 3 with cluster 1 reveals a genomewide mean FST values of 0.32 (with
3,713 SNPs being at complete fixation), whereas comparison of cluster 3 with cluster 2 reveals a genomewide mean FST value of 0.42, (with 6,738 SNPs being
at complete fixation) (Figure 4; Appendix 1 Figure 2).
We observed a high consistency across the genome
in the level of divergence when comparing cluster 3
with cluster 1 (Figure 4, panel A), but more variation
across the genome was apparent in the comparison
between cluster 3 and cluster 2 (Figure 4, panel B).
This finding is attributable to a previously described
mosaic pattern of diversity across the genome of cluster 2 (16), which contributes to greater genomewide
heterogeneity in divergence between clusters 1 and 2
in Malaysian Borneo (Figure 4, panel C) than between
either of these and cluster 3 in Peninsular Malaysia.
The distance matrix-based neighbor-joining tree
indicated internal branching of the P. knowlesi cluster 3 clinical samples from Peninsular Malaysia into 3
different subclusters (Figure 2, panel A). To examine
this branching further, we focused the principal component analysis on the clinical samples from Peninsular Malaysia alone, which showed that they formed 3
groups (Figure 5, panel A). The smallest group contained 3 of the samples (GMK03, TPK03, and KLK12)
separated from the rest along principal component 1
(which explained 10.5% of overall variation), whereas

Figure 3. Low levels of diversity within individual Plasmodium
knowlesi clinical infections from Malaysia as indicated by the
high values of the genomewide within-isolate fixation index FWS
(potential range 0–1). A value of >0.95 is generally taken to
indicate an infection dominated by a single genotype, whereas
values <0.95 indicate infections that are clearly genotypically
mixed. Each point shows the value for an individual infection
sample; only 4 of the 28 cluster 3 clinical isolates from Peninsular
Malaysia are clearly mixed (similar to the proportions observed in
infections with the cluster 1 and 2 types in Malaysian Borneo).
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Figure 4. Genomewide betweenpopulation fixation index (FST)
scan of divergence between
Plasmodium knowlesi in
Peninsular Malaysia sampled
in this study (cluster 3) and the
major subpopulations previously
sampled in Malaysian Borneo
(clusters 1 and 2). All singlenucleotide polymorphisms
(SNPs) with overall allele
frequencies >10% were included,
and the solid points show
values for analysis windows
containing 500 consecutive
SNPs, centered by the midpoint
of each sequential window and
overlapping by 250 SNPs. The
red dashed line on each plot
shows the genomewide mean
value for all analyzed SNPs
across the genome. A) The level
of divergence between cluster
3 in Peninsular Malaysia and
cluster 1 in Malaysian Borneo
does not differ greatly throughout
the genome (mean FST value
0.32). B) Divergence between
cluster 3 in Peninsular Malaysia
and cluster 2 in Malaysian
Borneo is slightly higher (mean
FST value 0.42) and shows more
heterogeneity between genomic
regions because of mosaic
structure of diversity in cluster
2 (as explained by panel C). C)
Divergence between clusters
1 and 2 in Malaysian Borneo,
showing marked heterogeneity
across the genome that
explains most of the moderate
heterogeneity shown in panel B,
attributable to a mosaic structure of diversity within cluster 2, as previously reported (16).

the 2 other groups were less tightly separated along
principal component 2 (which explained 6.5% of
overall variation) (Figure 5, panel A). These 3 groups
existing within P. knowlesi cluster 3 in Peninsular Malaysia are considered as subpopulations, designated
in this article as subclusters A (15 of the infections),
B (10 infections), and C (3 infections), which are also
apparent in neighbor-joining analysis of the cluster 3
samples alone (Appendix 1 Figure 3). These different
parasite genetic subclusters are not separated geographically within Peninsular Malaysia, each being
detected from multiple sites (Figure 5, panel B), and
the hospital with the largest sample size (in Kuala
Lipis) had infections of all 3 subclusters. Moreover,
infections of the different subcluster types were not
temporally aggregated (Appendix 1 Table).

The most divergent of these types (subcluster
C) consisted of infections that were highly related to
each other, virtually identical in many parts of the
genome (Figure 5, panel C). This finding is remarkable because each of these cases were sampled from
different states within Peninsular Malaysia (Figure 4,
panel B). Although subclusters A and B had similar
levels of nucleotide diversity to each other, slidingwindow analysis indicated a few genomic regions in
which subcluster B has lower diversity than subcluster A (e.g., in a region covering half of chromosome
12) (Figure 5, panel C). Genomewide scan of differentiation between subclusters A and B by sliding-window FST analysis showed peaks of high differentiation
against a background of low differentiation in most
of the genome (Figure 5, panel D). The regions that
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Figure 5. Plasmodium knowlesi
cluster 3 clinical isolates forming
genomic subpopulations that
co-occur locally, Peninsular
Malaysia. A) Principal component
analysis of the 28 cluster 3 P.
knowlesi clinical isolates from
Peninsular Malaysia, showing
clustering into 3 groups:
subclusters A (15 isolates), B
(10 isolates), and C (3 isolates).
The assignment of all samples to
these 3 subclusters is completely
consistent with their placement in
the within-cluster 3 branching of
the neighbor-joining tree based
on the pairwise distance matrix
(Figure 2, panel A). The first
principal component accounts
for 10.5% of overall variation
and separated subcluster 3 from
the others, whereas the second
principal component accounts
for 6.5% of overall variation
and separated subclusters A
and B. B). Each of the cluster
3 P. knowlesi subclusters was
detected at multiple sites within
peninsular Malaysia (points
shown at each of the 5 sampling
sites show individual infections
with colors for the different
subclusters as in panel A). The
site with most samples had all 3
subclusters co-occurring locally.
C) Genomewide scan of diversity
shows that the subcluster C
samples are virtually identical
in large parts of the genome,
whereas subclusters A and B are
both highly diverse throughout the
genome, with only a few genomic
regions showing lower diversity in
subcluster B compared with A (in
chromosomes 2, 7, 12, and 13).
D) Genomewide scan of differentiation between subclusters A and B by sliding window between-population fixation index analysis shows
peaks of differentiation corresponding to regions with differences in diversity. Most notable is a large region of chromosome 12 having many
windows with between-population fixation index values >0.2 and containing some individual single-nucleotide polymorphisms with fixed
differences (Appendix 1 Figure 2, https://wwwnc.cdc.gov/EID/article/26/8/19-0864-App1.pdf).

showed differences in levels of diversity are also the
most differentiated between the subclusters, most notably the large region of chromosome 12, which has
many windows with FST values exceeding 0.2 (Figure
5, panel D) and contains some individual SNPs with
fixed differences (Appendix 1 Figure 4).
Identification of Genomic Loci under Recent
Selection in Peninsular Malaysia

To scan for loci that might be under different selection pressures in P. knowlesi in Peninsular Malaysia,
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we summarized nucleotide site allele frequency
spectra by calculating Tajima’s D index for all 4,742
genes with >3 SNPs. Overall, values were negatively
skewed (mean -0.86) (Figure 6, panel A); only 215
genes had values >0, of which only 8 had values
>1.0 (Figure 6, panel B). This genomewide pattern is
consistent with expectations if long-term population
size expansion had occurred. Individual genes with
unusually high Tajima’s D values (Figure 6, panel
B) might be under balancing selection and might
be examined separately (Appendix 2 Datasheet 2).
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Some genes with high values have orthologs in
other malaria parasite species that are likely targets
of immunity, including a tryptophan-rich protein
(PKNH_1472400, D = 0.98), a 6-cysteine protein
(PKNH_1254400, D = 0.61), an exported protein
PHIST (PKNH_0808500, D = 0.57), and an MSP7-like
protein (PKNH_1265900, D = 1.15). However, we
found that some other genes with orthologs considered to be targets of immunity in other malaria parasite populations had negative Tajima’s D values,
including the circumsporozoite protein (csp) gene,
which had the highest Tajima’s D value genomewide in cluster 1 P. knowlesi in Malaysian Borneo
(15), as well as the apical membrane antigen 1 gene
(ama1, D = –1.35), the Duffy binding protein α (DBPα,
D = –0.89), and the normocyte binding protein gene
(NBPXa, D = –0.42). These findings indicate that the
mode or strength of selection on orthologous targets
is not uniform in all malaria parasite populations, including among different P. knowlesi subpopulations.
We used the standardized integrated haplotype
score |iHS| index as a means of scanning for evidence of genomic regions that are likely to have been
affected by recent positive directional selection. Analyzing the full population sample of clinical isolates
from Peninsular Malaysia, we observed that 11 SNPs
had standardized |iHS| values in the top 0.01%, and
examination of the ranges of their extended haplotype homozygosity identified 4 distinct genomic windows of extended haplotypes (Figure 7; Appendix 2
Datasheet 3). Two of these (in chromosomes 1 and 9)
spanned across genomic SICAvar and kir genes that
had been masked from SNP calling and analysis. The
other 2 windows of extended haplotype homozygosity

did not include SICAvar or kir genes but covered
≈28 kb (11 genes) on chromosome 9 and ≈315 kb (81
genes) on chromosome 12. The large region of elevated |iHS| values on chromosome 12 coincides with
the region having the highest genomic divergence between cluster 3 population subclusters A and B (Figure 5, panel D), indicating that recent selection on this
region has affected part of the P. knowlesi population
and contributed to the local genetic substructure in
Peninsular Malaysia.
Discussion
Genomewide sequence analysis of new clinical
isolates has revealed unexpected parasite population structure and evidence of recent selection in P.
knowlesi in Peninsular Malaysia. On the basis of previous multilocus microsatellite analysis, we expected
that genome sequencing of samples from Peninsular
Malaysia would reveal a parasite population distinct from those previously described in Malaysian
Borneo. This distinction was indeed clearly shown;
all samples from Peninsular Malaysia belonged to a
genetic population (cluster 3) that is highly divergent
genomewide from both of the clusters 1 and 2 in Malaysian Borneo (mean FST values of 0.32 for cluster 1
and 0.42 for cluster 2). However, the cluster 3 clinical
samples from Peninsular Malaysia themselves constituted 3 distinct subpopulations, and the cause of
this local population genetic structure needs to be
determined. No geographic separation is apparent;
each of the three cluster 3 subpopulations was found
in overlapping locations, and all were detected from
among cases in the hospital that had most samples
analyzed. The population structure might reflect >1

Figure 6. Summary of nucleotide site allele frequency distributions by Tajima’s D indices for all 4,742 Plasmodium knowlesi genes
with >3 SNPs among the 28 cluster 3 P. knowlesi infections in Peninsular Malaysia. A) Overall values were negatively skewed with
a mean Tajima’s D of –0.86, consistent with a pattern that would be caused by long-term population size expansion. B) Data for all
individual genes show that those with high Tajima’s D values are distributed throughout the genome. Some of these genes are likely
to be underbalancing selection (individual values for all genes are shown in Appendix 2 Datasheet 2, https://wwwnc.cdc.gov/EID/
article/26/8/19-0864-App2.xlsx).
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Figure 7. Scan for evidence
of genomic regions
affected by recent positive
directional selection in
Plasmodium knowlesi
in Peninsular Malaysia,
using the standardized
integrated haplotype score
|iHS| index. Examination
of the ranges of extended
haplotype homozygosity for
individual single-nucleotide
polymorphisms (SNPs) with
high |iHS| values identified
4 distinct genomic windows of extended haplotypes (Appendix 2 Datasheet 3, https://wwwnc.cdc.gov/EID/article/26/8/19-0864-App2.
xlsx). Two of these (in chromosomes 1 and 9) spanned across SICAvar and kir genes, which were masked from SNP calling, whereas
the other 2 did not include SICAvar or kir genes but covered ≈28 kb on chromosome 7 and ≈315 kb on chromosome 12. The large
region on chromosome 12 is a merged window, consisting of 4 high |iHS| core SNPs with overlapping windows of extended haplotype
homozygosity, and coincides with the region of chromosome 12 that has the highest genomic divergence between cluster 3 population
subclusters A and B (Figure 5, panel D, https://wwwnc.cdc.gov/EID/article/26/8/19-0864-F5.htm).

local zoonotic transmission cycle or could be a sign
of recent selection and emergence of a subpopulation of P. knowlesi transmitted more effectively between humans.
In Malaysian Borneo, long-tailed macaques
are reservoir hosts for the cluster 1 population of P.
knowlesi, whereas pig-tailed macaques are reservoir
hosts for the cluster 2 population (13,14), but whether
different reservoir hosts contribute to the parasite
population structure we have shown within Peninsular Malaysia is unknown. Microsatellite analysis of
P. knowlesi in long-tailed macaques from Peninsular
Malaysia has indicated that most of them belong to
cluster 3, although some samples from long-tailed
macaques had indeterminate cluster assignments
(13). Our findings underscore the need to sample and
genotype parasites from pig-tailed macaques in Peninsular Malaysia, as well as to analyze more samples
from long-tailed macaques, to investigate whether
the parasite subclusters have different reservoir host
species locally.
Genetic subpopulations of P. knowlesi in Peninsular Malaysia might also be transmitted by different
mosquito species. P. knowlesi is transmitted by the
Anopheles Leucosphyrus group of mosquitoes, which
contains a diverse array of species found throughout
Southeast Asia (29), including An. latens, An. cracens,
An. introlatus, and An. hackeri, in which P. knowlesi has
been detected in Peninsular Malaysia, as well as other
species that have been shown to be infected elsewhere
(30). Anopheles Leucosphyrus group mosquitoes predominantly inhabit forested areas (31,32), so changes
to forest areas and ongoing deforestation will affect
human exposure. The potential vector species vary in
relative abundance among different sampling sites in
1756

Peninsular Malaysia (33–35), but more surveys are required to determine the relative extent to which they
transmit P. knowlesi and whether they transmit different populations of the parasite (36).
Genomewide scanning revealed discrete regions of divergence between subclusters A and B of
P. knowlesi cluster 3, in particular a large region on
chromosome 12. Interestingly, this region had the
strongest evidence of recent directional selection, as
indicated by the integrated haplotype score analysis. Moreover, this genomic region did not show evidence of recent selection in Malaysian Borneo (15), so
the signature is specific to Peninsular Malaysia and
indicates selection to be operating locally.
Even more unexpected is the observation of a
separate P. knowlesi cluster 3 subpopulation (subcluster C), represented by 3 infections highly related to
each other throughout most of the genome. Although
less common, clinical cases with this parasite type
were identified in different hospitals in 3 different
states in Peninsular Malaysia. Population genetic
substructure also has been observed in the endemic
malaria parasites P. falciparum (37) and P. vivax (38)
in Malaysia, although that observation has been interpreted as indicating fragmented populations that
are close to being eliminated. Notable substructure of
P. falciparum populations also has been observed in
Cambodia, probably because of strong selection on
locally emerging drug-resistant types in areas where
transmission was low (39). Zoonotic P. knowlesi populations are probably substructured for other reasons,
as previously observed in Malaysian Borneo, where
the 2 divergent parasite genetic populations observed
in human cases are associated with different reservoir
host species (13,14).
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Population genomic analysis of P. knowlesi so
far has mainly focused on parasites from Malaysia,
where most reported cases of P. knowlesi malaria
have been identified. However, cases of P. knowlesi
malaria in humans have now been reported from all
Southeast Asia countries. Whether other local zoonotic subpopulations exist throughout the region
or whether all parasites belong to the major genetic
populations observed in Malaysia is unknown. Our
findings highlight the importance of monitoring
population genetic changes in Malaysia and conducting comparable analysis in other areas where P.
knowlesi has only very recently been realized to occur in humans (40,41).
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Human Outbreak of Trichinellosis
Caused by Trichinella papuae
Nematodes, Central Kampong
Thom Province, Cambodia
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Mala Sim, Yi Sengdoeurn, Ly Sovann, Virak Khieu, Isabelle Vallée, Hélène Yera

In September 2017, a severe trichinellosis outbreak occurred in Cambodia after persons consumed raw wild
pig meat; 33 persons were infected and 8 died. We collected and analyzed the medical records for 25 patients.
Clinical signs and symptoms included myalgia, facial or
peripheral edema, asthenia, and fever. We observed increased levels of creatine phosphokinase and aspartate
aminotransferase, as well as eosinophilia. Histopathologic examination of muscle biopsy specimens showed
nonencapsulated Trichinella larvae. A Trichinella excretory/secretory antigen ELISA identified Trichinella IgM and
IgG. Biopsy samples were digested and larvae were isolated and counted. PCR for the 5S rDNA intergenic spacer region and a multiplex PCR, followed by sequencing
identified the parasite as Trichinella papuae. This species
was identified in Papua New Guinea during 1999 and in
several outbreaks in humans in Thailand. Thus, we identified T. papuae nematodes in humans in Cambodia.

T

richinellosis is a parasitic disease caused by nematodes of the genus Trichinella and acquired by
ingestion of raw or undercooked meat from infected
animals (nonuminant mammals, birds, and reptiles). Approximately 11 million persons worldwide
might be infected by Trichinella spp. (1). Numerous
animals species (≈100), including humans, can be infected and the most common source of human trichinellosis is meat from pig or wild pig (Sus scrofa) (2).
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Therefore, this zoonotic disease is not only a public
health hazard but also represents an economic problem in porcine animal production and food safety.
Some countries in Europe implemented a Trichinella
monitoring program (3,4), and a Trichinella-free pig
production pilot program has also been set up in the
United States (5). Nevertheless, estimation of the
effect of trichinellosis in developing countries with
reference to public health and social and economic
costs is difficult.
Recent studies on the genetic diversity, zoogeographic, and epidemiologic features within this genus resulted in a revised Trichinella taxonomy comprising 10 species (13 genotypes): encapsulated (T.
spiralis, T. nativa, T. britovi, T. murrelli, T. nelsoni, T.
patagoniensis, and T. chanchalensis) and nonencapsulated (T. pseudospiralis, T. papuae, and T. zimbabwensis) (2,6,7). In Southeast Asia, relatively few human
outbreaks were recorded, but it has been calculated
that >40 million persons are at risk for Trichinella infection in China (8). The presence of Trichinella antibodies in asymptomatic persons in a rural population
of Cambodia (unknown location) was described (9),
and another study reported 24 cases of Trichinella spp.
in Khmer immigrants living in the United States (10).
In Vietnam (11) and Laos (12), several outbreaks were
reported involving T. spiralis nematodes. However, in
Thailand, several human outbreaks involving T. spiralis, T. pseudospiralis, and T. papuae nematodes were
reported (13,14).
The T. papuae nematode (genotype T10) is one of
the most recently discovered species and was first detected in sylvatic swine of Papua New Guinea in 1999
by using molecular tools (15). In addition to being a
nonencapsulated species, T. papuae nematodes are
known to use mammals and reptiles (mainly crocodiles but also to a lesser extent caimans, turtles, and
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lizards) as hosts (16). Humans acquired the parasite
by the consumption of raw meat from domestic animals, wild pigs, saltwater crocodiles, and turtles (17).
This species was identified in Thailand in humans
during outbreaks in 2006 (14) and 2007 (13) and in
a patient returning from Malaysia in 2011 (18). The
objective of this study was to report and describe a
documented human outbreak of trichinellosis caused
by T. papuae nematodes in Cambodia.
Materials and Methods
Study Area

At the end of September 2017, a trichinellosis outbreak occurred near Chak Tav village, Mean Rith
commune, Sandan District in Kampong Thom Province, Cambodia. This location is situated in the Prey
Lang Forest (13°07′N, 105°30′E), which is a nature reserve forest covering 3,600 km2.
Data Sources and Ethics

During this outbreak, we collected medical and epidemiologic data from Kampong Thom Provincial Hospital and 2 hospitals (Preah Ket Mealea and Calmette)
in Phnom Penh. The Pasteur Institute of Cambodia
had an official agreement from the Communicable
Disease Control Department of the Ministry of Health
of Cambodia to study this outbreak, including collection of medical records of the patients, as well as remaining biologic samples. Because this retrospective
study respected anonymity, did not involve any patient intervention, and was conducted in the frame of
control and national epidemiologic surveillance, ethics agreement or informed consent was not necessary.
Serodiagnosis

Serodiagnosis was performed for most (11/12) patients hospitalized in Preah Ket Mealea Hospital by
a laboratory in Vietnam (https://www.medic-lab.
com). This laboratory used an excretory/secretory
antigen–based ELISA for detection of IgM (negative
result if optical density <1.0) and IgG (negative result
if optical density <0.3).
Histopathologic Analysis

For all 13 patients at Calmette Hospital, we obtained
2 biopsy specimens from the deltoid and biceps or
gastrocnemius muscles, preserved them in 10%
phosphate-buffered formalin, and sent them to the
Pathology Department of the hospital. Formalinfixed samples were dissected, embedded in paraffin (at 56°C), cut with a rotary microtome preset for
a thickness of 4 µm, and stained with hematoxylin
1760

phloxine saffron. Histopathologic preparations were
then microscopically examined.
Detection of Trichinella larvae

Sections from slides, as well as remaining paraffin
blocks for each of the sample were sent to the National
Reference Laboratory for Human Trichinellosis at Cochin Hospital (Paris, France). Paraffin was eliminated
from tissues after incubation in Histo-Clear (National
Diagnostics, https://www.nationaldiagnostics.com)
and then washed in ethanol and phosphate-buffered
saline. We digested a total of 60–115 mg of muscle tissue
by using pepsin/HCl solution for 30 min–1 hr at 45°C
(4). Larvae were then collected, counted, and identified
on the basis of morphologic characteristics (19).
Molecular Identification of Larvae

Molecular identification of larvae was also performed
in the National Reference Laboratory for Human
Trichinellosis. DNA was extracted from 30 mg of the
deparaffinated samples by using the tissue QIA Amp
DNA Mini Kit (QIAGEN, https://www.qiagen.com)
and from larvae by using the NucliSens easyMAG
Kit (bioMérieux, https://www.biomerieux.com) according to manufacturer’s instruction. Pretreatment
with proteinase K (>600 mAU/mL) was performed
overnight at 56°C with shaking at 1,200 vibrations/
min, and DNA was eluted in 100 µL of distilled water. DNA was also extracted from a T. nativa larval
suspension and used as a positive control. A total of
200 µL of sterile water was used as a negative control.
Conventional PCR for Trichinella rDNA
Intergenic Spacer Region

Primers and the protocol used to amplify the 5S rDNA
intergenic spacer region of Trichinella were described
(20). In brief, we used 0.5 µmol/L of each primer in
a 50-µL reaction containing 1.5 mmol/L MgCl2, 200
µM of each dNTP, 1.5 U of AmpliTaq Gold (Applied
Biosystems, https://www.thermofisher.com) and 5
µL of extracted DNA. Reactions were run in a Perkin-Elmer Thermocycler (https://www.perkinelmer.
com) under the following conditions: 95°C for 5 min
for 1 cycle; 95°C for 30 s, 55°C for 30 s and 72°C for 40
s for 42 cycles; followed by a 15-min final extension
step at 72°C. The PCR products were separated by 1%
agarose gel electrophoresis at 90 mA and stained with
ethidium bromide.
Multiplex PCR for Trichinella spp.

We used 5 primer pairs in a multiplex PCR as described (21,22): primer set I, expansion segment V
(ESV) target locus; primer set II, internal transcribed
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spacer region 1 (ITS1) target locus; primer set III,
ITS1 target locus; primer set IV, ITS2 target locus;
and primer set V, ITS2 target locus. Reactions were
performed in 25 µL of 2XGOTaq HotStartGreen
MasterMix (Promega, https://www.promega.com),
6.3 µL of nuclease-free water, 1.7 µL of total primers,
and 17 µL of extracted DNA. We performed the PCR
cycle as follows: a predenaturation and polymerase
activation step at 95°C for 2 min, then 35 amplification cycles (denaturation at 95°C for 10 s, hybridization at 55°C for 30 s, and elongation at 72°C for 30
s), and a final elongation step at 72°C for 5 min. PCR
products were isolated separated by using 2% agarose gel electrophoresis.
We sequenced PCR products by using appropriate primers (Eurofins-MWG, https://www.eurofins.
fr) and aligned them by using BioEdit version 7.0.9
(https://www.biodeit.software.informer.com). We
also performed a BLASTn (https://blast.ncbi.nlm.
nih.gov) search. Sequences obtained in this study
were deposited in GenBank, and accession numbers
are listed in the Results.
Results
Course of the Outbreak

After consumption of raw meat from a wild pig during July–August 2017, a total of 33 persons (rangers,
workers from the Ministry of Environment, and villagers) became infected by the nematode. The number and precise date of meal(s) were unknown. Eight
persons died according to Khmer official sources (23)
and others (24). On August 1, the first case-patient
was hospitalized at Kampong Thom Provincial Hospital because of severe clinical signs and symptoms of
trichinellosis (abdominal pain; fever; myalgia; swelling of the face, arms, and legs; joint pain; headache;
and pruritus).
The Ministry of Health immediately sent a Rapid
Response Team of the Department of Communicable
Disease Control to the area and conducted a retrospective epidemiologic survey (results are not available)
and a risk assessment (resulting in a moderate level of
risk) (23). Nine patients were admitted to Kampong
Thom Provincial Hospital, and 8 patients were transferred to Calmette Hospital. Seventeen other patients
were admitted directly to Calmette Hospital (5) or
Preah Ket Mealea Hospital (12).
Little information was available for the 8 persons
who died: 6 had refused to be transferred to Phnom
Penh and were given mainly traditional medicine,
1 died during transport from Kampong Thom to
Phnom Penh, and 1 died in Calmette hospital.

Several information sessions were held in Kampong
Thom Province to warn the population and provide
advice on sanitation. Furthermore, a workshop was
also organized that involved national authorities
and the World Health Organization in December
2017. Complete medical records of the 25 patients
hospitalized in Phnom Penh hospitals were collected and analyzed.
Epidemiologic, Laboratory, and Clinical Features

We provide epidemiologic, laboratory, and clinical
features for the 25 available case-patients (Table).
The first patient hospitalized in Kampong Thom
Provincial Hospital arrived on August 1, and most
(25/33) patients were referred to Phnom Penh during September 6–October 17. The average age of the
patients was 34.5 years (range 20–50 years), and the
male:female ratio was 24:1.
According to the case definition criteria (17), a
total of 23 cases could be classified as confirmed because of myalgia (or fever, edema, or diarrhea), eosinophilia (or increased level of muscle enzymes),
positive serologic results, or muscle biopsy reports.
Patient 15 was classified as having a suspected case
because only myalgia, fever, and diarrhea were observed. Patient 16 was classified as having a highly
probable case because he had myalgia, fever, edema,
diarrhea, eosinophilia, and increased levels of muscle
enzymes (creatine phosphokinase [CPK] and aspartate aminotransferase [AST]).
Every patient hospitalized in Phnom Penh reported muscle pain and swelling (25/25; 100%), followed by asthenia (18/25; 72%); fever (17/25; 68%),
facial or periorbital edema (13/25; 52%); abdominal
pain, diarrhea, and nausea (9/25; 36%); headache
(8/25; 32%); dyspnea (7/25; 28%); and cough (3/25;
12%). All 25 patients had a history of consumption
of wild pig meat. A total of 96% (24/25) of patients
had leukocytosis (range 4–23 × 109 cells/L) and eosinophilia (range 1–10 × 109 cells/L). Patient 5 had no
leukocytosis but did have eosinophilia.
Enzyme levels indicative of muscle damage were
also increased in 96% (24/25) of the patients: CPK
(range 110–1,499 U/L) and AST (range 30–310 U/L).
CRP (range 6.3–310.3 mg/L) was increased for 68%
(17/25) of the patients. Furthermore, levels of lactate dehydrogenase (range 137–2,300 U/L) was also
increased for 62% (16/25) of the patients. All 13 biopsies performed in Calmette Hospital were positive
for Trichinella larvae, and 91% (10/11) of serologic
test results for patients at Preah Ket Mealea Hospital were positive for Trichinella IgG and IgM. In both
hospitals in Phnom Penh, patients were hospitalized
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Table. Characteristics for 25 patients during a human outbreak of trichinellosis caused by Trichinella papuae nematodes, Cambodia*
Pt
Age,
Clinical signs or
Length of
Biopsy
PCR/PCR/
no.
y/sex
symptoms
hospital stay, d Leu†
Eos† Neu† CPK† LDH† AST† result IgM/IgG
Seq‡
1
26/M
Mu, As, Oe, Dy
12
23
3
21
1,210
433
97
+
ND
–/+/ND
2
31/M Mu, Fe, Hd, Oe,
9
23
4
18
1,216
577
310
+
ND
–/+/ND
Dy
3
20/M
Mu, Fe, Cg, Dy
19
28
2
23
784
1,890
89
+
ND
+/+/+
4
34/M
Mu, As, Oe, Dy
14
21
2
19
1,499
469
59
+
ND
+/+/+
5
25/M
Mu, As
4
9
2
4
809
589
74
+
ND
+/+/+
6
26/M
Mu, Fe, Oe
14
20
2
19
340
584
51
+
ND
+/+/+
7
35/M
Mu, Hd, Gi, As,
10
29
3
22
1,265 2,300
104
+
ND
−/−/ND
Oe
8
43/M
Mu, Fe, As, Oe
12
15
3
12
1,007 1,940
70
+
ND
–/+/ND
9
50/M
Mu, Oe
7
13
1
10
1,263
830
87
+
ND
–/+/ND
10
27/M
Mu, As, Oe
13
13
3
10
862
592
86
+
ND
–/+/ND
11
35//M
Mu, As, Oe
13
23
3
19
1,367 2,030
115
+
ND
-/+/ND
12
40/M
Mu, Fe, As, Oe,
15
18
2
16
1,091
536
127
+
ND
–/+/ND
Cg, Dy
13
28/F
Mu, Fe, Gi, As,
18
36
2
35
827
2,540
117
+
ND
–/+/+
Oe, Dy, Cg
14
46/M
Mu, Fe, Gi
17
22
3
20
1,521
248
100
ND
–/+
ND
15
22/M
Mu, Fe, Hd, As,
8
16
1
11
110
137
30
ND
ND
−/−
Gi, Cg
16
40/M
Mu, Fe, Gi, As,
18
18
10
12
1340
342
73
ND
ND
ND
Oe
17
42/M
Mu, Fe, Gi, As
16
25
5
20
260
162
44
ND
–/+
ND
18
36/M
Mu, Fe, Hd, As,
16
17
2
12
899
ND
281
ND
–/+
ND
Dy
19
42/M
Mu, Fe, As
16
24
2
17
796
ND
161
ND
+/+
ND
20
26/M
Mu, Fe, As
16
21
8
17
340
ND
70
ND
+/+
ND
21
26/M
Mu, Hd, As Oe
25
18
1
16
1,073
291
94
ND
+/+
ND
22
34/M
Mu, Fe, As, Dy
25
21
4
20
622
303
89
ND
+/+
ND
23
41/M
Mu, Fe, Hd, Gi,
15
16
1
13
866
246
170
ND
+/+
ND
As
24
42/M
Mu, Fe, Hd, Gi,
15
18
1
15
524
ND
113
ND
–/+
ND
As, Dy
25
45/M
Mu, Fe, Hd, Gi
7
11
2
15
320
ND
154
ND
–/+
ND

*As, asthenia; AST, aspartate aminotransferase (reference range <37 U/L); Cg, cough; CPK, creatine phosphokinase (reference range 15–130 U/L); Dy,
dyspnea; Eos, eosinophils (reference range 0.2–0.7 × 109 cells/L); Fe, fever; Gi, abdominal pain, diarrhea, and nausea; Hd, headache; Leu, leukocytes
(reference range 4–9 × 109 cells/L); LDH, lactate dehydrogenase (reference range 225–450 U/L); Mu, muscle pain and swelling; ND, not determined;
Neu, neutrophils; Oe, facial or periorbital edema; Pt, patient; Seq, sequencing; –, negative; +, positive.
†Values are the highest readings obtained during hospitalization.
‡Positive conventional PCR for Trichinella rDNA intergenic spacer region/multiplex PCR for Trichinella spp./sequencing.

for an average for 14 days (range 4–26 days). Hepatosplenomegaly was observed during abdominal ultrasound examination for 47% (9/19) of the patients.
Chest radiography, electrocardiography, and echocardiography for all patients showed typical results.
Patient 2 died from multiorgan failure (probably
caused by septicemia), despite intensive care.
Identification and Confirmation of Larvae

Transverse sections of nonencapsulated larvae morphologically consistent with Trichinella sp. stage L1
larvae were identified by histopathologic analysis
(Figure 1, panels A and B). A diffuse infiltration of
larvae was visible in all slides, accompanied by abnormally clear cytoplasm, vacuolization, and disorganization of myofibrils or total necrosis of striated
muscle. The interstitial connective tissue was edematous and had few inflammatory cells. There were
no encysted larvae with a hyaline wall of a cyst or
1762

organized fibrosis. After digestion of the remaining
biopsy sample with pepsin/HCl, Trichinella sp. larvae
were found in 92% (12/13) of the patients. The mean
± SD number of larva in the 60-mg tissue sample was
17 ± 13 (minimum 4 and maximum 41). We also observed a nonencapsulated larvae of a Trichinella sp.
after the pepsin/HCl digestion (Figure 1, panel C).
The 5S rDNA intergenic spacer region of Trichinella was amplified from 4/13 muscle biopsy specimens (for patients 3, 4, 5, and 6; GenBank accession
numbers MN158145–8). The sequences alignment
showed 10 positions of single-nucleotide polymorphisms on 794 nt between the isolates. The BLASTn
matched with the highest percentage of identity
(range 97.8%–98.0%) and the lowest E value (0.0)
with the sequence of T. papuae nematodes (GenBank
accession no. AY845861.1). Similarly, the multiplex
PCR showed (Figure 2) a typical pattern for T. papuae nematodes (240-bp band) for 12/13 samples.
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Figure 1. Trichinella larvae samples from patients in Cambodia. A) Transverse section of a muscle (bicep) biopsy specimen from
patient 13 showing a nonencapsulated T. papuae stage 1 nematode larva in the center of the specimen (hematoxylin phloxine saffron
stain; scale bar = 200 μm). B) Higher magnification view of the same biopsy specimen showing the coelomyarian muscle structure and
stichosome of Trichinella larvae (scale bar = 50 μm). C) T. papuae stage 1 nematode larva after deparaffinization and artificial digestion
of muscle biopsy specimen (scale bar = 50 μm).

The amplified ESV gene was sequenced (for patients
4, 6, and 13; GenBank accession nos. MN158365–7).
Alignment showed 1 nt change over 238 nt between
the isolates. The BLASTn matched with the highest
percentage of identity (range 98.3%–100%) and the
lowest E value (range 4.10 × 10-114 to 1.10 × 10-118) for
T. papuae nematodes from crocodiles in Papua New
Guinea (GenBank accession nos. FJ493493.1 and
FJ493494.1).
The ESV gene could not be amplified in 1 sample
(patient 7). In addition, no larvae were observed in
this sample after digestion with pepsin/HCl.
Treatment and Clinical Follow-up

All patients were given albendazole (800 mg or 15
mg/kg/d for a minimum of 10 days) and glucocorticosteroid (prednisolone) (60 mg or 1 mg/kg/d for
5 days). Supportive treatments such as painkillers for
myalgia or intravenous fluid and electrolytes against
hypovolemia and metabolic disorders were also administered. To our knowledge, 24 patients recovered,
but it was not possible to obtain additional information from them.
Discussion
We report an outbreak of T. papuae nematode infection in Cambodia and provide epidemiologic, molecular, laboratory, and clinical data. The most probable mode of infection was consumption of wild pig
meat, although the possibility of some infections
being caused by consumption of reptile meat (e.g.,
Siamese crocodiles [Crocodylus siamensis] and lizards)
present in the Prey Lang Forest, cannot be completely
rule out (14). Several human outbreaks of trichinellosis (caused by nonencapsulated Trichinella species)
through consumption of raw soft-shelled turtle (Pelodiscus sinensis) meat in South Korea (25) and Taiwan
(26) have been described. T. papuae nematodes might

have been the causative species in these infections because it is often found in reptile meat.
The central location of Kampong Thom Province
in Cambodia (far from regions in Thailand that had
previously described outbreaks) and the fact that a
wild pig was the source of infection could indicate
that Kampong Thom Province is a region to which
T. papuae nematodes are endemic. Comparing the
only 2 ESV sequences deposited in GenBank from
T. papuae nematodes in Papua New Guinea (27) and
those from this study showed an identity of 100%.
Comparing of the only 5S rDNA intergenic spacer
region sequence from T. papuae nematodes (GenBank accession no. AY845861.1) and those from this
study showed an identity of ≈98%. A higher intraspecies variation was observed between the T. papuae sequences from Cambodia by using 5S rDNA
intergenic spacer region analysis.
It is likely that outbreaks characterized by a low
number of ingested larvae, few patients, or mild clinical signs and symptoms are not correctly diagnosed
and consequently, public health services are not informed. This situation was also described in Papua
New Guinea (28), Laos (11), and Vietnam (12). Therefore, trichinellosis is probably underdiagnosed, and
the high number of deaths in this outbreak alerted
authorities. Because no previous trichinellosis cases
were recorded, we can hypothesize that sporadic cases are the rule.
The average yearly incidence of trichinellosis in
humans worldwide is probably ≈10,000 cases, and
the mortality rate is ≈0.2% (29). Complications can be
life-threatening and affect mainly the elderly. Their
frequency is variable and dependent on the epidemics; it can sometimes involve <30% of cases with neurologic complications and 5%–20% for cardiac and
vascular complications. During this outbreak, the
mortality rate was high (24%, 8/33). In comparison,
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Figure 2. Gel electrophoresis (2% agarose) of products of
Trichinella multiplex PCR using samples from patients in
Cambodia. Lanes 1–6, patients 1–6: samples were extracted from
muscle tissue and show the 240-bp band typical for Trichinella
papuae nematodes. Lane 7, patient 7: sample was extracted from
muscle tissue and showed no band. Lanes 8–13, patients 8–13:
samples were extracted from larvae and show the 240-bp band
typical for T. papuae nematodes. Lane 14, negative control; lane
15, positive control (T. nativa showing the expected 127-bp band);
lane M, molecular mass ladder.

the observed mortality rate during the epidemic in
France during 1985 was 5 deaths/1,000 persons (30).
However, T. spiralis nematodes, not T. papuae, nematodes, were presumed to be the causative agent.
Furthermore, to our knowledge, deaths caused by T.
papuae nematodes have not been reported.
The quantity of ingested larvae (2), the quantity
of alcohol (31,32) consumed during a meal, the nature of the host, and the species of Trichinella (33) are
some of the parameters linked to virulence. However,
the quantity of meat consumed (positively correlated
with virulence) and the quantity of alcohol consumed
(negatively correlated with virulence) was not known
for our case-patients. Furthermore, little information
was available for the patients who died. Infection with
Trichinella species was not medically proven for 7 of
the officially recorded fatal cases and this factor confounded accurate interpretation of the epidemiology
of this outbreak. A high number of ingested larvae,
a late diagnosis in the first hospital, or the choice of
some patients to use traditional medicine instead of
modern medicine could be a reason for this unusual
high mortality rate. Moreover, access to medical care
in Cambodia is limited and it was recently pointed
out that the national healthcare system at the same
time enables, encourages, and sanctions unregulated
medical practice (34). In the case of fatal trichinellosis,
cardiac or neural complications occurring in the first
2 weeks of infection are most common (19). Complications can be avoided by the early combined use of
albendazole and prednisolone (35). These drugs were
given to the 25 documented case-patients, even to the
patient who eventually died.
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Cultural factors, such as consumption of traditional dishes that contain raw or undercooked meat,
play a major role in the transmission of Trichinella
nematodes to humans. Because patients were referred to hospitals in Phnom Penh for a long period
(78 days) after the first case, we can hypothesize that
several contaminated meals could have been taken
from the same meat source prepared in different ways
(sun-dried meat is commonly eaten in Cambodia).
However, samples from the meals were not available for examination. In Cambodia, common popular
beliefs associated a strength transfer for man eating
raw wild pig meat, but this type of food is widely rejected by woman because of its pronounced taste (M.
Sim, Institut Pasteur, Phnom Penh, Cambodia, pers.
comm., 2017 Dec 1) and can probably explain the observed unbalanced sex ratio. Other parasites, such as
Sarcocystis spp. (36) or Taenia spp. (37), which are also
transmitted by consumption of raw meat, are also endemic in Cambodia.
On the basis of clinical signs and symptoms, all
patients arrived in Phnom Penh during the acute
phase of trichinellosis because 100% had myalgia
and swelling, 72% had asthenia, and 68% had fever.
Furthermore 96% had moderate eosinophilia, and
increased levels of muscle enzymes (AST, CPK, and
lactate dehydrogenase) (19). Patients 15 and 16 could
not be classified as having confirmed trichinellosis
because of the absence of biopsy and serologic results.
Nevertheless, albendazole-based treatment cured the
patients. None of these patients had any complications. We hypothesize that most deaths occurred because of complications. The medical record of patient
2 showed that he underwent surgery (appendectomy) 2 weeks before his death (on September 21). It is
likely that the course of the Trichinella infection and
the surgery played a major role in fatal multiorgan
failure. Moreover, the appendicitis symptoms could
also have been related to trichinellosis.
ELISA is the recommended diagnostic technique
for trichinellosis and is best used in combination with
confirmatory immunoblotting (Western blot) (19). In
this outbreak, ELISA was only performed for 44%
(11/25) of the patients. Only 1 of these patients had
a negative serologic result. Delayed seroconversion
until 60 days postinfection has been described (38).
The result of a second serology test would have been
useful, but it was not possible to obtain a new blood
sample from the patient. IgG and IgM can persist up
to 1 year and occasionally even longer (11 years and
19 years have been reported) (39). Although a specific excretory/secretory antigen ELISA was used,
we cannot eliminate the possibility of false-positive
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results caused by cross-reactions with other endemic
parasites (i.e., Toxocara spp., Strongyloides stercoralis,
or Toxoplasma spp.) (40). Nevertheless, when considered in the context of consumption of raw wild pig
meat, clinical symptoms and positive results for biopsies and molecular biology assays leave little doubt
regarding the accuracy of serologic results.
Further investigations are needed to answer the
questions raised by this outbreak and to identify
the life cycle of T. papuae nematodes in Cambodia. It
could be useful to determine the serologic status of
inhabitants in the area of the outbreak and the prevalence of Trichinella infection in wild pigs and reptiles
found in the nearby forest. The sylvatic and domestic
life cycles of the parasite are probably linked, and it
could be useful to investigate the spectrum of domestic hosts to avoid further outbreaks.
In Cambodia, a Trichinella species is now accurately identified as causing an outbreak. This finding should encourage authorities and involved sectors to implement measures to limit the effect of this
major zoonotic parasite and its spreading to (domestic) pigs herds. Consumption of raw meat (particularly wild pig) must be avoided. Furthermore,
this outbreak highlights that the T. papuae nematode
should be reevaluated as a potential virulent species
for humans.
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Increased Sensitivity of
Plasmodium falciparum to
Artesunate/Amodiaquine Despite
14 Years as First-Line Malaria
Treatment, Zanzibar
Mwinyi Msellem, Ulrika Morris, Aungpaing Soe, Faiza B. Abbas, Abdul-Wahid Ali,
Rory Barnes, Paolo Frumento, Abdullah S. Ali, Andreas Mårtensson, Anders Björkman

Artemisinin-based combination therapies (ACTs) are
first-line treatments for uncomplicated Plasmodium falciparum malaria. ACT resistance is spreading in Asia but
not yet in Africa. Reduced effects of ACT partner drugs
have been reported but with little information regarding
widely used artesunate/amodiaquine (ASAQ). We studied its efficacy in Zanzibar after 14 years as first-line
treatment directly by an in vivo, single-armed trial and
indirectly by prevalences of different genotypes in the P.
falciparum chloroquine-resistance transporter, multidrugresistance 1, and Kelch 13 propeller domain genes. In
vivo efficacy was higher during 2017 (100%; 95% CI
97.4%–100%) than during 2002–2005 (94.7%; 95% CI
91.9%–96.7%) (p = 0.003). Molecular findings showed
no artemisinin resistance–associated genotypes and
major increases in genotypes associated with high sensitivity/efficacy for amodiaquine than before ASAQ was
introduced. Thus, the efficacy of ASAQ is maintained and
appears to be increased after long-term use in contrast to
what is observed for other ACTs used in Africa.

A

rtemisinin-based combination therapy (ACT)
has been first-line treatment for uncomplicated
Plasmodium falciparum malaria globally for the past
10–15 years and has contributed greatly to a reduction of malaria illnesses and deaths during 2005–2015
(1,2). However, artemisinin resistance emerged in
Cambodia during 2008, where it then spread and
even developed de novo throughout the Great
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Mekong Region (3,4). Possible resistance has been reported from eastern India (5) and, Guyana in South
America (6) but not yet from Africa (4). However,
ACT resistance represents a continuous threat in
contexts such as Zanzibar, where numerous longdistance visitors represent a special risk for imported
artemisinin-resistant malaria parasites. Chloroquine
resistance entered eastern Africa most probably from
India in late 1970s (7). In addition, selection of resistance/tolerance to the slowly eliminated long-acting
partner drugs in ACT (e.g., amodiaquine) is expected,
especially in highly malaria-endemic areas of Africa
(8–10), which could result in relatively reduced ACT
cure rates and reduced protection against artemisinin
resistance (11). Currently, however, complete ACT
resistance has developed and spread only in Asia
(e.g., Cambodia) (12).
In Zanzibar, malaria transmission has been reduced substantially after new and reinforced malaria
tools and interventions, including ACT for uncomplicated malaria (2), were implemented. The reduced
parasite biomass on the islands of Zanzibar has resulted in an expected selection (bottleneck) of the
parasite populations (2,13), which under strong drug
exposure might select for drug resistance. The firstline ACT in Zanzibar has been artesunate/amodiaquine (ASAQ) since 2003, plus recently added single,
low-dose primaquine. Artemether/lumefantrine was
used as second-line treatment when ACT was first
used, followed by quinine when treatment guidelines
were revised in 2009 (2). Free access throughout the
health systems has resulted in sustained high population coverage and compliance to ASAQ (2,14,15). The
partner drug amodiaquine is relatively short-lived
(half-life 2–8 hours) and is primarily metabolized to
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Figure 1. Locations of 14 study health centers, including 11 peripheral satellite health units and 3 referral health facilities for which
increased sensitivity of Plasmodium falciparum to artesunate/amodiaquine despite 14 years as first-line malaria treatment was tested,
Zanzibar. A) Unguja Island; B) Pemba Island.

its main biologically active metabolite desethyl-amodiaquine, which has a longer terminal elimination
half-life (>7 days) (16).
Efficacy verses resistance to ACTs is primarily
assessed by the in vivo response to standard treatment in which early clearance determines the effect
of the artemisinin component, and the cure rate by
days 28 or 42 after treatment determines the effect
of the combination, especially that of the partner
drug (17). Tolerance/resistance to the ACT components can also be estimated separately by genetic
determination of different drug-resistance associated polymorphisms. A few longitudinal studies in
1768

Africa have examined tolerance/resistance trends
to ACTs, especially to artemether/lumefantrine,
suggesting largely maintained treatment efficacy
but also higher prevalences of genotypes associated with tolerance to lumefantrine (18,19). However, there is a lack of combining longitudinal in
vivo cure rates and molecular findings, particularly
in relation to ASAQ, the second most widely used
ACT in Africa.
In Zanzibar, 2 previous clinical trials in 2002–2003
(20) and 2005 (A. Bjorkman, unpub. data) showed
high efficacy of ASAQ. A study of gene polymorphisms did not show any early trends of drug

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

Plasmodium falciparum and Artesunate/Amodiaquine

Table 1. Characteristics of patients in 3 clinical trials testing increased sensitivity of Plasmodium falciparum to artesunate/amodiaquine
despite 14 years as first-line malaria treatment, Zanzibar
Study group
Characteristic
2002–2003
2005
2017
No. screened*
2,097
2,076
9,062
No. enrolled
207
177
146
M:F ratio
104:103
82:95
101:45
Median age (range)
24 (5–73) mo
28 (4–60) mo
16 (2–60) y
Geometric mean parasite density per microliter (range)
19,731 (2,000–198,000) 20,890 (2,000–176,000)
7,886 (75–304,000)
Mean  SD temperature, °C
38.7  1.2
37.8  1.2
37.8  1.4
Mean  SD hemoglobin level, g/dL
8.5  1.6
9.2  1.4
11.9  2.2
*Febrile patients attending healthcare facilities with suspected uncomplicated P. falciparum malaria infections.

resistance selection after wide-scale ACT implementation (21). We conducted a new clinical trial and
molecular survey of P. falciparum genes in 2017, after
14 years of large-scale use of ASAQ as first-line treatment. The objective of this study was to estimate the
P. falciparum sensitivity to ASAQ, including both the
in vivo treatment efficacy and the parasite profiles
with regards to drug resistance–associated molecular
characteristics (markers). The in vivo and molecular
results were then compared with findings from previous studies conducted during 2002–2013.
Materials and Methods
Study Design and Area

We conducted a single-armed therapeutic efficacy
trial of ASAQ (standard dose) and primaquine (single low-dose) treatment for uncomplicated P. falciparum malaria (ClinicalTrials.gov identification no.
NCT03773536), in accordance with World Health Organization (22) and Worldwide Antimalarial Resistance Network guidelines (23), in the West and Central Districts (Unguja Island) and Micheweni District
(Pemba Island) during May–September 2017. Study
participants were recruited from 14 primary healthcare units, including 11 peripheral satellite facilities
and 3 referral health facilities (Figure 1). We selected
the facilities on the basis of relatively high malaria
detection rates in 3 preceding months and proximity
to 3 centrally located referral centers in the respective districts. The study was implemented in accordance with the Helsinki Declaration and approved
by the Zanzibar Medical Research Ethical Committee,

Zanzibar Food and Drug Board, and Regional Research Ethics Board in Stockholm, Sweden.
Study Participants

The participants (all ages) were recruited among
febrile patients attending the 14 selected health facilities. They were screened by using malaria rapid
diagnostic tests (mRDTs), and if positive results
were found, they were referred to the closest referral center. Participants were considered eligible for
study inclusion if they were confirmed to be febrile
(axillary temperature >37.5°C) or had a history of
fever (past 48 hours) and confirmed microscopically with any level of asexual P. falciparum parasitemia. They were finally enrolled if considered
able to comply with the study protocol (e.g., residence <10 km from referral center) and if written
informed consent was obtained from patient, parent, or guardian. Exclusion criteria were severe malaria signs, underlying disease, positive pregnancy
test result, or suspected alternative reason for the
febrile condition.
Study Procedure

The enrolled patients were given treatment and followed-up at the referral centers. They received the
antimalarial standard treatment orally (i.e., fixeddose combination of artesunate [4 mg/kg] plus amodiaquine [10 mg/kg]: ASAQ Winthrop; Sanofi Pharmaceuticals, https://www.sanofi.com) once a day
for 3 consecutive days. A single low-dose (0.25 mg/
kg) of primaquine (primaquine phosphate; Sanofi
Pharmaceuticals) was co-administered on the first

Table 2. Characteristics of patients fulfilling study protocol in 2017, by age group and parasite density, Zanzibar
Study group
2017, all
2017, children
2017, children
2017, children
Characteristic
patients
<5 y of age
<10 y of age
<15 y of age
Total
142
21
42
66
M:F ratio
99:43
13:8
28:14
45:21
Median age (range)
17 (2–60) y
48 (21–60) mo
5.5 (1.8–10) y
9 (1.8–15) y
7,899
15,773
11,847
10,618
Geometric mean parasite density/L
(75–304,000)
(85–304,000)
(85–304,000)
(85–304,000)
(range)
Mean  SD temperature, C
37.8  1.4
38.2  1.2
38.1  1.1
38.2  1.2
Mean  SD hemoglobin level, g/dL
11.9  2.2
9.1  1.7
9.8  1.9
10.6  2.1
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2017, parasite
density >2,000/L
115
81:34
16 (1.8–60) y
14,305
(2,175–304,000)
37.9  1.4
11.8  2.3
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Figure 2. Comparison of
parasite clearance rates until
day 3 posttreatment for 3 study
periods, Zanzibar. Microscopy
determined geometrical mean
parasite densities. Only parasite
densities >2,000 parasites/μL
on day 0 were included in 2017.
Microscopy negative samples
were given an arbitrary value of
1 parasite/μL.

day (D0). All doses were administered under direct
supervision and observation for 30 min. If vomiting occurred, the patient was again given the same
supervised dose and withdrawn from the study if a
second vomiting occurred.
After the first 3 treatment days (D0, D1, and D2),
the follow-up consisted of fixed appointments on
D3, D7, D14, D21, and D28 and whenever the patient
experienced any clinical symptoms. To ensure optimal compliance to the study protocol, an incentive
of 5,000 Tanzanian shillings (US $2.20) was provided
upon each visit, mainly to cover transportation costs.
At each follow-up visit, standard physical examination was performed and temperature was recorded. Finger-prick blood samples were collected for
thick blood films and dried blood spots on filter paper
(3MM; Whatman, https://www.cytivalifesciences.
com). These filter papers were packaged in desiccated
individual plastic bags and sent to the Karolinska Institutet (Stockholm, Sweden) for molecular analyses.
Microscopy reading of Giemsa-stained blood
films was performed by 2 experienced microscopists

at each visit. We quantified parasitemia by using the
standard approximation method (40× parasites/200
leukocytes). A blood film was defined as positive if
>1 asexual parasite was found per 1,000 leukocytes
and the final parasite density was the average of 2 independent reads. An independent examination by a
third microscopist was performed in case of discordant reads. We measured hemoglobin levels by using a HemoCue B-Hemoglobin Photometer (https://
www.hemocue.com) on D0, D3, D7, D14, and D28, or
any day of clinical suspicion of (hemolytic) anemia.
Molecular Analyses

We conducted PCR screening for all filter paper blood spots collected on D0, D3, D7, and D28
after DNA was extracted by using the Chelexboiling method (21). A quantitative PCR specific
for the rRNA genes of Plasmodium species was
used to screen for parasite DNA and estimate parasite densities (21). Samples with cycle values <40 in
duplicate runs were considered parasite positive.
Single-nucleotide polymorphisms (SNPs) in the

Table 3. Parasite clearance determined by microscopy in Plasmodium falciparum–positive persons, Zanzibar*
Study group
2017, all patients, 2017, age <5 y, 2017, parasite density
>2,000/L, n = 115
Characteristic
2002–2003, n = 206
2005, n = 172
n = 142
n = 21
Parasite positivity by microscopy, no.; % (95% CI)
Day 0
206; 100 (98–100) 172; 100 (98–100) 142; 100 (97–100) 21; 100 (84–100)
115; 100 (97–100)
Day 1
137; 67 (60–73)
64; 37 (30–45)
58; 41 (33–49)
12; 41 (34–78)
53; 46 (37–56)
Day 2
18; 9 (5–13)
1; 0.6 (0–3)
2; 1 (0–5)
0; 0 (0–16)
1; 1 (0–5)
Day 3
1; 0.5 (0–3)
0; 0 (0–2)
1; 0.7 (0–4)
0; 0 (0–16)
0; 0 (0–3)
Geometric mean parasite density/µL for parasite-positive persons (range)
Day 0
19,858
20,822
7,899
15,773
14,305
(2,000–198,447)
(2,000–176,000)
(75–304,000)
(85–304,000)
(2,175–304,000)
Day 1
359 (9–173,882)
397 (12–25,000)
822 (30–13,700)
802 (64–4,970)
83 (30–13,700)
Day 2
89 (32–552)
560, NA
500 (250–1,000)
NA, NA
1,000, NA
Day 3
78, NA
NA, NA
120, NA
NA, NA
NA, NA
*Values are proportions of patients positive by microscopy and with geometric mean parasite densities on days 0, 1, 2, and 3 after treatment. NA, not
applicable.
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Table 4. Artesunate/amodiaquine treatment outcome with 28-day follow-up for increased sensitivity of Plasmodium falciparum to
artesunate/amodiaquine despite 14 years as first-line malaria treatment, Zanzibar
No. (%) positive No. (%) with parasite No. (%) with recurrent
Year of study, group
No patients*
on day 3
recrudescence†
new infection
p value‡
2002–2003, all patients§
206
1 (0.5)
13 (6)
44 (22)
Referent
2005, all patients§
172
0
7 (4)
16 (9)
Referent
2017, all patients
142
1 (1)
0
0
0.003
2017, children <5 y of age
21
0
0
0
0.614
2017, children <10 y of age
42
0
0
0
0.243
2017, children <15 y of age
66
0
0
0
0.055
2017, >2,000 parasites/µL
115
0
0
0
0.006
*Number fulfilling follow-up as per protocol.
†After PCR correction.
‡p value when compared with 2002–2003 and 2005 combined.
§All patients were ≤5 y of age and had parasite densities >2,000 parasites/µL in 2002–2003 and 2005.

P. falciparum multidrug-resistance 1 (pfmdr1) and P.
falciparum chloroquine-resistance transporter (pfcrt)
genes, associated with amodiaquine resistance (8,9)
were analyzed in all D0 samples. SNPs at positions
pfcrt K76T, pfmdr1 N86Y, Y184F, and D1246Y were
analyzed according to established nested PCR–restriction fragment length polymorphism protocols
(21). In addition, polymorphisms in the 850-bp fragment of the P. falciparum Kelch13 propeller domain
(pfk13), associated with artemisinin resistance were
analyzed by using nested PCR amplification with
Q5 high-fidelity polymerase (New England Biolabs, https://www.neb.uk.com), followed by direct
Sanger sequencing of the PCR amplicon (24).
Study Outcomes

The primary outcome was PCR-corrected treatment
failure rates assessed after 28 days. Secondary outcomes were parasite and fever clearance rates by D3,
hemoglobin decrease by D7, residual PCR positivity,
and D0 genotype profiles associated with parasite tolerance/resistance.
Comparator Studies

We compared the current clinical trial with 2 previous in vivo trials conducted in Zanzibar during
2002–2003 (20) and 2005 (A. Bjorkman, unpub.
data) (ClinicalTrials.gov identifiers NCT03764527
and NCT03768908). Both studies were open-label,
randomized, 2-armed studies comparing in vivo
efficacy of ASAQ and artemether/lumefantrine
in children (<5 years of age) with uncomplicated
P. falciparum malaria (range 2,000–20,0000 parasites/μL). Study procedures were similar to those

in 2017. We performed paired PCR genotyping of
the P. falciparum merozoite surface protein 2 gene
in samples collected on D0 and for recurrent parasitemia days 14–28 (20) to differentiate reinfection
from recrudescence.
We compared prevalences of molecular markers
of drug resistance during 2002–2003, 2005, and 2017,
as well as published data for 2010 and 2013 (21). Molecular genotyping of SNPs was conducted by using
the same protocols (21) in all studies. Pfk13 sequencing was only conducted in samples from 2017.
Samples Size

Sample size for the 2017 clinical trial was calculated
for an estimated efficacy rate of 95% and a 95% CI
within a total width of 10%. To achieve this power, 90
patients were required after attrition losses estimated
to be 20%. However, we targeted 150 patients, a comparable number to those of previous trials (2002–2003
and 2005).
Statistical Analyses

We entered data into Microsoft Excel (https://www.
microsoft.com) and cleaned data by using GSPro
(https://www.dji.com). We performed statistical
analyses by using Stata (https://www.stata.com). We
calculated 95% CIs for proportions of patients cured
by D28 by using the exact method described by Fagan (25); we compared proportions by using the Fisher exact test. We assessed associations between PCR
positivity and patient characteristics at study baseline
by using the Fisher exact test or Wilcoxon rank-sum
(Mann-Whitney) test. We conducted trend analyses
for genotypes by using logistic regression and year

Table 5. Parasite clearance determined by qPCR after treatment with ASAQ and single, low-dose primaquine, Zanzibar, 2017*
qPCR-determined geometric mean parasite density/L (range)
Day after treatment Parasite positivity by PCR, no.; % (95% CI)
Day 3
90; 63 (55–71)
2 (<1−796)
Day 7
42; 30 (22–37)
<1 (<1−18)
Day 28
9; 6 (2–10)
1 (<1−58)
*ASAQ, artesunate/amodiaquine; qPCR, quantitative PCR.
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Table 6. Association between PCR positivity on days 3, 7, and 28 after treatment and patient characteristics at study baseline,
Zanzibar*
PCR
PCR
p
PCR
PCR
p
PCR
PCR
p
negative,
positive,
value,† negative,
positive,
value,† negative,
positive, value,†
Characteristic
day 3
day 3
day 3
day 7
day 7
day 7
day 28
day 28
day 28
Total (%)
52/142
90/142
NA
100/142
42/142 (30)
NA
133/142
9/142 (6)
(37)
(63)
(70)
(94)
M:F ratio
33:19
65:25
0.35
70:30
28:14
0.70
91:42
72
0.72
Median age, y (range)
24 (2–57) 14 (2–60) <0.001 19 (2–60) 12.5 (2–54)
0.01
17 (2–60) 14 (9–56)
0.54
Geometric mean parasite
3,998
12,011
<0.001
6,185
14,940
0.01
7,847
11,259
0.61
density/µL (range)
(75–
(78–
(76–
(561–
(78–
(2,730–
120,955)
304,269)
145,750)
304,269)
304,269)
56,304)
0.27
0.62
Mean  SD temperature,
37.2  1.2 38.1  1.3 <0.001 37.7  1.4 38.0  1.2
37.8  1.4 38.0  1.2
C
0.09
0.01
0.37
Mean  SD hemoglobin
12.4  2.2 11.7  2.2
12.2  2.2 11.3  2.2
12.0  2.3 11.4  1.5
level, g/dL
*NA, not applicable.
†Calculated by Fisher exact test (for sex) or Wilcoxon rank-sum (Mann-Whitney) test for continuous variables.

as a continuous variable. We performed analysis for
the proportion of patients harboring mutant alleles
(i.e., only mutant, or mixed with wild-type), as well
as for the ratio of infections with mutants versus infections with the corresponding wild-types (mutants
pfcrt 76T; pfmdr1 86Y, Y184, and 1246Y).
Results
Patients

The 14 health centers screened 9,062 febrile patients
during May–September 2017; a total of 233 (2.6%) were
positive by mRDT, and 146 satisfied all inclusion criteria and thus enrolled at the 3 referral centers. We provide demographic, clinical, and laboratory characteristics for patients (Table 1), along with data from the
previous clinical trials during 2002–2003 and 2005. Despite different inclusion criteria regarding age and parasitemia, the geometrical mean parasite densities and
ranges at study enrollment were similar (Table 2). A
total of 142 (97%) of 146 patients in 2017 completed the
study follow-up to D28. Four patients were excluded
or did not complete follow-up because of vomiting on
D1, itching on D3, too long travel distance to a referral
center, and travel to mainland Tanzania.
Treatment Outcomes

Parasite clearance rates by microscopy up to D3 were
similar in the 3 trials (Figure 2; Table 3). In 2017, one
patient remained malaria positive at D3, after which
all were microscopy negative up to D28 (Table 4).
The cure rate of 100% (95% CI 97.4%–100.0%) in 2017
was higher when compared with the PCR-adjusted
cure rate for 2002–2003 and 2005 combined (358/378,
94.7% [95% CI 91.9%–96.7%]; p = 0.003). Statistical significance was maintained after including only patients
with >2,000 parasites/μL on day 0 in 2017 (p = 0.006),
and near significance (p = 0.055) was achieved when
1772

adjusting for age <15 years (i.e., with <5 years of exposure to major malaria transmission. Numbers of recurrent parasitemias, defined as new infections during the
28 days of follow-up, were 44 (22%) in 2002–2003, 16
(9%) in 2005, and none (0%) in 2017, confirming higher
malaria transmission rates in 2002–2005.
PCR positivity and parasite density estimates by
quantitative PCR were analyzed only for the 2017
study (Table 5). Patients remained positive for much
longer by PCR than by microscopy. PCR positivity on
D3 and D7 were strongly associated with age, parasite
density at study enrollment, baseline temperature, and
hemoglobin value (Table 6). Associations were not significant for persons who were PCR positive on D28.
Fever clearance rates were similar: temperatures
<37.5°C by D3 in 92.8% (95% CI 88.4%–95.9%) of patients in 2002–2003, 98.8% (95% CI 95.9%–99.9%) of
patients in 2005, and 97.9% (95% CI 94.0%–99.6%) of
patients in 2017. Hemoglobin levels at enrollment (D0)
were higher in all patients in 2017 (Table 1) but similar in children <5 years of age when compared with
2002–2003 and 2005 (Table 2). The average decrease by
D7 was –1.10 g/dL (range −6.1 g/dL to –3.3 g/dL) in
2017, when primaquine was added to ASAQ, and -0.20
g/dL (range –3.6 g/dL to –3.4 g/dL) in 2002–2003 after
ASAQ alone (p<0.001). However, after adjusting for
hemoglobin level at D0, the decrease was more pronounced in 2002–2003 (–0.60 g/dL) than in 2017 (–0.09
g/dL) (p = 0.003). There was no case of severe anemia
(hemoglobin level <5 g/dL) at D0 or D7 in any study.
No patient experienced any serious adverse event.
Polymorphisms in pfcrt, pfmdr1, and pfk13 Genes

There was a significant reduction of pfcrt K76T prevalence from 98.0% in 2003 to 4.9% in 2017 (p<0.001)
(Figure 3) and negative trends were also seen for pfmdr1 86Y, Y184, and 1246Y, all associated with reduced
sensitivity to amodiaquine (8,9,26). Pfmdr1 YYY and
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YYD were the most frequent haplotypes in 2002–
2003, and the NYD and NFD haplotypes were most
frequent and the YYY totally absent in 2017 (Table 7).
The decrease of YYY and YYD was highly significant
between 2002–2003 and 2017 (p<0.001).
Regarding the pfK13 gene, 139 (98%) of 142 samples collected 2017 were successfully sequenced. No
nonsynonymous SNP was identified. Two synonymous mutations were found, the SNPs C469C (5 samples) and S477S (1 sample). Five samples were from
patients at the Bububu health center, and 1 (C469C)
was from a patient in Uzini who had traveled to
mainland Tanzania.
Discussion
The high cure rate in 2017 (100%) was significantly
higher than the combined cure rate in 2002–2003 and
2005 (94.7%) (p = 0.003). The microscopy-determined
parasite clearance was as rapid as that in 2002–2003
and 2005 (<3 days), and fever clearance was similar.
These findings confirm maintained full efficacy of the
artesunate compound (17) and suggest an increased
cure rate by ASAQ. Compliance to the study protocol
was high: only 4/146 patients were unable to complete follow-up despite logistical constraints of conducting the clinical trial in the low-transmission context in 2017. A large enough sample size was achieved
by recruiting patients from 11 peripheral satellite
health units and 3 referral health facilities (in which
follow-up attendances were conducted) and by including patients of all ages and all parasite densities.
High in vivo efficacy is in agreement with previous findings from Madagascar (27) and Côte
d’Ivoire (28) after 6 and 10 years of ASAQ use as
first-line treatment, respectively. It might be argued
that the observed higher cure rate in 2017 may be
caused by a different study age group; added single low-dose primaquine; fixed-dose versus a loose
combination of ASAQ compounds; or reduced malaria transmission compared with that in 2002–2003
and 2005. However, age-related protective immunity in the population in Zanzibar has decreased
substantially (2) and thus is expected to have had
little influence on cure rate, especially in children
<15 years of age. Single low-dose primaquine is not
expected to have had any major effect on the asexual
P. falciparum stage (29), and whereas different efficacies by different ASAQ formulations have been
reported in a large meta-analysis (30), no significant
difference was found between a nonfixed loose combination of ASAQ with an amodiaquine dose of 30
mg/kg (used in the studies during 2002–2003 and
2005) compared with a fixed combination with same

amodiaquine dose (used in our 2017 study). In addition, drug intake with the loose combination was
highly supervised during 2002–2003 and 2005; some
new infections might have been falsely misinterpreted as recrudescent during higher transmission
in 2002–2003 and 2005, the opposite might also occur
(31–33). A potential general limitation in the in vivo
assessment of ASAQ efficacy, although according to
World Health Organization recommendations (22),
is that a 28-day follow-up might miss some late recrudescences (20). However, this possibility should
not affect the comparative approach.

Figure 3. Frequency of polymorphisms associated with
amodiaquine resistance in Plasmodium falciparum infections in
Zanzibar, 2002–2017. Black bars indicate resistance alleles, gray
bars indicate mixed infections, and white bars indicate wild-type
alleles. Error bars indicate 95% CIs of proportions of infections
harboring resistance alleles (either alone or mixed infections).
Values in parentheses are the total number of genotyped samples
shown next to the study year. Trend analysis: p<0.001 for pfcrt 76T
+ mixed, pfmdr1 86Y + mixed, pfmdr1 Y184 + mixed, pfmdr1 1246Y
+ mixed; p<0.001 for pfcrt 76T, pfmdr1 86Y, pfmdr1 Y184Y; and p =
0.016 for pfmdr1 1246Y. Pfcrt, P. falciparum chloroquine-resistance
transporter gene; Pfmdr1, P. falciparum multidrug-resistance gene.
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Table 7. Plasmodium falciparum multidrug-resistance 1 haplotype frequencies in clinical trials of increased sensitivity to
artesunate/amodiaquine despite 14 years as first-line malaria treatment, Zanzibar*
Study group
Haplotype
2002–2003, n = 161 2005, n = 156
2010, n = 92
2013, n = 87
2017, n = 140
p value†
YYY
31.1
20.5
12.0
8.0
0.0
<0.001
YYD
57.1
63.5
38.0
31.0
2.1
<0.001
YFD
0.0
4.5
7.6
0.0
0.0
<0.001
NYD
11.2
7.1
26.1
27.6
58.6
<0.001
NFY
0.0
0.0
0.0
1.1
0.7
0.25
NFD
0.6
4.5
16.3
32.2
38.6
<0.001
*Values are percentages unless indicate otherwise. NA, not applicable.
†Comparing frequencies between all years by Fisher exact test.
‡Comparing frequencies between 2002–2003 and 2017 by Fisher exact test.

A minor reduction of hemoglobin levels from
D0 to D7 was similarly observed in 2017 and
2002–2003 and 2005 and is consistent with common
findings after ACT treatment (34). This reduction
supports the safety of adding single low-dose primaquine in 2017 despite ≈10% prevalence of glucose-6-phosphate dehydrongenase deficiency in
the population in Zanzibar.
Residual parasite positivity by PCR on D3 and
several weeks posttreatment despite observed high
ACT efficacy has been described and does not necessarily imply drug resistance (35–37). A key factor
associated to such positivity was, as expected, high
initial parasite density. What low-grade PCR positivity represents remains unclear, be it residual parasite
DNA, gametocytes, or suppressed dormant and potentially surviving parasites (37,38).
Our study showed no sign of increased tolerance to artesunate because no resistance-associated
mutations were detected in the pfk13 gene, in accordance with several other studies in Africa (4). Moreover, prevalences of the SNPs pfcrt 76T and pfmdr1
86Y, Y184, and 1246Y associated with amodiaquine
resistance (8,9,26) all decreased steadily during the
observation period (Figure 3). Amodiaquine and
chloroquine do generally select for similar mutations in the Pfcrt and Pfmdr genes. However, whereas
chloroquine, used as first-line treatment up to 2003,
did strongly select such mutations, this finding was
reversed when amodiaquine combined with artesunate became first-line treatment. This finding is quite
in contrast to longitudinal studies in areas that used
other ACTs as first-line treatment. P. falciparum genotypes associated with tolerance/resistance to the ACT
partner drugs lumefantrine (18,39), sulfadoxine/pyrimethamine (40,41) and piperaquine (12) have all
been shown to consistently increase over time, after
respective ACT use.
A major objective for combination therapy is for
combined compounds to protect each other (i.e., preventing selection of resistance to either drug and both
1774

p value‡
<0.001
<0.001
NA
<0.001
0.46
<0.001

drugs combined). In Zanzibar, our in vivo and molecular findings suggest that P. falciparum has become increasingly sensitive to the combination ASAQ, despite
its widescale use since 2003–2004. Although changes
in allele frequencies in Zanzibar could be caused by
genetic drift after rapid reduction in the parasite population in Zanzibar causing a genetic bottleneck, the
temporal trends of Pfcrt and Pfmdr1 alleles suggest a
selection event as more likely. However, why are pfcrt
and pfmdr1 mutations associated with amodiaquine
resistance selected against, in favor of the drug-sensitive wild-types over time despite being temporarily
selected after each ASAQ treatment (8,9)?
Resistance mutations confer an advantage in the
presence of the drug, although such mutations often
come with fitness costs in the absence of the drug
(42–44) (sometimes additional compensating mutations might also restore fitness in mutated parasites
[45]). Thus, spread of drug resistance alleles might
mostly be restricted when in competition with wildtype parasites in the absence of the drug (46,47). Such
competition is expected in contexts such as Zanzibar,
where decreasing transmission rates have led to a
corresponding decrease in ASAQ use over time, especially because treatment is normally restricted to
mRDT-positive patients only (15). In addition, a large
proportion of infections are subpatent and thus represent a large reservoir of competing parasites unexposed to antimalarial drugs (2).
Potentially contributing to increased sensitivity
to amodiaquine are infections imported from mainland Tanzania (2,48), where the first-line treatment is
artemether/lumefantrine, which selects the opposite
genotypes of those for amodiaquine (8–10). Another
potential reason for less resistance selection by amodiaquine compared with lumefantrine might be different pharmacokinetic profiles and thus different
selection windows after treatment with the respective
ACTs. However, the immediate selection dynamics posttreatment have appeared rather similar for
amodiaquine and lumefantrine (8–10). Accordingly,
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elimination kinetics of desethyl-amodiaquine, (elimination half-life initially short but terminally >7 days)
(16) and lumefantrine (elimination half-life ≈3 days)
(49) are not highly different.
In areas of increased resistance to partner drugs,
ACT cure rates have mostly remained relatively high
as long as artemisinins remained highly effective
(11), except for artesunate–sulfadoxine/pyrimethamine (40,41). When artemisinins were still effective
in Southeast Asia, selection of mefloquine resistance
after previous monotherapy was initially stopped
and temporarily reversed when the ACT artesunate/mefloquine was introduced (50). However,
reduced partner drug efficacy will always represent
increased risk for development and selection of artemisinin resistance. When artemisinin starts to fail in
addition to the failing partner drug, an accelerating
and alarming development toward multidrug resistance to the combination is expected. This suggestion has occurred in the Greater Mekong Subregion
for dihydroartemisinin/piperaquine (12).
Despite 14 years of widescale use of ASAQ as a
first-line treatment for malaria in Zanzibar, there are
no indications of increased tolerance/resistance to
either drug. Our in vivo and molecular findings suggest an increased antimalarial activity by the partner
drug amodiaquine. We believe that this finding might
be primarily caused by fitness costs of the amodiaquine tolerance/resistance–related mutations in the
pfcrt and pfmdr1 genes in the low-transmission context with restricted and compliant use of ASAQ to
parasitologically confirmed malaria cases only, and
with relatively frequently imported parasites without
chloroquine/amodiaquine resistance–associated mutations. ASAQ might have a comparative advantage,
especially in low-transmission areas compared with
other ACTs against development or spread of artemisinin- (and ACT-) resistant parasites.
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Antimicrobial stewardship is a cornerstone of efforts to curtail antimicrobial resistance. To determine factors potentially influencing likelihood of prescribing antimicrobials for animals, we analyzed electronic health records for unwell dogs
(n = 155,732 unique dogs, 281,543 consultations) and cats
(n = 69,236 unique cats, 111,139 consultations) voluntarily
contributed by 173 UK veterinary practices. Using multivariable mixed effects logistic regression, we found that factors
associated with decreased odds of systemic antimicrobial
prescription were client decisions focused on preventive
health: vaccination (dogs, odds ratio [OR] 0.93, 95% CI,
0.90–0.95; cats, OR 0.92, 95% CI 0.89–0.95), insurance
(dogs, OR 0.87, 95% CI 0.84–0.90; cats, OR 0.82, 95%
CI 0.79–0.86), neutering of dogs (OR 0.90, 95% CI 0.88–
0.92), and practices accredited by the Royal College of Veterinary Surgeons (OR 0.79, 95% 95% CI 0.68–0.92). This
large multicenter companion animal study demonstrates
the potential of preventive healthcare and client engagement to encourage responsible antimicrobial drug use.

A

ntimicrobial drug use is a key driver of the promotion and transmission of antimicrobial resistance in humans, livestock, and companion animals
(e.g., dogs, cats) (1–5). Of these groups, the role of
companion animals in the development (1,2), carriage, (6) and transmission of antimicrobial-resistant
bacteria among animal and human populations is being increasingly realized, partly because of the close
proximity in which these animals reside with humans
(5,7,8). Indeed, companion animals are now included
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in recent global action plans aimed at tackling the
global health threat of antimicrobial resistance (9).
In human medicine, electronic health records
(EHRs) and qualitative research techniques have
been used extensively to identify practitioner- and
patient-led factors associated with the likelihood of
antimicrobial drug prescription (10–13). In veterinary
medicine, studies investigating antimicrobial drug
prescribing practices and related risk factors are more
limited (14). Companion animal research has largely
focused on postal surveys (15,16) and in-person interviews (17) to explore perceptions held by veterinary
practitioners. However, recent advances in veterinary
health informatics have provided opportunities for
widescale use of veterinary EHRs to survey antimicrobial prescription (18,19).
Thus far, key insights into antimicrobial prescription frequency and variety have been demonstrated
(20–23), including an apparent increased use of cefovecin in cats (21,22); the World Health Organization
considers this third-generation cephalosporin to be
a highest priority critically important antimicrobial
(HPCIA) (24). Considerable interpractice (20,22), regional (21), and clinical presentation (22,25,26) variability in antimicrobial drug prescription frequency
and choice has also been identified. Although previous studies have indicated divergence of veterinary
opinion over when antimicrobial therapy is justified
and which classes of antimicrobial drugs would be
most appropriate (15–17), the reasons why such variation exists are unknown.
To identify factors potentially influencing antimicrobial prescribing in the clinical environment, we analyzed EHRs for a large, diverse population of dogs
and cats, collected from a network of volunteer firstopinion (general) veterinary practices across Great
Britain (England, Scotland, and Wales). We explored
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associations between antimicrobial prescription (including antimicrobials authorized for systemic administration, antimicrobials authorized for topical
administration, and HPCIAs) and a range of veterinary practice, practitioner, client, and animal-related
factors (including socioeconomic factors and preventive healthcare interventions) for animals presented
primarily for investigation of disease.
Materials and Methods
Data Collection

For this cross-sectional study, we examined EHRs
from 178 volunteer veterinary practices (386 unique
sites) taking part in the Small Animal Veterinary Surveillance Network (SAVSNET; University of Liverpool, Liverpool, UK; ethical approval reference no.
RETH000964), by using the Robovet practice management system (Covetrus, https://www.covetrus.
com). We retrieved EHRs from booked consultations
(19) from April 1, 2014, through March 31, 2016. Each
consultation record included patient species, breed,
sex, neuter status, insurance status, microchip status, vaccination history, date of birth, client’s postal
code, and any products dispensed at time of consultation. Every consultation record was further classified
by the attending veterinary professional into 1 of 10
main presenting complaints (categorized as healthy,
unhealthy, or postoperative), indicating the main reason the animal was presented to the veterinary practice, as previously described (22).
Data Management
General Data Management

Initially available were consultations for 762,648 dogs
and 300,606 cats. We excluded animals for whom
dates of birth were probably incorrectly recorded
(i.e., 1,577 dogs recorded as >24.5 years and 2,467 cats
as >26.0 years of age at consultation) and animals for
whom a valid client postal code was lacking (23,705
dogs, 9,901 cats). We included only consultations in
which animals were recorded as unhealthy (sick animal consultations) according to main presenting complaint (MPC) (282,263 of 737,366 remaining dog and
111,367 of 288,238 remaining cat consultations). We
also excluded 5 veterinary practices that provided insufficient EHRs (<50 consultations) for adequate statistical analyses.
Using a semiautomated rule-based text-mining
method as previously described (22), we identified
antimicrobial prescription via the text-based product description and classified use as systemic (oral or

injectable) or topical (topical, aural, ocular).
All fluoroquinolones, macrolides, and third-generation cephalosporins were considered HPCIAs (24).
We compiled a list of antimicrobials authorized
for use in dogs or cats use in the United Kingdom
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/26/8/19-1786-App1.pdf).
Animal Factors

Animals were considered vaccinated if the most recently recorded vaccination date (disregarding vaccine composition) was <3.5 years (broadly reflective
of current vaccine interval guidelines) before the relevant consultation date (27). Breeds were summarized
according to standardized breed terms (28) before
being categorized into either genotypically similar
breed groups (29), crossbreeds, breeds not yet genetically classified (unclassified), or breed not recorded/
recognizable (unknown).
Client Factors

Using clients’ home postal code, we assigned a measure of predicted deprivation to each client according to the most recent Indices of Multiple Deprivation (IMD): England 2015 (https://www.gov.uk/
government/statistics/english-indices-of-deprivation-2015), Scotland 2012 (https://www2.gov.scot/
Topics/Statistics/SIMD/DataAnalysis/BackgroundData-2012), and Wales 2014 (https://statswales.gov.
wales/Catalogue/Community-Safety-and-SocialInclusion/Welsh-Index-of-Multiple-Deprivation/Archive/WIMD-2014). Because IMD measures between
countries are not directly comparable, country was
included in statistical models as a 3-level factor, and
each country’s complete set of IMD ranks was rescaled to the range of 0 to 1, with 1 corresponding to
the least deprived area.
We determined country of residence and urban/
rural status by referring to the National Statistics
Postcode Look-up (https://geoportal.statistics.gov.
uk/datasets/4f71f3e9806d4ff895996f832eb7aacf). The
recorded centroid associated with each postal code
was used to place each client within a 1-km2 gridded
cell, and each EHR was hence associated with an estimate of the number of dogs or cats within each 1-km2
gridded cell as defined by Aegerter et al. (30). We
then used postal code district to provide an estimate
of the number of dogs or cats per household for each
recorded postal code (30).
Veterinary Practice and Practitioner Factors

We used the Royal College of Veterinary Surgeons
(RCVS) Practice Register (https://findavet.rcvs.org.
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uk/home, accessed 2016 Oct 18) to summarize each
veterinary practice into 4 categories of advertised
species treated: companion animal; mixed (companion animal, large animal, and equine); companion
and large animal; and companion animal and equine.
Practices were considered accredited under the voluntary RCVS Practice Standards Scheme if >1 site
was recorded as accredited (Core Standards, General
Practice, or Veterinary Hospital), and as an RCVS
Veterinary Hospital if the practice contained a veterinary hospital site. We also recorded practices listing
referrals as an interest and practices employing >1
veterinary surgeon holding RCVS Advanced Veterinary Practitioner status or separate RCVS Specialist
status in areas of relevance to companion animals.
Statistical Analyses

We used R (https://www.r-project.org) for all analyses. Descriptive proportions and 95% CIs were
adjusted for clustering within sites (bootstrap method, n = 5,000 samples). Using the R package lme4
(https://cran.r-project.org/web/packages/lme4/
index.html), we fitted univariable and multivariable
mixed effects logistic regression models separately for dogs and cats. Because likelihood ratio tests
(LRTs), the Akaike Information Criterion (AIC), the
Bayesian Information Criterion (BIC), and evidence
of interpractice antimicrobial prescription frequency
variation (22) indicated that observations were clustered within veterinary practice, site, and animal, we
therefore included all 3 factors as random intercepts
in all models. We conducted separate analyses to assess the association between explanatory variables
and 3 binary outcomes of interest: antimicrobial
prescription authorized for systemic administration (systemic antimicrobial), topical administration
(topical antimicrobial), and systemically administered HPCIAs.
Initial univariable screening included 15 categorical variables (sex, neutered status, microchip status,
insurance status, vaccination status, genetic breed
group, country of residence, client urban/rural status,
main presenting complaint, treated species [practice
type], RCVS accreditation, RCVS Veterinary Hospital,
referral interest, RCVS Advanced Veterinary Practice,
and RCVS specialist), and 4 continuous variables (age
at consultation, rescaled IMD [rIMD] rank, dog or cat
population per square kilometer, and mean number
of dogs or cats per household at district of residence).
For continuous explanatory variables, we included
up to cubic polynomial terms if an LRT, AIC, and
BIC indicated significantly improved fit, compared
with linear and lesser polynomial terms. Explanatory
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variables were retained for multivariable analysis if
an LRT indicated p<0.20 against a null model.
To minimize AIC and BIC, we conducted manual stepwise backward elimination on multivariable
models. A 2-way interaction between rIMD and the
3-level factor country was included in the initial multivariable model (and were deleted if AIC and BIC
decreased); country alone was a false intercept. Confounding was accounted for by assessing effect variation upon removal of variables. Two-way interaction
terms between other explanatory variables were assessed by using AIC, BIC, and an LRT. The variance
inflation factor was used to assess multicollinearity (https://CRAN.R-project.org/package=car). For
continuous variables, projected prescription probabilities and associated 95% CIs were calculated from
log odds by using sjPlot (https://cran.r-project.org/
web/packages/sjPlot/index.html). Statistical significance was defined as p<0.05.
Results
Analyzed data were from 281,543 consultations for
sick dogs (155,732 unique dogs) and 111,139 sick cats
(69,236 unique cats) from 173 veterinary practices (379
sites). A descriptive population summary is shown in
Table 1, and a summary of genetic breed groups included in this study is shown in Appendix Table 2.
Dogs
Prescription of Antimicrobial Drugs

Systemic antimicrobial drugs were prescribed during 25.7% (95% CI 24.9%–26.6%) of consultations,
topical antimicrobials during 14.2% (95% CI 13.9%–
14.6%), and systemic HPCIAs during 1.4% (95% CI
1.2%–1.6%). The most commonly prescribed class
of systemic HPCIAs was fluoroquinolones (0.9% of
sick animal consultations, 95% CI 0.7%–1.0%), followed by third-generation cephalosporins (0.5%,
95% CI 0.4%–0.6%) and macrolides (0.1%, 95% CI
0.0%–0.2%). Antimicrobial prescription summarized according to common consultation by breed is
shown in Appendix Table 3.
Prescription of Systemic Antimicrobial Drugs

Descriptive analyses and univariable model results
are summarized in Appendix Table 4. Final multivariable model results are available in Table 2. Systemic
antimicrobial drugs were less likely to be prescribed
for vaccinated or neutered dogs than for nonvaccinated or non-neutered dogs. Systemic antimicrobial drugs were also less likely to be prescribed for
insured dogs up to ≈12 years of age (Figure 1, panel
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A). Odds for prescription of a systemic antimicrobial
drug were greater for dogs with an MPC that was
respiratory than for those with a gastroenteric MPC.
Mixed practices were associated with significantly
increased odds of this prescription compared with
practices treating companion animals only. RCVSaccredited practices were less likely to prescribe a
systemic antimicrobial.
Prescription of Systemic HPCIAs

Descriptive analyses and univariable model results
are summarized in Appendix Table 5. Final multivariable model results are available in Table 3. Systemic HPCIAs were less likely to be prescribed for
vaccinated or insured dogs; highest odds for prescription were for dogs with a respiratory MPC. Odds
increased with age (Figure 2, panel A). In terms of
genetic breed, the greatest odds of systemic HPCIA
prescription were for the toy breed group, compared
with retrievers.
Prescription of Topical Antimicrobial Drugs

Descriptive analyses and univariable model results
are summarized in Appendix Table 6. Final multivariable model results are available in Table 4 (https://
wwwnc.cdc.gov/EID/article/26/8/19-1786-T4.htm).
Topical antimicrobial drugs were less likely to be prescribed for insured dogs, although odds increased significantly for male, microchipped, or vaccinated dogs.
The effect of age varied according to MPC; an MPC of
pruritus was generally associated with greatest odds
of topical antimicrobial drug prescription throughout
life, broadly decreasing with increased age (Figure 3,
panel A). Odds of topical antimicrobial drug prescription were lowest for sight hounds compared with retrievers. Practices employing RCVS specialists were
less likely to prescribe a topical antimicrobial.
Cats
Prescription of Antimicrobial Drugs

Systemic antimicrobial drugs were prescribed during 32.9% (95% CI 31.9–33.8) of consultations, topical antimicrobials during 6.1% (95% CI 5.9–6.3),
and systemic HPCIAs during 17.3% (95% CI 16.2–
18.4). The most commonly prescribed class of systemic HPCIA was third-generation cephalosporins
(16.4% of consultations for sick cats, 95% CI 15.3–
17.6), followed by fluoroquinolones (0.7%, 95% CI
0.4–0.9) and macrolides (0.03%, 95% CI 0.0–0.05).
Antimicrobial prescription summarized according to common consultation by breed is shown in
Appendix Table 7.

Prescription of Systemic Antimicrobial Drugs

Descriptive analyses and univariable model results
are summarized in Appendix Table 8. Final multivariable model results are available in Table 5. Odds of
systemic antimicrobial prescription were significantly reduced for vaccinated or insured cats. Odds were
highest for cats with respiratory and trauma MPCs,
although there was a significant interaction between
sex and MPC; male cats presented for trauma were
significantly more likely than female cats to receive
an antimicrobial prescription. Systemic antimicrobial
drugs were also less likely to be prescribed for female
cats up to ≈15 years of age, when odds for female
cats exceeded those for male cats (Figure 1, panel b).
Mixed practices were more likely than practices treating companion animals only to prescribe a systemic
antimicrobial drug.
Prescription of Systemic HPCIA Drugs

Descriptive analyses and univariable model results
are summarized in Appendix Table 9. Final multivariable model results are available in Table 6. Systemic HPCIA drugs were less likely to be prescribed
for vaccinated or insured cats. Although odds of
prescription were greatest for cats with a respiratory MPC, RCVS-accredited practices were associated
with increased odds for cats presented for trauma.
Probability of prescription increased for cats up to 6–9
years of age, reduced until ≈18 years of age, and increased again thereafter; prescription was more likely
for male cats 5–14 years of age (Figure 2, panel B). In
terms of genetic breed, the greatest odds of systemic
HPCIA prescription were for the Asian group compared with the West Europe group.
Prescription of Topical Antimicrobial Drugs

Descriptive analyses and univariable model results are
summarized in Appendix Table 10. Final multivariable
model results are available in Table 7. Topical antimicrobial drugs were less likely to be prescribed for insured cats. The effect of age at consultation varied according to MPC; probability of prescription decreased
for pruritic cats until ≈7 years of age, before increasing
again (Figure 3, panel B). In terms of genetic breed,
odds were smallest for crossbreeds compared with
those in the West Europe genetic breed group.
Discussion
We demonstrated frequent prescription of antimicrobial drugs, including systemic HPCIAs (particularly in cats), in veterinary practices in Great Britain.
Considering the importance of HPCIAs in the context of antimicrobial resistance (32), we identified
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a vital need to learn more about factors potentially driving such prescribing behaviors. We further
augmented EHR data with a range of external data
sources to identify key client, animal, and practicerelated risk factors associated with prescription of
systemic and topical antimicrobial and systemic
HPCIA drugs; such factors potentially inform key
antimicrobial stewardship targets of importance to
companion animal practice.
Regarding client care decision-related factors,
odds of prescription for systemic antimicrobial and
HPCIA drugs were significantly lower for vaccinated dogs and cats, possibly reflecting perceived or
actual reduced risk for antimicrobial drug–responsive disease in vaccinated animals. Although most

companion animal vaccines target viruses, bacterial
infection secondary to vaccine-preventable viral disease has been documented (33). Risk avoidance plays
a major role in antimicrobial drug–prescribing practices (12), potentially prompting more frequent prescription for unwell, nonvaccinated animals. We speculate
that previous engagement with preventive healthcare
services might select for clients more likely to seek
veterinary attention earlier or to pursue diagnostic
options rather than empirical prescription. Regardless of what might be driving these trends, the O’Neill
report recommends that promoting development and
use of vaccines and alternatives to antibiotics should
form a key component of efforts to curtail human
dissemination of antimicrobial resistance (34); our

Table 1. Descriptive demographic summary of consultations for sick dogs and cats in study of factors associated with prescription of
antimicrobial drugs for dogs and cats, United Kingdom, 2014–2016*
Category
Dogs, n = 281,543
Cats, n = 111,139
Categorical factors
Country
England
86.6 (81.4–91.9)
88.6 (83.8–93.5)
Scotland
6.1 (3.0–9.1)
4.5 (2.1–6.9)
Wales
7.4 (2.8–12.0)
7.0 (2.1–6.9)
Sex
M
51.8 (51.3–52.3)
51.8 (51.3–52.4)
F
48.2 (47.7–48.7)
48.2 (47.6–48.7)
Neutered
64.6 (63.3–65.9)
82.8 (81.7–84.0)
Microchipped
54.4 (52.4–56.3)
37.8 (36.0–39.5)
Vaccinated
70.0 (68.6–71.3)
52.7 (51.2–54.1)
Insured
33.5 (31.1–35.9)
19.3 (17.3–21.3)
Urban
63.8 (59.5–68.1)
70.2 (66.2–74.2)
Main presenting complaint
Gastroenteric
11.3 (11.0–11.6)
8.3 (8.0–8.7)
Respiratory
4.0 (3.8–4.1)
5.5 (5.2–5.8)
Pruritus
18.0 (17.3–18.6)
10.3 (9.9–10.7)
Trauma
16.8 (16.1–17.5)
17.0 (16.3–17.7)
Tumor
6.0 (5.8–6.3)
3.9 (3.6–4.1)
Kidney disease
0.7 (0.6–0.8)
2.9 (2.5–3.2)
Other unwell
43.3 (42.0–44.6)
52.1 (50.9–53.4)
Practice type
Mixed
22.7 (15.1–30.3)
18.1 (11.6–24.6)
Companion animal
70.6 (62.4–78.8)
76.0 (68.9–83.1)
Companion and equine
2.4 (0.7–4.0)
2.3 (0.7–4.0)
Companion and large
4.3 (0.4–8.2)
3.5 (0.3–6.8)
Accredited
83.9 (77.1–90.6)
83.5 (76.5–90.5)
Hospital status
20.2 (14.4–26.0)
20.0 (14.5–25.5)
Referral interest
27.9 (20.9–34.9)
27.3 (20.3–34.2)
Employed RCVS AVP†
24.5 (17.2–31.7)
26.7 (19.2–34.2)
Employed RCVS specialist†
2.5 (0.8–4.2)
1.9 (0.6–3.1)
Continuous factors
Age at consultation
Mean
7.1 (7.1–7.2)
9.5 (9.5–9.6)
Median (min–max)
7.2 (0–22)
9.7 (0–25.9)
Rescaled indices of multiple, mean
0.59 (0.59–0.60)
0.60 (0.60–0.61)
rIMD deprivation rank, median (min–max)
0.62 (0.0–1.0)
0.63 (0.0–1.0)
Animals/household (30)
Mean
0.59 (0.59–0.59)
0.50 (0.49–0.50)
Median (min–max)
0.47 (0–6.0)
0.39 (0–3.6)
Animals/km2 (30)
Mean
399.4 (397.8–401.0)
409.4 (407.0–411.8)
Median (min–max)
266 (0–4,360)
288 (0–5,363)

*Values are % consults (95% CI) except as indicated. AVP, Advanced Veterinary Practitioner; max, maximum; min, minimum; rIMD, rescaled Indices of
Multiple Deprivation; RCVS, Royal College of Veterinary Surgeons;
†At least 1 employed veterinary surgeon holding RCVS AVP status, specialist status, or both.
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Table 2. Results from a multivariable mixed effect logistic regression model assessing the association between a range of categorical
animal, owner, practitioner and practice-related factors and the probability of prescribing a systemic antimicrobial for dogs, United
Kingdom, 2014–2016*
Category
β
SE
OR (95% CI)
p value
Intercept
0.08
England
0.93 (0.80–1.08)
NA
−0.08
0.09
Scotland
0.94 (0.79–1.12)
NA
−0.06
0.09
Wales
0.88 (0.73–1.05)
NA
−0.13
Categorical factors
Initial complaint
Gastroenteric
NA
NA
Referent
NA
Kidney disease
0.06
0.68 (0.61–0.76)
<0.01
−0.38
Other unwell
0.02
0.39 (0.38–0.40)
<0.01
−0.94
Pruritus
0.02
0.51 (0.49–0.53)
<0.01
−0.68
Respiratory
0.10
0.03
1.11 (1.06–1.17)
<0.01
Trauma
0.02
0.41 (0.40–0.43)
<0.01
−0.89
Tumor
0.03
0.31 (0.29–0.32)
<0.01
−1.18
Neuter status
Not neutered
NA
NA
Referent
NA
Neutered
0.01
0.90 (0.88–0.92)
<0.01
−0.11
Sex
F
NA
NA
Referent
NA
M
0.01
0.97 (0.95–0.99)
0.01
−0.03
Vaccination status
Not vaccinated
NA
NA
Referent
NA
Vaccinated
0.01
0.93 (0.90–0.95)
<0.01
−0.08
Insurance status
Not insured
NA
NA
Referent
NA
Insured
0.02
0.87 (0.84–0.90)
<0.01
−0.14
Genetic breed group (29)
Retriever
NA
NA
Referent
NA
Ancient/spitz
0.25
0.05
1.28 (1.17–1.40)
<0.01
Crossbreed
0.06
0.02
1.06 (1.03–1.10)
<0.01
Herding
0.14
0.03
1.15 (1.09–1.22)
<0.01
Mastiff-like
0.15
0.02
1.16 (1.11–1.21)
<0.01
Scent hound
0.10
0.04
1.11 (1.03–1.19)
<0.01
Sight hound
0.31
0.04
1.36 (1.25–1.48)
<0.01
Small terrier
0.16
0.02
1.18 (1.13–1.22)
<0.01
Spaniel
0.16
0.02
1.17 (1.13–1.22)
<0.01
Toy
0.03
1.00 (0.94–1.05)
0.92
−0.00
Unclassified
0.11
0.02
1.12 (1.07–1.16)
<0.01
Unknown
0.09
0.05
1.09 (0.99–1.21)
0.075
Working dog
0.19
0.03
1.21 (1.15–1.27)
<0.01
Practice type
Companion animal
NA
NA
Referent
NA
Mixed
0.14
0.07
1.15 (1.01–1.30)
0.04
Companion and equine
0.15
0.95 (0.71–1.27)
0.73
−0.05
Companion and large
0.13
0.14
1.14 (0.86–1.50)
0.37
Accreditation status
None
NA
NA
Referent
NA
>1 accredited site
0.08
0.79 (0.68–0.92)
<0.01
−0.24
Referral interest
No
NA
NA
Referent
NA
Yes
0.05
0.91 (0.82–1.00)
0.06
−0.10
Continuous factors
Age
Linear
0.01
0.89 (0.87–0.91)
<0.01
−1.12
Quadratic
0.01
0.92 (0.90–0.93)
<0.01
−0.09
Cubic
0.05
0.01
1.05 (1.04–1.07)
<0.01
Interaction terms
Insurance status (insured) and age
Linear age interaction
0.08
0.02
1.09 (1.04–1.14)
<0.01
Quadratic age interaction
0.03
0.01
1.03 (1.00–1.06)
0.03
Cubic age interaction
0.01
0.97 (0.95–1.00)
0.02
−0.03
*n = 72,436/281,543 sick consultations. Random effect variance ( SD): animal 0.57 ( 0.76), site 0.05 (0.23), practice 0.06 (0.24). Boldface indicates
significance (p<0.05). NA, not applicable; OR, odds ratio.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1783

RESEARCH
Figure 1. Results from 2
multivariable mixed effect
logistic regression models
predicting probability of systemic
antimicrobial prescription in
study of factors associated with
prescription of antimicrobial
drugs for dogs and cats, United
Kingdom, 2014–2016. Modeling
is shown for sick dogs (A) and
cats (B) against age of the animal
at time of consultation, in years.
For dogs, an interaction term
considering current insurance
status has been included; for cats,
an interaction term considering
sex has been included. Lines
refer to predicted probability;
shading relates to 95% CIs for
such predictions. Points and triangles are plotted to show original data points expressing the percentage of animals of each relevant age group
(rounded to 0.5-year groups) for which a systemic antimicrobial was prescribed, according to the dataset analyzed.

findings suggest that such recommendations should
also be considered for companion animals.
Insurance coverage was associated with decreased
odds of prescription of systemic and topical antimicrobial drugs, potentially highlighting veterinary practitioners being more likely to seek a wider range of
diagnostic options in preference to empirical antibiosis for insured animals. However, insured dogs were
also associated with increased odds of prescription
of systemic HPCIA drugs. Cost of therapy has been
shown to influence choice of antimicrobial agent for
companion animals (17), and HPCIA drugs are anecdotally considered a more expensive option than other
antimicrobial drugs. Hence, our findings might reflect
increased willingness to prescribe relatively expensive
antimicrobial drugs for insured dogs.
Although HPCIA drug classification remains under debate, use of HPCIA drugs has formed a focus
for antimicrobial resistance–related policy (34). Although several classes of HPCIA drugs (e.g., glycopeptides, which are not authorized for use in animals)
are very rarely prescribed for companion animals in
the United Kingdom (22), prescription of fluoroquinolones and third-generation cephalosporins (particularly for cats) is relatively common, although current
antimicrobial drug prescribing guidance strongly discourages such practices (35).
With regard to animal-intrinsic factors, odds for
prescription of systemic antimicrobial drugs were increased for younger male cats, although the opposite
was found for dogs. Sex-based variation in risk for
bacterial infection has been identified (36–38), and cat
fight–related injuries are a frequently recorded clinical complaint (39), more commonly associated with
1784

young outdoor-ranging male cats (40). Indeed, we
found that systemic antimicrobial drugs were more
commonly prescribed for male cats presented for
trauma. Furthermore, time of injury is less likely to be
known for outdoor-ranging cats than for dogs; such
uncertainty might prompt a more cautious approach
to prescription of antimicrobial drugs (41).
Other studies have also identified age- or sexrelated variation in risk for antimicrobial resistance
(36–38). For instance, Radford et al. demonstrated
decreased probability of systemic antimicrobial prescription with increased patient age (20), potentially
reflecting increased actual or perceived incidence of
noncommunicable disease as animals age. This interpretation might partly explain our findings, although
we noted an exception with prescription of systemic
HPCIA drugs. For cats, an easy-to-administer (injectable) long-acting third-generation cephalosporin
formulation is widely used (21–23). Although not
completely explanatory, our findings may suggest
that as an animal ages, the client or veterinarian perceives an increased probability of an animal being refractory to an intervention (e.g., oral administration
of tablets), increasing the likelihood of a prescriber
choosing easy-to-administer formulations. A previously identified key influencer of antimicrobial agent
choice was administration of inappropriate dosages
as a result of noncompliance (17). Whether the risk
for antimicrobial resistance posed by a possible underdose of a first-line antimicrobial outweighs the
risk posed by the labeled dose of a third-line HPCIA
drug remains unanswered.
As with humans (10,11,13), prescription of systemic antimicrobial drugs for dogs and cats was most
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commonly associated with respiratory clinical signs.
Humans having respiratory conditions are often inappropriately prescribed antimicrobial drugs; most
respiratory conditions are viral or noninfectious in
origin (10). The same has also been shown for companion animals, although bacterial infection secondary to primary viral disease has been documented
(42). Considering these shared patterns, although
prescribing guidance is available (43), we suggest
respiratory disease as a pertinent area for further investigation of One Health antimicrobial stewardship
intervention methods.
Increased odds of prescription of topical antimicrobial drugs was commonly associated with
the retriever group of dogs, which contains several
breeds commonly associated with dermatologic disease (44). This finding and interpretation is plausible,

suggesting that the breed summarization technique
used here to combat the modeling issues posed by the
>250 dog and >50 cat breeds recorded in this dataset
was useful. However, genetic linkage does not necessarily imply phenotypic similarity. As such, individual breed-level phenotypes might be responsible for
conferring variant bacterial infection risk in ways not
explored, and indeed potentially masked. In future
analyses, we will aim to identify additional means by
which breeds can be effectively summarized according to shared genotype and phenotype.
Although the individual animal accounted for
most of the random effect variance seen in this study,
veterinary-led factors might well yield more readily
accessible routes toward stewardship. For site accreditation, the voluntary RCVS Practice Standards
Scheme requires antimicrobial drug use policies,

Table 3. Results from a multivariable mixed effect logistic regression model assessing the association between a range of categorical
animal, owner, practitioner and practice-related factors and the probability of prescribing a systemic highest priority critically important
antimicrobial drug for dogs, United Kingdom, 2014–2016*
Category
β
SE
OR (95% CI)
p value
Intercept
England
0.11
0.01 (0.01–0.01)
NA
−4.77
Scotland
0.21
0.01 (0.01–0.01)
NA
−4.91
Wales
0.22
0.01 (0.01–001)
NA
−4.88
Categorical factors
Main presenting complaint
Gastroenteric
NA
NA
Referent
NA
Kidney disease
0.11
0.18
1.12 (0.78–1.60)
0.55
Other unwell
0.06
0.72 (0.64–0.80)
<0.01
−0.33
Pruritus
0.07
0.79 (0.70–0.90)
<0.01
−0.23
Respiratory
0.29
0.09
1.33 (1.13–1.57)
<0.01
Trauma
0.08
0.31 (0.27–0.37)
<0.01
−1.16
Tumor
0.11
0.40 (0.32–0.49)
<0.01
−0.92
Vaccination status
Not vaccinated
NA
NA
Referent
NA
Vaccinated
0.04
0.91 (0.83–0.99)
0.03
−0.10
Insurance status
Not insured
NA
NA
Referent
NA
Insured
0.15
0.05
1.16 (1.07–1.27)
<0.01
Genetic breed group (29)
Retriever
NA
NA
Referent
NA
Ancient/spitz
0.12
0.22
1.13 (0.73–1.74)
0.60
Crossbreed
0.24
0.08
1.27 (1.09–1.48)
<0.01
Herding
0.04
0.12
1.04 (0.82–1.32)
0.73
Mastiff-like
0.16
0.10
1.17 (0.97–1.43)
0.11
Scent hound
0.67
0.13
1.96 (1.52–2.52)
<0.01
Sight hound
0.43
0.17
1.54 (1.10–2.15)
0.01
Small terrier
0.67
0.08
1.96 (1.67–2.29)
<0.01
Spaniel
0.45
0.08
1.57 (1.33–1.84)
<0.01
Toy
0.94
0.10
2.56 (2.10–3.12)
<0.01
Unclassified
0.39
0.09
1.47 (1.24–1.74)
<0.01
Unknown
0.23
0.22
1.25 (0.81–1.94)
0.31
Working dog
0.45
0.11
1.56 (1.27–1.93)
<0.01
Continuous factors
Age
Linear
0.19
0.04
1.21 (1.12–1.31)
<0.01
Quadratic
0.03
0.95 (0.90–0.99)
0.03
−0.06
Cubic
0.04
0.02
1.04 (1.01–1.08)
0.01
*n = 3,971/281,543 sick consultations. Random effect variance ( SD): animal 3.04 (1.74), site 0.13 (0.36), practice 0.44 (0.66). Significant (p<0.05)
results are displayed in boldface. NA, not applicable; OR, odds ratio.
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Figure 2. Results from 2
multivariable mixed effect
logistic regression models
predicting probability of systemic
highest priority critically
important antimicrobial (HPCIA)
prescription in study of factors
associated with prescription of
antimicrobial drugs for dogs
and cats, United Kingdom,
2014–2016. Modeling is shown
for sick dogs (A) and cats (B)
against age of the animal at
time of consultation, in years.
For cats, an interaction term
considering sex has been
included. Lines refer to predicted
probability; shading relates to
95% CIs for such predictions.
Points and triangles are plotted to show original data points expressing the percentage of animals of each relevant age group (rounded
to 0.5-year groups) for which a systemic HPCIA was prescribed, according to the dataset analyzed.

infection control plans, and established clinical audits (45), and we observed reduced systemic antimicrobial prescription odds for dogs in accredited practices. Although practices seeking accreditation might
already be more engaged with quality improvement,
we nevertheless recommend further consideration
as to whether the RCVS Practice Standards Scheme
could play a more central role for encouraging stewardship in general and referral practices.
Compared with practices that treat companion
animals only, mixed species practices were associated with increased odds of prescription of systemic
antimicrobial drugs. Veterinary surgeons employed
in different sectors expressed varied attitudes toward
antimicrobial resistance (16), a finding perhaps demonstrated on a wide scale in this study. Practices employing RCVS specialists were also associated with

reduced odds of prescription of topical antimicrobial drugs for dogs, potentially reflecting varied case
management approaches (46) or caseloads compared
with general practices.
Considering limitations of this study, although
we successfully augmented EHRs with a variety of
data sources, no dataset is infallible. For instance, the
veterinary surgeon employment record of the RCVS
Practice Register is updated only on an ad hoc basis.
It is thus possible that the surveyed veterinary surgeon population varied over the 2-year study period
in ways not captured here. Veterinary practices participating in SAVSNET are recruited by convenience
and might not be representative of the wider UK
population. Although we found no clear associations
between IMD or pet population density and prescription, the complexities of summarizing IMD across the

Figure 3. Results from 2
multivariable mixed effect logistic
regression models predicting
probability of topical antimicrobial
prescription in study of factors
associated with prescription of
antimicrobial drugs for dogs and
cats, United Kingdom, 2014–2016.
Modeling is shown for sick dogs
(A) and cats (B) against age of
the animal at time of consultation,
in years. For both species, an
interaction term considering main
reason for visit (main presenting
complaint) has been included.
Lines refer to predicted probability;
shading relates to 95% CIs for
such predictions. Points are
plotted to show original data points expressing the percentage of animals of each relevant age group (rounded to 0.5-year groups) for
which a topical antimicrobial was prescribed, according to the dataset analyzed.
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Table 5. Results from a multivariable mixed effect logistic regression model assessing the association between a range of categorical
animal, owner, practitioner and practice-related factors and the probability of prescribing a systemic antimicrobial in cats, United
Kingdom, 2014–2016*
Category
β
SE
OR (95% CI)
p value
Intercept
England
0.06
0.45 (0.39–0.50)
NA
−0.81
Scotland
0.10
0.46 (0.38–0.57)
NA
−0.77
Wales
0.12
0.58 (0.46–0.72)
NA
−0.55
Categorical factors
Main presenting complaint
Gastroenteric
NA
NA
Referent
NA
Kidney disease
0.07
0.82 (0.71–0.94)
0.01
−0.20
Other unwell
0.04
0.79 (0.73–0.85)
<0.01
−0.23
Pruritus
0.05
0.69 (0.63–0.76)
<0.01
−0.37
Respiratory
0.91
0.06
2.48 (2.23–2.77)
<0.01
Trauma
0.59
0.04
1.80 (1.65–1.97)
<0.01
Tumor
0.07
0.57 (0.50–0.65)
<0.01
−0.56
Sex
F
NA
NA
Referent
NA
M
0.03
0.05
1.03 (0.93–1.14)
0.59
Vaccination status
Not vaccinated
NA
NA
Referent
NA
Vaccinated
0.02
0.92 (0.89–0.95)
<0.01
−0.09
Insurance status
Not insured
NA
NA
Referent
NA
Insured
0.02
0.82 (0.79–0.86)
<0.01
−0.19
Genetic breed group (31)
West Europe
NA
NA
Referent
NA
Asian
0.20
0.05
1.22 (1.10–1.36)
<0.01
Crossbreed
0.14
0.03
1.16 (1.08–1.23)
<0.01
Mediterranean
0.36
0.26
1.43 (0.86–2.38)
0.17
Unclassified
0.11
0.06
1.11 (0.99–1.24)
0.07
Unknown
0.13
0.05
1.14 (1.03–1.26)
0.01
Practice type
Companion animal
NA
NA
Referent
NA
Mixed
0.18
0.08
1.20 (1.03–1.39)
0.02
Companion and equine
0.18
1.00 (0.70–1.41)
0.98
−0.01
Companion and large
0.10
0.17
1.10 (0.80–1.53)
0.56
Referral interest
No
NA
NA
Referent
NA
Yes
0.06
0.92 (0.82–1.04)
0.18
−0.08
Employed RCVS AVP†
None
NA
NA
Referent
NA
>1 AVP
0.07
0.90 (0.79–1.04)
0.16
−0.10
Continuous factors
Age
Linear
0.02
0.69 (0.66–0.72)
<0.01
−0.38
Quadratic
0.01
0.90 (0.90–0.95)
<0.01
−0.08
Cubic
0.10
0.01
1.08 (1.08–1.12)
<0.01
Cats per km2 (30)
Linear
0.01
0.98 (0.97–1.00)
0.02
−0.02
Interaction terms
Male sex and age
Linear age interaction
0.03
0.91 (0.85–0.97)
<0.01
−0.10
Quadratic age interaction
0.02
0.91 (0.88–0.94)
<0.01
−0.10
Cubic age interaction
0.03
0.02
1.03 (1.00–1.06)
0.11
Male sex and main presenting complaint
Kidney disease
0.11
0.77 (0.62–0.96)
0.02
−0.26
Other unwell
0.17
0.05
1.19 (1.07–1.32)
<0.01
Pruritus
0.10
0.07
1.10 (0.96–1.26)
0.16
Respiratory
0.06
0.08
1.06 (0.91–1.23)
0.44
Trauma
0.48
0.06
1.62 (1.44–1.82)
<0.01
Tumor
0.15
0.10
1.16 (0.96–1.40)
0.12
*n = 36,521/111,139 sick consultations. Random effect variance ( SD): animal 0.50 (0.70), site 0.06 (0.25), practice 0.08 (0.28). Significant (p<0.05)
results are displayed in boldface. NA, not applicable; OR, odds ratio;
RCVS, Royal College of Veterinary Surgeons.
†RCVS Advanced Veterinary Practitioner and/or specialist status.
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Table 6. Results from a multivariable mixed effect logistic regression model assessing the association between a range of categorical
animal, owner, practitioner and practice-related factors and the probability of prescribing a systemic highest priority critically important
antimicrobial drug for cats, United Kingdom, 2014–2016*
Category
β
SE
OR (95% CI)
p value
Intercept
NA
England
−2.79
0.21
0.06 (0.04–0.09)
NA
Scotland
−2.74
0.24
0.07 (0.04–0.10)
NA
Wales
−2.55
0.24
0.08 (0.05–0.12)
Categorical factors
Main presenting complaint
NA
NA
Referent
NA
Gastroenteric
0.55
0.25
1.74 (1.08–2.82)
0.02
Kidney disease
0.59
0.12
1.80 (1.43–2.26)
<0.01
Other unwell
1.08
0.13
2.95 (2.28–3.81)
<0.01
Pruritus
1.50
0.14
4.47 (3.41–5.85)
<0.01
Respiratory
1.06
0.12
2.89 (2.27–3.67)
<0.01
Trauma
0.38
0.18
1.46 (1.04–2.03)
0.03
Tumor
NA
NA
Referent
NA
Sex
0.12
0.03
1.13 (1.07–1.19)
<0.01
F
NA
NA
Referent
NA
M
−0.06
0.02
0.95 (0.91–0.98)
<0.01
Vaccination status
NA
NA
Referent
NA
Not vaccinated
−0.14
0.03
0.87 (0.83–0.92)
<0.01
Vaccinated
NA
NA
Referent
NA
Insurance status
0.05
0.03
1.05 (1.00–1.11)
0.06
Not insured
NA
NA
Referent
NA
Insured
0.21
0.07
1.23 (1.08–1.40)
<0.01
Genetic breed group (31)
0.14
0.04
1.16 (1.06–1.26)
<0.01
West Europe
0.11
0.32
1.12 (0.59–2.11)
0.73
Asian
0.14
0.07
1.15 (1.00–1.33)
0.06
Crossbreed
0.12
0.06
1.12 (0.99–1.27)
0.07
Accreditation status
Not accredited
NA
NA
Referent
NA
>1 accredited site
0.10
0.22
1.10 (0.72–1.69)
0.65
Continuous factors
Age
Linear
−0.23
0.03
0.80 (0.76–0.85)
<0.01
Quadratic
−0.13
0.02
0.88 (0.85–0.90)
<0.01
Cubic
0.13
0.01
1.14 (1.11–1.17)
<0.01
Interaction terms
Main presenting complaint and accreditation
(accredited site)
Kidney disease
0.23
0.26
1.26 (0.76–2.08)
0.37
Other unwell
0.21
0.13
1.23 (0.96–1.58)
0.10
Pruritus
0.00
0.14
1.00 (0.76–1.32)
1.00
Respiratory
0.23
0.15
1.26 (0.94–1.69)
0.12
Trauma
0.64
0.13
1.90 (1.46–2.47)
<0.01
Tumor
0.19
0.19
1.21 (0.83–1.75)
0.32
Male sex and age
−0.06
Linear age interaction
0.04
0.95 (0.87–1.02)
0.17
−0.09
Quadratic age interaction
0.02
0.91 (0.87–0.95)
<0.01
Cubic age interaction
0.02
0.02
1.02 (0.98–1.06)
0.32
*n = 19,018/111,139 sick consultations. Random effect variance ( SD): animal 0.68 (0.82, site 0.13 (0.36), practice 0.44 (0.66). Significant (p<0.05)
results are displayed in boldface. NA, not applicable; OR, odds ratio.

constituent countries of the United Kingdom (47),
coupled with the relative infancy of pet population
demographic studies (30), lead us to recommend reevaluation as research methods further mature. The
analyzed population was relatively skewed toward
less deprived areas; to ascertain whether this finding
is reflective of the wider UK pet-owning community,
including the charity and low-income veterinary sectors in future analyses would be warranted. We advise caution for inferring causal relationships between
1788

factors and outcome variables explored in this crosssectional study; similarly, group-level observations
might have limited relevance to individual animals.
More generalized SAVSNET limitations have been
previously discussed; in brief, quantification of antimicrobial drug prescription depends on practitioners
charging for antimicrobial drugs, and analyzed practices were recruited by convenience (22,30).
In conclusion, we demonstrated the value of
using veterinary EHRs collected from a cohort of
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Table 7. Results from a multivariable mixed effect logistic regression model assessing the association between a range of categorical
animal, owner, practitioner and practice-related factors and the probability of prescribing a topical antimicrobial in cats, United
Kingdom, 2014–2016*
Category
β
SE
OR (95% CI)
p value
Intercept
England
-NA
−3.98
0.17
0.02 (0.01–0.03)
Scotland
NA
−3.94
0.19
0.02 (0.01–0.03)
Wales
NA
−3.91
0.19
0.02 (0.01–0.03)
Categorical factors
Main presenting complaint
Gastroenteric
NA
NA
Referent
NA
Kidney disease
−0.98
0.50
0.38 (0.14–1.00)
0.05
Other unwell
1.79
0.16
5.96 (4.37–8.12)
<0.01
Pruritus
2.13
0.16
8.37 (6.09–11.51)
<0.01
Respiratory
1.21
0.18
3.36 (2.35–4.82)
<0.01
Trauma
1.34
0.17
3.82 (2.76–5.28)
<0.01
Tumor
0.38
0.25
1.46 (0.90–2.36)
0.12
Sex
F
NA
NA
Referent
NA
M
0.05
0.03
1.05 (1.00–1.11)
0.06
Neutered status
Not neutered
NA
NA
Referent
NA
−0.06
Neutered
0.04
0.94 (0.88–1.01)
0.09
Insurance status
Not insured
NA
NA
Referent
NA
−0.13
Insured
0.04
0.88 (0.82–0.95)
<0.01
Genetic breed group (31)
West Europe
NA
NA
Referent
NA
−0.14
Asian
0.09
0.87 (0.73–1.03)
0.09
−0.50
Crossbreed
0.05
0.61 (0.55–0.67)
<0.01
−0.40
Mediterranean
0.50
0.67 (0.25–1.78)
0.42
−0.24
Unclassified
0.09
0.79 (0.66–0.95)
0.01
−0.43
Unknown
0.08
0.65 (0.56–0.77)
<0.01
Referral interest
No
NA
NA
Referent
NA
Yes
0.08
0.05
1.08 (0.98–1.19)
0.11
Continuous factors
Age
Linear
0.08
0.26
1.09 (0.65–1.82)
0.75
Quadratic
−0.12
0.14
0.89 (0.68–1.17)
0.40
Cubic
−0.14
0.14
0.87 (0.66–1.15)
0.34
Interaction terms
Main presenting complaint and age
Linear age interaction
Kidney disease
1.14
0.68
3.11 (0.82–11.84)
0.10
−0.61
Other unwell
0.27
0.54 (0.32–0.91)
0.02
Pruritus
0.18
0.27
1.19 (0.70–2.03)
0.52
−0.34
Respiratory
0.31
0.71 (0.39–1.29)
0.26
Trauma
0.07
0.28
1.07 (0.62–1.85)
0.81
−0.07
Tumor
0.38
0.93 (0.44–1.95)
0.85
Quadratic age interaction
Kidney disease
0.52
0.32
1.69 (0.89–3.18)
0.11
Other unwell
0.16
0.14
1.17 (0.89–1.53)
0.26
Pruritus
0.42
0.14
1.52 (1.15–2.02)
<0.01
Respiratory
0.26
0.16
1.29 (0.95–1.77)
0.11
Trauma
0.22
0.15
1.24 (0.93–1.65)
0.14
Tumor
0.16
0.20
1.18 (0.80–1.73)
0.41
Cubic age interaction
−0.51
Kidney disease
0.33
0.60 (0.31–1.16)
0.13
Other unwell
0.14
0.14
1.15 (0.87–1.52)
0.33
Pruritus
0.04
0.15
1.04 (0.78–1.38)
0.81
−0.03
Respiratory
0.16
0.97 (0.70–1.33)
0.84
Trauma
0.06
0.15
1.06 (0.79–1.42)
0.70
Tumor
0.10
0.19
1.10 (0.75–1.61)
0.62
*n = 6,769/111,139 sick consultations. Random effect variance ( SD): animal 0.82 (0.90,) site 0.02 (0.15), practice 0.03 (0.16). Significant (p<0.05)
results are displayed in boldface. OR, odds ratio; RCVS, Royal College of Veterinary Surgeons.
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veterinary practices to identify a range of factors
associated with prescription of antimicrobial drugs
for dogs and cats. Although factors influencing
decision-making remain multifactorial and complex, our findings suggest that gathering clinical
evidence surrounding respiratory disease might
be of value to stewardship. Preventive healthcare
could also play a role in stewardship and should
form the basis of client-targeted health messaging,
as should the RCVS Practice Standards Scheme for
veterinary practitioners.
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Linezolid-Associated Neurologic
Adverse Events in Patients
with Multidrug-Resistant
Tuberculosis, France
Marie Jaspard, Nathalie Butel, Najoua El Helali, Dhiba Marigot-Outtandy, Helene Guillot, Gilles Peytavin,
Nicolas Veziris, Bahram Bodaghi, Philippe Flandre, Gregoire Petitjean, Eric Caumes, Valerie Pourcher

Linezolid is one of the most effective drugs for treating
multidrug-resistant tuberculosis (MDR TB), but adverse
effects remain problematic. We evaluated 57 MDR TB patients who had received >1 dose of linezolid during 2011–
2016. Overall, patients received 600 mg/day of linezolid
for a median of 13 months. In 33 (58%) patients, neurologic or ophthalmologic signs developed, and 18 (32%)
had confirmed peripheral neuropathy, which for 78% was
irreversible at 12 months after the end of TB treatment despite linezolid withdrawal. Among the 19 patients who underwent ophthalmologic evaluation, 14 patients had optic
neuropathy that fully reversed for 2. A total of 16 (33%) of
49 patients had a linezolid trough concentration >2 mg/L,
and among these, 14 (88%) experienced adverse effects.
No significant association was found between trough concentration and neurologic toxicity. These findings suggest
the need to closely monitor patients for neurologic signs
and discuss optimal duration of linezolid treatment.

W

orldwide, tuberculosis (TB) affects 10 million
persons every year. Among them, multidrugresistant TB (MDR TB) is diagnosed for 484,000 (1);
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and among MDR TB cases, 10% are caused by extensively drug-resistant (XDR) strains of Mycobacterium
tuberculosis. Outcomes for patients in TB-endemic
countries are very poor, particularly for those with
XDR TB; cure rates are <20% (2). However, even in
TB-endemic countries, individualized treatment
adapted to drug susceptibility achieves cure rates of
only 60% in patients with XDR TB (3,4). Similarly, a
meta-analysis of 50 studies performed in 25 countries
and including 12,030 patients receiving individualized treatment for MDR TB found a pooled success
rate of 61% for combination therapy regimens containing linezolid (5). At Pitié-Salpêtrière Hospital in
Paris, France, the survival rate for XDR TB patients
for whom highly effective drugs (e.g., linezolid, bedaquiline, or both) were prescribed was 80% (6–8).
Overall, an 80% cure rate can be achieved for patients
with MDR TB treated with a drug regimen that includes linezolid (9–12).
The 2014 World Health Organization (WHO)
guidelines promote using highly active drugs for
MDR TB, especially that caused by XDR TB strains
(13). In 2016 and 2018, these recommendations were
updated, and linezolid, along with bedaquiline and
levofloxacin/moxifloxacin, were upgraded to group
A drugs that should be offered to all patients (14,15).
Although linezolid is highly effective, its longterm use in patients with MDR TB is impaired by its
adverse effects. Myelosuppression occurs in ≈30% of
patients, particularly those receiving high doses (>600
mg/d) (9,12), and neurotoxicity with peripheral neuropathy is experienced by 30% of patients after 2 to
4 months of receiving low doses (<600 mg/d) (12).
Furthermore, linezolid-associated optic neuropathy
appears after 5 to 10 months of treatment for 30% of
patients (11,16). It is still debated whether linezolid
trough concentrations >2 mg/L (17) or long-term
exposure could predict the occurrence of adverse
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effects (18,19). We therefore evaluated the occurrence
and management of neurologic and ophthalmologic
adverse effects among MDR TB patients receiving a
linezolid-based treatment regimen.
Methods
We retrospectively studied all patients with confirmed MDR TB who had received >1 dose of linezolid during January 2011–December 2016 and had
been followed up for >12 months after the end of
treatment. All patients had been admitted to PitiéSalpêtrière Hospital, Paris, France, and most were
discharged to Bligny Sanatorium and then followed
up as outpatients. The TB drug regimen was adapted for each patient according to the results of drug
susceptibility testing and discussion with the French
Consilium team (20) in keeping with recommendations from the WHO and the Haut Conseil de la Santé
Publique (14,21).
To monitor adverse effects of treatment, physicians performed daily neurologic and ophthalmologic
examinations of hospitalized patients and monthly examinations of outpatients. Neurologic adverse effects
included motor and sensory deficits, tendon reflex
abnormalities, cranial nerve abnormalities, and pallesthesia. Ophthalmologic adverse effects included visual
acuity loss, visual color abnormalities, or scotoma. If
peripheral neuropathy was suspected, electromyography (EMG) was performed, including nerve conduction velocity (NCV) testing, to assess motor and
sensory injuries to confirm the diagnosis. If a patient
reported visual impairment indicating optic neuropathy, an ophthalmologist performed a specific clinical
examination including Snellen best-corrected visual
acuity measurement, relative afferent pupillary defect assessment, slit lamp examination, funduscopic
examination, and color vision (Farnsworth D-15 Hue
Test) and visual fields (Humphrey 24–2 SITA [Swedish
Interactive Threshold Algorithm] standard or Goldmann) assessments. Nerve fiber layer thickness was
evaluated by using optical coherence tomography for
optic nerve abnormalities. If indicated, electrophysiologic measurement of visual evoked potential was also
performed by an ophthalmologist. If an adverse effect
was identified, follow-up frequency was determined
by the physician, depending on severity of the effect.
Neurologic and ophthalmologic adverse effect severity was classified by using the Common Terminology
Criteria for Adverse Events (CTCAE) criteria (22).
Therapeutic drug monitoring for linezolid was
performed at least once at the beginning of treatment (within the first month) for all patients except a
few hospitalized at the beginning of 2011 when this

analysis was not yet available at Pitié-Salpêtrière Hospital. If adverse effects occurred or if the dosage of linezolid was modified, serum concentration of linezolid
was measured by using accredited ultra high–performance liquid chromatography–electrospray ionization/high-resolution mass spectrometry (European
Medicines Agency, https://www.ema.europa.eu) and
using stable isotope-labeled linezolid as an internal
standard and a calibration range of 0.01–10.00 mg/L.
We were able to follow patients for 12 months after
end of treatment. Hence, we defined irreversibility of
signs/symptoms as the persistence of signs/symptoms
12 months after the end of treatment.
We collected epidemiologic, clinical, and biological information from patients’ medical files. We
investigated whether some variables were associated
with neurologic toxicities by using a logistic regression model. Linezolid trough concentration was considered high if it was >2 mg/L at least once at baseline
or during treatment. The data fulfilled the confidentiality criteria of the French National Data Protection
“Commission Nationale de l’Informatique et des Libertés” (CNIL 2085894).
Results
Patient Characteristics

During January 2011–December 2016, MDR TB was
diagnosed for 65 patients at Pitié-Salpêtrière Hospital.
Four patients did not receive linezolid, 2 with severe
pulmonary TB died within 2 months after initiation of
treatment, and 2 were unavailable for follow-up within the first 3 months. We included in our study the
remaining 57 patients for whom at least 12 months of
follow-up information after the end of TB treatment
was available (Figure 1; Tables 1, 2).
Among the 57 patients, 11 (19%) were infected
with an MDR strain of M. tuberculosis, 20 (35%) with
a pre-XDR strain (resistance to isoniazid and rifampicin and either a fluoroquinolone or a second-line
injectable agent but not both), and 26 (46%) with an
XDR strain. A total of 55 patients had pulmonary TB,
2 had extrapulmonary TB (bone), and 11 had both
(bone, lymph node, genital, or laryngeal). Of the 55
with pulmonary TB, the lesions involved both lungs
for 42 (76%) patients, and cavitation was found in 39
(71%) patients.
Median duration of TB treatment was 19.4
months (interquartile range [IQR] 17.3–24.0 months).
The linezolid dose was 600 mg once daily for all patients; no patient received >600 mg/day. The median
duration of linezolid treatment was 12.8 months (IQR
6.0– 19.2 months).
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Figure 1. Outcomes for 65 patients with multidrug-resistant
tuberculosis (MDR TB) admitted to Pitié-Salpêtrière Hospital,
Paris, France, and included in study of linezolid-associated
neurologic adverse events.

Among the 57 patients, treatment was successful,
according to the WHO outcome definition (23), for 52
(91%); 3 were unavailable for follow-up, and 2 died
with severe neurologic signs suggestive of serotonin
syndrome. However, we cannot formally link these
deaths to linezolid because of doubts about the degree of attribution.
One of the patients who died had arrived in
France from Georgia in 2012 with XDR TB, hepatitis C virus co-infection, and a history of diabetes
mellitus and high blood pressure. While in Georgia,
he had received treatment for relapsing MDR TB
for several years and received several drugs (paraaminosalicylic acid [PAS], cycloserine, ethionamide,
moxifloxacin, clofazimine, clarithromycin, and capreomycin). When he arrived at the infectious disease
department at Pitié Salpêtrière Hospital, and based
on the French Consilium recommendations for patients with XDR TB, we initiated treatment with
cycloserine, PAS, bedaquiline, meropenem/clavulanate, and linezolid. Treatment for diabetes (insulin) and high blood pressure (perindopril) was also
started. Eleven months later, peripheral neuropathy
appeared (confirmed by EMG), as well as orthostatic
hypotension and mental confusion. We were reticent
to change the TB treatment because of the highly resistant strain and severe lung disease (right upper
lung lobectomy was performed after 10 months of
TB treatment). Fifteen months after starting TB treatment, the patient suddenly experienced dysphagia,
laryngeal hypoesthesia, dysarthria, bilateral myosis,
1794

myoclonus, hearing impairment, and visual impairment. Magnetic resonance imaging, electroencephalography, and cerebrospinal fluid analysis findings
were unremarkable. TB treatment was immediately
stopped, but the patient died; no cause was identified during autopsy. The patient’s linezolid concentration was 0.2 mg/L 1 month after treatment start
and 0.6 mg/L on the last day of treatment.
For the other patient who died, XDR TB was
diagnosed and treatment began when he arrived
in France from Armenia; initial treatment was PAS,
bedaquiline, amikacin, meropenem/clavulanate,
and linezolid, which was stopped rapidly because
of poor tolerance. Previous TB treatment history
in Armenia was unavailable. He also underwent a
left upper lung lobectomy because of the absence
of sputum culture conversion; was co-infected with
the hepatitis C virus; and was addicted to tobacco,
alcohol, and intravenous drugs. Five months after
TB treatment was initiated, peripheral neuropathy
developed (confirmed by EMG), although trough
linezolid concentration was only 0.6 mg/L. During month 7 of treatment, trough linezolid concentration increased to 2.6 mg/L but otherwise remained <2 mg/L. After 12 months of TB treatment,
the patient experienced a psychological disorder;
Table 1. Sociodemographic and medical characteristics of 57
patients who received linezolid for multidrug-resistant
tuberculosis, Pitié-Salpêtrière Hospital, Paris, France,
2011–2016*
Characteristic
Value
Age, y, median (IQR)
35 (26–39)
Sex
M
39 (68)
F
18 (32)
Country or region of origin
Georgia
36 (63)
Other Eastern Europe and Russia
8 (14)
Africa†
5 (9)
Asia‡
5 (9)
France
3 (5)
History of treated TB
37 (65)
History of isoniazid-based regimen
23 (40)
History of linezolid-based regimen
0
HIV infection
5 (9)
Hepatitis B surface antigen–positive
1 (2)
Hepatitis C
24 (42)
Diabetes mellitus
2 (4)
History of intravenous drug use
20 (35)
Opioid substitution therapy, methadone or
12 (21)
buprenorphine
Alcohol consumption
8 (14)
Body mass index at first visit, median (IQR), kg/m2
20.1
(17.9–22.4)
Albumin level at first visit, median (IQR), g/L
34 (30–38)
*Values are no. (%) unless otherwise indicated. IQR, interquartile range;
TB, tuberculosis.
†One from Algeria, 1 from Cameroon, 1 from Democratic Republic of the
Congo, 2 from Côte d’Ivoire.
‡Three from China, 2 from Tibet.
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sequential treatment consisted of loxapine, amitriptyline, mianserin, or oxazepam. Peripheral neuropathy worsened, causing severe leg pain requiring
analgesia (opioids, pregabalin, clonazepam, gabapentin). At 15 months, linezolid was discontinued,
and at 18 months, the remaining TB treatment was
discontinued. A few days later, the patient was
transferred to intensive care with dysphagia, loss of
cough and tendon reflexes, distended bladder, sensory neuropathy, motor deficits, and pneumonia. All
these signs and symptoms suggested brainstem injury or diffuse neuropathy. He died suddenly a few
hours later. No autopsy was performed.
Adverse Effects

Overall, 33 (58%) patients reported ophthalmologic
or neurologic signs/symptoms, possibly linked to
linezolid exposure: 24 patients had peripheral neuropathologic signs/symptoms only, 2 patients had
ophthalmologic signs/symptoms only, and 7 patients had both (Figure 2). Moreover, linezolid was
stopped because of neurologic adverse effects for 23
patients (18 for peripheral neuropathy, 1 for optical neuropathy, and 4 for both neuropathies) after a
median duration of linezolid exposure of 8.6 months
(IQR 5.6–15.3 months).
Among the 57 patients, 31 reported peripheral
neurologic signs/symptoms (24 peripheral only and
7 both peripheral and optical), peripheral sensory or
motor neuropathy signs were detected during clinical
examination for 25, and neuropathy was confirmed
by EMG or NCV for 18 (32%) of the 57 (Figure 2).
Among the 31 with neuropathy signs/symptoms, 12
were CTCAE classification grade 1, 18 were grade 2,
and 1 was grade 4. Among the 18 patients with peripheral neuropathy confirmed by EMG/NCV, 14
(78%) had persistent signs/symptoms for at least 12
months after discontinuation of TB treatment. However, language barriers and precarious situations
faced by these patients made evaluating sequelae
severity difficult. Although all patients were ambulatory, 16 required long-term (until the end of the 12
months of follow-up) analgesic therapy such as pregabalin for 12 (75%) and paracetamol, levetiracetam,
or opioids for the others.
Ophthalmologic testing was performed for 19 patients, of which 13 were routinely tested at the discretion of the treating physician, for fear of sides effects
resulting from long-term exposure to linezolid, and 6
were tested after reporting optical signs/symptoms.
Of the 19 patients tested, 14 (9 without complaints
and 5 with complaints) had optic neuropathy (Table 3) attributed to linezolid after exclusion of other

Table 2. Tuberculosis drugs prescribed for >1 mo included in
linezolid-based regimen for 57 patients with multidrug-resistant
tuberculosis, Pitié-Salpêtrière Hospital, Paris, France,
2011–2016*
Drug
No. (%) patients
Cycloserine
49 (86)
Para-aminosalicylic acid
49 (86)
Amikacin
41 (72)
Bedaquiline
40 (70)
Pyrazinamide
37 (65)
Moxifloxacin
33 (58)
Ethambutol
17 (30)
Ethionamide
13 (23)
Levofloxacin
6 (11)
Capreomycin
3 (5)
Delamanid
3 (5)
Meropenem/clavulanate
2 (4)

etiologies. Among these patients, CTCAE severity
was grade 1 for 10 patients, grade 2 for 2 patients, and
grade 4 for 2 patients.
After linezolid withdrawal, a second ophthalmologic examination for 9 patients indicated that 2 had
fully recovered, 3 had improved visual acuity with
residual impaired vision, and 4 showed no improvement. Five patients did not undergo a second examination, possibly because they had clinical improvement and did not report optical signs/symptoms.
The median delay between linezolid initiation
and occurrence of neurologic adverse effects was 8.3
(IQR 4–11) months and of ophthalmologic adverse effects was 9.3 (IQR 1.6 –15.1) months. Overall, 27 (47%)
of the 57 patients had neurologic side effects confirmed by EMG/NCV or specific ophthalmologic examination, 13 (23%) had peripheral neuropathy only,
9 (16%) had ophthalmologic neuropathy only, and 5
(9%) had both. Linezolid treatment duration was 15.1
(IQR 7.2–19.1) months for patients with confirmed
neurologic adverse effects and 12.3 (IQR 5.5–21.1)
months for those without (p = 0.9148).
Linezolid Trough Concentrations and Neuropathy

Linezolid trough concentrations were available for
49 patients and were analyzed in association with
neuropathy (Table 4). Among the 16 (33%) patients
with trough concentrations >2 mg/L (median 3 [IQR
2.4–3.7] mg/L) at least once at baseline or during treatment, 14 (88%) experienced linezolid-associated adverse effects: 9 had a peripheral neuropathy and 5 had
optical neuropathy. Among the 33 (67%) patients with
all trough concentrations <2 mg/L (median 0.4 [IQR
0.19–1] mg/L), 27 (82%) experienced linezolid-associated adverse effects: 17 had peripheral neuropathy and
10 had optical neuropathy. Among the 8 patients for
whom linezolid concentration was not evaluated, linezolid-associated adverse effects developed in 6 (75%)
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Figure 2. Peripheral neuropathy
occurrence and evolution
among the 57 patients who
received linezolid for multidrugresistant tuberculosis during
2011 and 2016, France. EMG,
electromyelogram; NCV, nerveconduction velocity testing; TB,
tuberculosis.

patients: 5 had peripheral neuropathy and 1 had optic
neuropathy. We found no association between development of neuropathy and demographic characteristics, trough concentration, or linezolid treatment duration (p>0.05) (Table 5).
Discussion
In our study, 58% of MDR/XDR TB patients reported
a neurologic or ophthalmologic disorder possibly associated with linezolid exposure; neuropathies were
confirmed for 47%. Linezolid-related peripheral neuropathy was confirmed (by EMG/NCV) for almost
32%. Neuropathy and demographic characteristics
did not seem to be associated with trough concentration, or linezolid duration.
Linezolid-related optic neuropathies in patients
receiving treatment for Staphylococcus aureus infections have been described (24) and can be asymptomatic or lead to reduced visual acuity, blurred vision, central scotoma, and dyschromatopsia (19,25).
We found a high prevalence of confirmed optic
1796

neuropathy (25% of our cohort) that was fully reversible (meaning complete recovery of ophthalmologic
disorder 12 months after the end of TB treatment) for
only 2 of our patients after treatment withdrawal. We
therefore suggest testing visual acuity and performing a sensory color vision test and a Goldmann visual field test before initiating linezolid with monthly
checkups, as has been recently recommended (19).
Our finding of a peripheral neuropathy rate of
32% is similar to the neuropathy rate of 30% reported
in a recent meta-analysis (12). In our study, peripheral neuropathy diagnosis was confirmed after a median duration of 8 months of treatment. In contrast,
a study in China found that peripheral neuropathy
occurred 2 to 4 months after treatment start (11). This
difference can be explained by the high daily doses
of linezolid received by patients in that study (1,200
mg/d loading dose for 6 weeks, then 600 mg/d) compared with the 600 mg/day received by all patients
in our study. Various studies report irreversible neuropathy (10,12,26,27). In our study, 78% of patients
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with confirmed peripheral neuropathy did not fully
recover despite linezolid withdrawal. Those patients
were followed up for 12 months after the end of their
TB treatment. Some may have recovered after that
follow-up period. Thus, this result should encourage
closer monitoring of neurologic complaints with detailed and regular clinical neurologic examinations.
Linezolid should also be immediately discontinued
at the onset of neurologic signs/symptoms.
Questions persist about the 2 patients who died.
First, both patients had concurrent conditions known
to increase the risk for neurologic disorders. One
patient had hepatitis C, diabetes, and high blood
pressure; the other had hepatitis C and a history of
substance abuse. Second, linezolid treatment was
continued for both patients despite development of
neurologic signs/symptoms. At that time, in 2013, TB
treatment was continued in the context of a highly
resistant strain of M. tuberculosis, lack of an effective
drug (e.g., delamanid) for treatment, and severe disease, despite daily in-patient monitoring. In hindsight, stopping any neurotoxic treatments as soon as
neurologic signs/symptoms occurred may have been
wise. Third, the second patient received several psychotropic drugs, which can potentiate the linezolid
effect and induce serotonin syndrome. Linezolid-

associated serotonin syndrome has been described
in association with use of various drugs such as
metoclopramide, paroxetine, or amitriptyline (28,29).
Hence, when long-term use of linezolid is unavoidable because of highly resistant TB, drugs that induce
serotonin syndrome must not be prescribed.
Another way to monitor adverse effects of antimicrobial drugs is to systematically measure serum trough concentrations. The role of linezolid
dosage, treatment duration, and cumulative dose
on neuropathy occurrence is still debated. Bolhuis
et al. stated that the linezolid area under the curve
over 24 hours does not affect adverse effect occurrence but that long exposure duration and cumulative doses do (18). Song et al. demonstrated a direct
correlation between linezolid dose, trough concentrations, and development of clinical toxicity. They
found that adverse effects developed in all patients
for whom mean linezolid trough was >2 mg/L,
whereas they developed in >50% of those for whom
mean linezolid trough was <2 mg/L (17). In our
study, linezolid trough concentration was not associated with development of neurologic side effects.
The fact that our study was retrospective could explain why our findings were not consistent with
those of Song et al. (17).

Table 3. Characteristics of 14 patients who experienced optic neuropathy after linezolid treatment for multidrug-resistant tuberculosis,
Pitié-Salpêtrière Hospital, Paris, France, 2011–2016*
Patient
Linezolid
Months from start of Reversibility
age,
Fundus
Visual
duration,
linezolid to onset of after linezolid
y/sex, examination Visual color†
field
Involvement
Other
mo
optic neuropathy
withdrawal
37/M
Papillary
Tritanopia
BSE
B
None
3.4
0.0
No
edema
42/M
WNL
Tritanopia
Aciform
B
None
13.5
1.4
No
scotoma
20/M
WNL
Tritanopia
WNL
B
None
18.5
1.6
Yes
40/M
WNL
Tritanopia
BSE
B
Optic neuropathy
15.3
14.6
Yes
confirmed by
VEP
48/M
WNL
Tritan
BSE
B
None
5.7
9.3
No
43/M
WNL
Tritanopia
NA
U
None
11.6
17.9
Yes
40/M
WNL
Tritanopia
BSE
U
None
18
NA
Yes
39/M
WNL
Tritanopia
BSE
B
None
23.1
15.4
Yes
42/M
WNL
Tritanopia
BSE
B
None
19.4
5.2
Yes
40/M
WNL
Tritanopia
NA
B
4.4
1.0
No
34/M
Papillary
Tritanopia
BSE
B
Optic neuropathy
16.6
15.1
Yes
edema
confirmed by
VEP
21/M
Papillary
Tritanopia
Scotoma
B
Optic neuropathy
7.1
8.2
Yes
edema
confirmed by
VEP
23/F
Hyperemia
Tritanopia
BSE
B
None
NA
10.2
Yes
of optical
nerve
30/M
Hyperemia
Tritan
BSE
B
None
19.1
16.2
Yes
of optical
nerve
*B, bilateral; BSE, blind spot enlargement; NA, not available; U, unilateral, VEP, visual evoked potential; WNL, within normal limits.
†Tritan, common blue–yellow color blindness.; tritarnopia, blue–yellow confusion typical in patients with optic neuropathies.
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Table 4. Neuropathy according to linezolid trough concentration among of 57 patients with multidrug-resistant tuberculosis, PitiéSalpêtrière Hospital, Paris, France, 2011–2016
Linezolid trough concentration
Neuropathy
No. patients
>2 mg/L, n = 16
≤2 mg/L, n = 33
Not available, n = 8
Clinical peripheral
31
9
17
5
Confirmed peripheral
18
5
10
3
Clinical optical
9
5
3
1
Confirmed optical
14
4
10
0
Peripheral + optical
10
3
6
1

When we compared patients with and without
clinical or confirmed peripheral or optical neuropathy, we found no demographic characteristics associated with neuropathy occurrence (Table 5). However,
in a study of MDR TB patients in India, the high rate
of neuropathy was explained by a higher proportion
of malnourished patients (27). For specific TB parameters, we found no association between the onset of
neurologic adverse effects and trough concentration
or linezolid treatment duration. Neuropathy seems
to be independent of linezolid trough concentration
(88% for >2 mg/L, 82% for <2 mg/L, 75% for those
without measurement) or linezolid treatment duration. In addition, linezolid treatment duration was
shorter among patients who did not experience neurologic adverse effects than among patients who did,
but this finding was not statistically significant, probably because of small sample size.
Although the 2018 WHO recommendations state
that linezolid should be offered to all patients, the optimal treatment duration has not yet been established
(15). The high prevalence of linezolid toxicity in our
cohort, together with the lack of reversibility for more
than half of the patients, is not in favor of long linezolid treatment durations for MDR TB patients. Furthermore, recent findings regarding the short duration of
treatment regimens for MDR TB (30–32) have led the
WHO to recommend 9–12 months of therapy if particular patient criteria apply (33). Hence, because of
the high level of linezolid neurotoxicity and a general
trend to decrease MDR TB treatment duration, we
suggest that exposure to linezolid should be as short
as possible to avoid development of irreversible side

effects (34). Close monitoring should also be offered
to all patients receiving linezolid. In our study, 72%
of patients with signs of neuropathy at clinical examination were found to have EMG/NCV abnormalities. Using clinical examination to screen for peripheral neuropathy is therefore effective, even if EMG/
NCV is unavailable. Ophthalmologic examination
is more complicated. Ophthalmologic abnormalities
were found in 9 of 13 patients without signs/symptoms and in 5 of 6 patients with signs/symptoms. We
are unable to make clear recommendations regarding ophthalmologic testing for this patient population. However, we felt it necessary to raise awareness
about linezolid toxicity and highlight the need to
evaluate visual acuity as often as possible for patients
receiving long-term linezolid.
Our monocentric study is limited by its retrospective design. The data were incomplete for several key variables, such as pharmacokinetics and pharmacodynamics, which could explain the difference
between our findings and those of the study by Song
et al. (17). The overall sample size in each patient
group was small and may have been insufficiently
powered to show differences between groups. The
fact that 42% (24/57) of patients had hepatitis C
and 14% (8/57) had alcohol dependency might increase the risk for peripheral neuropathy, independent of linezolid exposure. Moreover, among the 17
patients who received concomitant ethambutol, 8
had confirmed optic neuropathy. Although the ophthalmologic injuries resulting from linezolid differ
from those resulting from ethambutol, completely
excluding ethambutol toxicity in our findings is

Table 5. Association between clinical and confirmed peripheral and optical neuropathy and patient characteristics among 57 patients
with multidrug-resistant tuberculosis, Pitié-Salpêtrière Hospital, Paris, France, 2011–2016*
Clinical neuropathy
Confirmed neuropathy
Characteristic
Value
p value*
Value
p value*
Age, OR (95% CI)†
1.83 (0.9–3.7)
0.09
1.66 (0.8–3.3)
0.14
Immunosuppression treatment, OR (95% CI)
0.91 (0.3–2.7)
0.98
2.1 (0.7–6.2)
0.18
History of intravenous drug use, OR (95% CI)
0.43 (0.5–4.9)
0.43
1.79 (0.6–5.4)
0.30
Opioid substitution therapy, OR (95% CI)
1.6 (0.4–6.1)
0.49
1.92 (0.5–7)
0.32
Albumin, g/L
0.81 (0.4–1.8)
0.61
1.01 (0.5–2.2)
0.98
Linezolid treatment duration, mo
0.47 (0.2–1.2)
0.10
1.11 (0.5–2.7)
0.82
Culture conversion, d
0.93 (0.8–1.1)
0.35
1.15 (0.9–1.4)
0.21
Trough linezolid concentration >2 mg/L
2.07 (0.6–7.3)
0.26
0.83 (0.3–2.7)
0.76
*p values from univariate logistic models. OR, odds ratio.
†Risk based on age increase by 10-y intervals.
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difficult. Thus, whenever possible, ethambutol use
in a linezolid-based regimen must be avoided. Last,
clinical examinations regarding ophthalmologic adverse effects were performed according to physician discretion without a systematic algorithm for
recording adverse effects, which can bias the exact
number of patients affected. This limitation, linked
to the retrospective nature of the study, raises the
issue of systematic ophthalmologic monitoring for
patients receiving linezolid. One minor limitation is
that only patients followed up for 12 months were
included in the study. Two patients stopped coming
to follow-up visits, possibly because of adverse linezolid events; thus, adverse events may have been
underreported. However, these patients left during
the first 3 months, probably before any neurologic
adverse effects had developed.
Our study does, however, reflect the real difficulties of medical care and treatment surveillance of
patients with highly resistant TB and serves to warn
clinicians about long-term linezolid adverse effects.
It also raises the crucial question of linezolid treatment duration for MDR TB patients. The patients in
our study were in precarious economic and social
situations; language barriers might explain the high
rate of neurologic complications because patients
might not have been able to explain their symptoms
soon enough or might not have been sufficiently
aware of the potential adverse effects of linezolid
despite detailed explanations delivered by translators (by phone or internet). Overall, management
was challenging for those patients, a situation that
may occur elsewhere.
In conclusion, our study illustrates that MDR TB
patients receiving linezolid should be monitored because neurologic adverse effects are severe, frequent,
and often irreversible (at least at 12 months after
treatment termination). Further studies are needed
to evaluate the risk factors associated with linezolid
toxicity and to evaluate the best treatment duration to
decrease the rate of neurologic adverse effects without affecting MDR TB outcomes. However, systematic clinical examination should be implemented for
all patients before treatment and monthly thereafter
so that linezolid withdrawal can be discussed if neuropathy develops.
Acknowledgments
We thank all patients who contributed to this work. We
also thank all the physicians involved in the management
of our patients, particularly the Bligny Sanatorium team
(M. Jachym, D. Le Du). We also thank Amanda Whereat
for helping us with the manuscript.

About the Author
Dr. Jaspard is an infectious disease physician working
in the infectious disease department at Pitié Salpetrière
Hospital. She is also a PhD student in epidemiology. Her
research interests include infectious diseases, including
emerging diseases such as Ebola virus disease, Lassa fever,
and coronavirus disease.
References
1.
2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

World Health Organization. Global tuberculosis report 2018
[cited 2020 Jun 10]. https://apps.who.int/iris/
handle/10665/274453
Kim H-R, Hwang SS, Kim HJ, Lee SM, Yoo C-G, Kim YW,
et al. Impact of extensive drug resistance on treatment
outcomes in non-HIV-infected patients with multidrugresistant tuberculosis. Clin Infect Dis. 2007;45:1290–5.
https://doi.org/10.1086/522537
Velásquez GE, Becerra MC, Gelmanova IY, Pasechnikov AD,
Yedilbayev A, Shin SS, et al. Improving outcomes for
multidrug-resistant tuberculosis: aggressive regimens
prevent treatment failure and death. Clin Infect Dis.
2014;59:9–15. https://doi.org/10.1093/cid/ciu209
Mitnick CD, Shin SS, Seung KJ, Rich ML, Atwood SS,
Furin JJ, et al. Comprehensive treatment of extensively
drug-resistant tuberculosis. N Engl J Med. 2008;359:563–74.
https://doi.org/10.1056/NEJMoa0800106
Collaborative Group for the Meta-Analysis of Individual
Patient Data in MDR-TB Treatment–2017; Ahmad N,
Ahuja SD, Akkerman OW, Alffenaar J-WC, Anderson LF,
Baghaei P, et al. Treatment correlates of successful outcomes
in pulmonary multidrug-resistant tuberculosis: an individual
patient data meta-analysis. Lancet. 2018 392:821–34.
https://doi.org/10.1016/S0140-6736(18)31644-1
Guglielmetti L, Jaspard M, Le Dû D, Lachâtre M,
Marigot-Outtandy D, Bernard C, et al. Long-term outcome
and safety of prolonged bedaquiline treatment for
multidrug-resistant tuberculosis. Eur Respir J. 2016.
https://doi.org/10.1183/13993003.00411-2016
Henry B, Revest M, Dournon N, Epelboin L, Mellon G,
Bellaud G, et al. Preliminary favorable outcome for medically
and surgically managed extensively drug-resistant
tuberculosis, France, 2009-2014. Emerg Infect Dis.
2016;22:518–21. https://doi.org/10.3201/eid2203.151130
Guglielmetti L, Le Dû D, Jachym M, Henry B, Martin D,
Caumes E, et al.; MDR-TB Management Group of the French
National Reference Center for Mycobacteria and the
Physicians of the French MDR-TB Cohort. Compassionate
use of bedaquiline for the treatment of multidrug-resistant
and extensively drug-resistant tuberculosis: interim analysis
of a French cohort. Clin Infect Dis. 2015;60:188–94.
https://doi.org/10.1093/cid/ciu786
Zhang X, Falagas ME, Vardakas KZ, Wang R, Qin R,
Wang J, et al. Systematic review and meta-analysis of the
efficacy and safety of therapy with linezolid containing
regimens in the treatment of multidrug-resistant and
extensively drug-resistant tuberculosis. J Thorac Dis.
2015;7:603–15.
Lee M, Lee J, Carroll MW, Choi H, Min S, Song T, et al.
Linezolid for treatment of chronic extensively
drug-resistant tuberculosis. N Engl J Med. 2012;367:1508–18.
https://doi.org/10.1056/NEJMoa1201964
Tang S, Yao L, Hao X, Zhang X, Liu G, Liu X, et al. Efficacy,
safety and tolerability of linezolid for the treatment of

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1799

RESEARCH

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

1800

XDR-TB: a study in China. Eur Respir J. 2015;45:161–70.
https://doi.org/10.1183/09031936.00035114
Agyeman AA, Ofori-Asenso R. Efficacy and safety profile of
linezolid in the treatment of multidrug-resistant (MDR) and
extensively drug-resistant (XDR) tuberculosis: a systematic
review and meta-analysis. Ann Clin Microbiol Antimicrob.
2016;15:41. https://doi.org/10.1186/s12941-016-0156-y
World Health Organization. Companion handbook to the
WHO guidelines for the programmatic management of
drug-resistant tuberculosis [cited 2020 Jun 10]. http://www.
who.int/tb/publications/pmdt_companionhandbook
World Health Organization. WHO treatment guidelines for
drug-resistant tuberculosis; 2016 update [cited 2017 Jul 10].
http://www.who.int/tb/areas-of-work/drug-resistant-tb/
MDRTBguidelines2016.pdf
World Health Organization. Rapid communication: key
changes to treatment of multidrug- and rifampicin-resistant
tuberculosis (MDR/RR-TB) [cited 2020 Jun 10]. http://www.
who.int/tb/publications/2018/rapid_communications_MDR
Mehta S, Das M, Laxmeshwar C, Jonckheere S, Thi SS,
Isaakidis P. Linezolid-associated optic neuropathy in
drug-resistant tuberculosis patients in Mumbai, India.
PLoS One. 2016;11:e0162138. https://doi.org/10.1371/
journal.pone.0162138
Song T, Lee M, Jeon H-S, Park Y, Dodd LE, Dartois V, et al.
Linezolid trough concentrations correlate with mitochondrial
toxicity-related adverse events in the treatment of chronic
extensively drug-resistant tuberculosis. EBioMedicine.
2015;2:1627–33. https://doi.org/10.1016/j.ebiom.2015.09.051
Bolhuis MS, Tiberi S, Sotgiu G, De Lorenzo S, Kosterink
JGW, van der Werf TS, et al. Linezolid tolerability in
multidrug-resistant tuberculosis: a retrospective study. Eur
Respir J. 2015;46:1205–7. https://doi.org/10.1183/
13993003.00606-2015
Dempsey SP, Sickman A, Slagle WS. Case report: linezolid
optic neuropathy and proposed evidenced-based screening
recommendation. Optom Vis Sci. 2018;95:468–74.
https://doi.org/10.1097/OPX.0000000000001216
Guglielmetti L, Jaffre J, Bernard C, Brossier F.
Multidisciplinary advisory teams to manage multidrugresistant tuberculosis: the example of the French
Consilium. Int J Tuberc Lung Dis 2019 ;1;23:1050–4.
https://doi.org/10.5588/ijtld.18.0779
Haut Conseil de la Santé Publique. Tuberculose à bacilles
résistants: diagnostic et prise en charge. Lignes directices.
2014 [cited 2020 Jun 10]. https://www.hcsp.fr/explore.cgi/
avisrapportsdomaine?clefr=483
National Institutes of Health, National Cancer Institute.
Common terminology criteria for adverse events (CTCAE)
version 5.0 [cited 2020 Jun 10]. https://ctep.cancer.gov/
protocolDevelopment/electronic_applications/ctc.htm
Laserson KF, Thorpe LE, Leimane V, Weyer K, Mitnick CD,
Riekstina V, et al. Speaking the same language: treatment

24.

25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

outcome definitions for multidrug-resistant tuberculosis.
Int J Tuberc Lung Dis. 2005;9:640–5.
Lee E, Burger S, Shah J, Melton C, Mullen M, Warren F,
et al. Linezolid-associated toxic optic neuropathy: a report
of 2 cases. Clin Infect Dis. 2003;37:1389–91. https://doi.org/
10.1086/379012
Karuppannasamy D, Raghuram A, Sundar D.
Linezolid-induced optic neuropathy. Indian J Ophthalmol.
2014;62:497–500. https://doi.org/10.4103/0301-4738.118451
Xu H-B, Jiang R-H, Li L, Xiao H-P. Linezolid in the treatment
of MDR-TB: a retrospective clinical study. Int J Tuberc Lung
Dis. 2012;16:358–63. https://doi.org/10.5588/ijtld.11.0493
Udwadia ZF, Sen T, Moharil G. Assessment of linezolid
efficacy and safety in MDR- and XDR-TB: an Indian
perspective. Eur Respir J. 2010;35:936–8, author reply 938–40.
https://doi.org/10.1183/09031936.00132009
Lalondriz Bueno YM, Monereo Muñoz M-B, Ripper C-J,
Santolaria F. Serotoninergic syndrome due to linezolid and
metoclopramide [in Spanish]. Enferm Infecc Microbiol Clin.
2014;32:690–1. https://doi.org/10.1016/j.eimc.2014.03.013
Morales-Molina JA, Mateu-de Antonio J, Grau Cerrato S,
Marín Casino M. Likely serotoninergic syndrome from an
interaction between amitriptyline, paroxetine, and linezolid
[in Spanish]. Farm Hosp. 2005;29:292–3.
Aung KJM, Van Deun A, Declercq E, Sarker MR, Das PK,
Hossain MA, et al. Successful ‘9-month Bangladesh
regimen’ for multidrug-resistant tuberculosis among
over 500 consecutive patients. Int J Tuberc Lung Dis.
2014;18:1180–7. https://doi.org/10.5588/ijtld.14.0100
Van Deun A, Maug AKJ, Salim MAH, Das PK, Sarker MR,
Daru P, et al. Short, highly effective, and inexpensive
standardized treatment of multidrug-resistant tuberculosis.
Am J Respir Crit Care Med. 2010;182:684–92.
https://doi.org/10.1164/rccm.201001-0077OC
Nunn AJ, Phillips PPJ, Meredith SK, Chiang C-Y, Conradie F,
Dalai D, et al. A trial of a shorter regimen for rifampinresistant tuberculosis. N Engl J Med. 2019;380:1201–13.
https://doi.org/10.1056/NEJMoa1811867
World Health Organization. Rapid communication: key
changes to the treatment of drug-resistant tuberculosis. 2019
Dec [cited 2020 Jun 10]. http://www.who.int/tb/
publications/2019/rapid_communications_MDR
Conradie F, Diacon AH, Everitt D, Mendel C, Van Niekerk C,
Howell P, et al. The NIX-TB trial of pretomanid, bedaquiline
and linezolid to treat XDR-TB. Abstract 80-LB. Presented at:
Conference on Retroviruses and Opportunistic Infections.
2017 Feb 13–16; Seattle, WA, USA.

Address for correspondence: Marie Jaspard, Groupe Hospitalier
Pitié-Salpêtrière, Service de Maladies Infectieuses, 47-83
Boulevard de l’Hôpital, Paris 75651, France; email:
mariejaspard@hotmail.com

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

Naturally Acquired Human
Plasmodium cynomolgi and
P. knowlesi Infections,
Malaysian Borneo
Thamayanthi Nada Raja, Ting Huey Hu, Khamisah Abdul Kadir, Dayang Shuaisah Awang Mohamad,
Nawal Rosli, Lolita Lin Wong, King Ching Hii, Paul Cliff Simon Divis, Balbir Singh

To monitor the incidence of Plasmodium knowlesi infections and determine whether other simian malaria parasites are being transmitted to humans, we examined 1,047
blood samples from patients with malaria at Kapit Hospital
in Kapit, Malaysia, during June 24, 2013–December 31,
2017. Using nested PCR assays, we found 845 (80.6%)
patients had either P. knowlesi monoinfection (n = 815) or
co-infection with other Plasmodium species (n = 30). We
noted the annual number of these zoonotic infections increased greatly in 2017 (n = 284). We identified 6 patients,
17–65 years of age, with P. cynomolgi and P. knowlesi coinfections, confirmed by phylogenetic analyses of the Plasmodium cytochrome c oxidase subunit 1 gene sequences.
P. knowlesi continues to be a public health concern in the
Kapit Division of Sarawak, Malaysian Borneo. In addition,
another simian malaria parasite, P. cynomolgi, also is an
emerging cause of malaria in humans.

P

lasmodium spp. were identified in the late 1800s,
and >30 species have been described in primates,
including humans, apes, and monkeys (1,2). Of these,
humans are natural hosts to 4 species: P. falciparum, P.
malariae, P. vivax, and P. ovale. Human infections with
simian malaria parasites were thought to be extremely rare until P. knowlesi was identified as a major cause
of malaria in humans in Kapit, Malaysian Borneo (3).
Subsequent human cases of infection with P. knowlesi
have been reported across Southeast Asia (4–9). Most
cases are reported in the Malaysian Borneo states of
Sarawak and Sabah (4,10,11). The zoonotic capability
of this parasite was confirmed with the aid of molecular techniques because P. knowlesi is morphologically
Author affiliations: Malaria Research Centre, Universiti Malaysia
Sarawak, Kota Samarahan, Malaysia (T. Nada Raja, T.H. Hu,
K.A. Kadir, D.S.A. Mohamad, N. Rosli, L.L. Wong, P.C.S. Divis,
B. Singh); Kapit Hospital, Kapit, Malaysia (K.C. Hii)
DOI: https://doi.org/10.3201/eid2608.200343

similar to P. malariae (12). Molecular detection methods also were used to identify other zoonotic malaria
parasites infecting humans, such as P. simium (13,14)
and P. brasilianum (15) in South America and P. cynomolgi (16,17) in Southeast Asia.
After the large focus on human P. knowlesi infections in the Kapit Division of Sarawak state in
2004 (3), extended studies on wild long-tailed macaques (Macaca fascicularis) and pig-tailed macaques
(M. nemestrina) in the area found these species harbor 6 simian malaria parasites: P. inui, P. knowlesi,
P. cynomolgi, P. coatneyi, P. fieldi, and P. simiovale
(12,18). Among 108 macaques examined, P. inui
was the most prevalent parasite (82%), along with
P. knowlesi (78%) and P. cynomolgi (56%). Besides
P. knowlesi, 2 other simian parasites, P. inui and
P. cynomolgi, have zoonotic capabilities that have
been proven through accidental and experimental
infections (1,19–21). P. inui was experimentally reported to infect humans in 1938, with a subsequent
report in 1966 (20,21). P. cynomolgi was reported to
infect humans during an accidental transmission in
a laboratory in the United States in 1956 and later
by experimental trials (1,19). A single infection of
naturally acquired P. cynomolgi in a human was described in Peninsular Malaysia in 2014 (16) and was
confirmed through molecular characterization.
Successful transmission of zoonotic malaria is
highly dependent on the bionomics and distribution of competent vectors (22). After the 2004 report
on human P. knowlesi cases in Kapit, Anopheles latens mosquitoes were incriminated as the only vector
for P. knowlesi in the area and were found to harbor
sporozoites of other species of simian malaria parasites (23). Because wild macaques in Kapit harbored
potentially zoonotic malaria parasites and vectors
were transmitting P. knowlesi to humans, we aimed to
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determine whether human infections with P. cynomolgi and P. inui also occurred in the Kapit Division
of Sarawak, Malaysian Borneo.
Materials and Methods
Study Area, Participants, and Detection of
Plasmodium spp.

Kapit is the largest administrative division in Sarawak and has an area of 38,934 km2. Most residents
in Kapit belong to indigenous ethnic groups living in
longhouses close to the forests. Inhabitants who are ill
travel to Kapit Hospital for diagnosis and treatment.
We enrolled 1,047 patients who had malaria from the
Kapit and Song districts who were admitted to Kapit
Hospital during June 24, 2013–December 31, 2017.
Malaria was diagnosed at Kapit Hospital by using blood film examination. Approximately 2 mL of
venous blood was collected from each patient. Blood

spots on filter paper and thick and thin films were
prepared, and 500 µL aliquots of blood were stored
frozen. We received samples at the Malaria Research
Centre, Universiti Malaysia Sarawak, for further
analyses. We extracted Plasmodium DNA from dried
blood spots by using Instagene Matrix (BioRad Laboratories, https://www.bio-rad.com). We used nested
PCR assays to test for the presence of different Plasmodium species by using primers specific for P. falciparum, P. vivax, P. malariae, P. ovale, P. knowlesi, P. inui,
P. cynomolgi, P. fieldi, and P. coatneyi as described previously (3,24). We extracted genomic DNA from frozen blood samples by using the QIAamp DNA Mini
Kit (QIAGEN, https://www.qiagen.com) and used
it for molecular characterization of malaria parasites.
We obtained written consent from all enrolled
patients or their parents or guardians for patients
<17 years of age. Ethics clearance for this study was
obtained from the medical research ethics committee
of Universiti Malaysia Sarawak (approval nos. UNIMAS/TNC(AA)-03.02/06-Jld.2[24] and UNIMAS/
NC-21.02/03-02 Jld.2[19]) and from the medical research and ethics committee of the Ministry of Health
Malaysia (approval nos. NMRR-12-1086-13607[IIR]
and NMRR-16-943-31224[IIR]).
PCR Amplification and Sequencing of Partial
Cytochrome c Oxidase Subunit 1 Gene

Figure 1. Number of patients admitted to Kapit Hospital with malaria
during June 24, 2013–December 31, 2017, Malaysian Borneo.
Non–P. knowlesi includes P. falciparum, P. malariae, P. ovale, and
P. vivax. Infections with Plasmodium spp. other than P. knowlesi
each year included the following. In 2013, P. knowlesi coinfections
included 1 P. cynomolgi co-infection; non–P. knowlesi included 9 P.
falciparum, 4 P. vivax, and 1 P. ovale. In 2014, P. knowlesi mixed
included 1 P. falciparum coinfection; non–P. knowlesi included 14
P. falciparum, 4 P. malariae, 12 P. vivax, 3 P. ovale. In 2015, P.
knowlesi co-infections included 3 P. falciparum and 4 P. vivax coinfections; non–P. knowlesi included 16 P. falciparum, 16 P. vivax, 1
P. malariae, 3 P. falciparum/P. vivax co-infections, 1 P. falciparum/P.
ovale co-infection, and 1 P. vivax/P. ovale co-infection. In 2016, P.
knowlesi co-infections included 8 P. falciparum, 6 P. vivax, and 1 P.
cynomolgi co-infections; non–P. knowlesi included 41 P. falciparum,
14 P. vivax, 1 P. ovale, 3 P. falciparum/P. vivax co-infections, 1 P.
falciparum/P. malariae co-infection, 4 P. falciparum/P. ovale coinfections, and 1 P. vivax/P. ovale co-infection. In 2017, P. knowlesi
co-infections included 4 P. cynomolgi, and 2 P. vivax co-infections;
non–P. knowlesi included 26 P. falciparum, 19 P. vivax, 3 P.
malariae, 2 P. ovale, 1 P. falciparum/P. vivax co-infection, and 1 P.
falciparum/P. malariae co-infection.
1802

Sequencing of the partial cytochrome c oxidase subunit 1 (COXI) gene of P. cynomolgi involved a 3-step
PCR rather than the 2-step PCR used for P. knowlesi.
First, we amplified the complete mitochondrial genome by PCR using Plasmodium-specific primers Pkmt
F1 and Pkmt R1 (24). We performed PCR amplification
for each sample in a 25-µL reaction mixture containing
1× PCR buffer for KOD FX Neo, 0.4 mmol dNTP mix
(Toyobo, https://www.toyobo-global.com), 0.3 µmol
of each primer (Pkmt F1 and Pkmt R1), 1 U/25 µL KOD
FX Neo polymerase (Toyobo), and 3 µL of purified genomic DNA under the following conditions: 98°C for
30 s for first denaturation; 35 cycles at 98°C for 30 s,
55°C for 30 s, and 72°C for 5 min; then a final extension
for 10 min at 72°C. We used S.N.A.P UV Gel Purification Kit (Invitrogen, https://www.thermofisher.com)
to perform gel purification of the PCR amplified mitochondrial DNA (mtDNA) whole genome.
We then used the purified mtDNA amplicons
as a template for the heminested touchdown PCR
(TD-PCR) with P. cynomolgi-specific primers: cox1_F1
(5′-CCAAGCCTCACTTATTGTTAAT-3′),
cox1_R1
(5′-ACCAAATAAAGTCATTGTTGATCC-3′),
and
cox1_R3 (5′-ATGGAAATGAGCAATTACATAG-3′).
The heminested 1 (N1) TD-PCR amplification for each
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sample was performed in an 11-µL reaction mixture
containing 1× colorless PCR buffer, 2 mmol MgCl2, 0.2
mmol dNTP mix, 0.25 µmol of each primer (cox1_F1
and cox1_R1), 0.275 U GoTaq G2 Flexi DNA Polymerase (Promega, https://www.promega.com), and
0.5 µL of purified mtDNA template under the following conditions: 94°C for 3 min for first denaturation;
10 cycles at 94°C for 30 s, 62°C for 45 s, and 72°C for
85 s; 25 cycles at 94°C for 30 s, 53°C for 45 s, and 72°C
for 85 s; then a final extension for 5 min at 72°C. After
N1 TD-PCR, we performed a heminested 2 (N2) TDPCR amplification for each of the PCR products in a 22
µL reaction mixture containing similar concentration
of PCR master-mix recipe with cox1_F1 and cox1_R1
primers and 1 µL of purified mtDNA template under
the following conditions: 94°C for 3 min for first denaturation, 10 cycles at 94°C for 30 s, 59°C for 45 s, and
72°C for 85 s; 25 cycles at 94°C for 30 s, 53°C for 45
s, and 72°C for 85 s; then a final extension for 5 min
at 72°C. We used the S.N.A.P UV Gel Purification Kit
(Invitrogen) to gel purify the amplicon.
We performed TD-PCR amplification of the P.
knowlesi COXI fragment by using P. knowlesi–specific
primers: cox1_Pk_F1 (5′-CATATCCAAGCCTCATTTATGA-3′) and cox1_Pk_R1 (5′-GTGAAAATGAGCAATTACATAA-3′). Amplification was performed
in a 22 µL reaction mixture containing similar concentration of PCR master-mix recipe with cox1_F1 and
cox1_R1 primers and 1 µL of purified mtDNA template. We used the following thermal cycling parameters: 94°C for 3 min for first denaturation; 10 cycles
at 94°C for 30 s, 62°C for 45 s, and 72°C for 85 s; 25
cycles at 94°C for 30 s, 56°C for 45 s, and 72°C for 85 s;
then a final extension for 5 min at 72°C. We purified
the amplicon as we mentioned in the previous step.
We cloned the purified COXI fragments into
TOPO TA Cloning Kit with pCR2.1-TOPO vector (Invitrogen) according to the manufacturer’s protocol.
We purified the recombinant plasmids containing the
COXI fragment by using the S.N.A.P. Plasmid DNA
MiniPrep Kit (Invitrogen) and sent these to a commercial facility for DNA sequencing. For all samples,
>3 clones each for P. cynomolgi and P. knowlesi were
sequenced and both forward and reverse strands
were sequenced for each clone.
Computational Analyses of COXI of Plasmodium spp.

We used ClustalX version 2 to align the COXI sequences (25). We inferred phylogenetic relationships
by using the neighbor-joining method in MEGA7
(26) then by Bayesian Markov chain Monte Carlo
(MCMC) method in the BEAST package version 1.7.5
(27). We confirmed the convergence of the chain by

inspecting the MCMC samples using Tracer version
1.5 (https://tracer-1-5.software.informer.com), discarded the first 10% sampling of the MCMC chains as
burn-in, and conformed the sample size to >200 for all
continuous parameters. We used Tree Annotator to
annotate the tree generated by BEAST and visualized
the maximum clade credibility tree by using FigTree
version 1.3.1 (https://figtree-1-3-1.software.informer.com). We deposited Plasmodium COXI sequences
generated in this study in GenBank under accession
nos. MN372324–61 (Appendix, https://wwwnc.cdc.
gov/EID/article/26/8/20-0343.xlsx).
Microscopy

We stained thick and thin blood films with Giemsa
by using pH 7.2 buffer and examined films under
an Olympus BX53 microscope (Olympus, https://
www.olympus-lifescience.com). We estimated
parasitemia by examining thick blood films and
counting parasites associated with <500 leukocytes
by 2 independent microscopists. We converted the
parasite count to a count per microliter of blood
by using the actual leukocyte count of each patient
measured with a Sysmex KX-21N Kobe hematology
analyzer (Sysmex Corporation, https://www.sysmex.com). We used a light microscope to observe
the morphologic characteristics of the parasites in
thin blood films.
Results
Patient Demographics and Identification of
Malaria Parasites

Of the 1,047 patients, 845 (80.7%) had P. knowlesi
monoinfections or co-infections with other species of
Plasmodium, based on nested PCR assays (Figure 1; Table 1). Most (730; 86.3%) patients were >20 years of age,
91 (11%) were 12–19 years of age, and 24 (3%) were <12
years of age; 540 (51.5%) were female and 507 (48.5%)
were male. Six patients (codes K07, KT46, K199, K221,
K222, and K229) had co-infections with P. knowlesi and
P. cynomolgi (Table 2) without prior history of malaria, and Kapit Hospital initially diagnosed P. knowlesi
by microscopy. Throughout the 5-year study, we observed a remarkable increase in Plasmodium knowlesi
malaria cases. In 2017 alone, 284 cases were identified,
>2 times that of the highest annual number of cases,
122, admitted during a previous clinical study at Kapit
Hospital during 2006–2008 (28).
Despite the high number of P. knowlesi malaria
cases, 19% (202) of malaria cases in Kapit Hospital
were infected by human Plasmodium species (non–
simian Plasmodium parasites). During 2013–2016, 2–3
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Table 1. Comparison of microscopy and PCR for identifying Plasmodia spp. among patients with malaria during June 24, 2013–
December 31, 2017, Kapit Hospital, Kapit, Malaysian Borneo*
PCR
Microscopy
Pf
Pk
Pm
Pv
Po
Pf + Pv Pf + Pm Pf + Po Pk + Pf Pk + Pv Pk + Pcy Pv + Po
P. falciparum
93
4
0
2
0
3
0
1
0
0
0
0
P. knowlesi
7
810
1
12
2
2
1
1
12
11
6
0
P. malariae
6
1
7
2
0
1
1
1
0
0
0
0
P. ovale
0
0
0
1
2
0
0
1
0
0
0
1
P. vivax
0
0
0
48
3
1
0
1
0
1
0
1
Total
106
815
8
65
7
7
2
5
12
12
6
2
* Pcy, Plasmodium cynomolgi; Pf, P. falciparum; Pk, P. knowlesi; Pm, P. malariae; Po, P. ovale; Pv, P. vivax.

indigenous infections were reported annually, but no
indigenous infections were recorded in 2017. Based
on travel history, 95% (192/202) of patients infected with nonsimian Plasmodium species were timber
camp workers who had returned to Sarawak after
working in Africa, Papua New Guinea, Brazil, and
the Solomon Islands.
Molecular Characterization of P. cynomolgi and
P. knowlesi Coinfections

To confirm the P. cynomolgi and P. knowlesi coinfections, we obtained Plasmodium DNA sequences of
38 partial COXI genes (1,088–1,144 bp) from the 6
patients. The Bayesian phylogenetic inference of
these DNA sequences showed 20 sequences formed
a monophyletic clade with P. cynomolgi referral sequences and was distinct from the P. vivax clade. The
remaining 18 sequences, however, formed 2 distinct
subclades with the P. knowlesi referral sequences (Figure 2), confirming the presence of P. knowlesi and P.
cynomolgi parasites in these patients.
Morphological Characterization of P. cynomolgi
and P. knowlesi Co-infections

Parasitemia in the 6 patients with P. cynomolgi and
P. knowlesi co-infections ranged from 213 to 84,299
parasites/µL blood (Table 2). Only patients K07
and K199 had blood films of high enough quality
for morphologic characterization of Plasmodium species. On examination, we noted P. cynomolgi–infected
erythrocytes constituted a small proportion of the
malaria-infected erythrocytes, consisting of ≈1.5%
of infected erythrocytes for patients K07 and 4.7%
for patient K199. We estimated the percentage of
Table 2. Parasitemia and characteristics of patients with
diagnosed Plasmodium cynomolgi and P. knowlesi coinfections,
Malaysian Borneo
Case no.
Year detected
Age, y/sex
Parasites/µL blood
K222
2017
36/F
213
KT46
2013
18/M
334
K229
2017
63/F
1,386
K221
2017
50/F
13,661
K199
2017
17/M
17,072
K07
2016
65/M
84,299
1804

Total
103
865
19
5
55
1,047

P. cynomolgi–infected erythrocytes by using the number of early trophozoite stages with Schüffner’s stippling because we only observed the trophozoite stage
for P. cynomolgi in these 2 patients. We distinguished
P. cynomolgi from P. knowlesi parasites based on morphologic characteristics of infected erythrocytes, as
previously described (1). We observed Schüffner’s
stippling in early trophozoite-infected erythrocytes,
which were enlarged and distorted at times (Figures
3, 4). The trophozoites of P. cynomolgi also had either
single, double, or triple chromatin dots. The growing trophozoites of P. knowlesi did not cause erythrocyte enlargement and we did not observe Schüffner’s stippling (Figure 4, panels K, L). Furthermore,
we observed band-form trophozoites of P. knowlesi in
certain erythrocytes (Figure 3, panel I; Figure 4, panel
M), and we noted 16 merozoites in 1 schizont (Figure 3, panel J). For patient K07, we examined 4,154
erythrocytes; 12 (0.3%) had prominent Schüffner’s
stippling, but we did not observe malaria parasites
within these erythrocytes (Figure 5).
Discussion
The increasing number of patients admitted to Kapit
Hospital with P. knowlesi infections represents a true
increase in infections, not increased awareness, because we used nested PCR to examine Plasmodium
DNA from blood spots on filter paper from all patients during the study period. The increasing incidence of P. knowlesi in the Kapit Division, particularly
in 2017; the few patients infected with human malaria
parasites, P. falciparum, P. vivax, P. ovale, and P. malariae, during June 2013–December 2016; and the lack
of indigenous cases in Kapit in 2017 reflect the recent
malaria situation in Malaysian Borneo and Peninsular Malaysia (11). The Ministry of Health, Malaysia,
reported 7,745 cases of P. knowlesi malaria in Malaysia
in 2017 and 2018, and 87% (6,743) occurred in the Malaysian Borneo states of Sarawak and Sabah (29). In
2017, only 85 cases of indigenous malaria caused by
the human malaria parasites, P. falciparum, P. vivax,
P. ovale, or P. malariae were reported, and none were
reported in 2018 (30).
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Figure 2. Maximum clade
credibility tree for Plasmodium
cytochrome c oxidase subunit 1
(COXI) sequences from samples
from patients admitted to Kapit
Hospital with malaria during
June 24, 2013–December 31,
2017, Malaysian Borneo. Tree
was generated by using strict
clock model and Bayesian
skyline coalescent tree prior.
Circles indicate COXI sequences
derived from patients: red
indicates patient KT46; black
indicates patient K07; orange
indicates patient K199; purple
indicates patient K221; blue
indicates patient K222; and
green indicates patient K229.

The increase in P. knowlesi malaria cases, particularly in Malaysian Borneo, is multifactorial and driven
partly by anthropogenic land-use factors leading to
changes in the transmission pattern of the parasite
between humans, vectors, and macaque reservoirs
(31). Both states in Malaysian Borneo have undergone
substantial deforestation, primarily for palm oil plantations; the total area used for palm oil plantations in
Sarawak and Sabah in 2018 was 3.12 million hectares

(32) compared with just 2.3 million hectares in 2010
(33). Such extensive forest clearing activities result in
loss of natural habitat for macaques and could have
caused them to move closer to human settlements.
In Sabah, an association between deforestation and
increased incidence of human cases of P. knowlesi
malaria has been demonstrated (34). Furthermore,
predictive spatial scale analysis of data from a casecontrolled study, a cross-sectional survey, and satellite

Figure 3. Plasmodium cynomolgi and P. knowlesi parasites in patient K07, admitted to Kapit Hospital, Kapit, Malaysia, with malaria in
2016. A–G) Early trophozoites of P. cynomolgi in enlarged and, at times, distorted erythrocytes, with Schüffner’s stippling and either
single, double, or triple chromatin dots. E–H) P. knowlesi and P. cynomolgi early trophozoites. I) Band form trophozoite of P. knowlesi.
J) Schizont of P. knowlesi. Pcy, P. cynomolgi; Pk, P. knowlesi. Original magnification ×100.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020
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Figure 4. Plasmodium cynomolgi and P. knowlesi parasites in patient K199, admitted to Kapit Hospital in Kapit, Malaysia, with malaria in
2017. A–G) Early trophozoites of P. cynomolgi within enlarged and, at times, distorted erythrocytes, with Schüffner’s stippling and single,
double, or triple chromatin dots. H–J) Early trophozoites of P. knowlesi and P. cynomolgi. K–M) Band form trophozoites of P. knowlesi.
Pcy, P. cynomolgi; Pk, P. knowlesi. Magnification ×100.

imagery showed that landscape fragmentation influences P. knowlesi transmission to humans (35). However, similar studies need to be undertaken in Sarawak to
determine whether a direct relationship between land
change use and number of P. knowlesi malaria cases exists because the vectors in Sarawak are different from
those in Sabah.
Entomologic studies also need to be undertaken
because vector bionomics is influenced by landscape
factors, and abrupt land use conversion or modifications can change vector distribution, invasion,
and behavior (36,37). One such study conducted in
the Kinabatangan area of Sabah in Malaysian Borneo demonstrated that, in a 2-year period Anopheles
donaldi mosquitoes displaced An. balabacensis mosquitoes, the previously dominant vector in that area
(38). Changes in host preference, biting behavior,
and adaptation of the mosquitoes to habitat changes
could affect the transmission of zoonotic malaria in
Malaysian Borneo. However, determining whether
there have been changes in mosquito bionomics in
Sarawak is difficult because only 1 study on vector
bionomics was conducted in Kapit District in 2004.
New detailed entomologic studies at various locations clearly are necessary.
1806

In the 2 patients whose blood films we examined,
P. cynomolgi parasites comprised ≈1.5% and 4.7% of
the total malaria parasites, which explains why microscopy only detected single P. knowlesi infections
in these patients. The dominance of P. knowlesi over
P. cynomolgi is probably due to the differences in the
period of development in the liver and the duration
of the erythrocytic cycle between the 2 species. Studies undertaken on the Mulligan (M) strain, and the
B strain of P. cynomolgi indicated that the incubation
period in the liver varied from 15 to 20 days for the B
strain and 16 to 37 days for the M strain (1), which is
much longer than the estimated incubation period for
P. knowlesi of 9–12 days (1). Furthermore, the asexual
erythrocytic cycle of P. knowlesi is only 24 hours but
is 48 hours for P. cynomolgi (1,4). Hence, if P. knowlesi
and P. cynomolgi co-infection occur simultaneously
through a single mosquito bite, P. knowlesi parasites
would emerge from the liver before P. cynomolgi and
replicate rapidly to become the dominant species infecting the person.
Unlike P. knowlesi infections, which can be severe
and sometimes fatal (4), P. cynomolgi infections in humans are mild or even asymptomatic (1). In a series
of experiments conducted in the United States in the
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1960s, volunteers infected with P. cynomolgi had mild
infections, and for 1 participant the infection persisted for 58 days (1,39,40). A natural infection was
reported in a woman with fever in Peninsular Malaysia (16), and a tourist from Denmark also had a mild
infection with P. cynomolgi after returning home from
travels in Southeast Asia (41). Recently, naturally acquired P. cynomolgi and P. knowlesi co-infections in
Cambodia (17) and P. cynomolgi monoinfections in
Sabah, Malaysian Borneo (42), were all asymptomatic. However, our study is hospital-based, so all patients who had P. cynomolgi with P. knowlesi co-infections were symptomatic.
A recent study described the morphologic characteristics of young to near-mature trophozoites
of P. cynomolgi in a naturally acquired human host
(41). We observed only young trophozoites of P.
cynomolgi in enlarged and at times distorted erythrocytes with Schüffner’s stippling. We observed
erythrocytes with stippling without malaria parasites in 1 of the patients. This phenomenon, termed
pitting, was initially described for P. knowlesi in the
1960s during animal experiments (43,44). Pitting is
a process by which the malaria parasite is expelled
from an infected erythrocyte as it passes through

the spleen. Once deparasitized through pitting, the
erythrocytes return to circulation in the blood. The
presence of pitting also was discovered in acute P.
falciparum infections in which erythrocytes with ringinfected erythrocyte surface antigen and no intracellular parasites in circulation were observed (45–47).
The presence of enlarged deparasitized erythrocytes
with Schüffner’s stippling from patient K07 suggests
P. cynomolgi parasites might have been pitted, leaving the once-infected erythrocytes circulating in the
patient’s blood.
The morphologic similarities between P. cynomolgi and P. vivax have been described previously (1,16),
highlighting the difficulty in correctly identifying P.
cynomolgi by microscopy. In our study and recent
reports of naturally acquired human P. cynomolgi infections in Cambodia, Malaysia, and Southeast Asia,
molecular methods were necessary to identify P. cynomolgi (17,41,42). Microscopy, or rapid diagnostic tests,
which are the main methods used in malaria surveys,
would have identified the P. cynomolgi monoinfections in our study as P. vivax. Therefore, the incidence
of P. cynomolgi in Asia, the natural habitat for several
monkey hosts (1), is probably much higher than what
has been reported so far. Continued surveillance by

Figure 5. Plasmodium cynomolgi and P. knowlesi parasites in patient K07, admitted to Kapit Hospital in Kapit, Malaysia, with malaria
in 2016. Arrows indicate Schüffner’s stippling in erythrocytes without parasites. A–C) Early trophozoites of P. cynomolgi; D–I) early
trophozoites of P. knowlesi; J) early trophozoites of P. knowlesi and P. cynomolgi; K) gametocyte of P. knowlesi. Pcy, P. cynomolgi; Pk, P.
knowlesi. Magnification ×100.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020
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using molecular methods is needed to obtain accurate data for the incidence of not only P. cynomolgi,
but also P. knowlesi.
In conclusion, we observed that P. knowlesi continues to be of public health concern in the Kapit
Division of Sarawak, Malaysian Borneo, and that
another simian malaria parasite, P. cynomolgi, also is
an emerging cause of malaria in humans. Further epidemiologic and entomologic studies using molecular
tools and a multidisciplinary approach need to be undertaken in Southeast Asia to determine the incidence
of P. cynomolgi and P. knowlesi. Such studies also will
assist in determining whether these parasites continue to cause zoonotic infections or whether the loss of
natural habitat of macaques, coupled with changes in
mosquito composition, abundance, and feeding behavior and an increase in the human population, result in their switch to humans as the preferred hosts.
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Presence of Segmented Flavivirus
Infections in North America
Kurt J. Vandegrift,1 Arvind Kumar,1 Himanshu Sharma, Satyapramod Murthy,
Laura D. Kramer, Richard S. Ostfeld, Peter J. Hudson, Amit Kapoor

Identifying viruses in synanthropic animals is necessary for understanding the origin of many viruses that
can infect humans and developing strategies to prevent new zoonotic infections. The white-footed mouse,
Peromyscus leucopus, is one of the most abundant
rodent species in the northeastern United States. We
characterized the serum virome of 978 free-ranging P.
leucopus mice caught in Pennsylvania. We identified
many new viruses belonging to 26 different virus families. Among these viruses was a highly divergent segmented flavivirus whose genetic relatives were recently
identified in ticks, mosquitoes, and vertebrates, including febrile humans. This novel flavi-like segmented virus was found in rodents and shares ˂70% aa identity
with known viruses in the highly conserved region of
the viral polymerase. Our data will enable researchers
to develop molecular reagents to further characterize
this virus and its relatives infecting other hosts and to
curtail their spread, if necessary.

M

ost human infectious diseases have a zoonotic
origin (1). RNA viruses are remarkable in their
ability to evolve and infect a wide range of hosts, primarily due to their error-prone replication, small genome size, and ability to adapt (2). Recent studies describing human infections with animal coronaviruses
and paramyxoviruses illustrate well the high zoonotic potential of animal RNA viruses (3). Not all viruses
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at the human–animal interface can breach the species
barrier, and successful cross-species transmission often requires repeated introduction coupled with favorable circumstances (3). These multiple exposures
provide increased opportunity for viral adaptation,
and because humans are frequently exposed to viruses from synanthropic hosts, this channel becomes a
likely route of infection. As such, we need to identify
and characterize viruses from synanthropic animals
to understand the origins of many human viruses and
obtain insights into the emergence of potential zoonotic infections (1).
Rodents and bats are common sources of potential zoonotic viruses (4). In the northeastern United
States, the white-footed mouse (Peromyscus leucopus)
is one of the most widespread and abundant rodent
species. These mice are highly adaptable, commonly
become synanthropic, and invade human domiciles.
Humans are exposed to a wide range of viruses from
these mice, either directly as is the case with hantaviruses or indirectly through vectors such as ticks.
These rodents are also known to harbor a range of
zoonotic pathogens, including the tickborne Borrelia
burgdorferi, which causes Lyme disease, and Anaplasma phagocytilium, which causes anaplasmosis (5).
White-footed mice can also act as reservoirs for bacteria that are causative agents of Rocky Mountain spotted fever, tularemia, plague, and bartonellosis and
for protozoans responsible for babesiosis, giardiasis,
toxoplasmosis, and cryptosporidiosis (6). Infectious
viruses reported in P. leucopus include lymphocytic
choriomeningitis virus, Powassan or deer tick encephalitis virus, and hantaviruses (7,8).
The genome of flaviviruses is composed of a
single-stranded positive-sense RNA that codes for a
single polyprotein. The genome of Jingmen tick virus (JMTV), which was first identified in 2014 from
ticks in the Jingmen province of China (9), is composed of 4 single-stranded positive-sense RNA
1
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segments, 2 of which encode a polymerase protein
(NS5) and a helicase protein (NS3) that show close
phylogenetic relatedness with the corresponding
proteins of classical flaviviruses (9). Later, several
genetically diverse relatives of JMTV were found in
several species of ticks, insects, and mammals (9–13).
Together, these JMTV-like viruses are highly diverse
and show differences in the number of genomic segments as well as protein coding strategies (9,10,12). In
2018, a metagenomics study revealed the presence of
JMTV-like sequences in serum samples from human
patients with Crimean-Congo hemorrhagic fever in
Kosovo (14). Two studies published in 2019 reported
the presence of JMTV sequences in humans in China
with febrile illness and a history of recent tick bites
(15,16). To date, no information is available on the
presence of JMTV infections in insects, ticks, or vertebrates in North America.
Knowledge about viruses infecting P. leucopus
and the levels to which humans are being exposed is
limited. Although several studies have examined the
prevalence of hantaviruses (17) and highly diverse
hepaciviruses (18), there has been no attempt to characterize the blood virome of these common rodents.
We used an unbiased, metaviromics approach to
identify all viruses in the serum samples of 978 freeranging white-footed mice captured over a period of 7
years from suburban and wild areas of Pennsylvania.
Materials and Methods
Origin and Details of White-Footed Mouse Samples

We collected serum samples from P. leucopus mice
each spring and autumn during 2011–2017 from 4
sites in central Pennsylvania. We selected these sites
because they provided gradient levels of human activity and so exposure to rodents; site 1 had the highest level of exposure and site 4 had the lowest. At site
1 (Deer Pens), mouse infestation is reported in residences, workplaces, and the surrounding area, providing a potentially high level of exposure to rodents.
Site 2 (Spray Fields) is a disturbed forest where treated wastewater is sprayed; it is frequented daily by
maintenance employees and dog walkers, but there
are no residences on site. Site 3 (Scotia) is on Pennsylvania state game lands that border housing communities and has mostly seasonal visitors, such as
hikers, hunters, and trappers. Site 4 (Stone Valley) is
in a large contiguous forest that has very few people
or residences. Additional details about the sites have
been described previously (19).
Whole blood was obtained from the retro-orbital
sinus of the anesthetized mice. These blood samples

were centrifuged at 8,000 × g for 10 min and the serum was then collected with a micropipette. Samples
were stored at −80°C. All procedures were approved
by Penn State’s Institutional Animal Care and Use
Committee (IACUC #46246).
Metagenomics, Metaviromics, and Bioinformatics

We used serum samples from 978 wild free-ranging
P. leucopus mice to generate the high-throughput sequence data to characterize the virome of these rodents. We used a 10-µL subsample of serum from
each individual mouse to create 9 pools. We assigned
individual mice to pools by bodyweight (as a proxy
for age) and study site. We centrifuged serum pools at
8,000 × g for 10 min to remove particulate matter. The
supernatants were treated with DNase (100 U), RNase
(20 U), and Benzonase (250 U) to enrich samples for
particle-protected (virion) nucleic acids. We used the
QIAamp Viral RNA Mini Kit (QIAGEN Inc., https://
www.qiagen.com) to extract nucleic acid from the
serum pools and eluted it in 60 μL of elution buffer
supplemented with 40 U of ribonuclease inhibitor,
then stored at it −80°C before library preparation. We
used a unique 20-nt barcoded oligonucleotide primer
for each sample pool during reverse transcription
PCR (RT-PCR) and second-strand DNA synthesis, as
previously described (20). We prepared libraries for
Illumina sequencing as previously described (21) and
performed sequencing on a HiSeq 4000 platform (Illumina Inc., https://www.illumina.com) for 2 × 150
cycles in the Biomedicine Genomics Core at the Research Institute of Nationwide Children’s Hospital
(Columbus, Ohio, USA).
We used the 20-nt unique barcodes included
in the primers to make libraries to demultiplex the
sequence data. After removing low-complexity regions and low-quality bases, we aligned pairedend reads to the P. leucopus genomes with Bowtie2
mapper version 2.0.6 (SourceForge, https://sourceforge.net) to remove the host-derived sequences.
We used MIRA version 4.0 (SourceForge) (22) for
de novo assembly of remaining sequences. Finally,
we analyzed all contigs and unique reads using
MegaBLAST https://blast.ncbi.nlm.nih.gov/Blast.
cgi) against the GenBank nonredundant nucleotide
database. Next, we used BLASTX to analyze sequences that showed poor or no homology (e-score
>0.001) against the viral GenBank protein database,
followed by BLASTX against the nonredundant protein database. We then used reference genomes of
known viruses available in GenBank to extract related sequences present in the 9 serum pools. Finally,
we used specific PCR assays and traditional dideoxy
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sequencing of amplicons to confirm bioinformaticsbased assembly of virus reads.
Presence and Prevalence of Flavi-Like Segmented
Virus and South Bay Virus

We selected 2 viruses recently identified in ticks for
further characterization: a highly divergent JMTV-like
virus, provisionally named flavi-like segmented virus
(FLSV or FLSV-US); and South Bay virus (SBV), a tick
virus that belongs to the family Nairoviridae, order Bunyavirales (23,24). We extracted individual serum samples from the 72 P. leucopus mice that made up the pool
with the maximum number of unique FLSV-US sequence reads and screened for the presence of FLSV-US
RNA by using a nested RT-PCR targeting the conserved
NS5 polymerase region. We used the primers FLSVUS-F1 (5′-GGWGCYATGGGYTACCAGAT-3′) and
FLSV-US-R1 (5′-TCCARGGTGAGTARTCCTTTCG-3′)
in the first round of PCR, and FLSV-US-F2 (5′-GGWGCYATGGGYTACCAGATGGA-3′) and FLSV-US-R2
(5′-CCARGGTGAGTARTCCTTTCGARATC-3′) in the
second round. The first-round PCR cycle included 8
min of initial denaturation at 95°C; 10 cycles of 95°C
for 40 s, 56°C for 1 min, and 72°C for 1 min; 30 cycles
of 95°C for 30 s, 54°C for 30 s, and 72°C for 1 min; and
a final extension at 72°C for 5 min. In the first 10 cycles,
the annealing temperature was ramped down by 0.5°C
each cycle to enable nucleotide mismatch tolerance
during primer hybridization. The second-round PCR
conditions included 8 min of initial denaturation at
95°C; 10 cycles of 95°C for 40 s, 60°C for 1 min, and 72°C
for 1 min; 30 cycles of 95°C for 30 s, 58°C for 30 s, and
72°C for 1 min; and a final extension at 72°C for 5 min.
We used a heminested RT-PCR targeting the viral polymerase gene to screen serum samples from the
same 72 mice for the presence of SBV. We used the primers SBV-F1 (5′-AYCCAGATTGGAARCACTTCATAATG-3′) and SBV-R1 (5′-CCATATGTDGTAATMACYTTWGCATA-3′) for first round of PCR, and SBV-F2
(5′-GTTATGTTGAAGGACCTTAACAAAG-3′)
and
SBV-R1 for the second round. The PCR cycle for both
rounds of PCR included 8 min of initial denaturation at
95°C; 10 cycles of 95°C for 30 s, 55°C for 2 min, and 72°C
for 1 min; 30 cycles of 95°C for 25 s, 54°C for 30 s, and
72°C for 30 s; and a final extension at 72°C for 5 min.
In the first 10 cycles, the annealing temperature was
ramped down by 0.5°C each cycle to enable nucleotide
mismatch tolerance during primer hybridization step.
Phylogenetic Analysis and Genome Organization
of FLSV-US

We aligned sequences that showed substantial similarity with JMTV NS5 proteins with reference sequence
1812

YP_009029999.1 (GenBank accession no. MN811583)
to design PCR primers for direct amplification of
2,568-nt FLSV-US sequences. After we confirmed the
FLSV-US assembled sequence by Sanger sequencing,
we aligned the translated protein sequence with the
sequence of known JMTV-like viruses (aa 55 to 913
of NS5 protein) using BLOSUM protein weight matrix, using default parameters in MEGA 7.1 (25). We
constructed a phylogenetic tree using the maximumlikelihood method and the best pattern substitution
model with the lowest Bayesian information criterion
score, LG+G+I model (Le Gascuel, Gamma distribution with 5 rate categories and evolutionary invariable sites) (26). To confirm that the FLSV-US genome
is segmented, we used FLSV-US reads showing substantial similarity to JMTV NS3 protein for acquiring
the 3′ end of FLSV-US NS3 coding segment using a
poly-T oligonucleotide-primed cDNA synthesis followed by specific PCR, as previously described (27).
The 3′ end sequence of FLSV-US NS3 coding segment
and the complete 3′ untranslated region (UTR) is
available in GenBank (accession no. MN811584).
Results
Serum Virome of P. Leucopus

A total of 242 million paired-end sequences were
generated from the 9 pools representing the serum
samples of 978 P. leucopus. Of these, 148 million (61%)
were derived from the host genome. Of the remaining
94 million sequences, 65.6% of reads showed substantial similarity to known viruses (E-value <0.001). Further analysis classified these sequences into 26 known
RNA and DNA virus families (Figure 1).
DNA Virome

We found parvoviruses, circoviruses, Torque teno viruses (TTV), polyomaviruses, and papillomaviruses
in all 9 serum pools, and these were the most abundant DNA viruses. Among parvoviruses, bocaparvovirus (BocPV) sequences shared up to 90% aa identity with the nonstructural protein of a rodent BocPV
identified in Brazil (28), and adeno-associated viruses
(AAV) shared up to 65% aa identity with the nonstructural protein of a caprine AAV (29). The identified TTV sequences were genetically equidistant from
rodent TTV (GenBank accession no. AEF5869) and
mosquito TTV (GenBank accession no. AEF58766)
(30); the sequences shared up to 60% aa identity with
these 2 species of the genus Omegatorquevirus (31). The
polyomavirus sequences shared up to 79% aa identity
with the large T antigen of a polyomavirus isolated
from the Montane grass mouse (Akodon montensis)
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Figure 1. Bubble plot showing the abundance of different viruses in the serum virome of the white-footed mouse. Sequence reads
showing the highest sequence similarity to known viruses were normalized as reads per million and were grouped into RNA and DNA
virus families. Read numbers were transformed to log2, where the cutoff is ≥2 reads, represented by the smallest circle.

(32). These papillomavirus sequences belong to a tentatively identified new virus species within the genus
Iotapapillomavirus that shares up to 79% aa identity
with the papillomavirus found in P. maniculatus (GenBank accession no. NC_039039) (33).
RNA Virome

The most abundant RNA viruses present in the P.
leucopus serum pools were the genetically diverged
variants of hepaciviruses and pegiviruses (34). Phylogenetic analyses of these sequences indicated that
the P. leucopus hepaciviruses form a distinct new genetic cluster (35). We found sequence reads of a novel
hepevirus in 8 of the 9 serum pools. Genetic analysis
of these P. leucopus hepevirus sequences suggest it is
a new member of the genus Orthohepevirus because
it shares <75% aa identity with the capsid proteins
of hepevirus isolated from the common kestrel, Falco
tinnunculus (36), and from rodents (37). Astroviruslike sequences found in 8 serum pools shared up to
64% aa identity in the capsid protein and up to 73% aa
identity in the nonstructural protein with the known
species of the genus Mamastrovirus. Three of the 9
serum pools had sequences that were genetically
closest to bat astroviruses (38) but shared up to 61%
aa identity in the nonstructural protein. Sequences

sharing up to 97% aa identity with hantaviruses recently found in Peromyscus sp. were also present in 6
serum pools (39). Coronavirus-related sequences
were found in 2 serum pools and shared 98% aa identity with the porcine hemagglutinating encephalomyelitis virus (GenBank accession no. ACH72649). Paramyxovirus sequences were present in 5 serum pools
and shared up to 90% nt identity with paramyxoviruses isolated from 3 rodent species: Apodemus peninsulae (accession no. KY370098), Rattus norvegicus
(accession no. KX940961), and R. andamanensis (accession no. JN689227).
Rotavirus sequences were present in all serum
pools and shared up to 78% nt identity in the NS3
gene with bovine rotavirus (GenBank accession
no. JX442794) and human rotavirus (accession no.
AB748601); <74% nt identity in the VP2 gene with
avian rotavirus (accession no. FJ169854), human rotavirus (accession no. KF035108), and canine rotavirus (accession no. LC326510); and <45% aa identity
in the VP6 gene to that of human rotavirus (accession
no. AHK24897) and canine rotavirus (accession no.
ACH97443). Picornavirus sequences were detected
in 7 serum pools; these sequences shared up to 65%
aa identity with marmot cardiovirus (accession no.
AVX29481), <48% aa identity with rodent enterovirus
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Figure 2. Phylogenetic analyses of FLSV-US (red) on the basis of NS5 proteins corresponding to amino acid positions 55 to 913 on
Jingmen tick virus reference sequence YP_009029999.1. The trees are drawn to scale, with branch lengths measured in the number
of substitutions per site. A) Phylogenetic analysis of conventional flaviviruses (blue) and recently identified segmented flavi-like viruses
from ticks, mosquitoes, and other arthropods. B) Phylogenetic analysis of viruses closely related to FLSV-US. Alongshan virus was
found in patients from China (purple diamond), Mogiana tick virus was found in ticks from Brazil (blue shading), and all other viruses
were found in ticks collected in China. FLSV, flavi-like segmented virus.

(accession no. YP_009508417), <67% aa identity with
Rattus tanezumi hunnivirus (accession no. AWK02689),
and <87% aa identity with rodent hepatovirus (accession no. ALL35326).
SBV

Analysis of virome data showed the presence of SBV
sequences in 8 of the 9 P. leucopus serum pools. Because SBV is not known to infect vertebrates, we used
RT-PCR to screen serum samples of 72 individual
mice; 5 samples were positive for SBV. Subsequent sequencing of PCR products showed that the SBV variants present in mice serum samples share 99%–100%
nt identity with the SBV variants identified in Ixodes
scapularis black-legged ticks (24,40).
FLSV

We found 370 sequence reads that showed the
highest sequence similarity with the NS5 proteins
of JMTV-like viruses. Similarly, we found 42 sequence reads that showed the highest sequence
similarity with the NS3 proteins of JMTV-like viruses (9,11,12,15). These FLSV-US sequences were
genetically equidistant from the 3 prototypic virus
members of the JMTV-like virus group, namely
JMTV, Mogiana tick virus, and Alongshan virus
(15,16,24). Considering the potential consequentiality of a divergent JMTV-like virus infection in
1814

a widely distributed mammalian species in North
America, we developed a broadly reactive PCR assay to confirm our results and to define infection
prevalence of FLSV-US in P. leucopus mice.
PCR screening and amplicon sequencing confirmed the presence of FLSV-US nucleic acids in
serum samples from 8 of the 72 mice in this pool, indicating an infection prevalence of 11%. Comparative
sequence analysis determined ≈3.8% nt divergence
in the NS5 region among FLSV-US variants infecting
these mice (data not shown); all of these mutations
were synonymous. Next, we acquired the near-complete coding region for a FLSV-US NS5 polymerase
segment and used it for phylogenetic analysis (Figure
2). We determined that FLSV-US is more genetically
diverse than the previously identified JMTV variants
and Alongshan virus and shared <70% aa identity
with these viruses (Table). We used a poly-T oligonucleotide primed cDNA synthesis to acquire the 3′
end of FLSV-US NS3 coding segment. Sequencing
of the amplicon revealed the presence of a 388-nt 3′
untranslated region preceded by 96-aa NS3 protein
coding region that showed highest sequence similarity with the carboxy terminal of JMTV NS3 protein. These results confirm that the FLSV-US genome
is segmented like other known JMTV-like viruses
and that the FLSV-US NS3 protein coding segment
is polyadenylated.
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Table. Percentages of pairwise amino acid distances between NS5 protein of FLSV-US and known JMTV-like viruses on the basis
of the NS5 protein region corresponding to aa positions 55 to 913 on JMTV reference sequence YP_009029999.1
Sequence
ID*
A†
B
C
D
E
F
G
H
I
J
K
L
M
N
FLSV-US NS5†
A
AOD41697 JMTV
B
31.2
AVL26136 AMBV
C
31.8 2.8
AXE71873 ALSV
D
34.7 19.6 19.8
AXH37995 JMTV
E
34.7
7
7.3 19.4
AXH37997 JMTV
F
32.2 6.9
7.2 19.4 0.1
AYV61016 JMTV
G
31.5 2.8
2.9
19
6.8
6.6
AYV61021 JMTV
H
31.8
4
4.3 19.4 7.3
7.2
3.1
AYV61033 JMTV
I
31.9 4.1
4.4 19.3 7.2
7.1
3.3
0.6
QBQ65056 YTV
J
33.4 20.4 20.5 18.3 20.1 20.1 20.1
20
19.9
QCB64647 RFLV
K
31.5 2.4
1.5 19.1 6.4
6.3
2.3
3.4
3.5 19.9
QCW07567 KTV
L
31.7 3.5
3.6 19.4 7.2
7.1
2.6
2.9
3
20.4
3
YP_009029999 JMTV
M
31.8 3.7
2.3 19.6 7.2
7.1
3.4
4.4
4.4 20.4 2.2
3.7
YP_009351917 MTV
N
30.8 3.7
3.8 19.7 6.9
6.8
2.4
2.7
2.8 20.4 3.5
2.7
4.2

ALSV, Alongshan virus; AMBV, Amblyomma virus; ID, sequence identifier; JMTV, Jingmen tick virus; KYV, Kindia tick virus; MTV, Mogiana tick virus;
RFLV, Rhipicephalus flavi-like virus; YTV, Yanggou tick virus.
†Virus identified in Pennsylvania, USA, as part of this study.
*Identifiers A–N in the top row represent the corresponding A-Z sequences in the left-hand column.

Discussion
Synanthropic small mammals serve as reservoirs for
many zoonotic infections (41–46). Mice of the genus
Peromyscus are highly adaptable and thrive in humanmodified landscapes. In particular, P. leucopus and
P. maniculatus are closely related and very abundant
in North America, with P. leucopus most common in
the eastern two thirds of the United States, plus Canada and northern Mexico, and P. maniculatus present in the central and western United States. These
rodents have been recognized as reservoirs of highly
pathogenic hantaviruses, but the diversity of viruses infecting them has remained largely unknown. A
recent study (18) showed the presence of highly diverse hepaciviruses and pegiviruses in these rodents,
and a study published in 2011 by Phan et al. identified several other viruses in fecal samples of 20 P.
leucopus mice (47). Our study expands the host range
of the recently identified tick virus SBV and identifies a highly diverse virus, FLSV-US, whose genetic
relatives were recently shown to be pathogenic in
humans (15,16).
Our results show high genetic diversity among
viruses infecting these rodents. We not only confirmed infections of hantaviruses, hepaciviruses,
and pegiviruses but also found viruses representing
homologs of almost all viruses commonly present in
human serum samples: anelloviruses, parvoviruses,
polyomaviruses, papillomaviruses, and hepatitis E
virus. We also found several viruses not commonly
present in human or animal serum samples, such as
coronaviruses, paramyxoviruses, astroviruses, enteroviruses, and rotaviruses. It is plausible that some
mice, when captured, had transient viremia of these
otherwise respiratory or gastroenteric infections.
It would also be worthwhile to further investigate

other samples including feces, skin, urine, saliva,
and tissue or organs to identify additional viral diversity. This may also aid in determining the tissue
tropism of these viruses and provide clues to potential routes of transmission.
Recently, several novel viruses have been identified in ticks from the United States (24). However,
the host range and public health relevance of most
of these new tick viruses remains unknown (24). We
found 1 of these newly identified and highly prevalent tick viruses, SBV, in P. leucopus serum samples.
To the best of our knowledge, SBV has not been
detected in a vertebrate host; thus, our study indicates that this new tick virus can infect mammals
and may have a wider host range than was previously known. Comparative sequence analyses indicate that the SBV variants detected in P. leucopus
serum samples share 99%–100% nt identity with
the SBV variants identified in ticks, indicating their
common origin.
Several recent studies to characterize the viromes of ticks and mosquitoes in North America
showed an absence of JMTV-like viruses (24,40,48).
The presence of FLSV infections in a rodent species
that is also a common host of ticks and mosquitoes
is therefore intriguing and raises questions about the
source of FLSV- infection in these mice. It is plausible that FLSV-US transmits through an arthropod
vector other than ticks or mosquitoes because some
distantly related viruses were found in pools of insects and arachnids (10).
In conclusion, we detected FLSV infections in a
widespread mammalian species in North America,
which is important because distant genetic relatives
of FLSV-US have been shown to be transmitted by
ticks and mosquitoes (9,13) and readily able to infect

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1815

RESEARCH

humans (15,16). Until recently, these unusual flavi-like viruses had only been found in ticks, mosquitoes, and animals from China, Kosovo, and
Brazil (11,14,16). However, in 2019, Wang et al. reported JMTV viremia in 86 of 374 humans with febrile
illness, headache, and history of tick exposure (16).
In addition, JMTV was shown to replicate in several
cell lines of human and animal origin (15,16). Taken
together, these studies indicate that FLSV-US and related viruses have the potential to infect a wide range
of mammals, including humans. Finally, FLSV-US
is genetically distinct from all known viruses; therefore, its sequence data will help in the identification
of FLSV-US and its related variants infecting animals
and humans in North America.
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Characterizing Norovirus
Transmission from Outbreak Data,
United States
Molly K. Steele, Mary E. Wikswo, Aron J. Hall, Katia Koelle,
Andreas Handel, Karen Levy, Lance A. Waller, Ben A. Lopman

Norovirus is the leading cause of acute gastroenteritis
outbreaks in the United States. We estimated the basic
(R0) and effective (Re) reproduction numbers for 7,094
norovirus outbreaks reported to the National Outbreak
Reporting System (NORS) during 2009–2017 and used
regression models to assess whether transmission varied by outbreak setting. The median R0 was 2.75 (interquartile range [IQR] 2.38–3.65), and median Re was 1.29
(IQR 1.12–1.74). Long-term care and assisted living facilities had an R0 of 3.35 (95% CI 3.26–3.45), but R0 did
not differ substantially for outbreaks in other settings, except for outbreaks in schools, colleges, and universities,
which had an R0 of 2.92 (95% CI 2.82–3.03). Seasonally,
R0 was lowest (3.11 [95% CI 2.97–3.25]) in summer and
peaked in fall and winter. Overall, we saw little variability
in transmission across different outbreaks settings in the
United States.

N

orovirus is the most common cause of outbreaks
of acute gastroenteritis (AGE) in the United
States (1,2). The Centers for Disease Control and
Prevention (CDC) collects data on AGE outbreaks
through the National Outbreak Reporting System
(NORS). During 2009–2017, norovirus was the suspected or confirmed etiology of 47% of AGE outbreaks reported to NORS (3). The size and severity
of outbreaks varies across different settings, times of
year, and genotypes, suggesting norovirus transmissibility is variable across different outbreak settings
and contexts (4). Generally, the transmission potential of infectious diseases is influenced by the infectiousness of the pathogen, the duration of infectiousness, and the number of susceptible contacts exposed
during the infectious period (5).
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The reproduction number is a metric for quantifying transmissibility of a pathogen. The basic reproduction number (R0) is the average number of secondary
cases that arise from a primary case in a completely
susceptible population. The effective reproduction
number (Re) quantifies the average number of secondary cases that arise from a primary case in a population
that is not completely susceptible. Re varies over the
course of an outbreak as the proportion of the susceptible population changes (6,7). R0 and Re are not just
metrics of the biologic properties of pathogens but also
measures of the transmissibility of a pathogen within a
specific population or setting (8,9).
Several transmission modeling studies in different settings have estimated R0 and Re of norovirus,
but a large variation in these estimates occurs and R0
ranges from 1.1–7.2 (10). Much of the R0 variation likely is due to differences in the structures, population
mixing assumptions, and data between transmission
models in different settings (10). Generally, model estimates from community surveillance data result in
an R0 of ≈2, but estimates from outbreak data tend to
be higher and more variable. The variability of estimates from models that use outbreak data likely are
driven by context; outbreaks might occur in populations that are not representative of the population as
a whole and transmission likely is higher in these settings than in the community (4).
We estimated R0 and Re for thousands of norovirus outbreaks in the United States. We evaluated
whether R0 was associated with setting, season,
year, or geographic region. In addition, we assessed
whether norovirus was suspected or confirmed as the
cause of the outbreak.
Methods
Data

We obtained data on all norovirus outbreaks during
2009–2017 from NORS and CaliciNet (11). We defined
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an outbreak as >2 epidemiologically linked cases of
suspected or laboratory-confirmed norovirus. NORS
data consist of web-based reports of all foodborne,
waterborne, and enteric disease outbreaks transmitted by contact with environmental sources, infected
persons or animals, or unknown modes of transmission reported by state, local, and territorial public
health agencies. This web-based reporting system
collects epidemiologic information, including the
dates; settings, such as long-term care facilities, child
daycare facilities, hospitals, and schools; geographic
location of the outbreak; the estimated total number
of cases; and exposed population (2). For settings
that report staff and guest case numbers, we included these data in the estimated total number of cases
and exposed population. CaliciNet data consists of
sequence-derived genotypes and epidemiologic data
from norovirus outbreaks submitted from local, state,
and federal public health laboratories. We obtained
CaliciNet genotypes that were linked to outbreak
data we acquired from NORS.
For all outbreaks reported to NORS, data are collected on the total estimated primary cases, including all laboratory-confirmed and suspected primary
cases. These data exclude cases associated with secondary illnesses, such as person-to-person norovirus
transmission in households after a restaurant-based
outbreak. However, data for calculating attack rates,
specifically the number of exposed persons and the
subset of the exposed persons who became ill, are
only collected for outbreaks with person-to-person,
environmental, or unknown transmission modes. In
addition, data collected from outbreaks might not be
documented consistently across a report. For example, outbreaks for which setting-specific information
on the total number of guests and staff that are reported to be ill, referred to as total ill, might not match the
reported total estimated primary cases. During 2009–
2017, a total of 17,822 suspected and confirmed norovirus outbreaks were reported to NORS. We excluded 10,728 outbreaks based on the following criteria,
which we imposed hierarchically: transmission was
not person-to-person (n = 3,866); the outbreak exposure occurred in multiple states (n = 8); the outbreak
occurred in Puerto Rico (n = 3), which we excluded
because of small sample size; the size of total exposed
population or major setting were not reported (n =
5,573); the total estimated primary cases and the total
ill among the exposed population were not equal (n =
1,231); or the total estimated primary cases or the total
ill among the exposed population were reported to be
greater than the total exposed population size (n = 47)
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/

article/26/8/19-1537-App1.pdf). In all, 7,094 norovirus outbreaks met our inclusion criteria in subsequent
analyses (Appendix Table 1). We did not use imputation techniques to infer values for missing data because no good proxy variables inferred missing data
for major settings and exposed population size.
Estimating R0 and Re

We used the final size method to calculate R0, Re, and
associated SEs (12; Appendix). The final size method
calculates R0 and Re based on 3 variables: the total
population size of the outbreak (N), the total number of cases in the outbreak (C), and the number of
susceptible persons at the start of the outbreak (S). In
our calculations, C was informed by NORS outbreak
data for the estimated total number ill and N by the
exposed population. NORS data does not include nor
can it inform the number of susceptible persons at
the start of an outbreak. Therefore, to estimate S, we
used norovirus challenge study data on the percent
of persons that become infected and develop AGE after challenge with virus. Across all published studies,
the weighted average of participants in whom gastroenteritis developed after challenge is 47% (range
27%–80%; Appendix Table 1) (13–19). We assumed
S is the number of persons susceptible to disease, as
opposed to infection. To calculate S, we multiplied
47% by N and rounded to the nearest integer. For 890
outbreaks, the total number of cases, C, was greater
than our estimated S; for these outbreaks we set S
equal to C, corresponding to a 100% attack rate. We
also calculated S assuming 27% and 80% of N were
susceptible to assess the sensitivity of our model results to this parameter.
Regression Analysis

After estimating R0, Re, and associated SEs for each
norovirus outbreak, we fit a linear regression model
to the log-transformed estimated reproduction numbers to assess whether outbreak setting, census region, season, year, suspected or confirmed norovirus,
or genotype were associated with transmissibility.
All variables were categorical, where the reference
was assigned as the group with the most outbreaks
reported, except for the suspected or confirmed variable, for which we set the referent to outbreaks with
confirmed norovirus etiology. We used weighted
least squares combined with estimated standard
errors to produce robust estimates accounting for
heteroscedasticity and non–normally distributed
model residuals by using the estimatr package in R
version 3.4.2 (20,21). We included the following variables in our models: outbreak setting; census region;
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meteorological season, defined as spring (March 1–
May 31), summer (June 1–August 31), fall (September 1–November 30), or winter (December 1–February 28); year, defined as July–June; whether norovirus
was suspected or confirmed; and norovirus genotype,
categorized as GI, GII.4, or GII.non4.
For outbreaks for which we calculated R0 and Re,
we had norovirus genotype data for only 22% (1,571).
In a preliminary analysis, we fit a univariate linear regression model to estimate R0 by norovirus genotype
alone and by norovirus genotype and year and found
no evidence for variation (Appendix). Given these results and the small sample size, we did not include
norovirus genotype in our models and performed
model selection on the remaining variables. To determine which variables to include, we used a forward
selection process and selected the model with the
lowest Akaike information criterion and Bayes information criterion values.
Sensitivity Analysis

We tested the sensitivity of our regression model results to different modeling approaches and different
assumptions of the percent susceptible at the start of
an outbreak. We also fit a logistic regression model
of binary transmission and a negative binomial regression of the final outbreak size by using the logtransformed exposed population size as a measure of
the attack rate of an outbreak. Thus, we could make
comparisons between the models to see if the results
from modeling continuous transmission were consistent with the results of modeling binary transmission
and attack rates. In addition, we ran all the regression models again using the assumption that 27%
and 80% susceptible at the start of an outbreak, which
corresponds to the minimum and maximum percent
susceptible to AGE from published challenge studies
(Appendix Table 2).
Results
Of the 7,094 norovirus outbreaks included in our final
dataset, 75% (5,335) occurred in long-term care and
assisted living facilities and 57% (4,016) occurred in
winter. The median outbreak size was 28 cases (interquartile range [IQR] 16–47) and the median attack
rate was 22% (IQR 11%–36%) (Table 1). The median
R0 was 2.75 (IQR 2.38–3.65) and the median Re was
1.29 (IQR 1.12–1.74).
Model Selection and Regression Analysis

The final selected model included the following
variables: major setting, census region, season, year,
and whether norovirus was suspected or confirmed
1820

(Akaike information criterion = 5,803; Bayes information criterion = 5,968) (Appendix Table 3). For
long-term care and assisted living facilities, R0 was
3.35 (95% CI 3.26–3.45). R0 for outbreaks in all other
settings did not differ substantially, except for outbreaks in schools, colleges, and universities, in which
R0 was slightly reduced, 2.92 (95% CI 2.82–3.03) (Table 2; Appendix Figure 2). We found that R0 differed
substantially by outbreak status; suspected norovirus
outbreaks had a lower R0, 3.02 (95% CI 2.94–3.10),
than that for confirmed outbreaks (R0 = 3.35 [95% CI
3.26–3.45]).
Estimated R0 varied only slightly by census region and was lowest in the northeast (R0 = 3.00 [95%
CI 2.92–3.08]). Season and year also contributed to
changes in the R0. Estimated R0 was highest in winter (3.35 [95% CI 3.26–3.45]) and fall (3.37 [95% CI
3.24–3.50]) and lowest during the summer months
(3.11 [95% CI 2.97–3.25]). Outbreaks reported during
January 2009–June 2012 all had higher estimated R0
(range for individual seasonal years 3.77–3.93) than
the reference period, July 2016–June 2017 (Table 2;
Appendix Figure 2). Our findings were generally robust to assumptions about the proportion susceptible
at the start of the outbreak and whether we modeled
the outcome of R0, Re, or final outbreak size (Appendix Tables 4–6, Figure 3).
Discussion
By using a large national outbreak dataset, we investigated transmission patterns of norovirus outbreaks.
Our analysis led to several key findings. First, reported
norovirus outbreaks in the United States have modest
R0 (2.75 [IQR 2.38–3.65]) and Re (1.29 [IQR 1.12–1.74])
values. Second, we found that R0 and Re did not vary
across most settings, except for outbreaks in schools,
colleges, and universities, which had lower estimated
transmission values. Third, we found higher transmission in laboratory-confirmed outbreaks relative
to suspected outbreaks and higher transmission for
outbreaks occurring in the winter months relative to
summer months.
Our finding that norovirus outbreaks in the
United States have modest transmission values is
somewhat surprising. In a recent review of norovirus modeling studies, Gaythorpe et al. (10) found R0
estimates for norovirus were 1.1–7.2. Of note, R0 and
Re estimates from transmission modeling studies that
analyzed data from norovirus outbreaks were high,
but variability between studies was high; Re estimates
were ≈1–14 (22–24). Our estimates are within the reproduction numbers estimated by using transmission
models of norovirus based on outbreak data (22,25).
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Table 1. Norovirus outbreaks with exposed population size reported to the National Outbreak Reporting System, United States, 2009–
2017*
Median attack rate, Median final size,
Characteristics
No. (%)
% (IQR)
% (IQR)
Median R0 (IQR)
All outbreaks
7,094 (100)
22 (11–36)
28 (16–47)
2.75 (2.38–3.65)
Major setting
Child day care
272 (4)
21 (13–36)
18 (11–29)
2.67 (2.39–3.60)
Hospital or healthcare facility
271 (4)
22 (11–38)
19 (11–34)
2.70 (2.33–3.59)
Long-term care or assisted living facility
5,335 (75)
23 (13–36)
30 (17–47)
2.81 (2.42–3.76)
Other
350 (5)
20 (10–36)
24 (15–40)
2.66 (2.35–3.60)
Private home or residence
42 (1)
66 (50–91)
9 (6–16)
3.80 (2.26–4.92)
Restaurant
77 (1)
50 (27–64)
10 (6–16)
3.12 (2.53–4.31)
School, college, or university
747 (11)
12 (6–24)
42 (19–80)
2.41 (2.24–2.92)
Season
Winter
4,016 (57)
22 (12–36)
30 (17–51)
2.80 (2.40–3.77)
Fall
808 (11)
21 (11–37)
26 (15–47)
2.72 (2.36–3.63)
Spring
1,964 (28)
20 (11–35)
27 (15–44)
2.69 (2.37–3.57)
Summer
306 (4)
17 (9–33)
19 (11–32)
2.57 (2.29–3.33)
Outbreak status
Confirmed
3,114 (44)
26 (15–40)
35 (20–55)
2.99 (2.51–4.22)
Suspected
3,980 (56)
18 (9–31)
24 (14–40)
2.59 (2.32–3.27)
Census region
Northeast
1,898 (27)
17 (9–29)
31 (17–53)
2.58 (2.30–3.23)
Midwest
2,205 (31)
25 (13–39)
26 (15–44)
2.87 (2.44–3.98)
South
2,224 (31)
23 (12–38)
29 (17–47)
2.81 (2.39–3.93)
West
767 (11)
21 (13–34)
28 (16–44)
2.75 (2.42–3.57)
Year
2009 Jan–Jun†
243 (3)
28 (15–42)
35 (20–55)
3.09 (2.50-4.56)
2009 Jul–2010 Jun
275 (4)
29 (15–45)
35 (19–57)
3.17 (2.51–4.77)
2010 Jul–2011 Jun
592 (8)
29 (16–44)
32 (19–54)
3.12 (2.54–4.58)
2011 Jul–2012 Jun
679 (10)
27 (15–40)
35 (19–59)
3.01 (2.52–4.29)
2012 Jul–2013 Jun
967 (14)
21 (12–36)
28 (16–46)
2.73 (2.38–3.61)
2013 Jul–2014 Jun
913 (13)
20 (11–33)
29 (18–51)
2.68 (2.38–3.45)
2014 Jul–2015 Jun
941 (13)
21 (11–35)
28 (16–46)
2.74 (2.3–3.61)
2015 Jul–2016 Jun
1,007 (14)
17 (9–32)
25 (14–42)
2.57 (2.31–3.29)
2016 Jul–2017 Jun
1,070 (15)
19 (10–31)
26 (14–42)
2.63 (2.33–3.24)
2017 Jul–Dec†
407 (6)
20 (10–34)
22 (14–38)
2.66 (2.33–3.55)
*IQR, interquartile range.
†Partial norovirus years included in this analysis. The National Outbreak Reporting System was established in January 2009, and the first year of this
analysis is 2009 January–June. At the time of analysis, we received data through December 2017.

However, our estimates are higher than those from
several studies that estimated reproduction numbers
by using population-level transmission models (26–
29), suggesting that transmission of norovirus in outbreak settings is higher than sporadic transmission in
the community.
From our main analysis, we found that outbreaks
in schools, colleges, and universities had lower estimated transmission, but transmission varied little
across all other settings. Relative to outbreaks in longterm care and assisted living facilities, outbreaks that
occurred in private homes or residences and restaurants had higher final sizes, and schools, colleges, and
universities had lower estimated attack rates. Our
finding that outbreaks in the winter had higher estimated transmissibility than outbreaks that occurred
in summer is likely a factor of the strong wintertime
seasonality of noroviruses in the United States (30,31).
Consistent with this finding are the observations that
norovirus case and outbreak reports are inversely
correlated with temperature (30,31) and that survival

of norovirus surrogate viruses, such as murine norovirus and feline calicivirus, declines with increasing
temperatures (32,33).
Several differences we found might be driven by
surveillance biases rather than differences in norovirus transmission. Suspected norovirus outbreaks
without a laboratory-confirmed outbreak etiology
had lower transmission than laboratory-confirmed
norovirus outbreaks, perhaps because suspected
outbreaks are not investigated as well as confirmed
outbreaks and have lower rates of case ascertainment.
Outbreaks reported in the south had higher estimated R0 and Re relative to outbreaks in the northeast,
which might be related to differences in the quality
of reporting between these regions. For example, if
surveillance in certain regions only captured larger,
more easily detectable outbreaks with higher attack
rates, this could bias our estimates of transmissibility
upwards. Tremendous variability exists in outbreak
reporting between states, ≈100-fold difference between the highest and lowest reporting states, which
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likely affects the observed outbreak characteristics we
included (34). Similarly, NORS has been collecting
outbreak reports since January 2009, but in August
2012 CDC began a concerted effort to improve norovirus outbreak reporting to NORS and CaliciNet with
the introduction of NoroSTAT (35,36). Thus, our finding that norovirus outbreaks reported before August
2012 were larger and had higher estimated R0 and Re
values might be related to CDC’s efforts to capture
outbreaks that previously would not have been reported, such as smaller outbreaks. Further, because
the transmission mode can be difficult to identify for
norovirus outbreaks, our analysis might have included outbreaks for which the mode of transmission was
misclassified as person-to-person. Larger outbreaks
with higher transmission are more likely to be reported, and our results might not reflect transmission in
smaller outbreaks. In addition, the exposed population size is difficult to quantify and is not consistently
reported to NORS. Thus, the differences we found in
estimated attack rates across different settings could
Table 2. Estimated log-linear change in R0 from the intercept for
linear regression of log transformed R0 for norovirus outbreaks
reported to the National Outbreak Reporting System, United
States, 2009–2017
Estimated log-linear
Category
change in R0 (95% CI)
Intercept
3.35 (3.26–3.45)
Major setting
Long-term care or assisted living
Referent
facility
Child day care
0.99 (0.95–1.03)
Hospital or healthcare facility
0.93 (0.90–0.97)
Other
0.97 (0.93–1.01)
Private home or residence
0.99 (0.82–1.19)
Restaurant
1.01 (0.91–1.11)
School, college, or university
0.87 (0.85–0.89)
Season
Winter
Referent
Fall
1.00 (0.98–1.03)
Spring
0.98 (0.96–1.00)
Summer
0.93 (0.89–0.96)
Outbreak status
Confirmed
Referent
Suspected
0.90 (0.88–0.92)
Census region
South
Referent
Northeast
0.89 (0.87–0.91)
Midwest
1.00 (0.97–1.02)
West
0.98 (0.95–1.01)
Year
2009 Jan–Jun
1.16 (1.10–1.23)
2009 Jul–2010 Jun
1.17 (1.11–1.23)
2010 Jul–2011 Jun
1.16 (1.12–1.21)
2011 Jul–2012 Jun
1.12 (1.08–1.16)
2012 Jul–2013 Jun
1.04 (1.01–1.07)
2013 Jul–2014 Jun
1.02 (0.99–1.06)
2014 Jul–2015 Jun
1.05 (1.02–1.08)
2015 Jul–2016 Jun
1.02 (0.99–1.05)
2016 Jul–2017 Jun
Referent
2017 Jul–Dec
1.04 (1.00–1.09)
1822

be due to true variability in the exposed population
size across settings or variability in the reliable reporting of the exposed population size. However, our
analysis restricted to outbreaks in long-term care and
assisted living facilities found the same trends among
the variables for outbreak status, census region, season, and year as our analysis of all outbreaks, which
suggests the results are robust.
Our study has several additional limitations.
First, our process of data selection might have introduced bias into our analyses. We excluded outbreaks
that occurred in multiple states, which are likely to
have higher transmissibility given the larger geographic range involved; however, only 8 multistate
outbreaks occurred during the study period, thus
the bias is likely negligible. A substantial proportion of the dataset, 5,573 (31%) outbreaks, had to be
excluded because the exposed population size was
not reported. Excluding these outbreaks could introduce bias if the exposed population size is more
likely to be reported for outbreaks with smaller, or
larger, exposed population sizes. We only included
outbreaks with person-to-person transmission; thus,
our estimates of transmissibility are not generalizable
to norovirus outbreaks where transmission occurs via
other modes, such as foodborne, waterborne, or environmental transmission.
A second set of limitations relates to the final
size method. This method assumes a susceptibleinfected-recovered type infection in a homogenously
mixing population (12), but this simplification likely
does not reflect true mixing patterns. In addition, we
might observe different mixing patterns in each of
the different outbreak settings, such as older persons
in long-term care facilities versus young children in
childcare. The final size method also underestimates
reproduction numbers for outbreaks with high attack
rates. For example, in private homes, attack rates are
high, but exposed population sizes are small. If everyone in the household is infected, then no additional
infections can occur in the home. Thus, the final size
method cannot capture any additional transmission
that could have happened if the exposed population
size had been larger, such as a higher number of persons in the household. Becker termed this limitation
the “wasted infection potential” (37). Further, the final size method does not account for the effect of control measures. For some of the outbreaks represented
in our dataset, control measures were most likely
implemented, such as isolating ill persons and cleaning contamination. Such interventions likely would
reduce the number ill, and the estimated R0 would be
lower than the R0 in the absence of control measures.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

Characterizing Norovirus Transmission

In addition, the final size method assumes that
the proportion of susceptible persons is known at
the start of an outbreak; however, the level of susceptibility to norovirus is not well known. Certain
host genetic factors are associated with the ability
of norovirus to establish an infection within a human host (38–41), leading to variable susceptibility
to norovirus infection (42–44). Secretor-negative persons have nonfunctional fucosyltransferase-2 genes,
causing infection failure for norovirus genogroups I
and II type 4 (38,40,41,45,46). Our estimates of R0 and
Re assume that 47% of the population in our dataset
is susceptible at the start of all outbreaks. However,
the proportion susceptible varies among outbreaks
and potentially over time and age as the distribution
of circulating norovirus genotypes change. Further,
our regression model estimates were sensitive to our
assumption of the percent susceptible at the start of
an outbreak. When we assumed 47% and 80% of the
population was susceptible, the estimated transmissibility of norovirus in private homes or residences
and restaurants was higher than transmissibility in
long-term care and assisted living facilities. However, when we assumed 27% of the population was
susceptible at the start of an outbreak, the association
between private homes or residences and restaurants
reversed. These settings then had lower estimated
transmission relative to outbreaks in long-term care
and assisted living facilities because the population
size that can be infected is much lower, thus reducing
the estimates of R0 and Re. For example, if a household had 15 persons, the maximum possible R0 assuming 27% susceptibility is 4, which is lower than
the average predicted R0 for outbreaks in the reference group. Therefore, the results for private homes
or residences and restaurants, where exposed population sizes are lower, should be interpreted with
caution because transmission values in these settings
might be underestimated. We also assumed that
only symptomatic persons contribute to transmission in our calculation; persons with asymptomatic
norovirus infections can contribute to transmission,
but they likely are not as infectious as persons with
symptomatic infections (22,47).
Finally, our main analysis does not account for
norovirus genotype. Because of the limited data available on outbreak genotype we were not able to fully
assess whether certain genotypes were more transmissible. As more genotyping data become available,
future studies should investigate transmissibility.
We estimated reproduction numbers by using
the final size method for >7,000 outbreaks from a
national outbreak reporting system, then used these

estimates to examine factors associated with norovirus transmission. Our analyses suggest that norovirus
transmission rates are modest. Such modest rates of
Re suggest there are opportunities for effective control
measures to curtail transmission of norovirus. However, challenges remain. Transmission by asymptomatic persons, which we did not account for in this
analysis and generally goes undetected in surveillance, can limit the effectiveness of traditional control
methods focused on ill persons, even for pathogens
with modest transmission (48).
Overall, we found limited variation in R0 and Re
for reported norovirus outbreaks in the United States,
particularly across different settings. Our findings
highlight the need for better data on the total exposed
population sizes in outbreaks, which heavily influence estimates of attack rates, R0, and Re, to further
refine estimates of these outbreak factors.
This work was supported by funding from the Norovirus
Vaccine Modeling (NoVaMod) project (grant no. R01
GM124280), the National Institutes of Health, Agency for
Healthcare Research Quality (grant no. R01 HS025987),
and the National Institutes of Health graduate and
postdoctoral training grant in environmental health
science and toxicology (grant no. T32 ES012870).
The findings and conclusions in this report are those of the
authors and do not necessarily represent the official
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or the US Department of Health and Human Services.
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Tickborne Ehrlichia in North Carolina
While caring for patients in North Carolina,
Dr. Ross Boyce began to suspect that tickborne
Ehrlichia was being underdiagnosed. His study
showed that Ehrlichia, despite being relatively
common, was only tested for in about a third of
patients thought to have a tickborne illness.
In this EID podcast, Dr. Ross Boyce, an infectious
disease physician at the University of North Carolina
at Chapel Hill, examines the prevalence and
diagnosis of Ehrlichia in North Carolina.
Visit our website to listen:

https://go.usa.gov/xy6UH
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Imported Monkeypox, Singapore
Sarah Ee Fang Yong, Oon Tek Ng, Zheng Jie Marc Ho, Tze Minn Mak, Kalisvar Marimuthu,
Shawn Vasoo, Tsin Wen Yeo, Yi Kai Ng, Lin Cui, Zannatul Ferdous, Po Ying Chia,
Bryan Jun Wei Aw, Charmaine Malenab Manauis, Constance Khia Ki Low, Guanhao Chan,
Xinyi Peh, Poh Lian Lim, Li Ping Angela Chow, Monica Chan, Vernon Jian Ming Lee,
Raymond Tzer Pin Lin, Mok Kwee Derrick Heng, Yee Sin Leo

In May 2019, we investigated monkeypox in a traveler
from Nigeria to Singapore. The public health response
included rapid identification of contacts, use of quarantine, and postexposure smallpox vaccination. No secondary cases were identified. Countries should develop
surveillance systems to detect emerging infectious diseases globally.

M

onkeypox is a zoonosis endemic to West and
Central Africa; human cases were first reported in 1970 (1). An outbreak ongoing in Nigeria since
2017 is the largest documented (2). Exported cases in
the United Kingdom and Israel were reported from
travelers infected in Nigeria in 2018 (3,4). An earlier
outbreak of human cases in the United States in 2003
was linked to contact with prairie dogs infected by
rodents from Ghana (5).
Singapore is a globally connected city-state in
Southeast Asia, placing it at risk for importation of
emerging infectious diseases. For this reason, the Singapore Ministry of Health informed frontline medical
practitioners in 2018 of the risk for monkeypox. Seven
months later, a case of travel-associated monkeypox
was diagnosed in Singapore. We present case details
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University, Singapore (O.T. Ng, P.Y. Chia, P.L. Lim, Y.S. Leo);
National University of Singapore, Singapore (K. Marimuthu,
P.L. Lim, Y.S. Leo)
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and public health management for this case, together
with lessons learned and implications for control.
The Case
On May 8, 2019, monkeypox was laboratory-confirmed in a 38-year-old man from Nigeria who had
traveled to Singapore. The man resided in Delta State,
Nigeria, but had attended a wedding in Ebonyi State
during April 21–23, where he reported ingestion of
barbecued bushmeat that might have been contaminated. He did not handle raw meat and had no exposure to wild animals or their products. He held an administrative job and reported no contact with rodents
or with persons with pox-like illnesses.
The man arrived in Singapore on April 28 and
attended a business workshop on April 29–30. Fever, chills, and myalgia developed on April 30, and
a vesicular rash on his face developed on May 1 and
progressed cephalocaudally. After symptoms developed, he remained in his hotel room most of the time.
He sought medical attention on May 7; an ambulance
transported him to the Tan Tock Seng Hospital emergency department, and he was transferred to the adjacent National Centre for Infectious Diseases. The
same day, the treating physician notified the Ministry
of Health about the suspected monkeypox case.
At examination in the emergency department,
the patient had a fever of 37.7°C. He had multiple
pustular lesions of varying stages over his face, trunk,
and limbs (Figure 1, panel A), including palms and
soles, penile shaft, and glans penis. There was no oral
involvement. Cervical and inguinal lymphadenopathy were present.
In view of his travel history and symptoms, differential diagnoses considered included monkeypox
and other poxvirus infections. Whole blood and swab
specimens of the lesions and vesicle fluid were sent
to the National Public Health Laboratory, where tests
for orthopoxvirus were positive at 2 hours and monkeypox virus at 6 hours after specimen receipt. Serum
and swab specimens tested positive for orthopoxvirus
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Figure 1. Dermatologic features
of monkeypox in a 38-year-old
man, Singapore, 2019. A) Pustular
lesions on the hand at the start of
hospitalization. B, C) Resolving
lesions with shedding of scabs of
the hands (B) and feet (C) toward
end of hospitalization (day 17). D, E)
Crusting of right fourth finger lesion
(D) and lesions at varying stages
(vesicles and scabbing) on the left
chest (E) on day 15 of hospitalization.

but negative for variola virus on the BioFire FilmArray Biothreat Panel version 2.5 (https://www.biofiredx.com). We confirmed orthopoxvirus from swab
specimen using a panorthopoxvirus PCR targeting
E9L (DNA polymerase) (6) and by direct visualization of virus particles using transmission electron
microscopy, which showed features characteristic of
orthopoxviruses (Figure 2, panels A, B) (7).
Detailed molecular analysis using PCR for
monkeypox was positive for 2 monkeypox genes
(B6R and B7R) (8). We further confirmed monkeypox by next-generation sequencing using the Illumina MiSeq platform (https://www.illumina.com).

Sequencing read analysis showed alignment with
monkeypox virus. The assembled sequence covered
98% of the closest genome reference on GenBank (accession no. KJ642617.1, a strain from Nigeria), with
99.96% identity. We aligned the consensus sequence
with selected representative archived sequences
with multiple alignment using Fast Fourier Transform (9) and created a maximum-likelihood tree using RAxML (10) with γ-distributed rate differences
and 1,000 bootstrap validation. The virus belonged
to the West African clade and clustered with strains
from Nigeria with 100% bootstrap support (Figure
2, panel C).
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The patient was isolated in a negative-pressure
room and remained well throughout admission. He
was examined daily for new pustules and evolution
of scabs (Figure 1, panels B–E). By May 24, all scabs
had shed, and he was de-isolated and discharged.
Within 24 hours after notification of the suspected monkeypox case, the Ministry of Health contact
tracing team established the patient’s activities, identified contacts, and determined risk categories. These

activities were performed through interviews with
the patient and with his contacts. Close contacts were
defined as persons who were within 2 meters of the
patient for >30 minutes or had physical contact with
him or had physical contact with surfaces or materials contaminated by secretions from him from April
30 on (11).
We identified 23 close contacts (19 workshop attendees and 4 hotel staff) and 8 lower risk contacts.
Figure 2. Transmission electron
microscopy and maximumlikelihood phylogenetic
tree of monkeypox virus in
38-year-old man, Singapore,
2019. A, B) Multiple brickshaped particles, ranging from
230–290 nm by 130–240 nm,
were observed from vesicle
fluid under transmission
electron microscopy. Tubular
structures were observed with
phosphotungstic acid stain (A),
and a central ring-like depression
was observed with gadolinium
acetate stain (B). C) Phylogeny
of monkeypox sequences,
with the patient’s monkeypox
strain in bold. All strains are
identified by GenBank accession
number, location, and year.
The evolutionary relationships
between monkeypox strains
was determined based on
184,338 bases within the
central core region of the
monkeypox genome. The
maximum-likelihood tree was
created using RAxML (10) with
γ-distributed rate differences
and 1,000 bootstrap
validation. Only bootstrap
values >70% are displayed on
the internal branches. Central
African and West African clades
are indicated. Scale bar
indicates genetic distance
between sequences.
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Quarantine orders were issued to 22 close contacts on
May 9; they were required to remain at home or at a
government quarantine facility for the duration of the
remaining incubation period (21 days). They were not
allowed to come into physical contact with others on
the same premises and were monitored for fever and
rash >3 times each day through video calls. One close
contact, who was well, had left Singapore for Nigeria
on May 5; we provided details to the Nigerian International Health Regulations National Focal Point.
Close contacts were offered smallpox vaccination (ACAM2000; Sanofi Pasteur Biologics Co,
https://www.sanofi.com) as postexposure prophylaxis. Of the 22 close contacts, 14 received the vaccination, 2 had contraindications, and 6 declined. All
vaccinated persons had a scab or ulcer at day 6–8 of
review. Side effects included slight fever and mild
swelling at the vaccination site; no serious adverse
events were reported. Lower risk contacts were
placed on phone surveillance twice a day for the remaining incubation period.
Because of the early suspicion of an infectious
disease, all healthcare workers who interacted with
the patient used personal protective equipment. Ambulance paramedics and Tan Tock Seng Hospital
emergency staff had worn N95 masks and disposable
gowns and gloves. At the National Centre for Infectious Disease, healthcare workers donned full personal protective equipment (N95 mask, eye protection,
disposable headgear, gloves, and sterile disposable
gowns). Thus, no healthcare workers were quarantined or removed from work, but they were monitored for symptoms as an added precaution.
We followed up all contacts for 21 days after exposure. Monkeypox did not develop in any contacts,
and we found no evidence of secondary transmission
in Singapore.
Conclusions
The patient’s clinical manifestations of a vesiculopustular rash and uncomplicated illness was similar
to monkeypox cases in the United Kingdom and Israel, which were also linked to travel from Nigeria
(3,4,12). All exported cases were of the West African
clade, which is thought to be milder and less transmissible than the Congo Basin clade (13). Nevertheless, human-to-human transmission had been also
demonstrated in Nigeria and the United Kingdom.
Singapore’s experience with monkeypox highlights the critical role frontline clinicians play in
surveillance of emerging infectious diseases. This
situation was similar to the 2016 Zika outbreak in
Singapore, when a general practitioner contacted

the Ministry of Health about an unusual increase in
persons with fever, rash, and joint pains (14). In both
instances, the Ministry of Health had informed physicians about the evolving global situation. Public
health agencies should prioritize regular communication with healthcare workers as integral to preparedness for emerging infectious diseases.
Unlike previous monkeypox outbreaks, the
outbreak in Nigeria affected predominantly urban
dwellers and resulted in exported cases to geographically disparate countries (1). Increasing urbanization
and better connectivity can lead to the emergence and
spread of infections to new areas (15). Our experience
with monkeypox highlights the importance of countries investing in preparedness, including maintaining surveillance systems suited to detecting the emergence of infectious diseases globally.
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Population-Based Estimates of
Chronic Conditions Affecting
Risk for Complications from
Coronavirus Disease, United States
Mary L. Adams, David L. Katz, Joseph Grandpre

We estimated that 45.4% of US adults are at increased
risk for complications from coronavirus disease because
of cardiovascular disease, diabetes, respiratory disease, hypertension, or cancer. Rates increased by age,
from 19.8% for persons 18–29 years of age to 80.7%
for persons >80 years of age, and varied by state, race/
ethnicity, health insurance status, and employment.

D

ata for China indicate that 81% of coronavirus
disease (COVID-19) patients had mild cases, 14%
had severe cases, and 5% had critical cases (1,2). The
overall case-fatality rate (CFR) in China was 3.8% (3),
but CFRs were higher for adults with chronic conditions of cardiovascular disease (CVD; CFR 13.2%), diabetes (9.2%), chronic respiratory disease (8.0%), hypertension (8.4%), and cancer (7.6%), compared with
1.4% for patients with none of these conditions (3).
Our objective for this study was to use populationbased US data to estimate the fraction of adults in the
community who might be at increased risk for complications from COVID-19 because they reported any
of the chronic conditions with a high CFR in China.
The Study
We used publicly available 2017 Behavioral Risk Factor
Surveillance System (BRFSS) data (4) from telephone
surveys of 444,649 randomly selected adults >18 years
of age in the 50 states and the District of Columbia
(DC). Because the BRFSS includes only noninstitutionalized adults, residents of nursing homes and assisted
living facilities are among those not surveyed. We
chose to use 2017 data to include hypertension, which
Author affiliations: On Target Health Data LLC, Suffield,
Connecticut, USA (M.L. Adams); True Health Initiative, Derby,
Connecticut, USA (D.L. Katz); Wyoming Department of Health,
Cheyenne, Wyoming, USA; (J. Grandpre)
DOI: https://doi.org/10.3201/eid2608.200679

was not addressed in 2018. Data were adjusted for the
probability of selection and weighted to be representative of the adult population in each state by age, sex,
race/ethnicity, marital status, education, home ownership, and telephone type. Weights and stratum variables needed for analysis were included.
We did not age-adjust results to reflect the age distribution of each state rather than a standard population.
The median response rate for cell phone and landline
surveys combined was 47.2%, ranging from 33.9% in
California to 61.1% in Utah (5). Reliability and validity
of the BRFSS have been found to be moderate to high for
many survey measures, in particular those used here,
which can be checked versus medical records (6).
The key variable was a composite measure including adults reporting that they were ever told
they had CVD (heart attack, angina, coronary heart
disease, or stroke), diabetes, asthma, chronic obstructive pulmonary disease, hypertension, or cancer other
than skin. We counted the number of chronic conditions for each respondent and adults who reported
>1 condition and were considered to be at heightened
risk for complications from COVID-19. A secondary
measure was receipt of a seasonal influenza vaccination in the past year as a rough estimate of potential
demand for a COVID-19 vaccine when available.
Demographic measures included age group (18–
29, 30–39, 40–49, 50–59, 60–69, 70–79, and >80 years of
age; we created these measures by combining 5-year
age groups provided in the dataset); self-reported
race/ethnicity (non-Hispanic White, Black or African
American, Hispanic of any race, American Indian/
Alaska native, Asian/Pacific Islander, and other);
health insurance coverage (any kind of healthcare coverage, including health insurance, prepaid plans such
as health maintenance organizations, or government
plans such as Medicare, or Indian Health Service);
employment status (employed or self-employed, out
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of work, homemaker, student, retired, or unable to
work); and state of residence, which included DC.
We used Stata version 14.1 (StataCorp LP,
https://www.stata.com) for analysis to account for
the complex sample design of the BRFSS. We report
point estimates and 95% CIs or population estimates
by using weights, stratum, and primary sampling
unit variables supplied in the dataset (4). Missing values were excluded from analysis.
Among 444,649 survey respondents, 48.7% were
male, 13.9% were >70 years of age, 63.3% were white,
18.2% were retired, and 12.1% were uninsured. We
obtained similar results for the study sample when
11,508 records that had missing values were removed.
Overall, 45.4% (95% CI 45.1%–45.7%) of respondents
fit the description of being at heightened risk for complications from COVID-19.
Among all adults, 26.7% (95% CI 26.5%–27.0%)
reported 1 chronic condition, 12.0% (95% CI 11.8%–
12.2%) reported 2 chronic conditions, 4.7% (95% CI
4.6%–4.8%) reported 3 chronic conditions, and 2.0%
(95% CI 1.9%–2.1%) reported >4 chronic conditions.
Prevalence rates of separate chronic conditions were
8.5% for CVD, 6.6% for chronic obstructive pulmonary
disease, 9.1% for asthma (active condition), 10.8% for
diabetes, 32.4% for hypertension, and 6.8% for cancer. Although the percentage of adults with any of the
chronic conditions increased with age (Table 1, https://
wwwnc.cdc.gov/EID/article/26/8/20-0679-T1.htm),
more than half (53.4%) of the total were 18–59 years of
age. Rates also varied by state, race/ethnicity, insurance status, and employment, but not by sex (Table 1).
State results obtained directly from Stata (Table
2) list the number of adults in each state at increased
risk for complications and the percentage that number represents among all states. Results for reporting a seasonal influenza vaccination in the past year
were 40.3% (95% CI 40.0%–40.6%) for all adults, including 33.7% (95% CI 33.3%–34.2%) for adults who
had none of the chronic conditions and 48.0% (95%
CI 47.5%–48.5%) for persons who had any of the 6
chronic conditions.
Conclusions
We estimated that 45.4% of US adults, with a wide
range across age groups and states, might be at increased risks for complications from COVID-19 because of existing chronic conditions. The 18.7% who
reported >2 chronic conditions might be at even
greater risk on the basis of other studies (7). Although complication rates increased with increasing
age, 53% of those at greater risk for complications
were <60 years of age. Preliminary data suggest that
1832

some of these same chronic conditions increase risk
for COVID-19 complications in the United States
(8). Another BRFSS study that omitted hypertension
and used a different definition of risk estimated that
37.6% of US adults were at risk for complications (9).
Table 2. Number of adults with any of 6 chronic conditions
increasing risk for coronavirus disease complications and
percentage of total in each state, 2017 Behavioral Risk Factor
Surveillance System, United States*
State
No. adults at risk
% Adults at risk†
AL
1,997,864
1.78
AK
237,208
0.21
AZ
2,351,799
2.10
AR
1,181,105
1.06
CA
12,240,142
10.93
CO
1,701,776
1.52
CT
1,239,597
1.11
DE
357,530
0.32
DC
213,357
0.19
FL
7,696,749
6.88
GA
3,541,358
3.16
HI
486,156
0.43
ID
534,533
0.48
IL
4,404,556
3.93
IN
2,428,188
2.17
IA
1,067,133
0.95
KS
983,323
0.88
KY
1,789,444
1.60
LA
1,806,330
1.61
ME
530,809
0.47
MD
2,054,758
1.84
MA
2,302,809
2.06
MI
3,749,235
3.35
MN
1,625,778
1.45
MS
1,150,036
1.03
MO
2,137,650
1.91
MT
356,113
0.32
NE
616,905
0.55
NV
1,048,591
0.94
NH
485,340
0.43
NJ
3,106,880
2.78
NM
701,585
0.63
NY
6,419,321
5.73
NC
3,713,582
3.32
ND
243,096
0.22
OH
4,268,748
3.81
OK
1,461,941
1.31
OR
1,418,689
1.27
PA
4,738,414
4.23
RI
393,069
0.35
SC
1,912,134
1.71
SD
281,110
0.25
TN
2,610,800
2.33
TX
8,977,387
8.02
UT
796,721
0.71
VT
226,397
0.20
VA
2,921,171
2.61
WA
2,464,452
2.20
WV
827,193
0.74
WI
1,949,872
1.74
WY
194,544
0.17
Total
111,943,278
100

*Chronic conditions: cardiovascular disease, diabetes, chronic obstructive
pulmonary disease, asthma, hypertension, or cancer other than skin.
†Values were obtained directly from state and will not agree with
calculations made from raw data.
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The list of chronic conditions used in our analysis
is similar to groups at increased risk for seasonal influenza complications (10), except that the influenza
group includes obese adults. Obesity is much lower
in China than in the United States (11), which might
account for that difference. Both lists include persons with chronic diseases for which behavioral risk
factors have been well identified (12,13). In particular, the 7 risk factors of smoking, sedentary lifestyle,
obesity, diabetes, hypertension, high cholesterol,
and inadequate fruit and vegetable consumption together contributed to an average of 41.4% of the burden of 5 of the 6 chronic conditions used in our study
(all except cancer); obesity and smoking contributed
the most to the burden (12). Results showing seasonal influenza vaccination rates <50% are concerning.
Although a vaccine specific for this coronavirus is
currently unavailable, results for seasonal influenza
vaccination suggest that it might not be widely used.
Our study does not address possible differences
in contracting the disease, only the risk for development of complications among persons who have
COVID-19 on the basis of results for China (1–3). Because we surveyed only noninstitutionalized adults,
we excluded 1.3 million adults in nursing homes
(14), which almost certainly underestimates risk.
Data are self-reported, and reliability and validity
can vary for different measures tested (6). However,
as long as a respondent was told they had a chronic
condition, validity was high. Age groups used for
analysis did not match those used for weighting
data, but that limitation should have a minimal effect on results. Low response rates could introduce
bias but, as noted, validity appears high for the measures used in this study.
We estimated that 45.4% of US adults are potentially at increased risk for complications from COVID-19 because of chronic conditions that are, in turn,
associated with common modifiable risk factors. Such
estimates will vary depending on exact criteria used
and the prevalence of the risk factors associated with
the chronic conditions, along with age, state of residence, and other demographic factors.
Data collection, analysis, and interpretation for this study
were supported by the Centers for Disease Control
and Prevention (Grant/Cooperative Agreement no.
1U58DP006069-01).
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Prolonged Persistence of
SARS-CoV-2 RNA in Body Fluids
Jiufeng Sun,1 Jianpeng Xiao,1 Ruilin Sun,1 Xi Tang,1 Chumin Liang, Huifang Lin,
Lilian Zeng, Jianxiong Hu, Runyu Yuan, Pingping Zhou, Jinju Peng, Qianlin Xiong,
Fengfu Cui, Zhe Liu, Jing Lu, Junzhang Tian, Wenjun Ma, Changwen Ke

We prospectively assessed 49 coronavirus disease
cases in Guangdong, China, to estimate the frequency and duration of detectable severe acute respiratory
syndrome coronavirus 2 RNA in human body fluids. The
prolonged persistence of virus RNA in various body fluids may guide the clinical diagnosis and prevention of
onward virus transmission.

I

n December 2019, coronavirus disease (COVID-19) caused by a novel coronavirus, severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2), emerged in Wuhan, China (1,2). As of April
1, 2020, the virus had expanded to 195 countries, and
>820,000 confirmed cases with >40,000 deaths had
been recorded (3–6).
Clinically, the confirmation of SARS-CoV-2 infection relies on detection of virus RNA in various
body fluids. The World Health Organization recommends taking upper and lower respiratory samples
simultaneously during the acute phase of infection
to detect virus RNA. Recent studies reported a persistent shedding of SARS-CoV-2 in upper respiratory
and intestinal samples (7,8). However, the frequency with which SARS-CoV-2 RNA can be detected in
body fluids and the period during which it remains
detectable are not well understood. A detailed understanding of the dynamics of the early stages of
SARS-CoV-2 infection is needed to inform diagnostic testing and prevention interventions, because existing evidence is based only on observations from
case reports. We recruited hospitalized patients with
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People’s Hospital of Foshan, Foshan, China (X. Tang)
DOI: https://doi.org/10.3201/eid2608.201097
1834

COVID-19 from 2 designated provincial emergency
hospitals for e merging infectious diseases in Guangdong, China, and tested specimens by real-time reverse transcription PCR (rRT-PCR) to estimate the
duration of the detection of SARS-CoV-2 RNA in
various body fluids, using an accelerated failure
time (AFT)–based modeling study.
The Study
We recruited 43 patients with mild cases of COVID-19 (22 male, 21 female; median age 43, range 1–70
years) and 6 patients with severe cases (6 male; median age 67, range 46–76 years) for this study. We
obtained throat swab, nasopharyngeal swab, sputum, and feces specimens every 3 days for 4 weeks.
We tested all specimens by rRT-PCR (Appendix,
https://wwwnc.cdc.gov/EID/article/26/8/201097-App1.pdf). We used parametric Weibull regression models (AFT) to estimate the time until the
loss of SARS-CoV-2 RNA detection in each body
fluid and reported findings in medians and 95th
percentiles using R software version 3.6.1 with flexsurv, survival, and survminer packages (9). We used
Lnorm and gamma models as comparisons to evaluate the sensitivity and stability of Weibull regression
models. We defined the time until loss of SARSCoV-2 RNA detection in each fluid as the number of
days between the day after illness onset and the day
of the first negative rRT-PCR result. For the cases
that involved intermittent shedding of SARS-CoV-2,
we used the date of the first negative result after the
final recorded positive rRT-PCR results. Of the 49
case-patients, 15 were discharged from the hospital
after <4 weeks of observation time.
We obtained a total of 490 specimens (32.75%
of the designated number of samples, 1,006 missing
samples), including 88 throat swab samples (23.53%,
198 missing samples), 62 sputum samples (16.58%,
1
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Table. Prolonged persistence of SARS-CoV-2 RNA in body fluids from hospitalized patients with coronavirus disease, Guangdong,
China*
Mild cases, n = 43
Severe cases, n = 6
Specimens
Median (95% CI)
95th percentile (95% CI)
Median (95% CI)
95th percentile (95% CI)
Throat swab
15.6 (11.8–20.7)
32.8 (25.9–42.3)
33.9 (24.2–47.3)
53.9 (39.4–81.7)
Sputum
20.0 (14.1–27.0)
43.7 (33.6–60.4)
30.9 (23.5–39.1)
44.7 (36.3–58.0)
Nasopharyngeal swab
22.7 (18.8–27.5)
46.3 (39.0–55.2)
33.5 (25.7–42.7)
49.4 (38.4–68.5)
Feces
24.5 (21.2–28.3)
45.6 (40.0–52.8)
32.5 (26.3–39.1)
48.9 (41.3–59.7)
*The time until the loss of SARS-CoV-2 RNA detection in each body fluid was estimated by using parametric Weibull regression models. Data are
presented as medians and 95th percentiles in days after illness onset. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

312 missing samples), 175 nasopharyngeal swab
samples (46.79%, 199 missing samples), and 165 fecal samples (44.12%, 209 missing samples). Of these,
171 specimens tested positive for SARS-CoV-2 RNA
by rRT-PCR, including 16 throat swab samples, 38
sputum samples, 89 nasopharyngeal swab samples,
and 28 feces samples (Appendix Figure 1). We used
Weibull models to estimate the median and the 95th
percentile for the time until the loss of SARS-CoV-2
RNA detection in swab, sputum, and fecal samples
(Table; Figures 1, 2). The sensitivity and stability evaluation of the Weibull, Lnorm, and gamma models
showed no differences among them (p<0.05) (Appendix Table, Figures 2, 3).
Conclusions
In this study, we estimated the time for COVID-19
case-patients to clear SARS-CoV-2 RNA in the acute
phase of infection through an AFT-based modeling
study. We found persistent shedding of virus RNA
in nasopharyngeal swab and feces samples. The estimated time until loss of virus RNA detection ranged
from 45.6 days for nasopharyngeal swab samples to
46.3 days for feces samples in mild cases and from
48.9 days for nasopharyngeal swab samples to 49.4
days for feces samples in severe cases, which was longer than those of SARS-CoV and MERS-CoV (10,11).
Lan et al. reported positive rRT-PCR results in throat
swab sampless from patients who recovered from
mild COVID-19 for 50 days at maximum (8). Wu et al.
found prolonged presence of SARS-CoV-2 viral RNA
in fecal samples (7). However, we found that the median time for throat samples from mild cases was 15.6
days (95% CI 11.8–20.7 days) and the 95th percentile
was 32.8 days (95% CI 25.9–42.3 days). Therefore, detection of virus RNA for mild cases in throat swab
samples at the 50th day after illness onset should be
a low-probability event, beyond the 95th percentile
limit. Similarly, the detection of virus RNA in fecal
samples from mild cases was also close to the 95th
percentile limit we estimated (45.6 days, 95% CI 40.052.8 days).
We found differences in median time until loss
of virus RNA detection among respiratory specimen

types in mild cases but not in severe cases (Table). We
do not believe this finding was linked to the severity of COVID-19, but we had a limited sample size of
severe cases in this study. The additional test using
Lnorm or gamma models addressed similar phenomena. Nevertheless, the estimated time until the loss of
RNA detection in various body fluids in this study
was reasonable and was consistent with previous
findings in case reports.
Challenges have been raised recently in the molecular diagnosis of COVID-19. Upper respiratory
samples show lower positive rates and instable states
of confirmation of SARS-CoV-2, whereas lower respiratory samples, such as bronchoalveolar lavage
fluid, are suitable specimens for detection of virus
RNA (12). The probable explanation of discrepant results with our estimates was the irregular operation
of sampling in upper respiratory samples in clinics,
rather than short-term shedding of virus RNA. In addition, the median duration in archived publications
in China was 12.0 days (mean 12.8 days) (13), which
was shorter than, but close to, our estimate in throat
swab samples. This finding was in line with throat
swab samples being suggested as a clinical sample for
diagnosis of COVID-19 at the early stages of the outbreak in China (National Health Commission of the
People’s Republic of China, unpub. data, 2020 Jan 15).
Our study has limitations. First, we did not test
serum specimens to address RNAemia or serologic
trends. The reasons are the findings of extreme low
positive rates of RNAemia in our initial study (1 of
49 cases), which does not yield any estimated conclusion. The serologic test was not conducted because reliable IgM/IgG kits were unavailable. Second, virus
isolation and tests of specimens’ infectivity were not
conducted. We focused on estimating the duration of
the detection of SARS-CoV-2 RNA in various body
fluids among COVID-19 cases but did not imply the
existence of infectious virus particles. Third, the number of missing specimens was higher than the initial
study designed, attributed mainly to low proportions of purulent sputum production in viral pneumonia cases, as well as low compliance of patients.
Fourth, this study may pose selection bias because
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modest-sized groups of cases were included. Finally,
the prerequisite we assumed was that all COVID-19
cases had SARS-CoV-2 RNA in all sampling specimens at symptom onset, which means that the median and 95th percentile we estimated were shorter

than expected because of the uncertainty of incubation time. The time estimated in this study through
hospitalized COVID-19 cases may not be generalizable to all infections with SARS-CoV-2, such as
asymptomatic cases.

Figure 1. Time until clearance of severe acute respiratory syndrome coronavirus 2 RNA in throat swab, sputum, nasopharyngeal, and
feces samples among hospitalized patients with coronavirus disease, as estimated with the use of Weibull regression, Guangdong,
China. A, B) Throat swab specimens from patients with mild (A) and severe (B) cases; C, D) sputum samples from patients with mild
(C) and severe (D) cases; nasopharyngeal swab samples from patients with mild (E) and severe (F) cases; G, H) feces samples from
patients with mild (G) and severe (H) cases. A total of 43 patients with mild and 6 with severe cases were tested. The medians and 95th
percentiles of the time until the loss of detection are indicated; error bars and shading indicate 95% CIs.
1836
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Figure 2. Time until clearance of severe acute respiratory syndrome coronavirus 2 RNA in any clinical specimens of throat swab,
sputum, nasopharyngeal swab, or feces samples among hospitalized patients with coronavirus disease, as estimated with the use of
Weibull, Lnorm, and gamma regression, Guangdong, China. A, B) Weibull regression for mild (A) and severe (B) cases; C, D) Lnorm
regression for mild (C) and severe cases (D); E, F) gamma regression for mild (E) and severe (F) cases. A total of 43 patients with mild
and 6 with severe cases were tested. The medians and 95th percentiles of the time until the loss of detection are indicated; error bars
and shading indicate 95% CIs.

In conclusion, our results show prolonged
persistence of SARS-CoV-2 RNA in hospitalized patients with COVID-19. Health professionals should
consider these findings in diagnostic recommendations and prevention measures for COVID-19.
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Prognostic Value of Leukocytosis
and Lymphopenia for
Coronavirus Disease Severity
Glen Huang1, Alex J. Kovalic1, Christopher J. Graber1

To evaluate lymphopenia as a marker for coronavirus
disease severity, we conducted a meta-analysis of 10
studies. Severe illness was associated with lower lymphocyte and higher leukocyte counts. Using these markers for early identification of patients with severe disease
may help healthcare providers prioritize the need to obtain therapy.

T

he incidence of coronavirus disease (COVID-19),
caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), has spread rapidly
globally; as of March 29, 2020, ≈670,000 cases had
been confirmed worldwide (1). COVID-19 is typically
a pulmonary infection that can range from mild illness to acute respiratory distress syndrome and multiple organ failure; however, other symptoms such as
myalgias and anorexia have been noted (2). Although
many ongoing studies are investigating measurement
of proinflammatory cytokines and other biomarkers
as a way to prognosticate infection severity, we investigated use of 2 easily obtained predictors: lymphopenia and leukocytosis (3).
The Study
We searched 3 major databases—MEDLINE/
PubMed, EMBASE, and CENTRAL (Cochrane Central Register of Controlled Trials)—for clinical studies published December 1, 2019, through March 28,
2020. To broadly identify studies detailing lymphocyte and leukocyte testing among patients with
COVID-19, we used the following search criteria:
“(COVID-19 OR SARS-CoV-2 OR 2019-NCoV OR
HCov-19 OR novel coronavirus) AND (laboratory
Author affiliations: David Geffen School of Medicine at
University of California Los Angeles, Los Angeles, California,
USA (G. Huang, C.J. Graber); Novant Forsyth Medical Center,
Winston Salem, North Carolina, USA (A.J. Kovalic); VA Greater
Los Angeles Healthcare System, Los Angeles (C.J. Graber)
DOI: https://doi.org/10.3201/eid2608.201160

OR WBC OR lymphocyte).” We prioritized studies
that measured lymphocyte and leukocyte counts
among patients who had severe or critical cases versus those with mild cases. Severe cases were defined
as significant respiratory distress (acute hypoxic
respiratory failure, acute respiratory distress syndrome, need for mechanical ventilation, or intensive
care unit admission) caused by COVID-19.
Our meta-analysis included articles about studies
and clinical trials that met the following 4 inclusion
criteria: 1) involved adult, human patients; 2) written in English; 3) reported lymphocyte and leukocyte
counts for patients; and 4) compared patients with severe versus mild illness. Our meta-analysis excluded
articles about studies with the following 9 characteristics: 1) involved nonhuman subjects; 2) written in
a language other than English; 3) were not a clinical
trial, such as a review paper or letter; 4) were out of
the scope of the study question detailed above; 5) did
not provide raw data to perform quantitative metaanalysis; 6) involved pediatric patients; 7) did not
have the full article available; 8) were duplicates; and
9) were ongoing or not completed.
We performed the meta-analysis by using Review
Manager software version 5.3 (The Cochrane Collaboration, https://training.cochrane.org). We calculated
mean differences (MDs) between groups for continuous variables and reported 95% CIs for both severe
and nonsevere cases. If the included studies provided
medians and interquartile ranges instead of MDs and
SDs, we imputed the MDs and SDs as described previously (4–6) and additionally described in the Cochrane
Handbook for Systematic Reviews (7). We considered
results statistically insignificant if p>0.05 or if the MD
included zero. We assessed statistical heterogeneity by
using the I2 statistic and awarded the following values:
0%–24%, homogeneity; 25%–49%, mild heterogeneity;
50%–74%, moderate heterogeneity; and >75%, high
1
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heterogeneity. If moderate to high heterogeneity was
present (I2>50%), then we used the random effects
model to pool the effect sizes of included studies and
subgroup analyses.
We identified 959 articles; among them, 318 were
duplicates. We then screened the remaining 641 by
title, abstract, or both. We assessed 59 articles as eligible (included patient-level clinical data) and identified 8 studies (included lymphocyte counts and
stratification of illness severity) for the quantitative
synthesis (Appendix Table, https://wwwnc.cdc.
gov/EID/article/26/8/20-1160-App1.pdf).
These
studies described 1,289 cases of COVID-19, of which
592 (45.9%) were classified as severe.
We compared lymphocyte and leukocyte counts
in patients with severe/critical versus mild cases
of COIVD-19 (Appendix Figure). All laboratory
data were captured at the time of patient admission. Overall, patients categorized as having severe
illness tended to have lower lymphocyte counts
(pooled MD -0.36, 95% CI -0.50 to -0.22; p<0.00001)
and higher leukocyte counts (pooled MD 1.32, 95%
CI 0.62 to 2.02; p<0.00001). Fan et al. reported an
absolute lymphocyte count of >1.0 × 109 cells/L for
39/58 (69.6%) patients in the nonsevere group and
2/9 (22.2%) patients in the severe group (8). Huang
et al. reported an absolute lymphocyte count of <1 ×
109 cells/L in 15/28 (54%) patients in the nonsevere
group and 11/13 (83%) in the severe group (9). Wan
et al. reported an absolute lymphocyte count of <1.0
× 109 cells/L for 36/95 (38%) patients in the nonsevere group and 32/40 (80%) in the severe group (10).
Zhang et al. reported a decreased lymphocyte count
for 28/82 (70.7%) patients in the nonsevere group and
46/56 (82.1%) in the severe group (11).
Conclusions
Pooled data across early studies validate a significant correlation between elevated leukocyte count
and decreased lymphocyte count among patients
with severe cases of COVID-19 compared with
those with mild cases. Why lymphopenia is associated with severe illness remains unclear. It has
been hypothesized that this association could result from direct lymphocyte infection, destruction
of lymphatic tissue, inflammation leading to lymphocyte apoptosis, or inhibition of lymphocytes
by metabolic disorders such as lactic acidosis (12).
Lymphopenia as a marker of severity does not seem
to be specific to COVID-19; it has been used to prognosticate other viral pneumonias such as influenza
(13). Neutrophilia may be more specific to severe
disease than leukocytosis, but neutrophil count was
1840

not uniformly reported across the studies included
in our analysis.
Despite our findings regarding clinical characteristics of severe COVID-19, our study had several
limitations. First, our literature search found an expected paucity of data surrounding this topic because
published characterizations of patients with COVID-19 remain minimal. More COVID-19 data from
other nations and patient populations will aid in the
comparison and validation of our clinical findings.
Second, we noted significant heterogeneity in both
the leukocyte and lymphocyte analyses. This phenomenon probably resulted from the small sample
size, limited and early data, and skewed representation of the patient population. Third, the definitions
of severe cases were somewhat inconsistent across
these studies, varying from acute hypoxic respiratory failure to requiring mechanical ventilation. This
variability could further compound the heterogeneity
found across these studies. Last, only a minority of
the manuscripts reported the proportion of patients
with lymphopenia, and variable cutoffs based on the
articles’ reference ranges made it difficult to ascertain
a cutoff for severe disease.
With the rising cases of COVID-19 and limited
resources (14), being able to prioritize patients with
severe disease is crucial. Some therapeutic agents
are being investigated (15); however, supplies are
often low and procurement may be delayed. The
sooner patients with severe disease can be identified, the sooner the process of obtaining therapy
can be initiated.
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EID Podcast

Community Interventions for Pregnant
Women with Zika Virus in Puerto Rico

After experiencing an alarming rise in Zika virus
infections, the Puerto Rico Department of Health
partnered with CDC to implement a variety of
community education and prevention efforts.
But what were these efforts, and were
they ultimately successful?
In this EID podcast, Dr. Giulia Earle-Richardson,
a behavioral scientist at CDC, analyzes some of the
Zika intervention campaigns in Puerto Rico.
Visit our website to listen:
https://go.usa.gov/xy6nD
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SARS-CoV-2 Phylogenetic
Analysis, Lazio Region, Italy,
February–March 2020
Barbara Bartolini, Martina Rueca, Cesare Ernesto Maria Gruber, Francesco Messina,
Fabrizio Carletti, Emanuela Giombini, Eleonora Lalle, Licia Bordi, Giulia Matusali, Francesca Colavita,
Concetta Castilletti, Francesco Vairo, Giuseppe Ippolito, Maria Rosaria Capobianchi, Antonino Di Caro

We report phylogenetic and mutational analysis of severe
acute respiratory syndrome coronavirus 2 virus strains
from the Lazio region of Italy and provide information
about the dynamics of virus spread. Data suggest effective containment of clade V strains, but subsequently,
multiple waves of clade G strains were circulating widely
in Europe.

S

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has raised serious concerns because of its rapid dissemination worldwide. Italy is
one of the countries with the highest number of coronavirus disease (COVID-19) cases (1,2). Nevertheless,
the information about the molecular epidemiology
of SARS-CoV-2 strains circulating in Italy is still limited. The analysis of sequence data shown in GISAID
(https://www.gisaid.org) indicates that the initial introduction of SARS-CoV-2 in Italy through 2 infected
tourists in January was effectively contained (3), and
no further circulation of similar clade V strains has
been so far detected. An intense wave of infections occurred afterwards, initially affecting Lombardy and
Veneto and later on all the other regions of Italy. The
strains detected in Italy since February 20 belonged
only to clade G. This clade, apparently originating in
Shanghai, has been widely circulating in the European Union (EU) countries before reaching Italy (3–5).
Preliminary data suggested that multiple introductions of clade G strains have occurred in Italy,
giving rise to contemporary circulation of different
strains also detected in other EU countries; this pattern suggests that, after partially undetected introduction of the virus in EU from China, the circulation
of travelers within EU ignited virus spread in Europe.

Affiliation: National Institute for Infectious Diseases “Lazzaro
Spallanzani” IRCCS, Rome, Italy
DOI: https://doi.org/10.3201/eid2608.201525
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We report the phylogenetic and mutational analysis
of SARS-CoV-2 strains detected in the Lazio region
of Italy, providing additional information on the dynamics of virus dissemination in this country.
The Study
We analyzed nasopharyngeal swab (n = 6) and bronchoalveolar lavage (n = 3) samples from 9 patients with
COVID-19 to perform SARS-CoV-2 whole-genome
reconstruction and mutational analysis. We collected
samples in late February and early March, 2020 (Table
1). At sampling time, all patients reported symptoms
such as fever, sore throat, cough, or other respiratory symptoms. Two sequences were identical, so we
included only 1 of them in the analysis, resulting in
8 total sequences. We named the sequences INMI3–
INMI10 for their detection at National Institute for
Infectious Diseases and analyzed them together with
the previously published INMI1 and INMI2 (6), along
with all the sequences from Italy posted to GISAID
database by April 11, 2020.
We performed next-generation sequencing
(SARS-CoV-2 Panel) on Ion Torrent platform (Thermo Fisher Scientific, https://www.thermofisher.
com) using shotgun approach for INMI3–4 and amplicon approach for INMI5–10. After quality control,
we generated a median number of 4.3 × 107 reads for
each shotgun sample and 1.5 × 106 for each amplicon
sample (ranging from 7.5 × 105 to 4.8 × 107). The sequencing mean depth of SARS-CoV-2 ranged from
367-fold in INMI3 to 16,661-fold in INMI5.
We submitted consensus sequences to GISAID.
We used the proposed phylogenetic lineage classification (A. Rambaut et al., unpub. data, https://
doi.org/10.1101/2020.04.17.046086) in phylogenetic
analysis; for comparison to previously published reports, we maintained references to clades reported in
GISAID. INMI1 and INMI2 are included in clade V

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

SARS-CoV-2 Phylogenetic Analysis, Italy

Table 1. Demographic and epidemiologic data for patients with severe acute respiratory syndrome coronavirus 2, Italy, 2020
Characteristic
INMI3
INMI4
INMI4bis
INMI5
INMI6
INMI7
INMI8
INMI9
INMI10
Sample type*
NPS
NPS
NPS
NPS
NPS
BAL
NPS
BAL
BAL
Sex
M
M
F
M
M
F
F
M
M
Age, y
32
41
38
53
60
70
65
33
56
Region
Emilia
Lombardy Lombardy
Lazio
Lazio
Lazio
Lazio
Lazio
Lazio
Romagna
Collection date
Mar 1
Feb 28
Feb 27
Mar 4
Mar 23
Mar 23
Mar 7
Mar 23
Mar 4
*BAL, bronchoalveolar lavage; NPS, nasopharyngeal swab.

according to GISAID phylogenetics, as reported (6),
and clade B2; the clade includes other sequences from
EU countries, but no additional sequences from Italy.
All other INMI sequences cluster with the GISAID G
clade, and with the B1 clade; we focused subsequent
analysis on clade B1 (Figure).
The clade B1 INMI sequences are distributed in 2
main clusters, one including most of the northern Italy
strains and the other including sequences mainly from
central Italy. In particular, INMI4, which was epidemiologically linked to Bergamo (Lombardy region),
clusters with sequences from central Italy (Abruzzo
region). The other INMI sequences cluster with strains
from northern Italy. Of note, in both clusters the sequences from Italy are intermixed with sequences
from other EU countries, which can also be seen in the
broader phylogenetic analysis on GISAID, in which
more EU sequences are analyzed. We have identified
5 synonymous and 9 nonsynonymous substitutions
distributed along the whole genome (Table 2).
Each patient showed several amino acid substitutions ranging from 4 to 7. The G clade–specific
single-nucleotide polymorphism A23403G led the
amino acid change D614G in the S protein. We observed one additional mutation in this protein, that
of C21575T (L5F) in INMI7, which is detected in few
other sequences in GISAID, interspersed among different non-G clades (M. Chiara et al., unpub. data,
https://doi.org/10.1101/2020.03.30.016790). Its location in a marginal region of the gene and the sporadic
distribution in different clades indicates repeated occurrence not followed by fixation, consistent with no
evolutionary advantage.
The S protein in the SARS-CoV-2 virus is a chief
determinant of the host range and pathogenicity. The
virion attaches to the cell membrane by binding the S
protein with the host ACE2 receptor (7). The D614G mutation, located in the putative S1–S2 junction region near
the furin polybasic cleavage site (RRAR), might have an
effect on priming by host cell proteases; however, the
real impact of this high-frequency mutation is unclear.
The variants C241T, C3037T (located in the
noncoding region) and C14408T (in open reading
frame1ab, orf1ab) were present in all INMI3–INMI10
sequences. These mutations have been detected in

several SARS-CoV-2 isolates throughout Europe and
are characteristic of clade G (C. Yin, unpub. data). A
nonsynonymous substitution D3G in membrane glycoprotein was detected in 1 INMI9 sequence.
We detected 3 nucleotide changes in INMI4, located in a high variable region of the gene, in 2 adjacent
codons of the nucleocapsid (N) gene, two 2-amino acid
changes, R203K and G204R. N protein, responsible for
the formation of helical nucleocapsid, can elicit humoral and cell mediated immune response and has potential value in vaccine development. However, none of
the observed mutations has been so far associated with
changes in viral pathogenicity or transmissibility.
Conclusions
The phylogenetic reconstruction we report suggests
possible multiple introduction of SARS-CoV-2 virus
in Italy, supporting previously reported analysis conducted on a more limited number of sequences (3–5).
The analysis consistently places the strains described in this study in 2 distinct clusters in B1 clade.
No other sequence from Italy clusters in B2 (or GISAID V) clade, indicating the positive effect of containment measures established by health authorities
in both Italy and China to limit viral transmission directly from China. The same measures were unable to
contain a wave of subsequent multiple introductions
in Italy of strains that were widely circulating in Europe, all clustering with clade B1.
The inclusion of the viral sequences from infections
occurring in the Lazio region helps to demonstrate the
dynamics of virus circulation in Italy. In particular,
a small number of mutations have been detected in
these strains, but the real impact and role that these
mutations may have on the pathogenicity and transmissibility of SARS-CoV-2 remains to be determined.
A limitation of our research is that only a portion
of viral sequences, including the sequences from Italy, have been published as of April 10, 2020; phylogenetic analysis could substantially change when more
sequences are made available. Continued genomic
surveillance strategies are needed to improve monitoring and understanding of current SARS-CoV-2
epidemics, which might help to lessen the public
health impact of COVID-19. Furthermore, increased
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Figure. Phylogenetic analysis of 150 severe acute respiratory syndrome coronavirus 2 representative genome sequences from lineage
B1, including genomes collected in Italy (blue) and sequences identified for this study at the National Institute for Infectious Diseases (red).
Available genomes were retrieved from GISAID (https://www.gisaid.org) on April 10, 2020; we discarded sequences with low coverage
depth (low amount of read sequenced) or low coverage length (not complete genome sequences). Representative sequences from every
B lineage (A. Rambaut et al., unpub. data, https://doi.org/10.1101/2020.04.17.046086v1), together with all genome sequences collected
in Italy so far, were selected for further analysis. Multiple sequence alignment was obtained with MAFFT version 7.271 (https://mafft.
cbrc.jp/alignment/software). Phylogenetic analysis was performed with IQ-TREE (http://www.iqtree.org): transition model with empirical
base frequencies and invariable sites was selected with ModelFinder, and the best tree was found performing 1,000 bootstrap ultrafast
replicates. Bootstrap values of >80% are reported on each branch. Scale bar represents number of substitutions per site. An expanded tree
showing more comparison sequences is available online (https://wwwnc.cdc.gov/EID/article/26/8/20-1525-F1.htm).
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Table 2. Consensus sequences of severe acute respiratory syndrome coronavirus 2 samples, Italy, 2020*
Wuhan-Hu-1 Nucleotide
strain
position
INMI3 INMI4 INMI5 INMI6 INMI7 INMI8 INMI9 INMI10 Amino acid
Region
A
187
G
Noncoding
UTR
C
241
T
T
T
T
T
T
T
T
Noncoding
UTR
C
2062
T
Noncoding
UTR
C
3037
T
T
T
T
T
T
T
T
Syn
Orf1ab
G
4255
T
Syn
Orf1ab
C
14408
T
T
T
T
T
T
T
T
P4715L
Orf1ab
T
16456
G
S5398A
Orf1ab
A
20268
G
Syn
Orf1ab
C
21575
T
L5F
Spike glycoprotein
A
23403
G
G
G
G
G
G
G
G
D614G
Spike glycoprotein
C
23575
T
Syn
Spike glycoprotein
A
26530
G
D3G
Membrane glycoprotein
C
28881
A
R203K
Nucleocapsid protein
G
28882
A
R203K
Nucleocapsid protein
G
28883
C
G204R
Nucleocapsid protein
*Nucleotide positions refer to the Wuhan-Hu-1 reference genome (GenBank accession no. MN908947). Orf, open reading frame; Syn,
synonymous substitution; UTR, untranslated region.

sequencing capacity is necessary for contact tracing
and enhanced surveillance activity.
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Plasma-Derived Extracellular
Vesicles as Potential Biomarkers
in Heart Transplant Patient with
Chronic Chagas Disease
Nuria Cortes-Serra, Maria Tays Mendes, Clara Mazagatos,1 Joan Segui-Barber,
Cameron C. Ellis, Cristina Ballart, Ana Garcia-Alvarez, Montserrat Gállego,
Joaquim Gascon, Igor C. Almeida, María Jesús Pinazo, Carmen Fernandez-Becerra

Chagas disease is emerging in countries to which it is
not endemic. Biomarkers for earlier therapeutic response
assessment in patients with chronic Chagas disease are
needed. We profiled plasma-derived extracellular vesicles from a heart transplant patient with chronic Chagas
disease and showed the potential of this approach for discovering such biomarkers.

C

hagas disease, caused by Trypanosoma cruzi parasite, is one of the most prevalent parasitic infections in Latin America and is responsible for millions
of clinical cases. However, mainly because of migratory movements, the epidemiology of Chagas disease
has changed in recent decades; cases have increased
substantially in North America, Europe, and Asia,
where it is not endemic (1). Thus, raising awareness
of this debilitating or deadly neglected tropical disease and promoting the creation of global strategies
for its accurate diagnosis, treatment, and control are
of paramount importance.
Detection of T. cruzi–specific antibodies in serologic assays is the current standard technique
Author affiliations: Barcelona Institute for Global Health (ISGlobal),
Universitat de Barcelona, Barcelona, Spain (N. Cortes-Serra,
C. Mazagatos, J. Segui-Barber, C. Ballart, M. Gállego, J. Gascon,
M.J. Pinazo, C. Fernandez-Becerra); Border Biomedical Research
Center, The University of Texas at El Paso, El Paso, Texas USA
(M.T. Mendes, C.C. Ellis, I.C. Almeida); Secció de Parasitologia,
Departament de Biologia, Sanitat i Medi Ambient, Facultat de
Farmàcia i Ciències de l’Alimentació, Universitat de Barcelona,
Barcelona, Spain (C. Ballart, M. Gállego); Arrhythmias Unit,
Hospital Clinic, University of Barcelona, Barcelona, Spain
(A. Garcia-Alvarez); Institut d’Investigació en Ciències de la Salut
Germans Trias i Pujol, Badalona, Spain (C. Fernandez-Becerra)
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for diagnosing chronic Chagas disease. However,
this so-called conventional serology is not a valid
indicator of chemotherapeutic outcomes because
most patients remain seropositive for 10–20 years
after treatment (2). Therefore, validated biomarkers
are lacking for early assessment of therapeutic responses for testing current and new drugs or treatment regimens.
Extracellular vesicles (EVs) are cell-derived membranous nanoparticles present in most biologic fluids.
Biofluid-derived EVs are minimally invasive molecular tools for diagnosing and screening diseases (3).
They can be released by various mammalian cells and
pathogens, and their use as predictive biomarkers for
disease progression and treatment outcomes has been
reported for different pathologic conditions, including parasitic diseases (3,4).
The Study
The Ethical Committee of Clinical Research of
Hospital Clinic (Barcelona, Spain; reference no.
Reg. HCB/2015/0616) approved this project. The
patient provided written informed consent before
sample collection.
In 2009, a 51-year-old patient from Bolivia with a
history of chronic Chagas disease, exhibiting severe
organ involvement (chronic cardiomyopathy Kuschnir
III and megacolon and megaesophagus degree IV) (5),
was admitted to the International Health Department
(Hospital Clinic, Barcelona). Serologic diagnosis for
chronic Chagas disease was performed using 2 ELISA kits (Ortho-Clinical Diagnostics, https://www.
orthoclinicaldiagnostics.com) and BioELISA Chagas
Current affiliation: CIBER Epidemiología y Salud Pública
(CIBERESP); Centro Nacional de Epidemiología, Instituto de
Salud Carlos III, Madrid, Spain.
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Table 1. Timeline of heart transplant patient with chronic Chagas disease from initial diagnosis to last follow-up and death*
Date
Infection
Observation, treatment, outcome
2015 Aug
Cytomegalovirus, detected by serology Diagnosed only by positive IgG serology, no active infection (no positive
IgM serology). No treatment.
2015 Aug
Toxoplasmosis, detected by serology
Diagnosed only by positive IgG serology, no active infection (no positive
IgM serology). No treatment.
2015 Nov
Heart transplantation on Nov. 28. Patient started with immunosuppressive
therapy (tacrolimus, azathioprine, prednisone) until the end of follow-up.
2016 Jan
Chagas disease reactivation, detection Pretreatment sample collected on Jan 28. Patient started BZN treatment
by qPCR
(2.5 mg/kg, twice a day, 60 d) on Feb 3.
2016 Mar
Bronchopulmonary aspergillosis,
BZN course interrupted on Mar 21. Completed 80% of the prescribed
detected by serology and CT
treatment.
2016 Mar
Bronchopulmonary aspergillosis
Aspergillosis treatment started on Mar 22. Initially with voriconazole and
amphotericin B liposomal. Treatment was changed to posaconazole until
the end of the follow-up.†
2016 Apr
Chagas disease reactivation, detected On Apr 14, patient started second round of BZN treatment until May 5,
by qPCR
completing 100% of the prescribed treatment.
2016 May
Posttreatment sample collected on May 11.
2016 Aug
Late organ rejection. Patient died.
*BZN, benznidazole; CT, computed tomographic scan; qPCR, quantitative PCR.
†Parasite clearance could be related to the prolonged used of posaconazole, as previously reported (6), and/or the combined use of posaconazole and
benznidazole because a second round of the latter was started in April 2016.

(Biokit, https://www.biokit.com). Together with
clinical management of dysphagia and constipation,
a pacemaker in the context of third-degree atrioventricular block was implanted. In July 2015, an echocardiogram revealed iterative cardiac failure and severe
ventricular dysfunction (ejection fraction 15%–20%).
On November 28, 2015, the patient underwent heart
transplantation without incident, and results of followup endomyocardial biopsies showed no early signs of
transplant rejection.
After transplantation and in the context of immunosuppression therapy (Table 1), quantitative PCR
(qPCR) was performed weekly to detect T. cruzi in
the blood (Tc-qPCR) (7). First benznidazole treatment
was started when several consecutive and positive TcqPCRs confirmed Chagas disease reactivation. Three
weeks after benznidazole treatment, the Tc-qPCR became negative. After completion of 80% of the treatment, bronchopulmonary aspergillosis developed,
and the benznidazole course was interrupted. The
Tc-qPCR became positive and a second benznidazole
course was initiated; this time the patient completed
the initial prescribed dose without evidence of therapeutic failure based on Tc-qPCR results. Plasma samples for purification and characterization of EVs were
collected before the first benznidazole treatment and
just after the second course (Table 1). Unexpectedly,
the patient died in August 2016 because of a late organ
rejection. Therefore, samples at 6 and 12 months posttreatment, already included in the approved protocol,
were not collected.
To determine whether circulating EVs from this
patient could have been used as predictive biomarkers to evaluate therapeutic response and disease
outcome in the Chagas disease context, we collected

pretreatment and posttreatment plasma samples, and
EVs were enriched by size-exclusion chromatography (SEC) and characterized as described (8) (Figure
1, panel A). As negative controls, plasma samples
from 2 healthy donors were also subjected to SEC.
We characterized eluting EVs by bead-based assay
and Nanoparticle Tracking Analysis (Figure 1, panels
B, C). We pooled aliquots (100 µL) from SEC fractions
7–10 and determined protein composition using 2Dliquid chromatography–tandem mass spectrometry
(2D-LC-MS/MS). In brief, samples were digested
with trypsin and resulting peptides were resolved
by high-pH reversed-phase peptide fractionation (9),
followed by C18 reversed-phase nanoflow ultrahighperformance liquid chromatography coupled to a
Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass
Spectrometer (QE Plus MS; Thermo Fisher Scientific,
https://www.thermofisher.com), as described (10).
Raw 2D-LC-MS/MS data were analyzed using Proteome Discoverer version 2.1.1.21 software (Thermo
Fisher Scientific), followed by Scaffold perSPECtives
version 4.8.7 (Proteome Software; http://www.proteomesoftware.com). A protein database with combined human, T. cruzi, and potential contaminants
was generated from UniProt (https://www.uniprot.
org). Using a false-discovery rate <1% and 1 unique
peptide per protein, we identified 12 T. cruzi proteins and 338 human proteins (Appendix, https://
wwwnc.cdc.gov/EID/article/26/8/19-1042-App1.
xlsx). However, when we applied the more stringent criterion of >2 unique peptides per protein, we
detected only 1 T. cruzi protein (i.e., pyruvate phosphate dikinase [PPDK]), and 288 human proteins, of
which we identified 19 only in pretreatment samples
(Table 2). PPDK has been identified by proteomic
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Figure 1. Isolation and characterization of plasma-derived EVs. A) Schematic diagram of the isolation and characterization of EVs
derived from plasma samples. The details of each step are explained in The Study section. B) EVs were characterized by BBA using the
classical EV markers CD5L, CD9, and CD63. C) NTA of SEC fractions F7–10. BBA, bead-based assay; EV, extracellular vesicle; LCMS/MS, liquid chromatography–tandem mass spectrometry; MFI, median fluorescence intensity; NTA, nanoparticle tracking analysis;
SEC, size-exclusion chromatography.

analysis of T. cruzi total secretome and EVs (10–12).
This protein plays a central role in the metabolism
of T. cruzi glycosomes and has been shown to be upregulated when trypomastigote forms are incubated
with the extracellular matrix, an obligatory step before host-cell invasion and differentiation of trypomastigote into amastigote forms (13). The specific
role of PPDK in EVs secreted by this patient remains
to be determined.
Among the 19 human proteins uniquely identified in EVs from the patient with chronic Chagas
disease before treatment, the mannan binding lectin
serine protease 2 (MASP2) is worth highlighting. A recent study with human samples showed that MASP2
gene polymorphisms and MASP2 levels are associated with high risk for chronic Chagas disease cardiomyopathy (14). Furthermore, mannose-binding lectin, which activates complement on T. cruzi through
1848

MASP2, has been related to a decrease in blood and
tissue parasite load and in myocarditis and cardiac
fibrosis in experimental T. cruzi infection (15). In this
study, mRNA levels of collagen-1 and -6 increased in
the infected animals’ hearts (15). These results could
support our findings because collagen α-1 is one of
the proteins identified exclusively in EVs before patient treatment (Table 2).
Another important observation is the identification of a higher number of human proteins in
patient-derived EVs than in the 2 healthy donor–derived EV samples (Figure 2; Appendix). Of the total
proteins identified, in which statistical analysis was
feasible, 4 were significantly upregulated in patientderived EVs before treatment, particularly for the
proteins complement C1s subcomponent, isoform
CRA_b, FLJ00385 protein, and cDNA FLJ75416 (Appendix). Complement C1s subcomponent recently
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was identified among the 6 upregulated EV biomarkers with potential for clinical applications in
myocardial infarction (3).
Conclusions
Proteins associated with EVs secreted by T. cruzi have been identified in the conditioned medium of different parasite stages (11–13) but not in
biofluids from Chagas disease patients. We described
the proteomic profiling of plasma-derived EVs purified directly from a heart transplant patient with

chronic Chagas disease who exhibited reactivation
after immunosuppression. We identified human and
parasite proteins present or upregulated in plasmaderived EVs from a chronic Chagas disease patient
before chemotherapy and that are absent or downregulated after treatment. We thus hypothesize that
EV proteins released by the host or parasite during
infection might be potential biomarker candidates
for evaluating therapeutic response and disease outcome in chronic Chagas disease, independently of
the immunologic status of patients.

Table 2. Trypanosoma cruzi and human proteins identified in plasma-derived EVs from a heart transplant patient with chronic Chagas
disease before benznidazole chemotherapy but absent after treatment and in healthy donors
Unique peptides
ChD PreChD
Healthy Healthy
Protein name†
UniProt accession no.
BZN‡
Post-BZN
1
2
T. cruzi
Pyruvate. phosphate dikinase OS = Trypanosoma cruzi
K2MVM1_TRYCR
2 (0.96)
0
0
0
marinkellei GN = MOQ_000480 PE = 3 SV = 1
Homo sapiens
CO6A1_HUMAN
3 (1.44)
0
0
0
Collagen α-1(VI) chain OS = Homo sapiens GN = COL6A1
PE = 1 SV = 3
Group of Angiopoietin-related protein 6 OS = Homo sapiens
ANGL6_HUMAN (+1)
3 (1.44)
0
0
0
GN = ANGPTL6 PE = 1 SV = 1+1
sp|PPIA_HUMAN|
sp|PPIA_HUMAN|
3 (1.44)
0
0
0
Mannan binding lectin serine protease 2 OS = Homo sapiens
MASP2_HUMAN
2 (1.92)
0
0
0
GN = MASP2 PE = 1 SV = 4
Myosin regulatory light chain 12B OS = Homo sapiens
ML12B_HUMAN
2 (1.92)
0
0
0
GN = MYL12B PE = 1 SV = 2
Collagen α-2(VI) chain OS = Homo sapiens GN = COL6A2
CO6A2_HUMAN
2 (1.44)
0
0
0
PE = 1 SV = 4
Collectin subfamily member 10 (C-type lectin). isoform CRA_a tr|A0A024R9J3|A0A02 2 (1.44)
0
0
0
OS = Homo sapiens GN = COLEC10 PE = 4 SV = 1
4R9J3_HUMAN
Group of Coagulation factor XIII A chain OS = Homo sapiens
F13A_HUMAN (+2)
2 (1.44)
0
0
0
GN = F13A1 PE = 1 SV = 4+2
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
tr|A0A024R1K7|A0A02 2 (1.44)
0
0
0
activation protein. eta polypeptide. isoform CRA_b OS = Homo
4R1K7_HUMAN
sapiens GN = YWHAH PE = 3 SV = 1
Fibrinogen-like protein 1 OS = Homo sapiens GN = FGL1
FGL1_HUMAN
2 (0.96)
0
0
0
PE = 1 SV = 3
Group of L-lactate dehydrogenase A chain OS = Homo
LDHA_HUMAN (+1)
2 (0.96)
0
0
0
sapiens GN = LDHA PE = 1 SV = 2+1
A0A087WX80_HUMAN 2 (0.96)
0
0
0
Group of Laminin subunit α-2 OS = Homo sapiens
GN = LAMA2 PE = 1 SV = 1+1
(+1)
Group of MHC class I antigen (Fragment) OS = Homo sapiens
tr|D2KZ27|D2KZ27_
2 (0.96)
0
0
0
GN = HLA-A PE = 3 SV = 1+3
HUMAN (+3)
Group of Serum amyloid A protein OS = Homo sapiens
E9PQD6_HUMAN (+2) 2 (0.96)
0
0
0
GN = SAA1 PE = 1 SV = 1+2
tr|A0A0S2Z4K6|A0A0S 2 (0.96)
0
0
0
Group of Transforming growth factor -induced 68kDa
2Z4K6_HUMAN (+1)
isoform 2 (Fragment) OS = Homo sapiens GN = TGFBI
PE = 2 SV = 1+1
Heparan sulfate proteoglycan 2 (Perlecan). isoform CRA_b
tr|A0A024RAB6|A0A02 2 (0.96)
0
0
0
OS = Homo sapiens GN = HSPG2 PE = 4 SV = 1
4RAB6_HUMAN
Neurogenic locus notch homologue protein 3 OS = Homo
NOTC3_HUMAN
2 (0.96)
0
0
0
sapiens GN = NOTCH3 PE = 1 SV = 2
V1–16 protein (Fragment) OS = Homo sapiens GN = V1–16
tr|Q5NV81|Q5NV81_
2 (2.88)
0
0
0
PE = 4 SV = 1
HUMAN
Rheumatoid factor RF-ET6 (Fragment) OS = Homo sapiens
tr|A2J1N5|A2J1N5_
2 (5.29)
0
0
0
PE = 2 SV = 1
HUMAN
*BZN, benznidazole; ChD, Chagas disease.
†All proteins were identified by at least 2 unique peptides. A unique peptide is defined as a peptide found only in >1 protein members of the same protein
family of a certain proteome.
‡Normalized total spectrum count values are indicated in parenthesis. Complete mass spectrometry proteomic data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRoteomics IDEntifications Database (PRIDE,
https://www.ebi.ac.uk/pride/) partner repository, with the dataset identifier PXD014668 and 10.6019/PXD014668.
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Figure 2. Human proteomic profile of plasma-derived EVs from a heart transplant patient with chronic Chagas disease before and
after BZN treatment and from 2 healthy donors. Heatmap of the identified human EV-derived proteins. Heatmap was generated from
proteomic data by the Scaffold perSPECtives software (Proteome Software; http://www.proteomesoftware.com). Hierarchical clustering
(on the left), using single-linkage clustering with a Euclidean distance metric, was performed based on the normalized weighted
spectrum counts of the identified proteins. Color gradient scale bar (Y-axis) indicates normalized spectrum counts (numerical matrix)
translated into a color image, as described in the Scaffold perSPECtives version 3.0 User’s Manual (http://www.proteomesoftware.com/
pdf/scaffold_perspectives_users_guide.pdf?v=232de555). More human proteins were found in EVs isolated from the patient, before and
after BZN treatment than from EVs derived from the 2 healthy donors (H1, H2). BZN, benznidazole; EV, extracellular vesicle.

However, our results should be interpreted
with caution because they represent a single clinical case. Further research is needed to validate and
provide stronger evidence that circulating EVs in
patients with chronic Chagas disease can serve as
biomarkers in disease progression and early assessment of therapeutic outcomes. Moreover, the
future incorporation of such validated biomarkers in a point-of-care device could help in the detection of very low parasites in circulation, particularly when concentrations are below the PCR
detection level (2).
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Increasing Malaria Parasite
Clearance Time after Chloroquine
Therapy, South Korea, 2000–2016
Seong Yeon Park, Yoon Soo Park, Yoonseon Park, Yee Gyung Kwak, Je Eun Song,
Kkot Sil Lee, Shin-Hyeong Cho, Sang-Eun Lee, Hyun-Il Shin, Joon-Sup Yeom

We reviewed the clinical efficacy of chloroquine for Plasmodium vivax malaria, the changing trend of parasite
clearance time, and fever clearance time during 2000–
2016 in South Korea. Median parasite clearance time
and fever clearance time increased significantly over the
study period. Chloroquine was mostly underdosed when
used to treat P. vivax malaria.

P

lasmodium vivax is the only form of malaria indigenous to South Korea (1); combination chloroquine
and primaquine therapy has been the mainstay of vivax
malaria treatment. After P. vivax reemerged after being
eliminated in South Korea in the late 1970s, it mainly occurred in soldiers or veterans stationed in the demilitarized zone between North Korea and South Korea. Because of this focus, mass chloroquine chemoprophylaxis
has been administered in place for soldiers working in
high-risk areas since 1997 (2,3). However, there is concern that mass chemoprophylaxis might lead to reduced
chloroquine susceptibility (2). In addition, soldiers were
often given lower doses than that recommended by the
World Health Organization (WHO); Commons et al. reported that underdosing of chloroquine was associated
with recurrence and increased parasite clearance time
(PCT) (4). We studied the trends in South Korea during
2000–2016 for treatment efficacy on the basis of PCT and
fever clearance time (FCT).
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The Study
We conducted this study in 4 hospitals in Goyang,
Gyeonggi Province, and 1 hospital in Seoul. The
study population consisted of patients >18 years of
age in whom P. vivax malaria had been diagnosed
during 2000–2016 and who had been prescribed chloroquine alone or in combination with primaquine.
We determined PCT, defined as the time in hours
from chloroquine administration until the first blood
smear negative for parasites after which the patient’s
follow-up smears were also negative, from malaria
smears taken daily in routine treatment of patients.
To determine FCT, defined as the time from chloroquine administration until the patient’s body temperature decreased to <37.5°C for 48 consecutive hours
(5), we checked for fever every 4–6 hours or whenever
the patient felt febrile.
This study was approved by the local institutional review board. Statistical analyses were performed
with SPSS Statistics 20 (IBM, https://www.ibm.com).
For PCT and FCT, we reported median and interquartile ranges (IQR) because Shapiro-Wilk test results showed that outcome measures did not follow a
normal distribution. We compared trend analyses for
PCT and FCT by enrollment periods using a linearby-linear association.
We analyzed included data from a total of 1,199
malaria cases over the 17-year study period. The
mean (+SD) age of patients was 41.7 +14.2 years.
None of the patients died of malaria during the study
period; 44 relapsed. We divided the years of the study
period into 3 ranges. During 2000–2005, 404 malaria
cases occurred; that number increased to 566 during
2006–2010, then decreased to 229 during 2011–2016.
(Table 1).
Median PCT increased from 63.0 hours during 2000–2005 to 75.0 hours during 2011–2016
(p<0.001). The proportion of patients whose PCT
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was >48 hours significantly increased over the 17
years from 76.3% during 2000–2005 to 86.6% during
2011–2016 (p = 0.03). In addition, the proportion of
PCT at >72 hours also significantly increased from
30.5% during 2000–2005 to 52.4% during 2011–2016
(p = 0.005).
We found fever in 1,074 (89.6%) of 1,199 patients
at the time P. vivax malaria was diagnosed. Among
those patients, median FCT increased from 28.0 hours
during 2000–2005 to 48.0 hours during 2011–2016
(p<0.001). The proportion of patients whose FCT was
>48 hours increased from 17.6% during 2000–2005 to
48.1% during 2011–2016 (p<0.001). The proportion of
patients whose FCT was >72 hours also increased significantly from 5.7% during 2000–2005 to 16.0% during 2011–2016 (p = 0.001).
All of the study patients were treated with either
hydroxychloroquine or chloroquine phosphate. The
mean total dose of chloroquine base administered
was 23.0 mg/kg body weight in 838 patients (69.9%),
which is less than the WHO-recommended target
dose of 25 mg/kg. The trend of the mean of the total
dose of chloroquine base decreased from 23.5 mg/kg
during 2000–2005 to 22.1 mg/kg during 2011–2016
(p<0.001). In addition, the proportion of patients receiving less than the WHO-recommended dose increased from 68.8% during 2000–2005 to 77.3% during
2011–2016 (p = 0.02).
Comparing patients with mean total chloroquine doses of >25 mg/kg or <25 mg/kg, we found
that men were more likely than women to be in the
<25 mg/kg group (84.2% vs. 44.9%; p<0.001) (Table
2). Median FCT was longer in the <25 mg/kg group
(65.0 h vs. 62.5 h; p = 0.02) and patients whose fever

lasted >72 hours were more common in the <25 mg/
kg group (12.1% vs. 7.8%; p = 0.03). Relapse was also
more common in this group (4.7% vs. 1.4%; p = 0.003).
Conclusions
In this study, we made 2 important findings. First, the
trend of increased PCT and FCT in South Korea might
be ascribed to decreased P. vivax susceptibility to
chloroquine that could be seen before the emergence
of WHO-recognized drug resistance. Mass chemoprophylaxis of military personnel with hydroxychloroquine started in 1997 in South Korea (3,6). However, mass chemoprophylaxis with poor compliance to
recommended dosing among the patients increased
the possibility of chloroquine-resistant strains of P.
vivax emerging. This finding may explain the failure
of the prophylactic hydroxychloroquine treatment
to widely protect South Korean army soldiers from
P. vivax malaria by 2000, chloroquine-resistant cases
occurring by the early to mid-2000s (7), and the increase in PCT after chloroquine treatment since the
late 2000s (2).
Second, in areas with chloroquine-sensitive P.
vivax, WHO recommends oral chloroquine at a total
dose of 25 mg base/kg. Lower total doses are not recommended because they encourage the emergence
of resistance (8). However, in the current study,
≈70% of patients received a suboptimal dose (<25
mg/kg) of chloroquine, partly because the total dose
of chloroquine administered in South Korea was
usually fixed at 1,500 mg base, as recommended by
the US Centers for Disease Control and Prevention
(9), rather than a weight-based dose. In our study,
the average body weight of patients significantly

Table 1. Demographic and clinical data for patients with Plasmodium vivax malaria, by study period, South Korea, 2000–2016*
Years
Variable
2000–2005, n = 404
2006–2010, n = 566
2011–2016, n = 229
p value
Age, y, mean (±SD)
40.5 ±14.3
42.5 ±14.0
41.6 ±14.6
0.06
Sex
M
279 (69.1)
410 (72.4)
179 (78.2)
0.045
F
125 (30.9)
156 (27.6)
50 (21.8)
Weight, kg, mean (±SD)
66.3 ± 0.57
68.4 ± 0.53
70.5 ± 0.88
<0.001
Smear follow-up
131 (32.4)
168 (29.7)
82 (35.8)
0.23
Median PCT (IQR), h
63.0 (49.0–82.0)
66.0 (56.3–78.0)
75.0 (52.0–96.5)
<0.001
PCT >48 h
100/131 (76.3)
145/168 (86.3)
71/82 (86.6)
0.03
PCT >72 h
40/131 (30.5)
61/168 (36.3)
43/82 (52.4)
0.005
Fever
347 (85.9)
521 (92.0)
206 (90.0)
0.04
Median FCT (IQR), h
28.0 (14.0–42.0)
43.0 (29.0–59.0)
48.0 (28.0–66.0)
<0.001
FCT >48 h
49/279 (17.6)
198/477 (41.5)
87/181 (48.1)
<0.001
FCT >72 h
16/279 (5.7)
54/477 (11.3)
29/181 (16.0)
0.001
CQ, mg/kg, mean (±SD)
23.5 ±5.0
22.9 ±4.4
22.1 ±4.8
0.001
CQ <25 mg/kg
278 (68.8)
383 (67.7)
177 (77.3)
0.02
Primaquine, mg/kg, mean (±SD)
0.23 ± 0.06
0.24 ± 0.06
0.29 ± 0.12
<0.001
Primaquine <0.25
265/373 (71.0)
343/543 (63.2)
114/221 (51.6)
<0.001
Relapse
9/394 (2.3)
20/541 (3.7)
10/220 (4.5)
0.20
*Values are no. (%) patients/no. treated except as indicated. CQ, chloroquine; FCT, fever clearance time; IQR, interquartile range; PCT, parasite
clearance time.
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Table 2. Comparison of clinical features for patients with Plasmodium vivax malaria, according to the dosage of chloroquine, South
Korea*
Variable
CQ ≥25 mg/kg, n = 361
CQ <25 mg/kg, n = 838
p value
Age, y, mean (±SD)
42.6 ± 16.2
41.2 ± 13.2
0.13
Sex
M
162 (44.9)
706 (84.2)
<0.001
F
199 (55.1)
132 (15.8)
Positive for underlying disease
66 (18.3)
144 (17.2)
0.35
Primaquine administration
350 (97.0)
831 (99.2)
0.006
Primaquine, mg/kg, mean (±SD)
0.27 (0.25–0.30)
0.21 (0.19–0.23)
<0.001
Smear follow-up
122 (33.8)
259 (30.9)
0.18
Median PCT (IQR), h
62.5 (51.8–81.8)
65.0 (52.0–81.0)
0.19
PCT >48 h
98/122 (80.3)
215/259 (83.0)
0.31
PCT >72 h
37/122 (30.3)
91/259 (35.1)
0.21
Fever
322 (89.2)
752 (89.7)
0.43
Median FCT (IQR), h
37.0 (23.0–54.0)
38.0 (24.0–48.0)
0.02
FCT >48 h
98/295 (33.2)
238/647 (36.8)
0.16
FCT >72 h
23/295 (7.8)
78/647 (12.1)
0.03
Relapse
5 (1.4)
39 (4.7)
0.003
*Values are no. (%) patients/no. treated except as indicated. CQ, chloroquine; FCT, fever clearance time; IQR, interquartile range; PCT, parasite
clearance time.

increased, from 66 kg during 2000–2005 to 71 kg during 2011–2016 (p<0.001), but the recommended total
fixed dose of chloroquine did not change. On the basis of the WHO recommendation of 25 mg/kg base,
a total dose of chloroquine of 1,500 mg base would
have been inadequate for patients whose body
weight was >60 kg. In our study, we also found that
relapse was more common in the <25 mg/kg chloroquine dose group (4.7% vs 1.4%; p = 0.003).
This study has several limitations. First, parasite
clearance was identified in only one third of study
patients, but malaria smears were taken once daily, so clearance of parasites could have occurred at
any hour in the interval between slides being taken,
which could have affected the calculation of PCT.
Second, temperature measurements might have been
affected by the use of antipyretics and patients were
not checked for fever hourly during hospitalization,
either of which could have affected the calculation
of FCT. Third, due to the retrospective nature of the
study, we could not obtain other information that
might affect estimates of PCT, such as patient vomiting, which indicates that the medication may not have
been absorbed normally, or FCT, such as duration of
fever before malaria diagnosis. Prospective studies
are needed to more accurately assess whether PCT or
FCT has increased.
In summary, increased PCT and FCT might be
ascribed to reduced parasite susceptibility to chloroquine that could be seen before emergence of drug
resistance in South Korea. Therefore, a proactive and
continuous surveillance system for PCT and FCT is
needed. In addition, chloroquine is mostly underdosed in the treatment of P. vivax malaria in South
Korea; thus, clinicians should adhere to weight-based
treatment guidelines.
1854
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etymologia
Acanthamoeba [ǝˌ́́kæn.Өǝʹmi.bǝ]
Nitika Pradhan

F

rom the Greek akantha (spike/thorn),
which was added before amoeba
(change) to describe this organism as having a spine-like structure (acanthopodia).
This organism is now well-known as Acanthamoeba, an amphizoic, opportunistic, and
nonopportunistic protozoan protist widely
distributed in the environment.
In 1930, it was reported by Castellani
in yeast (Cryptococcus pararoseus) culture,
and was later (1931) classified as the genus
Acanthamoeba by Volkonsky. It was later
found to be the etiologic agent of Acanthamoeba granulomatous encephalitis and
keratitis in humans. This organism can also
cause cutaneous acanthamebiasis in debilitated and immunocompromised patients.

This scanning electron microscopic image shows an
Acanthamoeba polyphaga protozoa about to complete
the process of cell division known as mitosis, thereby
becoming 2 distinct organisms. Note the numerous
pseudopodia projecting from the surfaces of these
organisms. These pseudopodia enable the amoebae
to move about and grasp objects in their environment.
Source: Centers for Disease Control and Prevention/
Catherine Armbruster, Margaret William; photograph,
Janice Haney Carr, 2009.
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Disseminated Echinococcus
multilocularis Infection without
Liver Involvement in Child,
Canada, 2018
Joanna Joyce,1 Xiao-Ou He,1 Katya Rozovsky,1 Camelia Stefanovici, 1 Sergio Fanella1

An immunocompetent child in Canada received a diagnosis of disseminated alveolar Echinococcus multilocularis infection. The case lacked typical features of liver
involvement and was possibly related to a rare congenital
portosystemic shunt. We summarize the rapidly evolving
epidemiology of E. multilocularis parasites in Canada.

A

lveolar echinococcosis (AE) is a zoonosis caused
by the metacestode of Echinococcus multilocularis
parasites. The definitive hosts include foxes and canines; humans become infected through accidental
ingestion of ova dispersed in the environment from
feces. AE affects mainly adults, by the formation of
irregular lesions within various organs, primarily the
liver (1,2). In Canada, the incidence of human cases
of E. multilocularis is low (3). We describe a case of
disseminated AE without hepatic involvement in a
child from Manitoba with a congenital portosystemic
shunt, in the context of emerging epidemiology of AE
in Canada.
The Study
A 12-year-old boy from a remote community who had
a history of latent tuberculosis treated 10 years previously was brought for care of 2 months of painless
gross hematuria. His only other exposure history was
occasionally playing with local stray dogs. He denied
other symptoms. Results of his physical examination
were unremarkable aside from a BMI of 35.4 kg/m2.
Laboratory studies were notable for an erythrocyte sedimentation rate of 55 mm/h (reference <10
mm/h) and detection of erythrocytes and leukocyte
esterase in the urine. Serology for HIV was negative,
and lymphocyte subset values were within reference
Author affiliations: Memorial University, St. John’s, Newfoundland,
Canada (J. Joyce); University of Manitoba, Winnipeg, Manitoba,
Canada (X.-O. He, K. Rozovsky, C. Stefanovici, S. Fanella)
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ranges. An ultrasound showed a large irregular echogenic lesion within the left kidney measuring ≈10 cm.
A computed tomography (CT) scan of the abdomen
showed an irregular cystoid mass measuring 8.2 × 8.7
× 12.3 cm, occupying the upper and interpolar regions
of the left kidney. Magnetic resonance imaging (MRI)
of the abdomen showed a heterogenous centrally
necrotic renal mass exhibiting no notable central enhancement. Mild peripheral enhancement of the renal
lesion was seen on MRI, likely corresponding to fibroinflammatory components (Figure 1).
CT of the chest and brain demonstrated numerous bilateral pulmonary nodules measuring <1.2 cm
and a few small clustered ring-enhancing lesions in
the left frontal lobe measuring <8 mm. These lesions
were further characterized on brain MRI and again
demonstrated ring enhancement, along with associated vasogenic edema (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/26/8/19-1644-App1.
pdf). The patient underwent a biopsy of the renal
lesion. CT of the abdomen also demonstrated a rare
vascular anomaly of his portal system. The portal
veins were diminutive in caliber, and a large caliber portosystemic shunt arose from the superior
mesenteric vein, which drained into the right common iliac vein. This anomaly is consistent with a
type II congenital portosystemic shunt (Abernethy
malformation) (4).
The working diagnosis was tuberculosis. Samples from sputum, feces, urine, bronchoalveolar lavage, and renal biopsy did not show the presence of
acid-fast bacilli on staining. Results of Mycobacterium
tuberculosis PCR performed on the renal tissue and
bronchoalveolar lavage sample were negative. The
patient was initiated on antimycobacterial therapy
while awaiting results from cultures, which were
negative after 6 weeks of incubation.
1
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Figure 1. Coronal contrast enhanced CT (computed tomography)
of the abdomen of a child with disseminated Echinococcus
multilocularis infection without liver involvement, Canada, 2018.
There is a large irregular hypodense left renal lesion (red arrow).
A large porto-systemic shunt is partially visualized (white arrow).

Under ultrasound, sections of core biopsies
showed a predominantly solid lesion composed of
dense fibroconnective tissue and containing macrophages, myofibroblasts, occasional multinucleated
giant cells, and epithelioid histiocytes (Figure 2). In a

few cores, there was evidence of variable-sized cystic
structures encircled by a thin laminated layer with a
thickness of 17–39.6 µm, as measured on Masson trichrome special stain (Figure 2). The luminal side of
the cysts contained abundant dystrophic calcifications. A scolex was identified, which is uncommon
(Figure 2) (5) and suggestive of a multicystic parasitic
mass with associated periparasitic granulomatous inflammation, most supportive of E. multilocularis species. Echinococcal species serology using E. granulosus cyst soluble antigens was strongly positive.
We sent tissue samples to the National Reference
Centre for Parasitology, where a PCR-based assay
was positive for E. multilocularis infection (6). Treatment with albendazole was initiated, and tuberculosis medications were discontinued. We decided to
proceed with medical therapy and defer any surgical
intervention, given the exceedingly difficult surgical approach to perform a total nephrectomy while
avoiding rupture of cyst contents. The BMI and the
shunt also made surgery challenging, as did the location and numbers of other lesions.
Two years later, the patient is asymptomatic, and
tolerating albendazole. Regular MRI imaging has
shown no notable changes in the extent of the lesions.
Conclusions
This case of disseminated AE has notable aspects. Cases of human AE are rare in Canada and in children.
This case-patient had multisystem disease without
Figure 2. Kidney core biopsy
of a child with disseminated
Echinococcus multilocularis
infection without liver
involvement, Canada, 2018.
Shown are folded laminated
membrane (short black
arrows) encircling variablesized cystic structures (black
circles) containing calcified
and necrotic debris and dense
periparasitic fibrosis (long
black arrows), in a background
of chronic inflammation and
fibrosis. No residual normal
kidney parenchyma was seen
(hematoxylin and eosin stain,
original magnification ×40).
Inset at lower right shows
laminar membrane, 18–19.4 µm
in thickness in a background
of fibrosis (Masson trichrome,
original magnification ×40).
Insert at upper left shows
scolex attached to the paraffin
edge of the block (original
magnification ×40).

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1857

DISPATCHES

evidence of hepatic involvement in the setting of a rare
congenital portosystemic shunt.
The epidemiology of E. multilocularis parasites in
Canada has been rapidly evolving over the past decade. Recent reports have identified additional areas
of endemicity in wildlife, as well as human cases. Historically, affected wildlife were predominantly from
the Arctic and far north or in the northern regions of
central Canada, including Manitoba, Saskatchewan,
and Alberta (3, 7–9). Identification in wildlife from
periurban environments is increasing. E. multilocularis parasites were detected in 23 of 91 canid carcasses collected within the Calgary and Edmonton metropolitan areas during 2009–2011 (10). Positive isolates
from coyotes and deer mice in an urban region in Saskatchewan, as well as positive isolates from periurban areas of northern British Columbia, demonstrated a haplotype that was similar to some isolates from
Europe (7,11). In an older study, 23% of coyotes tested
in a rural national park in Manitoba were positive for
E. multilocularis parasites (9). Recently, scat samples
from 10 of 169 domestic dogs and wild canids from
suburban parks around Winnipeg were positive
(12). After a small cluster of domestic dogs that had
diagnoses of E. multilocularis infection in Ontario, a
survey of wild canid carcasses was conducted across
southern Ontario. Of 460 fecal samples, 23% were
positive by PCR for E. multilocularis DNA (13). Of the
18 affected public health units, 10 had clustering with
higher prevalence and were in regions with human
population densities of up to 1,700 persons/km2. Risk
for human transmission clearly exists around several
large urban centers in Canada.
Human AE, especially pediatric AE, has rarely
been reported in Canada. Using hospital discharge
data, we found no cases of AE documented in Manitoba during 2002–2012 and only 16 reported nationally (14). Alarmingly, during 2013–2020, a total of 7 human cases have been confirmed through the Alberta
Public Health Laboratory, with 6 confirmed after 2016
(15). All were in adults, and all had hepatic lesions. In
contrast, our patient was a child with no evidence of
liver involvement despite extensive extrahepatic disease. In previous large case series, both aspects were
unusual (16). A European registry of 559 patients had
only 4 reported as children (17). Only 13 of the 559
patients lacked any liver involvement.
Factors favoring liver involvement are poorly understood. Our case illustrates an additional
mechanism for extrahepatic AE involvement. We
suggest that having a congenitally hypoplastic or
absent portal vein can be a contributor for extrahepatic AE. In our case, the oncosphere released
1858

by ova invaded the small intestine and traveled
through the superior mesenteric veins and into the
large portosystemic shunt by path of least resistance. The portosystemic shunt drains directly into
the right common iliac vein, providing a route for
spread to different organs, including the kidneys,
lungs, and brain in our case.
In summary, we describe a challenging case of
AE and emphasize the difficulty in establishing the
diagnosis given the lack of liver involvement, age of
the patient, and context of local epidemiology. When
viewed in the scope of the recent literature, the epidemiology of AE in Canada is evolving, including our
understanding of trends involving suburban regions
with large human populations. Surveillance using
a One Health approach would help in planning for
the future.
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Dog rabies has been recognized since the
first human civilizations. However, the possible
origins of disease in this species likely
predate its direct associations with humans. Over
time, rabies viruses have had the opportunity
to evolve within the context of the human–dog
bond and to generate a suite of genetically
distinguishable and geographically circumscribed variants and lineages. Dog rabies viruses
cause >55,000 human deaths annually, mostly in
Asia and Africa. In the Americas, despite a 90%
reduction of cases during the past decade, the
domestic dog still poses the greatest public
health hazard with regard to rabies.
Visit our website to listen:
https://www2c.cdc.gov/podcasts/player.asp?f=10549
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Canine Dracunculus Nematode
Infection, Toledo, Spain
Irina Diekmann, Alaa Aldin Alnassan, Majda Globokar, Nikola Pantchev, Lina Kurzrock, Leticia Hernandez,
Javier Lopez, Ricardo Ruano, Silvia Herrero, Georg von Samson-Himmelstjerna, Jürgen Krücken

A fragment of a Dracunculus-like worm was extracted
from the hind limb of a 2-year-old dog from Toledo, Spain.
Cytochrome oxidase I and rRNA sequences confirmed an
autochthonous mammalian Dracunculus worm infection
in Europe. Sequence analyses suggest close relation to a
parasite obtained from a North American opossum.

T

he nematode genus Dracunculus contains 14 accepted species, 10 of which parasitize reptiles.
The mammalian parasites include D. fuelleborni, D.
lutrae, D. insignis and the human pathogen D. medinensis. Adult female Dracunculus worms are located
in the host subcutaneous tissue, especially at the
distal extremities (1). Human dracunculosis was an
important neglected tropical disease, but successful
eradication programs have eliminated the parasites
from most endemic countries, with the exception of
Chad, Ethiopia, South Sudan, Mali, and Angola. In
2019, only 53 human cases but 1,991 animal infections, predominantly in dogs, were reported worldwide (2). Infection occurs by ingestion of copepods
containing third-stage larvae through drinking water or by feeding on paratenic hosts such as frogs,
tadpoles, or fish (3,4). No genetic differences can
be observed between worms infecting humans and
dogs, which now appear to be important reservoir
hosts (5). In addition, D. lutrae (host: North American river otter Lontra canadensis) and D. insignis
(wide host range, including raccoons, several mustelids, and canids) worms infect predominantly carnivores in North America (6,7).
The taxonomy of Dracunculus is based on morphologic characteristics of male worms, which are
rarely available. Therefore, identification based on
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(I. Diekmann, G. von Samson-Himmelstjerna, J. Krücken); IDEXX
Laboratories, Ludwigsburg, Germany (A.A. Alnassan,
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18S rRNA has been used for phylogenetic analysis,
and identification based on mitochondrial marker
cytochrome oxidase C subunit I (COI) has been
used for phylogeny, barcoding and intraspecific
variation analyses (6).
The Study
In summer 2018, a 2-year-old dog resembling a podenco (a local breed in Spain) was brought to a veterinarian in Madrid, Spain, with an oozing ulcer laterally in the tarsal region on the left hind limb. The
dog had been in the owner’s possession for 1 year at
the time. Before that, the dog lived on a pig farm in
Toledo, Spain, where the previous owner did not take
care of the animal and the dog had access to the food
and water supplied for the pigs. Because of a case of
abuse, the dog was rescued from the farm.
A 12-cm-long front end of a nematode was extracted from the ulcer (Figure 1, panel A). In the preceding year, the dog had been regularly dewormed,
wore a collar to protect against fleas and ticks, and
was treated with allopurinol against leishmaniosis;
the animal had not traveled abroad. After the removal of the nematode fragment by the veterinarian,
the nematode was fixed in 70% ethanol and submitted to IDEXX Laboratories (Ludwigshaven, Germany) for diagnosis. Morphologic examination of the
nematode excluded a filarioid species, and a female
Dracunculus worm was suspected on the basis of the
structure of the papillae around the mouth capsule
and the worm size (Figure 1, panel B) (9). For female
specimens, species identification is impossible. No
larval stages were found in the specimen because
only the anterior end of the worm was collected and
the uterus was probably lost.
We amplified and sequenced partial nuclear 18S
and 28S rRNA and mitochondrial COI fragments
(10–12; Appendix, https://wwwnc.cdc.gov/EID/
article/26/8/20-1661-App1.pdf). From the aligned sequences, we constructed maximum-likelihood phylogenetic trees by using IQtree 1.6.12 (13). Partial 18S rRNA
sequences (832 bp, GenBank accession no. MT311138.1)
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Figure 1. Dracunculus worm
extracted from a dog in Toledo,
Spain, 2018. A) Nematode
extracted from the subcutaneous
tissue of tarsal region on the left
hind limb of naturally infected
dog. B) Microphotograph of the
anterior end with characteristic
papillae. Scale bar represents
50 µm.

showed 99.6% identity to D. lutrae (GenBank accession
no. JF934737.1), Dracunculus sp. V3104 (GenBank accession no. DQ503457.1), and D. insignis (GenBank accession no. AY947719.1) and 99.5% identity to D. medinensis
(GenBank accession no. MK881307.1). Comparison with
D. oesophageus, the only reptile parasite currently listed
in GenBank, shared 96.7% identity (GenBank accession
no. AY852269.1).
For the 28S rRNA fragment (231 bp, GenBank
accession no. MT311140.1), only 1 homologous

sequence from Dracunculus sp. HMM2018 isolate
SAN-7590 sequence was available (GenBank accession no. KY990016.1) and showed an identity of
97.8%. Phylogenetic analysis using 18S rRNA data
confirmed assignment to the genus Dracunculus and
placed the specimen from Spain in a highly supported cluster containing the mammalian parasites D.
medinensis and D. insignis but not the snake parasite
D. oesophageus (Appendix Figure). Thus, morphologic and rRNA sequence data agreed in the assignment
Figure 2. Unrooted maximumlikelihood phylogenetic
tree based on Dracunculus
spp. mitochondrial marker
cytochrome oxidase C subunit I
sequences from a dog in Toledo,
Spain, 2018, and reference
sequences. Node support
values represent results of
ultrafast bootstrapping before
and the Shimodaira-Hasegawa
approximate likelihood ratio
test after the slash. Labels at
end nodes represent GenBank
accession numbers. Scale bar
indicates substitutions per site.
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of the specimen to the genus Dracunculus, but no
species identification was possible.
The partial COI sequence (654bp, GenBank accession no. MT304009.1) showed that the nematode
shared 98.3% identity with Dracunculus sp. Opo28
(GenBank accession no. MK085893.1), a species
found in an opossum (Didelphis virginiana) from
Georgia, USA; 92.5% with D. insignis (GenBank
accession no. MK085896.1); 90.7% with D. lutrae
(GenBank accession no. EU646603.1); and 89.3%
identity with D. medinensis (GenBank accession no.
AP017682.1). The phylogenetic analysis based on
COI sequences positioned the nematode in a cluster
together with Dracunculus sp. Opo28, clearly separated from the 3 other Dracunculus species known to
infect mammals (Figure 2). The species was designated Dracunculus sp. Toledo.
Conclusions
Today, the distribution of known Dracunculus worm
species infecting mammals is limited to only a few areas endemic for D. medinensis worms in Africa, for D.
lutrae worms in Canada, and for D. insignis worms in
North America (6,7). D. fuelleborni worms were identified only once in an opossum in Brazil in 1934 (8).
Canine Dracunculus worm infections can be caused
by D. insignis worms in North America and D. medinensis worms in Africa and Asia. Rarely, canine
Dracunculus infections have been reported from nonendemic countries such as Kazakhstan (14); however,
because these countries have never been endemic for
D. medinensis worms, such reports might represent
infections with other species. The case in Spain represents an autochthonous mammalian case in Europe,
which was considered to be free of such parasites,
and manifests a knowledge gap regarding the distribution of Dracunculus spp. worms in mammals (6,7).
Although Dracunculus worms had not been reported
in mammals in Europe until now, unreported cases
might have occurred (e.g., cases in which misidentification resulted in diagnosis of other subcutaneous
nematodes, such as Dirofilaria repens).
The close relationship of the worm extracted in
Spain to Dracunculus sp. Opo 28 suggests that both
specimens belong to the same (or 2 closely related)
species. Because Dracunculus sp. Opo 28 was obtained
from an opossum, the possibility that both specimens
represent the species D. fuelleborni cannot be excluded. Given that Dracunculus sp. Opo28 and Dracunculus sp. Toledo worms were found in hosts not closely
related to each other as well as on different continents,
North America and Europe, the species might have a
wide host and geographic range. Opossums are not
1862

among the wildlife of Europe, and reservoir hosts for
Dracunculus sp. Toledo worms need to be identified.
Because Dracunculus sp. Opo28 and Dracunculus sp.
Toledo worms are closely related to D. insignis, which
frequently parasitizes raccoons, importation of this
Dracunculus species to Europe with this invasive host
species is conceivable and should be further investigated. Although the worm extracted in Spain is not D.
oesophageus, we cannot exclude entirely the possibility that the nematode is not one of the other reptile
parasites that have been described so far only morphologically. Currently, nothing is known about the
presence of Dracunculus spp. in copepod intermediate
hosts, fish and amphibian paratenic hosts, and mammalian wildlife reservoir hosts in Spain. Because the
Dracunculus sp. Toledo worm extracted in Spain had
not been reported from dogs previously, canines are
probably not epidemiologically relevant hosts. Feeding on infected fish entrails was shown to be a major
transmission route to dogs in Chad (15), and infection
of the dog in Spain also likely occurred through this
route. Obtaining life cycle and prevalence data will
require systematic sampling of wildlife and domestic carnivores during necropsies, combined with PCR
screening of copepods.
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Leishmania donovani Infection
with Atypical Cutaneous
Manifestations, Himachal
Pradesh, India, 2014–2018
Lovlesh Thakur, Kiran K. Singh, Hemant R. Kushwaha, Sudarshan K. Sharma, Vinay Shankar,
Ajeet Negi, Ghanshyam Verma, Sandhya Kumari, Aklank Jain, Manju Jain

We conducted a molecular study of parasite sequences
from a cohort of cutaneous leishmaniasis patients in Himachal Pradesh, India. Results revealed atypical cutaneous disease caused by Leishmania donovani parasites.
L. donovani variants causing cutaneous manifestations in
this region are different from those causing visceral leishmaniasis in northeastern India.

L

eishmaniasis is a complex disease with cutaneous, mucocutaneous, or visceral manifestations
depending on the parasite species and host immunity.
Despite continued elimination efforts, leishmaniasis
continues to afflict known and newer endemic regions,
where 0.5–0.9 million new cases of visceral leishmaniasis (VL) and 0.6–1.0 million new cases of cutaneous
leishmaniasis (CL) occur every year (1). An increase in
VL and CL cases from newer foci and atypical disease
manifestation pose a challenge to leishmaniasis control
programs (2–7). Unlike the known species-specific disease phenotype, parasite variants can cause atypical
disease, so that Leishmania species generally associated
with VL can cause CL and vice versa.
In India, VL caused by L. donovani parasites in
the northeastern region and CL caused by L. tropica
in the western Thar Desert represent the prevalent
forms of the disease (2). Himachal Pradesh is a more
recently leishmaniasis-endemic state in northwest
where VL and CL coexist; CL incidence is higher than
VL incidence and most cases are attributable to L.
donovani instead of L. tropica infection (8,9). Sharma
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et al. conducted limited molecular analysis of a few
CL cases and reported preliminary findings (8). For
an in-depth study on the involvement of L. donovani
parasites in CL cases, we conducted a comprehensive
molecular analysis of CL cases in Himachal Pradesh.
The Study
During 2014–2018, an increase in CL cases occurred
in Himachal Pradesh; case reports came from different tehsils (i.e., townships) in Kinnaur, Shimla,
and Kullu and the previously nonendemic districts
of Mandi and Solan (Appendix Table 1, Figure 1,
https://wwwnc.cdc.gov/EID/article/26/8/191761-App1.pdf). We confirmed 60 CL cases indigenous to the state with detailed patient information,
demonstration of the presence of Leishman-Donovan bodies and CL-specific histopathologic changes
in skin lesional specimens, and PCR detection of
parasitic infection (Appendix).
We conducted PCR and restriction fragmentlength polymorphism (RFLP) analysis of parasite
species–specific internal transcribed spacer 1 (ITS1)
sequences by using appropriate standard controls.
We detected the expected ≈320-bp product with a
HaeIII RFLP pattern specific to L. donovani complex in
all patient biopsy specimens, indicating L. donovani,
L. infantum, or both as the causative agent of infection
(Appendix Figure 4) (10).
BLAST analysis (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) of 44 ITS1 test sequences showed
all the samples to be closest to L. donovani, having maximum identity to L. donovani isolates from
Bhutan (GenBank accession nos. JQ730001–2) and
possibly L. infantum. None of the CL cases were
consistent with L. tropica infection, unlike in a previous report (8). To distinguish whether HP isolates were L. donovani, L. infantum, or both and to
infer genetic and geographic relatedness between
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these isolates and standard reference strains, we
performed ITS1 microsatellite repeat analysis and
phylogenetic classification (11–13). The 4 ITS1 polymorphic microsatellite repeat analysis indicate HP

isolates different from L. infantum and closest to the
L. donovani isolates from Bhutan (Table 1; Figure 1,
panel A). We detected a polymorphism in the third
poly (TA) microsatellite locus with 5 repeats and

Table 1. Standard Leishmania strains used in ITS1-based microsatellite polymorphism and phylogenetic analysis of cutaneous
leishmaniasis isolates, Himachal Pradesh, India, 2014–2018*
ITS1 polymorphic microsatellite
stretches (nucleotide position, bp)
Genbank
accession
Standard Leishmania
Disease Strain Poly C Poly A Poly TA
Poly A
strains (place of origin)
WHO code
no.
Zymodeme
form
type† (24–39) (24–39) (61–76) (124–134)
VL- and CL-causing L. infantum and L. donovani parasite strains
L. infantum (Tunisia)
MHOM/TN/80/IPT1 AJ000289
MON-1
VL
A
3
6
4
8
L. donovani (India)
MHOM/IN/00/DEVI AJ634376
MON-2
VL
H
2
8
5
7
L. donovani
MHOM/LK/2002/
AM901447
MON-37
CL
ND
2
8
5
7
(Sri Lanka)
L60c
L. donovani
ND
KT921417
ND
VL
ND
2
8
5
7
(Bangladesh)
L. donovani (Kenya)
MHOM/KE/85/
AJ000297
MON-37
VL
G
2
8
5
7
NLB323
L. donovani (Sudan)
MHOM/SD/75/
AJ000291
ND
CL
E
2
8
6
8
LV139
MHOM/SD/93/9S
AJ634372
MON-18
VL
F
2
9
5
7
L. donovani (Ethiopia) MHOM/ET/67/HU3 AJ634373
MON-18
VL
F
2
9
5
7
L. donovani (China)
MHOM/CN/00/
AJ000294
MON-35
VL
C
3
6
4
7
Wangjie1
L. donovani
MHOM/IN/83/
AM901449
MON-37
VL
ND
2
8
2, TAA,
7
(HP, India)
CHANDIGARH
3
L. donovani
Trashigang1
JQ730001
ND
VL
ND
2
8
2, TAA,
8
(Bhutan)
3
Samtse1
JQ730002
ND
VL
ND
2
9
2, TAA,
8
3
CL-causing L. donovani isolates from Himachal Pradesh‡
HPCL22
–
MG982955
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL27
–
MG982958
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL28
–
MG982959
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL32
–
MG982963
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL42
–
MG982972
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL45
–
MG982975
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL47
–
MG982977
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL49
–
MG982978
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL52
–
MG982981
ND
CL
ND
Heterogeneous 2, TAA,
8
3
HPCL55
–
MG982983
ND
CL
ND
Heterogeneous 2, TAA,
8
3
CL-causing standard WHO Leishmania species
L. major
MHOM/SU/73/
AJ000310
MON-4
CL
ND
4
6
6
6
5ASKH
L. tropica
MHOM/SU/60/OD EU326226
LON-7
CL
ND
4
9
1, TTA,
3,C,4A
2
L. mexicana
MHOM/MX/85/
AJ000313
MON-152
CL
ND
2
8
1,
3,C,7A
SOLIS
L. braziliensis
MHOM/BR/00/
FN398338
MON-166
CL
ND
2
6
1
5
LTB300
L. amazonensis
MHOM/BR/73/
HG512964
MON-132
CL
ND
2
7
1
3,C,6A
M2269
*CL, cutaneous leishmaniasis; HP, Himachal Pradesh; ITS1, internal transcribed spacer 1; ND, not determined; VL, visceral leishmaniasis; WHO, World
Health Organization.
†ITS sequences strain type according to Kuhls et al. (13).
‡These species represent 10/44 samples used in polymorphic microsatellite analysis.
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an atypical insert of TAA and the fourth poly (A)
microsatellite tract with 8 repeats; these polymorphisms were identical to the VL-causing L. donovani

isolates from Bhutan. An L. donovani Chandigarh
isolate originally from HP is reported to be closest to
the Bhutan isolates and matched with HP isolates at

Figure 1. ITS1-based molecular analysis of clinical isolates from cutaneous leishmaniasis (CL) patients, Himachal Pradesh, India, 2014–
2018. A) Multiple sequence alignment of ITS1 microsatellite repeat sequences of representative parasite isolates from CL patients with
those of L. donovani complex reference strains from different geographic regions. Sequences were aligned by using BioEdit sequence
alignment program (https://bioedit.software.informer.com/7.2). B) Phylogenetic tree of ITS1 sequences from CL test isolates (designated
as HPCL, numbered in order of their collection) and standard Leishmania strains. Tree constructed by using maximum-likelihood
method with 5,000 bootstraps in the dnaml program of PHYLIP package (http://evolution.genetics.washington.edu/phylip/doc/main.html).
GenBank accession numbers are indicated. Scale bar indicates the nucleotide substitution per site. ITS1, internal transcribed spacer 1;
RFLP, restriction fragment length polymorphism.
1866
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Table 2. Standard Leishmania strains used in partial 6PGDH amino acid–based phylogenetic analysis of cutaneous leishmaniasis
isolates, Himachal Pradesh, India, 2014–2018*
Species (place of origin)
WHO code
Zymodeme
GenBank accession no.
Pathology
WHO standards
L. donovani (India)
MHOM/IN/0000/DEVI
MON-2
AM157147
VL
L. major (Turkmenistan)
MHOM/TM/1973/5ASKH
ND
AY706107
CL
L. infantum
ND
ND
XM_001469106
ND
L. mexicana
MHOM/BZ/82/BEL21
ND
AY386372
CL
L. tropica
ND
ND
AY045763
CL
L. amazonensis
ND
ND
AY168562
CL
Regional standards
L. donovani (China)
MHOM/CN/90/9044
ND
JX021389
VL
L. donovani (Kenya)
IMAR/KE/1962/LRC–L57
MON-37
AJ888902
ND
L. donovani (Sri Lanka)
MHOM/LK/2010/OVN3
MON-37
JX481773
VL
L. donovani (Sri Lanka)
MHOM/LK/2002/L59
MON-37
AJ888888
CL
L. donovani (Bangladesh)
MHOM/BD/1997/BG1
ND
AJ888899
VL
L. donovani (Brazil)
ND
ND
AY168567
ND
L. donovani (Kerala, India)
ND
ND
KJ461872
CL

*6PGDH, 6-phosphogluconate dehydrogenase gene; CL, cutaneous leishmaniasis; ND, not determined; VL, visceral leishmaniasis; WHO, World Health
Organization.

the third poly (TA) stretch (12). However, Himachal Pradesh isolates were distinct at the first poly C
and the second poly A microsatellite tracts and had
heterogeneous base sequences. Thus, these isolates
represent L. donovani genetic variants; none showed
the ITS1 sequence type previously assigned to the
referred L. donovani isolates by Kuhls et al. (13). Our
phylogenetic analysis of 44 ITS1 test sequences and
ITS1 reference sequences placed all the CL-causing
L. donovani isolates from Himachal Pradesh into a
discrete cluster different from the VL-causing L. donovani from India and elsewhere and the CL-causing
L. donovani isolates from Sri Lanka. The Himachal
Pradesh CL isolates within the cluster exhibited considerable heterogeneity (Table 1; Figure 1, panel B;
Appendix Table 4).
Sequences of the 6-phosphogluconate dehydrogenase gene (6PGDH) exhibit a high degree of polymorphism and have been used to identify Leishmania
species and differentiate region-specific zymodemes
(14). We performed multiple sequence alignment
of the representative partial 6PGDH amino acid
sequences from Himachal Pradesh isolates by using the homologous 6PGDH protein sequences of
the reference Leishmania isolates to determine their
genetic and geographic relatedness (Table 2; Figure
2, panel A; Appendix Table 4, Figure 5). Himachal
Pradesh isolates exhibited a 6PGDH sequence specific to Mon-37 and different from Mon-2 (having
aspartic acid in place of asparagine) at position 326
(Figure 2, panel A). Thus, CL-causing L. donovani
from Himachal Pradesh were distinct from the
most common VL-causing India Mon-2 L. donovani
and the Bangladesh L. donovani isolate, whereas
they were similar to the CL-causing L. donovani isolate from Kerala and CL- and VL-causing Mon-37

isolates from Sri Lanka and the isolates from Kenya,
Brazil, and China.
Phylogenetic analysis of 6PGDH amino acid
sequences of CL isolates grouped them into a heterogeneous cluster; variants were closer to a viserotropic L. donovani isolate from Sri Lanka and distinct
from the VL-causing L. donovani isolates from India
and Bangladesh and CL-causing isolates from Kerala and Sri Lanka (Figure 2, panel B). However, the
HPCL55 isolate (GenBank accession no. MH208450)
grouped differently. The HPCL49 isolate (GenBank
accession no. MH208446) showed relatedness to the
standard L. infantum strain, although ITS1 analysis
using BLAST and microsatellite repeat sequences
showed regions of similarity with L. donovani. ITS1
and 6PGDH sequence analysis suggest that Himachal Pradesh isolates from CL patients consist of heterogenous L. donovani variants and possibly represent
hybrid genotypes.
None of the CL patients had VL-specific symptoms or VL history. Ten of 43 patient blood samples tested positive for rK39 antibody, and 37 of 51
samples were positive for the circulating parasite
DNA with L. donovani–specific ITS1 (Appendix
Figure 6, panel A, B). The result suggests asymptomatic systemic L. donovani infection in a fraction
of CL patients.
Conclusions
The presence of leishmaniasis in Himachal Pradesh
is not yet well known in India and globally (15). Our
epidemiologic study shows newer CL pockets during
2014–2018; thus, the state needs to be recognized as
leishmaniasis-endemic by public health authorities
(Appendix Figure 1). We conclude that CL cases in
Himachal Pradesh are caused by L. donovani variants
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Figure 2. 6PGDH-based molecular analysis of clinical isolates from cutaneous leishmaniasis (CL) patients, Himachal Pradesh, India,
2014–2018. A) Sequence alignment of partial 6PGDH amino acid of CL isolates exhibit replacement of asparagine (N) with aspartic
acid (D) at position 326 analogous to visceral leishmaniasis–causing and CL-causing isolates from Sri Lanka. B) Phylogenetic tree for
6PGDH sequences from CL test isolates (designated as HPCL, numbered in order of their collection) and standard Leishmania strains.
Tree constructed by using maximum-likelihood method with 5,000 bootstraps in the dnaml program of PHYLIP package (http://evolution.
genetics.washington.edu/phylip/doc/main.html). GenBank accession numbers are indicated. Scale bar indicates the amino acid
substitution per site. 6PGDH, 6-phosphogluconate dehydrogenase gene; HP, Himachal Pradesh.
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distinct from the viscerotropic L. donovani strain from
northeast India. The CL isolates in Himachal Pradesh
exhibit considerable heterogeneity and indicate the
possible existence of genetic hybrids. The scenario
appears somewhat similar to Sri Lanka and Kerala,
where L. donovani parasites cause cutaneous disease,
albeit with differences in the region-specific L. donovani variants. In lieu of the coexistence of VL and CL
in Himachal Pradesh, parasite isolates from VL patients also need to be characterized. To understand
the biology of atypical L. donovani variants with cutaneous manifestations and to genetically differentiate
the dermotropic versus viscerotropic potential of L.
donovani variants, comparison of CL- and VL-causing
isolates in Himachal Pradesh using whole-genome
sequence analysis is required.
L. donovani parasites in the blood of some CL patients represent human reservoirs similar to asymptomatic VL carriers, and the parasite variants have the
potential to cause full-blown VL manifestations. An
elaborate surveillance program dedicated to the Himachal Pradesh region is urgently required for better
diagnosis, treatment, prediction of parasite variants
in different afflicted pockets, and prevention of transmission of the disease to other regions.
Acknowledgments
We thank Greg Matlashewski for his helpful suggestions
and comments to improve the manuscript, Wen Wei
Zhang for technical suggestions, and Rentala Madhubala
for generously gifting Leishmania donovani and L. major
standard cultures.

About the Author
Ms. Thakur is a PhD student in the Department of Zoology
at the Central University of Punjab, Bathinda, Punjab, India.
Her primary research interests include the epidemiology
and pathogenesis of infectious and parasitic diseases.

4.

5.

6.
7.
8.

9.

10.

11.

12.

13.

14.

References
1.

World Health Organization. Leishmaniasis. 2019 [cited 2019
Sep 1]. https://www.who.int/en/news-room/fact-sheets/
detail/leishmaniasis
2. Thakur L, Singh KK, Shanker V, Negi A, Jain A,
Matlashewski G, et al. Atypical leishmaniasis: a global
perspective with emphasis on the Indian subcontinent. PLoS
Negl Trop Dis. 2018;12:e0006659. https://doi.org/10.1371/
journal.pntd.0006659
3. Sandhya R, Rakesh P, Dev S. Emergence of visceral
leishmaniasis in Kollam District, Kerala, southern India. Int J

15.

Community Med Public Health. 2019;6:1350–2.
https://doi.org/10.18203/2394-6040.ijcmph20190639
Kumar NP, Srinivasan R, Anish TS, Nandakumar G,
Jambulingam P. Cutaneous leishmaniasis caused by
Leishmania donovani in the tribal population of the
Agasthyamala Biosphere Reserve Forest, Western Ghats,
Kerala, India. J Med Microbiol. 2015;64:157–63.
https://doi.org/10.1099/jmm.0.076695-0
Siriwardana Y, Zhou G, Deepachandi B, Akarawita J,
Wickremarathne C, Warnasuriya W, et al. Trends in recently
emerged Leishmania donovani induced cutaneous leishmaniasis, Sri Lanka, for the first 13 Years. BioMed Res Int.
2019;2019:4093603. https://doi.org/10.1155/2019/4093603
Sharma NL, Mahajan VK, Negi AK. Epidemiology of a new
focus of localized cutaneous leishmaniasis in Himachal
Pradesh. J Commun Dis. 2005;37:275–9. PubMed
Kumari S, Garg A. Lip leishmaniasis: a new emerging clinical
form of cutaneous leishmaniasis from sub-Himalayan Region.
Journal of Medical Science and Clinical Research. 2018;06:62–9.
Sharma NL, Mahajan VK, Kanga A, Sood A, Katoch VM,
Mauricio I, et al. Localized cutaneous leishmaniasis due
to Leishmania donovani and Leishmania tropica: preliminary
findings of the study of 161 new cases from a new endemic
focus in Himachal Pradesh, India. Am J Trop Med Hyg.
2005;72:819–24. https://doi.org/10.4269/ajtmh.2005.72.819
Sharma NL, Sood A, Arora S, Kanga A, Mahajan V, Negi A,
et al. Characteristics of Leishmania spp. isolated from a mixed
focus of cutaneous and visceral leishmaniasis in Himachal
Pradesh (India). Internet J Third World Med. 2009;7(8).
el Tai NO, Osman OF, el Fari M, Presber W, Schönian G.
Genetic heterogeneity of ribosomal internal transcribed spacer
in clinical samples of Leishmania donovani spotted on filter
paper as revealed by single-strand conformation
polymorphisms and sequencing. Trans R Soc Trop Med Hyg.
2000;94:575–9. https://doi.org/10.1016/S0035-9203(00)90093-2
Dávila AM, Momen H. Internal-transcribed-spacer (ITS)
sequences used to explore phylogenetic relationships within
Leishmania. Ann Trop Med Parasitol. 2000;94:651–4.
https://doi.org/10.1080/00034983.2000.11813588
Yangzom T, Cruz I, Bern C, Argaw D, den Boer M,
Vélez ID, et al. Endemic transmission of visceral
leishmaniasis in Bhutan. Am J Trop Med Hyg. 2012;87:1028–
37. https://doi.org/10.4269/ajtmh.2012.12-0211
Kuhls K, Mauricio IL, Pratlong F, Presber W, Schönian G.
Analysis of ribosomal DNA internal transcribed spacer
sequences of the Leishmania donovani complex. Microbes Infect.
2005;7:1224–34. https://doi.org/10.1016/j.micinf.2005.04.009
Ranasinghe S, Zhang W-W, Wickremasinghe R,
Abeygunasekera P, Chandrasekharan V, Athauda S, et al.
Leishmania donovani zymodeme MON-37 isolated from an
autochthonous visceral leishmaniasis patient in Sri Lanka.
Pathog Glob Health. 2012;106:421–4. https://doi.org/10.1179
/2047773212Y.0000000054
World Health Organization. Leishmaniasis country
profile–2015, India. 2017 [cited 2019 Sep 1]. https://www.
who.int/leishmaniasis/burden/India_2015-hl.pdf?ua=1

Address for correspondence: Manju Jain, Department of
Biochemistry, Central University of Punjab, City Campus, Mansa Rd,
Bathinda, Punjab, 151001, India, email: manjujainmda@gmail.com

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1869

DISPATCHES

Doxycycline and Sitafloxacin
Combination Therapy for
Treating Highly Resistant
Mycoplasma genitalium
Duygu Durukan, Michelle Doyle, Gerald Murray, Kaveesha Bodiyabadu, Lenka Vodstrcil,
Eric P.F. Chow, Jorgen S. Jensen, Christopher K. Fairley, Ivette Aguirre, Catriona S. Bradshaw

Antimicrobial-resistant Mycoplasma genitalium is becoming increasingly common and creating major treatment challenges. We present early data on combination
therapy with doxycycline and sitafloxacin to treat highly
resistant M. genitalium. We found the regimen was well
tolerated and cured 11/12 infections that had failed prior
regimens with moxifloxacin and pristinamycin.

M

ycoplasma genitalium is a sexually transmitted
bacterium with marked capacity for developing antimicrobial resistance (1). Macrolides and
4th-generation fluroquinolones, such as moxifloxacin, have been the main agents displaying efficacy
against M. genitalium. However, macrolide resistance has increased to >50% in many nations, and
quinolone resistance is increasing (2–6). In Australia,
16% of M. genitalium strains are reported to have dual-class resistance (5), and Japan reports dual-class
resistance of up to 25% (2), resulting in infections
that often cannot be cured with current recommended therapies.
Sequential monotherapy with doxycycline followed by moxifloxacin (7–9) is currently first-line
therapy for macrolide-resistant M. genitalium in
guidelines in Australia and the United Kingdom and
achieves cure in 92% of cases (95% CI 88.1%–94.6%) at
our service (7). When the doxycycline/moxifloxacin
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sequential regimen fails, we use a pristinamycinbased regimen, which achieves 75% cure (95% CI
66%–82%) (10). Since August 2017, for patients in
whom both regimens failed, we administered a combination of 100 mg doxycycline and 100 mg sitafloxacin 2 times/day for 7 days.
Access to sitafloxacin is limited in many countries, but it is available in the Asia-Pacific region.
Most publications on sitafloxacin are from Japan,
where its use as a monotherapy is reported to
cure ≈90% of M. genitalium infections (11). However, combination therapies can optimize cure
and prevent further resistance in bacteria prone
to developing resistance, such as M. genitalium.
In vitro, a combination of doxycycline and sitafloxacin (doxycycline+sitafloxacin) shows synergy
for quinolone-susceptible M. genitalium strains
but has not been evaluated for highly resistant
strains (J.S. Jensen, unpub. data). We provide early data on the efficacy and tolerability of a 7-day
doxycycline+sitafloxacin combination therapy for
treatment-resistant M. genitalium. The ethics committee of Alfred Hospital (Melbourne) approved
this study (approval no. 232/16).
The Study
The study included 12 cases of macrolide-resistant M.
genitalium detected among all patients assessed with
the clinical protocol at Melbourne Sexual Health Centre (MSHC), Carlton, Victoria, Australia, for routine
M. genitalium testing (7,9) during August 2017–April
2019 (Figure). During the study period, 96 (8%) of M.
genitalium cases failed to respond to doxycycline/
moxifloxacin; we subsequently treated 56 with pristinamycin, which failed in 15 (27%) patients. All 15
opted for combination therapy; 11 provided a test of
cure, and the other 4 did not complete follow up. One
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Figure. Clinical approach and
treatment for patients with diagnosed
macrolide-resistant Mycoplasma
genitalium at Melbourne Sexual
Health Centre, Australia. PID, pelvic
inflammatory disease; STI, sexually
transmitted infection. *Routine
testing with the ResistancePlus MG
assay (SpeeDx, https://plexpcr.com).
†Moxifloxacin 400 mg/day for 14
days. ‡Doxycycline 100 mg 2 times/
day for 7 days, then moxifloxacin
400 mg/d for 7 days. §Test of cure
was recommended 14–28 days after
completing antimicrobial treatment
and all patients received a reminder.
ResistancePlus MG Assay was used
for all tests of cure. ¶When sequential
therapy failed, patients were given a
pristinamycin-based regimen for 10
days, either 1 g 4 times/day alone or
1 g 3 times/day in combination with
doxycycline 100 mg 2 times/day.
Doxycycline pretreatment also was
given to some patients. #Doxycycline
100 mg and sitafloxacin 100 mg taken
together 2 times/day for 7 days.

additional patient also received combination therapy
because her pelvic inflammatory disease (PID) did
not respond to moxifloxacin. Our final analysis included 12 patients.
Among study participants, 9 sought treatment for
urogenital symptoms and 1 for PID; 2 were asymptomatic contacts of persons with M. genitalium. Median age was 29 years (interquartile range [IQR] 27–32
years). All men (10/12) had urethral infections; the 2
women had cervicovaginal infections.
We tested patient samples using the ResistancePlus MG Assay (SpeeDx, https://plexpcr.com). We
defined treatment-resistant M. genitalium as microbiological failure and persistent symptoms after
first-line and second-line therapies failed. We classified microbial cure as M. genitalium not detected
and microbial failure as a positive result on test

of cure 14–28 days after completing antimicrobial
drug therapy.
At MSHC, we often give doxycycline before the
main regimen to reduce M. genitalium load and optimize cure (12). We term moxifloxacin-containing regimens as first-line, pristinamycin-containing regimens
as second-line, and combination therapy as third-line
(Table 1). All 12 patients received a moxifloxacinbased regimen; 9 had sequential doxycycline/moxifloxacin in keeping with clinical guidelines (9). The
other 3 had moxifloxacin alone, 1 for PID, and 2 received treatments prior to coming to MSHC (1 was
treated for 10 days and the other for 30 days, but
we do not know the physician’s rationale for treatment duration). Moxifloxacin-based regimens failed
in all patients; 11 were then treated with pristinamycin, which also failed. We administered combination
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Table 1. Antimicrobial regimens and test of cure data for patients treated for Mycoplasma genitalium with doxycycline and sitafloxacin
combination therapy, Melbourne Sexual Health Centre, Carleton, Victoria, Australia*
First-line therapy,
Second-line therapy,
Third-line therapy,
sequential; d
sequential; d
combination; d
Baseline
Case no.
test
Doxy†
Moxi
TOC
Doxy†
Pris
TOC
Doxy†
Combination‡
TOC
1§
+
7
7
+
7
10
+
21
7
Cured
2
+
7
7
+
7
10
+
28
7
Cured
3
+
7
7
+
7
10
+
21
7
Cured
4§
+
None
10¶
+
7
10
+
None
7
Cured
5
+
7
7
+
7
10
+
None
7
Cured
6§
+
None
30¶
+
21
10
+
14
7
Cured
7
+
7
7
+
None
10
+
7
7
Cured
8
+
7
7
+
None
10
+
7
7
Cured
9
+
7
7
+
7
10
+
7
7
Failed
10§
+
7
7¶
+
None
10
+
3
7
Cured
11§
+
None
14#
+
None**
None
None
5
7
Cured
12
+
7
7
+
10††
10
+
3
7
Cured

*Doxy, doxycycline; Moxi, moxifloxacin; Pris, pristinamycin; TOC, test of cure; +, macrolide-resistant M. genitalium detected.
†Doxycycline 100 mg 2 times/day commonly was given first as monotherapy in first, second, and third drug regimens; duration is specified for each case.
‡Sitafloxacin 100 mg 2 times/day and doxycycline 100 mg 2 times/day were given concurrently for 7 days.
§Patients who had prior failed antimicrobial therapy for M. genitalium infection before coming to Melbourne Sexual Health Centre (MSHC). Case no. 1
received 1 g azithromycin before coming to MSHC and this regimen failed. Case no. 4 received moxifloxacin 400 mg/d for 10 days before coming to
MSHC and this regimen failed. Case no. 6 received 3 1-g doses of azithromycin given on separate occasions and this regimen failed, then received 2
courses of doxycycline 100 mg 2 times/day for 14 d each which also failed; then received a 30-day course of moxifloxacin 400 mg/d which also failed,
before coming to MSHC. Case no. 10 received doxycycline 100 mg 2 times/day for 7 d then 1 g azithromycin which failed; then received doxycycline 100
mg 2 times/day for 7 d which failed, after which the patient received moxifloxacin 400 mg/d for 7 d, which also failed before coming to MSHC. Case no. 11
received doxycycline and azithromycin at unspecified doses or duration before coming to MSHC.
¶Moxifloxacin-containing regimen given to a patient in the community before they came to MSHC. This regimen often varied from firstline therapy given at
MSHC.
#Moxifloxacin 400 mg/d × 14 d was given as a first regimen to this patient because of diagnosed pelvic inflammatory disease.
**Patient was diagnosed with possible M. genitalium–related pelvic inflammatory disease and did not receive a pristinamycin–containing regimen (14).
††Patient was given 1 g pristinamycin 3 times/day in combination with doxycycline 100 mg 2 times/day rather than 1 g 4 times/day because both
regimens have shown equivalent efficacy at our service (10).

therapy without preceding pristinamycin to 1 patient
because of concerns regarding her PID.
All patients received doxycycline+sitafloxacin
combination therapy for 7 days; 9 had preceding
doxycycline for varying durations (Table 1). Among
12 patients, 11 (91.7%; 95% CI 64.9%–98.5%) were
cured and achieved complete symptom resolution
after combination therapy. Combination therapy
failed in 1 patient who experienced persistent dysuria. Median time to test of cure after combination
therapy was 20 (IQR 14–24) days. Median duration
from first M. genitalium diagnosis to cure was 125
(IQR 106–144) days. Before test of cure, all patients
were classified as no- or low-risk for reinfection by
the treating clinician on the basis of no sex or 100%
condom use with any partner or sex with a fully
treated partner in the interval between treatment
and test of cure (7,12).
All patients whose first-line and second-line therapies failed were symptomatic, including the 2 who
initially were asymptomatic contacts. All 10 men reported persistent fluctuating dysuria, 6 reported urethral discharge, 2 urethral irritation or itching, and 1
meatal inflammation. Both women reported fluctuating abnormal vaginal discharge, 1 reported intermittent dysuria, and the patient with PID reported
persistent dyspareunia. Men typically experienced
a stepwise reduction in urethral symptoms after
1872

commencing antimicrobial drugs, but dysuria reemerged during follow-up.
Among 10 patients for whom adherence and adverse effects are available, 9 (90.0%; 95% CI 60.0%–
99.5%) reported taking all doses of both drugs, including the patient whose treatment failed; 1 reported
missing 1 tablet of sitafloxacin. Six (60.0%; 95% CI
31.3%–83.2%) patients reported no adverse effects.
Among the other 4, adverse effects were mild and resolved spontaneously (1 each of diarrhea, arthralgia,
tendon pain, and possible blurred vision).
Sanger sequencing of the quinolone resistance–
determining regions of the parC and gyrA genes revealed single nucleotide polymorphisms for parC in
all cases and for gyrA in 5/12 cases before combination therapy (Table 2). The parC mutations corresponded to amino acid changes S83I (G248T; n = 11)
and D87N (G259A; n = 1). The gyrA mutations corresponded to amino acid changes M95I (G285A; n =
3), A79S (G235T; n = 1), and D99N (G295A; n = 1).
In 1 case, a gyrA mutation appeared to develop after
moxifloxacin failure (case 9; Table 2). The patient in
whom combination therapy failed had a single parC
S83I change detected (Table 2).
Conclusions
Combination therapy with doxycycline+sitafloxacin
was well tolerated and effective against treatment-
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Table 2. Amino acid changes in the quinolone resistance–determining regions of parC and gyrA genes of macrolide-resistant
Mycoplasma genitalium in patients treated with combination therapy, Melbourne Sexual Health Centre, Carlton, Victoria, Australia*
TOC after second-line
TOC after third-line
Baseline test
TOC after first-line therapy
therapy
therapy
Case
Sexual
no.
orientation
parC
gyrA
parC
gyrA
parC
gyrA
parC
gyrA
1
MSM
NA
NA
S83I
n/A
S83I
D99N
Cured
2
MSM
S83I
M95I
S83I
M95I
S83I
M95I
Cured
3
MSM
S83I
WT
S83I
WT
S83I
WT
Cured
4
MSW
NA
NA
NA
NA
S83I
A79S
Cured
5
MSW
D87N
WT
D87N
WT
D87N
WT
Cured
6
MSW
NA
NA
S83I
WT
S83I
WT
Cured
7
MSW
S83I
WT
S83I
WT
S83I
WT
Cured
8
MSM
S83I
WT
S83I
WT
S83I
WT
Cured
9
MSW
S83I
WT
S83I
WT
S83I
WT
S83I
WT
10
MSM
NA
NA
S83I
WT
S83I
WT
Cured
11
W
S83I
WT
S83I
M95I
ND
ND
Cured
12
W
S83I
M95I
S83I
M95I
S83I
M95I
Cured
*MSM, men who have sex with men; MSW, men who have sex with women only; NA, sample was not available for sequencing; ND, not done; W,
heterosexual woman; WT, wild type.

resistant M. genitalium. The regimen was acceptable to clinicians and is now used as our thirdline regimen.
Moxifloxacin failure has been associated with
specific polymorphisms in the quinolone resistance–
determining regions of parC (2,5). The parC G248T
mutation, which causes amino acid change S83I, is the
most common mutation associated with moxifloxacin
failure (5). The less common G259A(D87N) mutation
has been associated with higher moxifloxacin MICs
in 3 M. genitalium strains (J.S. Jensen, unpub. data).
S83I contributes to both sitafloxacin and moxifloxacin failure (5). Although sitafloxacin is more likely
than moxifloxacin to cure an infection carrying an
S83I mutation, we previously found concurrent gyrA
mutations, particularly M95I, increased the risk for
sitafloxacin failure (5). In this study, moxifloxacin
failed in all 12 cases with a parC mutation and 5 had
a concurrent gyrA mutation. However, 11/12 cases
were cured with the doxycycline+sitafloxacin combination. Of note, the 1 treatment failure occurred in
a case with only the parC G248T/S83I mutation, no
concurrent gyrA mutation, and no more detectable
resistance than cured cases.
Of note, sitafloxacin alone might have cured some
or all infections. Further studies comparing sequential
and combination therapy with doxycyline+sitafloxacin
in highly resistant M. genitalium are needed. However,
treatment failures, particularly in cases with concurrent parC and gyrA mutations, would be expected.
Moreover, the variable duration of preceding doxycycline may have improved cure.
In conclusion, our results provide important early data on the efficacy and tolerability of
doxycycline+sitafloxacin combination therapy to
cure highly resistant M. genitalium infections. This

approach could become part of a broader stewardship strategy to evaluate combination therapy,
which might be needed to further prevent development of antimicrobial-resistant M. genitalium.
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Autochthonous Gnathostomiasis
in Madagascar
Annie Raharisoa,1 Arezki Izri,1 Romain Lovanirina Andrianjafy,
Ranto Andriantsilavina Rajaona, Anthony Marteau, Remy Durand, Mohammad Akhoundi

We used molecular tools to identify an autochthonous
case of gnathostomiasis in Madagascar. This severe ocular infection, caused by Gnathostoma spinigerum nematodes, led to vision loss in the patient’s left eye. Clinicians
should be aware of this parasitosis in Madagascar and
other countries in Africa.

H

uman gnathostomiasis is a foodborne parasitic
zoonosis caused by spiruroid nematodes of the
genus Gnathostoma (1). There are 13 species of Gnathostoma, including 6 from Asia and 7 from the Americas.
Of these species, 4 (G. spinigerum, G. hispidum, G. doloresi, and G. nipponicum) in Asia and 1 (G. binucleatum)
in Latin America are pathogenic to humans (2). The life
cycle of the parasite requires >3 hosts, some of which
might be paratenic. Host species vary depending on
the Gnathostoma species; for most Gnathostoma species,
humans are accidental dead-end hosts. Ingestion of the
third larval stage of Gnathostoma spp. in raw or undercooked freshwater fish, eels, frogs, reptiles, or birds
results in cutaneous, and sometimes visceral, larva
migrans. Other proposed routes of infection include
drinking water contaminated with infected Cyclops
spp. crustaceans and transcutaneous penetration during the preparation of contaminated food (3). Clinical
signs and symptoms of infection depend on the affected organ(s) (3,4), which might include the skin; gastrointestinal or genitourinary tracts; lungs; and, more
rarely, the central nervous system and the eyes (5). Infection results in nonspecific signs and symptoms, such
as fever, urticaria, anorexia, nausea, vomiting, and diarrhea, accompanied by larval migration; in the case
of central nervous system involvement, infection can
Author affiliations: Avicenne Hospital, Bobigny, France
(A. Raharisoa, A. Izri, A. Marteau, R. Durand, M. Akhoundi);
Centre Hospitalier Universitaire Joseph Ravoahangy
Andrianavalona, Antananarivo, Madagascar (A. Raharisoa,
R.L. Andrianjafy, R.A. Rajaona); IHU Méditerranée Infection,
Marseille, France (A. Izri); Université Paris-Saclay, ChâtenayMalabry, France (R. Durand)
DOI: https://doi.org/10.3201/eid2608.200383

be fatal (3). Painful or pruritic migratory subcutaneous
edema is the most common symptom of Gnathostoma
infection. Physicians diagnose gnathostomiasis on the
basis of eosinophilia, migratory lesions, and the patient’s history of geographic and dietary exposures (6).
The Study
In November 2016, a 24-year-old female farmer noticed an ecchymotic edema in the upper and lower
eyelids of her right eye. She lived with her family
in a village next to Anjozorobe, a city located 90 km
northwest of Antananarivo, Madagascer, and had no
history of travel abroad. She had no history of ocular
problems or allergic reactions.
In the following days, the development of conjunctivitis and reduction in visual acuity prompted
her to visit the general practitioner. The physician
prescribed her a 3-week treatment including several
antimicrobial medications. This regimen did not result in clinical improvement. In December 2016, the
physician referred her to the Hospital Centre of Joseph Ravoahangy Andrianavalona Ampefiloha (Antananarivo) as a result of her worsening condition.
The interview and clinical examination revealed
ptosis, preseptal cellulitis with an abscess, and decreased visual acuity of the right eye. She also had a
unilateral headache on the same side (subjective pain
rating 4/10). Blood measurements including erythrocyte sedimentation rate, neutrophilic leukocyte count,
eosinophil count, and hepatic aminotransferases (aspartate aminotransferase, alanine aminotransferase)
were within reference limits. Leukoconcentration and
parasitological analysis by microscopy of a thick blood
smear did not indicate microfilaria infection. Abdominal ultrasound examination revealed no hepatic or
splenic abnormalities. We drained the abscess and prescribed a first-line empirical treatment of gentamicin,
metronidazole, and levofloxacin. On the 7th day of
hospitalization, the patient reported a sudden pain in
the other eye. We conducted a slit-lamp examination,
1
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no. LC505621). We constructed an inferred phylogenetic tree of G. spinigerum with GenBank
sequences using MEGA version 5.0 software (8). Our
MEGA analysis used the neighbor-joining method
with bootstrap values determined by 1,000 replicates (Figure 2). All sequences, including the one
originating from Madagascar, clustered in the same
species group. This grouping occurred despite the
absence of sequences from other African Gnathostoma species.

Figure 1. Anterior view of the third-stage larva of Gnathostoma
spinigerum isolated from left eye of a woman in Madagascar, 2016.
Scale bar indicates 1 mm.

which revealed a worm in the anterior chamber of the
left eye. We removed the mobile worm from the left
eye through a small sclerocorneal tunnel.
Ocular ultrasound analysis showed a thickened
retina. Doppler analysis revealed a hypervascularisation with an inflammatory appearance associated
with a retinal detachment or an echodetectable foreign body. Ophthalmologic evaluation of the left eye
by funduscopic examination revealed preretinal and
vitreous hemorrhages. We prescribed mebendazole
(100 mg 2×/d for 21 days) to treat further probable
infection by Gnathostoma parasites. Unfortunately, the
long delay to correct diagnosis and treatment led to
blindness in the patient’s left eye.
Macroscopic examination of the extracted parasite revealed a white cylindrical body 12 mm long and
4 mm wide. Microscopic analysis showed an organism with a bulbous head, a cephalic region covered
by transverse rows of cuticular spines, a body curved
at the middle, and a shortened anterior end (Figure
1). These morphologic criteria (i.e., body shape, number of rows of hooks at the cephalic end, the spines
covering the body) enabled us to identify the worm
as a member of a Gnathostoma sp. (3).
For further identification, we extracted the
DNA of the worm using Chelex 10% (Bio-Rad,
https://www.bio-rad.com). We then performed
a conventional PCR selective for an 800-bp fragment of the cytochrome oxidase I gene (7). BLAST
analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
identified the specimen as G. spinigerum because
it shared >99% identity with an isolate from GenBank (accession no. MK033968). We deposited the
corresponding sequence in GenBank (accession
1876

Conclusions
Gnathostomiasis is endemic to Southeast Asia, Central America, and South America. A few cases have
also been reported from nonendemic regions such as
Australia (9). Until 2003, this disease was not thought
to be endemic in Africa. However, reports of imported
cases from Zambia, South Africa, and Botswana ruled
out this hypothesis (5,10–13). Furthermore, zoonotic
Gnathostoma infection has been reported from Zambia
(10). In 2000, a case of clinical gnathostomiasis was
reported in a 43-year-old traveler returning to Italy
from Madagascar (14).

Figure 2. Neighbor-joining phylogenetic tree of Gnathostoma
spinigerum isolated from a woman in Madagascar, 2016 (red box),
and reference sequences from GenBank. The tree was constructed
using MEGA (8) with bootstrap values determined by 1,000 replicates
and compares the cytochrome oxidase I gene sequences.
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G. spinigerum nematodes, whose primary hosts
are cats and dogs, are widely distributed in tropical
and subtropical areas, especially in Asia. Consumption of raw meat or freshwater fish in endemic areas
is the major risk factor for infection. Consequently,
we believe this infection was acquired through eating raw fish or drinking water contaminated by copepods. After being ingested, the larvae probably
passed through the gastrointestinal barrier and migrated through the bloodstream to the ocular system. Our patient regularly used the freshwater river
near her house for drinking and sanitary purposes.
This practice leads us to consider contaminated
freshwater, rather than the ingestion of raw fish, as a
probable source of her infection. The habit of eating
raw meat or fish may explain the higher incidence of
Gnathostoma infection in some regions of the world,
such as Southeast Asia (7).
Diagnosing gnathostomiasis can be difficult
for physicians who are unfamiliar with this nematode, especially in nonendemic regions. This lack
of physician awareness might lead to missed or
delayed diagnosis. Physicians should also screen
family members of affected patients because many
families share eating habits. In this case, we evaluated the patient’s relatives with clinical (checks for
painful migratory skin lesions or skin nodules, eye
damage) and biological (eosinophil count, erythrocyte sedimentation rate) examinations. We did not
observe any signs of infection.
Albendazole and ivermectin are usually considered the best treatments for gnathostomiasis (12,13).
In this case, we prescribed mebendazole according
to a local protocol used to cure a wide spectrum of
nematode infections.
In conclusion, we used molecular tools to identify a case of G. spinigerum in Madagascar. Previous studies in Africa have relied only on morphology for species confirmation. Clinicians should be
aware of the existence of gnathostomiasis in Madagascar and other countries in Africa and also of the
potentially severe complications associated with
ocular gnathostomiasis.
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Genotypic Heterogeneity of
Orientia tsutsugamushi in
Scrub Typhus Patients and
Thrombocytopenia Syndrome
Co-infection, Myanmar
Aye Marlar Win,1 Yen Thi Hai Nguyen,1 Yuri Kim,1 Na-Young Ha, Jun-Gu Kang, Hongil Kim,
Bo San, Okkar Kyaw, Wah Win Htike, Dong-Ok Choi, Keun-Hwa Lee,2 Nam-Hyuk Cho2

Serologic and molecular surveillance of serum collected
from 152 suspected scrub typhus patients in Myanmar
revealed Orientia tsutsugamushi of genotypic heterogeneity. In addition, potential co-infection with severe fever
with thrombocytopenia syndrome virus was observed in 5
(3.3%) patients. Both scrub typhus and severe fever with
thrombocytopenia syndrome are endemic in Myanmar.

S

crub typhus is a miteborne febrile illness caused
by the bacterium Orientia tsutsugamushi, which is
endemic in the Asia-Pacific region and a major cause
of undifferentiated febrile disease (1). O. tsutsugamushi infections were documented in Myanmar during
the 1940s (2). Since then, however, no report has described the prevalence and genetics of scrub typhus
in Myanmar, although 2 studies, including 1 from
2017, identified scrub typhus as one of the primary
infections causing acute febrile illness on the Thailand–Myanmar border (3,4). These results underscore
the need for research on this vectorborne infection in
Myanmar, including studies defining the genotypic
diversity of O. tsutsugamushi. Lack of this information
has been a serious obstacle to developing effective diagnostic methods and a vaccine for scrub typhus (1).
The tickborne virus severe fever with thrombocytopenia syndrome virus (SFTSV), of the genus
Author affiliations: University of Medicine 1, Yangon, Myanmar
(A.M. Win, O. Kyaw, W.W. Htike); Seoul National University
College of Medicine, Seoul, South Korea (Y.T.H. Nguyen, Y. Kim,
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Sagaing, Myanmar (B. San); Bore Da Biotech, Seongnam, South
Korea (D.-O. Choi); Hanyang University College of Medicine,
Seoul (K.-H. Lee); Seoul National University Medical Research
Center and Bundang Hospital, Seoul (N.-H. Cho)
DOI: https://doi.org/10.3201/eid2608.200135
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Banyangvirus, can cause hemorrhagic fever with a mortality rate of up to 40% (5). SFTSV infections are endemic in eastern Asia, and retrospective studies have
confirmed its presence in China in 1996 (6), South Korea in 2000 (7), Japan in 2005 (8), and Vietnam in 2017
(9). In addition, mixed infection with SFTSV and O.
tsutsugamushi has been detected in patients in South
Korea, where both pathogens are endemic (7,10).
These results further emphasize the urgent need for
epidemiologic studies of vectorborne diseases in areas
of endemicity to improve our ability to accurately differentiate febrile infectious diseases with atypical signs
and symptoms during the initial stages so they can be
promptly treated. Here, we used blood samples from
suspected scrub typhus patients in Myanmar to investigate the serologic prevalence and genotypic diversity
of O. tsutsugamushi. We also examined these patients
for possible co-infection with SFTSV, which has been
an emerging threat to public health in eastern Asia.
The Study
To investigate the genotypic diversity of O. tsutsugamushi and potential co-infection with SFTSV in
Myanmar, we collected whole blood samples from
152 clinically suspected scrub typhus patients (Table;
Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/26/8/20-0135-App1.pdf) in Sagaing and Magway Provinces (Figure 1) during February 2018–January 2019. Mean age of the suspected scrub typhus
patients was 27 ± 19.8 years (range of 2–73 years). We
observed eschar, a selection criteria for scrub typhus,
in 144 (94.7%) of the 152 patients. Mean fever duration was 6 days (SD ± 2.9 days).
1
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Table. Baseline characteristics and summary of serologic and
molecular diagnosis of suspected scrub typhus patients enrolled
in study of genotypic heterogeneity of Orientia tsutsugamushi,
Myanmar
Category
Value
Age
Age, y mean ± SD
27.0 ± 19.8
Age distribution, y
≤10
38 (25.0)
11–20
38 (25.0)
21–30
23 (15.1)
31–40
10 (6.6)
41–50
17 (11.0)
51–60
16 (10.5)
10 (6.6)
61
Sex ratio, M:F (% male)
93/59 (61.2)
Clinical variables
Fever duration, d, mean ±SD
6.1 ± 2.9
Eschar
144 (94.7)
Rash
3 (2.0)
Myalgia
25 (20)
Method of diagnosis of scrub typhus
ICT
41/128 (32.0)
TSA56 IgG
36/128 (28.1)
ScaA IgG
25/128 (19.5)
IFA
138/152 (90.8)
O. tsutsugamushi IgG
119/152 (78.3)
O. tsutsugamushi IgM
90/152 (59.2)
PCR (tsa56)
9/152 (5.9)
Method of diagnosis of SFTSV
RT-PCR
5/152 (3.3)

infection and identify the genotypes of O. tsutsugamushi in the patients in Myanmar. From the 152 serum
samples, we detected specific PCR products in 9 (5.9%)
and sequenced them for genotyping. We compared
results of phylogenetic analysis of the 9 tsa56 gene sequences with sequences from 17 protogenotypes (1),
which revealed >5 genotypes, including Karp_A (4/9,
44.4%), Karp_B (1/9, 11.1%), Kato_B (2/9, 22.2%), Gilliam (1/9, 11.1%), and JG_C (1/9, 11.1%) (Figure 2).

*Values are no. (%) patients or no. patients/no. tested (%) except as
indicated. ICT, immunochromatography test; IFA, indirect
immunofluorescence assay; RT-PCR, reverse transcription PCR; SFTSV,
severe fever with thrombosis syndrome virus.

For initial serologic diagnosis of 128 serum samples, we used immunochromatography test strips
coated with TSA56 and ScaA antigens, which revealed
respective positive rates of 28.1% (36/128) and 19.5%
(25/128); the overall positive rate was 32.0% (41/128).
Of the 128 samples, 20 (15.6%) reacted with both antigens and 5 of 36 (13.9%) were positive for ScaA antigen only (Table; Appendix Figure 1), suggesting a
potential applicability of ScaA antigen, when used
simultaneously with TSA56 antigen, for the diagnosis
of scrub typhus during the acute phase (11). To confirm serologic positivity against the bacterial antigen,
we also conducted an indirect immunofluorescence
assay using cells infected with O. tsutsugamushi, the
standard method for diagnosing scrub typhus (12).
Among the 152 serum samples we tested, results
were positive (>1:40) for 119 (78.3%) for specific IgG
and for 90 (59.2%) for IgM (Table; Appendix Table
1). Median titers of the positive serum samples were
1:640 for both IgG and IgM. Among the suspected
scrub typhus patients, test results for 13 (8.6%) serum
samples were negative for both IgG and IgM against
O. tsutsugamushi.
For molecular diagnosis of scrub typhus, we examined all the serum samples by PCR to confirm

Figure 1. Locations in Sagaing and Magway Provinces in
Myanmar, where suspected scrub typhus patients’ serum samples
were collected for study of genotypic heterogeneity of Orientia
tsutsugamushi.
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Figure 2. Phylogenetic tree
constructed on the basis of
Orientia tsutsugamushi tsa56
gene sequences for scrub
typhus patients in Myanmar
(black dots) and reference
sequences. The tree was
constructed using the maximum
likelihood method with MEGA7
(http://www.megasoftware.net).
The tsa56 gene sequences
identified in this study are
indicated by black circles and
compared with 17 representative
genotype sequences reported
by a previous study (1). The
percentage of replicate trees in
which the associated genotypes
clustered together in the
bootstrap test (1,000 replicates)
is shown next to the branches.

Finally, we used reverse transcription PCR
analysis to investigate possible SFTSV infection in
the patients (7,9,13). Among 152 patients’ serum
samples, 5 (3.3%) were positive for the partial small
(S) segment of the SFTSV RNA genome, indicating
SFTSV infection. Results from phylogenetic analysis of the partial S segment sequences showed that 4
isolates were the same as those previously reported
from Vietnam (9); 1 isolate differed by 1 base from
the other 4 isolates (Appendix Figure 2), suggesting
genetic homogeneity of SFTSV in southern Asia. Of
note, 4 out of the 5 SFTSV-positive patients had eschar, and 4 were <15 years of age (Appendix Figure
2). Furthermore, 3 of them carried high titers (>1:
2560) of IgG, IgM, or both specific to O. tsutsugamushi, as measured by indirect immunofluorescence
assay (Appendix Table 1), suggesting co-infection
with scrub typhus. All patients were successfully
treated and recovered, including the SFTSV-positive febrile patients, after 5–7 days of fever.
1880

Conclusions
We observed a high prevalence of antibodies
against O. tsutsugamushi in suspected scrub typhus
patients in Myanmar, suggesting that scrub typhus,
previously reported in the 1940s, remains prevalent
in this country (2). Of note, a high prevalence of
scrub typhus in children was confirmed (4); therefore, young children with febrile illness should be
carefully observed for early diagnosis and treatment of scrub typhus. Because we were only able
to examine serum samples collected from patients
during the acute phase of infection and could not
assess the rise of antibody titers in paired samples
collected in convalescent phases, we were not able
to confirm the exact rate of prevalence of scrub typhus in the suspected patients. The baseline levels of antibody titers against O. tsutsugamushi in
healthy persons need to be assessed to determine
the cutoff titer levels for diagnosing acute scrub typhus in the endemic region (14).
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In addition, genotyping O. tsutsugamushi revealed
that >5 different genotypes are currently present and
showed genetic heterogeneity in Myanmar. Moreover,
we detected possible co-infection with SFTSV and O.
tsutsugamushi in 5 patients. None of these patients had
a history of travel abroad, and all live in the same village in Sagaing Province, suggesting that there may be
hot spots for SFTSV infection. Co-infection with O. tsutsugamushi and SFTSV might be mediated by either simultaneous transmission from 2 different vectors each
carrying 1 pathogen or by a single tick or mite species
carrying both pathogens (10). Four of 5 SFTSV-positive
patients were <15 years of age, and all 5 recovered
within a week. Given that the disease severity of SFTS
is associated with host age and the viral genotype (15),
milder clinical symptoms observed in these patients
might have been because of exposure at a younger age
or prevalence of less virulent genotypes of SFTSV in
Myanmar. Therefore, continuous surveillance of SFTS
patients needs to be conducted, reporting detailed
clinical manifestations and associated viral genotypes
prevalent in the local area. In addition, more reliable
differential diagnosis techniques and prevention and
control measures are required for better clinical practices and outcomes in the endemic regions of multiple
tickborne and miteborne pathogens.
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Leishmania infantum in US-Born Dog
Marcos E. de Almeida, Dennis R. Spann, Richard S. Bradbury

Leishmaniasis is a vectorborne disease that can infect
humans, dogs, and other mammals. We identified one of
its causative agents, Leishmania infantum, in a dog born
in California, USA, demonstrating potential for autochthonous infections in this country. Our finding bolsters the
need for improved leishmaniasis screening practices in
the United States.

L

eishmaniasis is a tropical and subtropical zoonosis affecting 0.9–1.6 million persons every year.
Its manifestations range from self-healing cutaneous
lesions to severe visceral leishmaniasis (VL) forms
that can be fatal (1,2). In the Americas, VL is usually caused by Leishmania infantum parasites, which
several species of blood-feeding sand fly vectors can
transmit to humans and other reservoirs. In urban
areas, dogs are the main domestic reservoirs of L. infantum, maintaining the parasitic life cycle and facilitating transmission of parasites to humans and other
mammals (3). Alternative routes of Leishmania spp.
transmission, such as vertical transmission and dogto-dog transmission by biting, have been associated
with autochthonous canine leishmaniasis (Can-VL)
(2–4). In addition, biochemical abnormalities, such as
genetic mutations of macrophage proteins, have been
associated with increased susceptibility to VL in some
breeds, including boxers (5).
The accurate differentiation between clinical and
subclinical infections is critical in determining the appropriate course of treatment. However, correct diagnosis of Can-VL is challenging because an absence of
amastigotes in samples, including blood and tissue,
does not rule out infection. Furthermore, the sensitivity and specificity of diagnostic tests vary according to the protocol of the test used (3). The geospatial
overlap of dogs and vectors infected with L. infantum
might be linked with human disease. For instance, in
focal areas of Brazil the prevalence of infected dogs
was associated with the occurrence of clinical VL cases
Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (M.E. de Almeida, R.S. Bradbury);
Sacramento Area Veterinary Internal Medicine, Sacramento,
California, USA (D.R. Spann)
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(8,9). However, in areas to which Can-VL is endemic,
attempts to control and prevent Can-VL using controversial procedures, including culling infected dogs,
have failed to reduce the spread of human VL cases
(6,7). In North America, most cases of leishmaniasis
are acquired during travel or military service in areas
to which the disease is endemic. However, leishmaniasis can also be transmitted within the United States.
Sylvatic reservoir animals and sand flies, including
Lutzomyia shannoni, L. longipalpis, L. anthophora, and L.
diabolica, are endemic to many US states (2). Outbreaks
and isolated cases of autochthonous Can-VL affecting
foxhounds and other breeds have been reported over
the past 2 decades in the United States and Canada
(2,3,10). In addition, our laboratory identified a strain
of Leishmania mexicana in Texas that infected >50 persons, including a patient who shared the same strain
with an L. anthophora sand fly found in the household
(11). Here we describe an autochthonous case of CanVL caused by L. infantum sand flies in a US-born dog.
Case Report
In September 2016, a 1.3-year-old male neutered
California-born boxer with no overseas travel history
was brought to Sacramento Area Veterinary Internal
Medicine (Sacramento, California, USA) by his owner. The dog had granulomatous cutaneous lesions,
hypercalcemia, hyperphosphatemia, and hyperglobulinemia, a set of signs that prompted our diagnosis
of systemic histiocytosis. The dog was from an apparently healthy litter born to an apparently healthy
female relocated from Spain, a country to which CanVL is endemic. We initially suspected lymphoma
but ruled it out on the basis of splenic, lymph node,
and bone marrow aspirates and a parathyroid-related peptide test that all yielded negative results. We
treated the dog’s cutaneous lesions and biochemical
abnormalities with a tapering dosage of oral prednisone. At the next appointment 17 months after the
first visit, the dog had a mildly enlarged prescapular
lymph node and anemia as well as biochemical abnormalities, including hyperglobulinemia and hypoalbuminemia. He had also lost ≈3.6 kg.
In February 2018, we used light microscopy to
identify structures consistent with Leishmania spp.
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amastigotes in an aspirate of the enlarged prescapular
lymph node (Figure). We also performed a Leishmania
indirect immunofluorescence assay serology evaluation with a serial 2-fold dilution of the dog serum. We
determined positivity at dilutions of >1:64; the sample tested positive at a titer of 2,048. In March 2018,
we confirmed infection with L. infantum using PCR
followed by DNA sequencing analysis (GenBank accession no. MN991197) as previously described (12).
From March through July 2018, we treated the dog
with 4 courses of marbofloxacin (100 mg orally every 24
hours) and allopurinol (265 mg orally every 12 hours).
In August 2018, we briefly discontinued medications
because of the development of neutropenia in the dog.
From November 2018 through April 2019, we treated
the dog with allopurinol (300 mg every 24 hours), and in
April we increased the dose (to 300 mg every 12 hours).
In May 2019, strabismus, anisocoria with progressive
discomfort, and ataxia developed. A neurologist consult was declined by the dog’s owner, and we resumed
marbofloxacin treatment. In mid-May we prescribed
antiinflammatory therapy with prednisone as a palliative measure. However, these treatments did not alleviate signs, and we humanely euthanized the dog in late
May. We were unable to locate siblings from the same
litter for leishmaniasis testing. The breeder reported that
the mother died in 2017 of an unknown cause.
Conclusions
We diagnosed Can-VL in a US-born dog. Given the
lack of other risk factors for Can-VL infection, we hypothesize that the dog probably acquired infection

Figure. Structures resembling Leishmania spp. amastigotes in a
lymph node sample from a 1.3-year-old male boxer, California,
USA. Sample was prepared in slides stained with Giemsa and
examined by light microscopy. Molecular analysis identified the
species as L. infantum. Original magnification ×1,000.

through vertical transmission. In countries to which
Can-VL is endemic, veterinarians most likely would
consider leishmaniasis as a potential diagnosis for fever, granulomatous skin lesions, and weight loss in a
dog. However, in the United States, veterinarians often consider leishmaniasis to be a travel-acquired disease and might not suspect this infection in a dog with
similar signs. Therefore, veterinarians should consider
Can-VL as a potential diagnosis, depending on the
dog’s travel and breeding history. Dogs infected with
Leishmania spp. are important reservoirs, especially in
areas where competent vector sand flies are found.
Dogs with Can-VL, clinical or subclinical, might contribute to parasite transmission and the occurrence of
VL in humans (7–9,13). In areas where sand fly vectors
are not prevalent, infectious dogs relocated or returning from areas to which the disease is endemic can still
spread Can-VL through transmission routes such as
biting, blood transfusion, and breeding (10). Current
measures to control Can-VL include the regular use
of topical sand fly repellents, canine vaccination, and
treatment of infected dogs (6,7).
Changing environmental factors may expand the
geographic range of sand fly vectors in North America (14), increasing the exposure of humans and animals to the disease. The existence of competent vectors for Leishmania spp. in the United States has been
demonstrated through a growing number of recently
reported autochthonous human cases. For example,
>50 human autochthonous cases of cutaneous leishmaniasis caused by L. mexicana have been reported in
Texas and Oklahoma (11,14). Meanwhile, a possible
autochthonous infection with an Leishmania donovani
complex species in a 2-year-old boy was recently reported in North Dakota (15).
We hypothesize that this case of Can-VL was
probably acquired through vertical transmission because of the lack of evidence supporting California as
a leishmaniasis endemic region and the fact that this
dog, who had no travel history, was born to a female
dog relocated from Spain. Given the lack of surveillance and relative ease of dog-to-dog transmission,
Can-VL is probably underreported in North America.
The veterinary and public health community should
be alert to the existence of autochthonous canine infections and competent vectors of Leishmania parasites in the United States, which might contribute to
the occurrence of VL in humans. The risk for vertical
transmission of Can-VL highlights the need to test
all animals either relocated or retuning from areas
to which the disease is endemic. This testing will be
crucial to improving the surveillance and control of
leishmaniasis in North America.
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Mother-to-Child Transmission
of Andes Virus through
Breast Milk, Chile1
Marcela Ferrés, Constanza Martínez-Valdebenito, Jenniffer Angulo, Carolina Henríquez, Jorge Vera-Otárola,
María José Vergara, Javier Pérez, Jorge Fernández, Viviana Sotomayor, María Francisca Valdés,
Diego González-Candia, Nicole D. Tischler, Cecilia Vial, Pablo Vial, Gregory Mertz, Nicole Le Corre

Andes virus (ANDV) is the only hantavirus transmitted
between humans through close contact. We detected the
genome and proteins of ANDV in breast milk cells from an
infected mother in Chile who transmitted the virus to her
child, suggesting gastrointestinal infection through breast
milk as a route of ANDV person-to-person transmission.

A

ndes virus (ANDV), a member of the Orthohantavirus genus in the Hantaviridae family, has a trisegmented, single-stranded RNA-genome and is the etiologic agent of hantavirus cardiopulmonary syndrome
(HCPS) in Chile and Argentina (1). The main route of
infection in humans is through the inhalation of aerosolized viral particles present in contaminated rodent
excreta (1), but the virus can also be transmitted from
person to person (2,3). During acute disease, ANDV
RNA can be detected in patients’ blood, respiratory
secretions, saliva, gingival crevicular fluid, and urine
(2). Epidemiologic data has suggested that person-toperson transmission mainly occurs through close contact with oral fluids during the prodromal and acute
phases of infection (2). We report epidemiologic and
virologic analyses of a mother in Chile with ANDV infection and apparent transmission to her newborn. The
Ethical Review Board of Facultad de Medicina, Pontificia Universidad Católica de Chile, approved the study.
Author affiliations: Pontificia Universidad Católica de Chile,
Santiago, Chile (M. Ferrés, C. Martinez-Valdebenito, J. Angulo,
C. Henriquez, J. Vera-Otarola, M.J. Vergara, J. Perez,
N. Le Corre); Instituto de Salud Pública de Chile, Santiago
(J. Fernandez), Ministerio de Salud de Chile, Santiago
(V. Sotomayor, M.F. Valdes); Fundación Ciencia & Vida, Santiago
(D. Gonzalez-Candia, N. Tischler); Universidad San Sebastián,
Santiago (N. Tischler); Universidad del Desarrollo, Santiago
(C. Vial, P. Vial); University of New Mexico, Albuquerque, New
Mexico, USA (G. Mertz)
DOI: https://doi.org/10.3201/eid2608.200204

The Study
Six days after delivery of a healthy girl, a 21-year-old
woman from Parral, Chile, suffered lower-extremity
myalgia and weakness. Subsequently, she noted fever
of 39.5°C, severe headache, and diaphoresis; she was
hospitalized 15 days after delivery. The diagnosis of
ANDV infection was confirmed by real-time reverse
transcription PCR for ANDV RNA in blood cells, as
previously described (4). The patient did not report
any activities with possible environmental exposure
to rodent excreta. However, she had close contact
with her father, who had HCPS, while caring for him
during his prodromic phase, 12 days before her delivery (Figure 1). She breast-fed and took care of her
newborn until day of life (DOL) 15. Although asymptomatic, the newborn was hospitalized for observation at DOL 17; at that time, ANDV IgM testing was
negative (Reagenta, https://www.reagena.com). The
newborn was screened several times for viral ANDV
RNA in blood. On DOL 22, RT-PCR results were negative, but results were positive on DOL 30. Two days
later, the baby was transferred to a pediatric intensive
care unit with extracorporeal membrane oxygenation
availability because of fever. However, severe HCPS
developed in the newborn, and she died 4 days later.
Results of ELISA for ANDV-specific IgM/IgG in
serum (Euroimmun, https://www.euroimmun.com)
were positive for both the mother and the newborn. A
breast milk sample tested positive for ANDV RNA on
day 16 after the mother’s first symptoms; previous samples of breast milk were not available. We also tested
other body fluids from the newborn, including urine,
saliva, and cerebrospinal fluid for ANDV RNA by
real-time RT-PCR (Appendix Table, https://wwwnc.
cdc.gov/EID/article/26/8/20-0204-App1.pdf).
Preliminary results from this study were presented at 11th
International Conference on Hantaviruses, September 1-4, 2019,
Leuven, Belgium.
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Figure 1. Epidemiologic timeline for mother-to-child transmission of Andes virus through breast milk, Chile. A) Key epidemiologic
events related to the mother (represented by M, red circles and lines) and the newborn (NB, blue circle and lines). Blue-and-red circle
represents the birth of the newborn; light green rectangle represents the 15 days of close contact that included breastfeeding. We show
details for the baby above the time bar and details for the mother below the time bar. B) Longest (black bar) and shortest (light gray bar)
probable person-to-person incubation period.

ANDV RNA has previously been detected in
bodily fluids other than blood, such as saliva, respiratory secretions, and urine (2). Therefore, close contact with such fluids may explain additional cases for
which high-risk environmental and rodent exposure
is absent or improbable. In our study of the infected
newborn, we ruled out environmental exposure; the
only possible source was close contact to her mother
during the incubation period and initial clinical disease. The mother maintained breast-feeding until the
baby was hospitalized and confirmed to be viremic.
To evaluate the presence of ANDV particles in
breast milk, we performed a culture in Huh-7 cells
mock-infected and incubated with a breast milk pellet and, as a positive control, ANDV at a multiplicity
of infection of 1 (5). After infection, we identified viral nucleoprotein (N) and glycoprotein (Gc) through
immunofluorescence assay (Appendix). We detected
N protein in the cytoplasmic compartment of ANDVinfected cells and cells incubated with breast milk
but not in mock-infected cells (Figure 2, panel A).
To verify detection specificity, we used 2 different
ANDV N protein antibodies generated in mice and
rabbits. Again, we identified N protein in ANDV-infected cells and incubated with breast milk but not in
1886

mock-infected cells (Figure 2, panel B). Moreover, N
and Gc proteins were only detectable in ANDV-infected cells and cells incubated with breast milk (Figure 2,
panel C). Of interest, we did not stain ANDV-infected
cells from breast milk by 4′,6-diamidino-2- phenylindole (DAPI, Vectashield H1200; Vector Laboratories,
Inc, https://vectorlabs.com) (Appendix Figures 1,
2); the nuclear compartment of mock-infected Huh7 cells and ANDV positive control were stained by
DAPI. ANDV-infected cells from breast milk (8 µm
[SD +1.2 µm] in diameter on the basis of 10 cells from
different captured fields) were clearly smaller in size
than the Huh-7 cells (27 µm [SD + 4.3 µm]). Altogether, our results demonstrate the presence of ANDV in
enucleated breast milk cells.
Breast milk contains a variety of blood cells (monocytes, T-cells, NK cells, B cells, and neutrophils) and
hematopoietic stem cells (6). In this context, we know
that ANDV can be present in buffy coat cells for up to
15 days before illness onset (7); is always present during the acute phase of the disease, including the febrile
prodrome phase; and remains in a small proportion of
cases during convalescence (7). Assuming that breast
milk contained ANDV-infected cells, direct inoculation
in Peyer’s patches in the newborn may have resulted in
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Figure 2. Detection of ANDV N and Gc proteins from enucleated cells from breast milk from a mother in Chile. A) Detection of N protein
and the cytoplasmic marker eIF3. B) Detection of N protein with 2 different primary antibodies. C) Detection of N and Gc proteins. Huh7 cells were mock-infected (mock column), ANDV infected (ANDV column), or incubated with a pellet from breast milk (breast milk
column). Coverslips were incubated with mouse and rabbit antibodies. Scale bars indicate 20 µm. Complete methods are described in
the Appendix (https://wwwnc.cdc.gov/EID/article/26/8/20-0204-App1.pdf). ANDV, Andes virus; Gc, glycoprotein; N, nucleoprotein.

virus entry (8). Another possible mode of transmission
is close contact with respiratory secretions and saliva
of the infected mother. However, because ANDV was
present in breast milk and the newborn’s exposure
to breast milk was much greater than to other fluids,
transmission by breast milk is very likely.
Another factor that may help explain oral infection in the neonatal period is the gastrointestinal
characteristics in the first month of life, such as the
adjustment of stomach pH, rapid gastric emptying
time, and increased permeability of the intestine due
to loosened intestinal intercellular spaces (9). Sin
Nombre virus was detected in breast milk samples
by RT-PCR, but the exposed child did not become
infected (10). Similar results were found in 2 women
infected with Puumala virus (11). Vertical transmission was excluded in 4 pregnant women infected
with hantavirus species in Europe (12). Bellomo et al.
reported a newborn infected with ANDV but did not

report the presence of ANDV in breast milk (13). Our
case provides further evidence for a gastrointestinal
transmission of ANDV, which is consistent with previous reports of Puumala virus and ANDV infections
in Syrian hamster models of hantavirus cardiopulmonary disease and in 1 newborn human case (13–15).
Conclusions
We describe mother-to-child transmission of ANDV
infection in Chile. Our analyses proved the presence
of ANDV in breast milk, proposing breast-feeding
as an additional mechanism of transmission. In this
context, we recommend that ANDV-infected mothers refrain from breast-feeding until ANDV RNA is
undetectable in blood and breast milk. In addition,
we advise strict clinical and virologic surveillance of
children potentially exposed to family members with
ANDV infection for early diagnosis and hospitalization for adequate intensive care.
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Bertiella studeri Infection in
Children, Sri Lanka
Anjalie Amarasinghe, Thanh H. Le, Susiji Wickramasinghe

We provide a detailed molecular and phylogenetic description of Bertiella studeri tapeworms infecting children
in Sri Lanka. Our findings can be used to identify multiple
species of Bertiella tapeworms that can infect human
hosts in the Old World.

T

he genus Bertiella, which has 29 known tapeworm
species, belongs to the subfamily Anoplocephalinae
of the Anoplocephalidae family (1). These tapeworms
are common parasites in the small intestine of primates (2). Of these species, only B. studeri, B. mucronata, and B. satyri (3), which was recently redescribed
as a different species (4), can infect humans (4,5).
Children acquire this infection usually by eating contaminated fruits or by ingesting contaminated soil.
The earliest identified cases of human bertiellosis in
Sri Lanka occurred in 1975; these cases and 1 further
case were reported in 1976. Six cases were reported
in the literature from 1988–2006 (6). The most recent
report was in 2006 from Rathnapura, Sabaragamuwa
Province, Sri Lanka (7).
The morphologic, taxonomic, and molecular
analysis of several species classified in the family Anoplocephalidae are not well documented (6). A recent
study has identified an unexpected genetic diversity
that suggests the existence of several Bertiella species
in primates and humans (6,8). Multiple species of
Bertiella tapeworms may infect humans in the New
World and the Old World. It is not certain whether
the Old World and New World Bertiella infections,
previously all identified as B. studeri or B. mucronata,
actually represent multiple different species; the true
taxonomic distinction and geographic distribution of
these 2 species are not entirely clear (6). Furthermore,
diagnosis entirely based on egg morphology, size,
and geographic distribution is insufficient to discriminate B. studeri tapeworms from other Bertiella spp.
infecting humans (9).
Author affiliations: University of Peradeniya, Peradeniya, Sri
Lanka (A. Amarasinghe, S. Wickramasinghe); Vietnam Academy
of Science and Technology, Hanoi, Vietnam (T.H. Le)
DOI: https://doi.org/10.3201/eid2608.200324

This study provides the molecular analysis of the
B. studeri tapeworms infecting children in Sri Lanka
and describes phylogenetic relationships for this species. The Ethics Review Committee in the Faculty of
Medicine, University of Peradeniya, Sri Lanka approved this study (protocol no. 2019/EC/03).
The Study
We conducted a retrospective study using tapeworm
proglottids (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/26/8/20-0324-App1.pdf) from 24
pediatric patients referred to the Department of Parasitology, Faculty of Medicine, University of Peradeniya, Peradeniya, Sri Lanka, during 2007–2017. Patients
were all <10 years of age (range 3.5–9 years). No other
epidemiologic data were available.
We extracted genomic DNA separately using a
commercial DNA extraction kit (PureLink; Invitrogen, https://www.thermofisher.com). We amplified
2 mitochondrial markers, nicotinamide adenine dinucleotide hydrogenase subunit 1 gene (NAD1) and
cytochrome c oxidase subunit 1 gene (COX1), and 3
nuclear ribosomal markers, the second internal transcribed spacer region (ITS2), 28S large subunit ribosomal region (28S), and 18S rRNA gene (18S), using
the specified primers and PCR conditions (Appendix
Table). We subjected the PCR products to Sanger sequencing; only the ethanol-preserved samples provided a sufficient amount of DNA for sequencing
(Appendix). We inferred molecular phylogenetic
analysis and evolutionary history using maximumlikelihood and Bayesian methods.
Phylogenetic analysis identified a monophyletic group of Bertiella species in all 5 maximumlikelihood trees. The NAD1 region revealed several
clades within the Bertiella monophyletic group (Figure 1, panel A); sequence similarity search identified
90.19% match with Bertiella species (GenBank accession no. JQ771111). The COX1 sequence similarity
search identified 95.10% match with Bertiella species
(GenBank accession no. JQ771106); COX1 analysis identified 2 clades in the Bertiella monophyletic
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Figure 1. Molecular phylogeny of the mitochondrial markers in a study of Bertiella tapeworms in children in Sri Lanka. Bold text indicates
B. studeri samples from Sri Lanka. A) Maximum-likelihood tree containing 25 taxa constructed by the analysis of partial NAD1 sequence
alignment. B) Maximum-likelihood tree containing 37 taxa was constructed by the analysis of partial COX1 sequence alignment.
Numbers above the nodes indicate the percentages of 1,000 nonparametric bootstrap pseudoreplicates (>70) and below the nodes the
percentages of 1,000 Bayesian posterior probabilities (>70). GenBank accession numbers are provided for reference sequences. Scale
bars represent nucleotide divergence.

group (Figure 1, panel B). Bertiella species from human hosts, acquired in Equatorial Guinea and Argentina, and B. mucronata (New World) from Callicebus oenanthe monkeys were separated from the Sri
Lanka clade (Figure 1, panel B).
The ITS2 sequences showed 99.35% similarity
with B. studeri (GenBank accession no. AB586129)
and 100% similarity with Bertiella species (GenBank
accession no. JQ771096). All the B. studeri sequences
from Asia are in 1 clade. The second clade included
3 sequences from Pan troglodytes chimpanzee in Kenya, 1 from a human infection acquired in Equatorial Guinea, and 1 from a human host in Brazil (Figure
2, panel A). The 28S rRNA gene analysis revealed 2
clades for Bertiella from humans and nonhuman primates (Figure 2, panel B). The sequence similarity
search revealed 94.66% similarity with Bertiella species (GenBank accession no. KJ888951). Furthermore,
we identified a single-nucleotide polymorphism in
28S rRNA region (T to C) between the samples from
Sri Lanka that suggest genetic diversity (Appendix Figure 2, panel A). In the ML tree for 18S rRNA
region, Sri Lanka samples and B. studeri obtained
from Macaca fascicularis macaque formed a single
clade (Figure 2, panel C). The sequence similarity
search for 18S rRNA region identified 99.84% match
with B. studeri (GenBank accession no. GU323706).
1890

Furthermore, 18S rRNA region in the Sri Lanka samples have a single-nucleotide polymorphism (T to C)
with the Bertiella sequence from M. fascicularis (Appendix Figure 2, panel B).
Records we examined showed patients had
white, flat, motile worm segments in stools, and some
patients had reported abdominal disturbances and
intermittent diarrhea. Previous studies reported recurrent abdominal pain and continuous perianal itching, anorexia, weight loss, and intermittent diarrhea
in infected patients (6); however, these symptoms are
not unique to Bertiella infection, and so the correct diagnosis of bertiellosis is important. Treatment failure
for B. studeri worms using niclosamide was reported
in a 30-month-old patient in Sri Lanka in 2004 (10)
and in a 5-year-old patient in Sabaragamuwa Province, Sri Lanka (7).
Conclusions
Our results suggest an intraspecific diversity of Bertiella tapeworms. Such diversity may occur according to
the host and the geographic location. A previous study
conducted by Doležalová et al. (8,11) has suggested a
broad genetic diversity among the Bertiella species in
primates and humans; further studies are required to
support this suggestion. According to the available demographic data, most of the patients resided in Central
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Province, Sri Lanka; the most likely reason that they
comprised most patients is the Bertiella tapeworm
reservoir hosts, particularly Ceylon torque monkey
(Macaca sinica) and gray langur (Presbytis entellus), that
inhabit this region (12,13). Over time, these monkey

populations have lost their habitats due to deforestation and rapid urbanization in Sri Lanka; they are now
regular visitors in suburban and urban areas scavenging for food near human settlements, which has increased human exposure to B. studeri infection (14,15).
Figure 2. Molecular phylogeny
of the nuclear ribosomal
markers in study of Bertiella
tapeworms in children in Sri
Lanka. Bold text indicates
Bertiella studeri samples
from Sri Lanka. A) Maximumlikelihood tree containing 17
taxa, constructed by the analysis
of partial ITS2 sequence
alignment. B) Maximum
likelihood tree containing
24 taxa, constructed by the
analysis of partial 28S sequence
alignment. C) Maximumlikelihood tree containing
13 taxa, constructed by the
analysis of partial 18S sequence
alignment. Numbers above the
nodes indicate the percentages
of 1,000 nonparametric
bootstrap pseudoreplicates
(>70) and below the nodes the
percentages of 1,000 Bayesian
posterior probabilities (>70).
GenBank accession numbers
are provided for reference
sequences. Scale bars
represent nucleotide divergence.
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Unavailability of molecular data for B. studeri
28S, COX1, and NAD1 markers in GenBank was a
constraint that we encountered during phylogenetic
analysis. In our study, we generated molecular data
for 2 mitochondrial markers (NAD1, COX1), and 3
nuclear ribosomal markers (28S, 18S, ITS2) and submitted them to GenBank (Appendix). The molecular
data obtained can be used for further analysis in diagnostics, to discern phylogenetic relationships and
evolutionary correlations, and to understand the
transmission dynamics of B. studeri tapeworms. Our
data may also be used to assist in elucidating if multiple species of Bertiella sp. tapeworms infect human
hosts in the Old World.
This study was funded by the University Research Grant
(no. URG/2018/31/M), University of Peradeniya,
Sri Lanka.
A.A. carried out the laboratory work, sequence analysis,
and wrote the manuscript with input from all authors.
T.H.L. carried out DNA sequencing. S.W. performed
sequence analysis, manuscript writing, and finalized the
manuscript. S.W. had the final responsibility for the
decision to submit for publication. All authors reviewed
the draft and approved the decision to submit
for publication.
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Spread of Multidrug-Resistant
Bacteria by Moth Flies from
Hospital Waste Water System
Thomas Rupprecht,1 Annette Moter, Alexandra Wiessener, Joerg Reutershan,
Klaus Lang-Schwarz, Michael Vieth, Christian Rupprecht, Ruediger Wagner, Thomas Bollinger1

We documented and analyzed moth fly occurrence and
spread of multidrug-resistant bacteria in a tertiary care
hospital in Germany. The moth flies (Clogmia albipunctata) bred in the sewage system, then moved into the
hospital, carrying biofilm and multidrug-resistant bacteria
on their feet. Subsequently, the hospital developed a pest
control protocol.

H

ospital-acquired infections caused by multidrug-resistant (MDR) pathogens pose major
challenges (1). Whereas the concept of transmission
of pathogenic bacterial organisms through contact
with medical staff is well established, other ways of
spreading have not been sufficiently addressed. A
tertiary care hospital in Germany observed sporadic
outbreaks of MDR pathogens that could not be attributed to usual means of contamination. Concurrently,
an increase in moth flies was observed.
Psychodidae, the family that encompasses moth
flies, includes a few species that can cause severe
health problems, including the species Psychoda alternata and Clogmia albipunctata. Both species occur in
large numbers where poor hygienic conditions exist,
such as in sewage treatment plants, hospital waste
water systems, or other environments where microbial biofilms exists, and therefore are considered
nuisance pests (2). Reports suggest that wounds attract adult moth flies (3) and larvae have even been
reported in samples from tear ducts (3). C. albipunctata moth flies have become a severe source of insect
Author affiliations: Klinikum Bayreuth, Bayreuth, Germany
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Germany (T. Bollinger)
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infestations in hospitals. One report (4) provides a
summary of the permanent distribution of the species
throughout Europe.
Observations of both moth flies and outbreaks of
MDR bacteria in the hospital were not initially linked.
However, a newly constructed operating room (OR)
could not be opened for use for >2 years due to occurrence of moth flies. The results of this study suggest
that spreading of MDR bacteria by moth flies could
explain these outbreaks.
The Study
We performed microbiologic analysis of all biofilm samples and moth flies by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry (Bruker, https://www.bruker.com) and Phoenix
automated microbiology system (Becton Dickinson,
https://www.bd.com) according to European Committee on Antimicrobial Susceptibility Testing (EUCAST,
https://eucast.org) guidelines. To visualize biofilms
we used fluorescence in situ hybridization protocol on
sections of embedded samples or moth flies (Appendix,
https://wwwnc.cdc.gov/EID/article/26/8/19-0750App1.pdf). We considered pathogens to be MDR if
nonsusceptible to >1 agent in 3 of the defined categories, extensively-drug-resistant (XDR) if nonsusceptible to >1 agent in all but <2 of defined categories, and
pan-drug resistant (PDR) if nonsusceptible to all listed
antimicrobials (5).
We identified the moth flies as C. albipunctata (Figure 1, panel A) and found that they had entered the hospital room from a forgotten shunt between the drains
and the waste air system (Appendix). To confirm that
sewage pipes contained bacterial biofilms and moth
fly eggs, samples were taken from the pipes, fixed, and
stained. Psychodidae eggs were found in the biofilm
(Figure 1, panel B). Infestation with moth flies seemed
to increase with proximity to the central drain (Figure
1

These authors were co–principal investigators.
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Figure 1. Investigation of
multidrug-resistant bacteria
spread by moth flies via biofilm
in a hospital, Germany. A)
Magnified Clogmia albipunctata
moth fly. The length of the corpus
is 2.5 mm. B) Fluorescence in
situ hybridization (FISH) from
biofilm of a sewage pipe with a
blind end in the operating room
(OR) using the pan-bacterial
FISH-probe EUB338 labeled
with fluorescein isothiocyanate
(green), Pseudomonas aeruginosa
specific probe labeled with Cy3
(orange), and nucleic acid stain
DAPI (Thermo Fisher Scientific,
https://www.thermofisher.com/)
(blue). The oval structure seen
is consistent with an eggshell of
Psychodidae, which is colonized
by bacteria. C) Schematic map
of floor –3 (topographically
representative of the hospital
building). Blue lines represent
the main sewage pipe; heat
map shows the frequency of C.
albipunctata occurrence merged
from all floors of the building; blue
arrow indicates sewage system
discharge from the hospital;
black arrows indicate where moth
flies were captured on level –3.
Arrow numbers correspond to the
numbers in Tables 1, 2; arrows 3–6
indicate the position of the closed
OR. The gradients in the heat map
(summarized over all floors) point
to the yellow region, which is 1
floor above the central sewage collection point of the hospital. The central sewage lines were inspected; we found biofilm and multiple
moth flies at all investigated points.

1, panel C). Furthermore, we observed that moth flies
were able to pass through the water-filled siphon of a
bedpan washer (Video 1, https://wwwnc.cdc.gov/
EID/article/26/8/19-0750-V1.htm) and we identified extensive biofilm in the drains (Video 2, https://
wwwnc.cdc.gov/EID/article/26/8/19-0750-V2.htm).
Fluorescence in situ hybridization and fluorescence microscopy on sections of embedded moth flies
showed the presence of biofilms and bacteria on their
feet (Figure 2). Not every moth fly caught was tested;
however, representative moth flies from each identified location were tested. Furthermore, biofilm in sewage pipes revealed a kind of ecosystem consisting of
moth fly larvae, vermicular, fungi, and bacteria (Appendix Figure 1). Subsequently we collected and microbiologically analyzed C. albipunctata and biofilm
from different parts of the hospital (Tables 1, 2). Of the
moth flies we analyzed microbiologically, we found
1894

that 41.1% carried MDR or even XDR bacteria (Appendix). Overall, 43.9% of specimens were MDR or XDR.
We subsequently examined pest control options.
Our first approach, removing biofilm from accessible
pipes in the sewage system, did not successfully reduce or eliminate moth flies. Our second approach,
mechanically and chemically cleaning all sinks and
proximal sewage lines, also did not prevent periodic
reoccurrence of moth flies. Our third approach was
more successful. We flushed all sinks in the OR at the
same time with 60°C hot water for 15 min/wk, daily
during summer, which suppressed C. albipunctata
moth flies in the OR but not in the rest of the hospital.
Conclusions
Infection with and colonization by MDR bacteria is an
increasing challenge in health care (6). Psychodidae
(moth flies) are small, 1–4 mm in size, and have been

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

MDR Bacteria from Hospital Waste Water System

Figure 2. Fluorescence in situ hybridization (FISH) from a longitudinal section of a leg of a Clogmia albipunctata moth fly from a hospital in
Germany. The fly was caught in the hospital, embedded, and stained (Appendix, https://wwwnc.cdc.gov/EID/article/26/8/19-0750-App1.pdf).
A) Overview showing an overlay of the fluorescent images with a phase contrast to visualize the limbs of the legs. B) Higher magnification of
the inset from panel A shows the anatomy of the tarsus and claws with an adjacent biofilm, which is stained by the bacterial probe (green) and
DAPI (blue). C) Higher magnification of the inset from panel B shows the biofilm. Blue represents DAPI staining of DNA; bacteria were stained
green with pan-bacterial FISH probe EUB338-FITC, Enterobacterales stained orange with an Escherichia coli–specific FISH probe (data not
shown), and NONEUB (nonsense EUB) probe labeled with Cy5 was used to exclude unspecific probe binding. D) Overlay of the DAPI and
fluorescein isothiocyanate channel shows the biofilm with different bacterial morphotypes. Different planes of the z-stack in the green channel
(pan-bacterial probe) of the identical microscopic field depicts the different claws embracing the biofilm (D1 and D2). D3 shows the DAPI filterset only with the DNA of the bacteria, whereas D4 shows the autofluorescence in the Cy5 filter-set NONEUB probe.
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Table 1. Occurrence of moth flies in a hospital, Germany*
No.
Psychodidae larvae/eggs
Count†
1
Adult
1
2
Larvae and eggs
>100
3
Adult
>50
4
Adult
>500
5
Adult
>50
6
Adult
>50
7
Adult
3
8
Adult
1
9
Adult
>20
10
Adult
>5
11
Adult
>10
12
Adult
>10
13
Adult
>500
14
Adult
>500
15
Adult
>5
16
Adult and eggs
>500 (>100 eggs)
17
Adult
>500
18
Adult
>10
19
Adult
>10
20
Adult
>10
21
Adult
>10
22
Adult
>10
23
Adult
>10
24
Adult
>5
25
Adult
3
26
Adult
>500
27
Adult
>500
28
Adult
>10
29
Adult
>10
30
Adult
>10
31
Adult
>10

Type of room (comment)
Sewage line service opening (under OR 1)
Sewage line service opening (200 m distant from OR 1)
OR 7§
Washroom, OR 7
Corridor, OR 7
Supply rooms for OR 7
Corridor connecting ORs 1–6
Corridor to ICU 58
Toilet (A3–40)
Doctor’s room (A3–43) St 35
Toilet (G3–58)
OR dermatology (B3–61)
Washing room G3–62
Toilet A3–06
Supply room (A3–41)
Shower (F3–07) St 35
Shower floor 35 (F3–31), patient room and corridor
Bathroom floor 34 (E3–07)
Shower floor 34 (E3–08)
Clean supply room floor 34 (E3–01)
Kitchen floor 34 (E3–02)
Staff room floor 34 (E3–04)
Doctor‘s room floor 34 (E3–05)
ICU floor 58 W3001
OR 12 heart surgery¶
Sluice to hospital kitchen (S2–20)
Hospital kitchen toilets (S2–20a, b)
Supply room emergency department (R1–52)
Kitchen emergency department (R1–57)
Toilet emergency department (R1–55)
Patient rooms emergency department

Floor‡
−4
−4
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−3
−2
−2
−1
−1
−1
−1

Patient numbers correspond to the numbers in Table 2 and Figure 1, panel C. ICU, intensive care unit; OR, operating room; St, suite.
†Count of Psychodidae larvae and adult flies during June 2016–October 2018.
‡Floor numbers are negative because the hospital is in part built on a hill so that Floor 0 is the most top level (Floor 0 had no moth fly observations).
§OR 7 had been closed for years until we eliminated the source of moth flies.
¶In OR 12 only 1 moth fly was found even after an intense search. From all immediately reported occasions 1–2 moth flies were caught and analyzed
microbiologically (see Table 2 for results).

regarded as unharmful vermin except in highly sterile
areas. Therefore, they have often been overlooked or ignored and not considered a high-consequence problem.
The results of our study suggest a change in this
point of view is needed. If generalized to other hospitals, our findings indicate that C. albipunctata moth
flies in hospitals, combined with MDR, XDR, or PDR
(pandrug-resistant) bacteria in biofilms, pose an underestimated threat. The danger from this symbiotic
system between moth flies and these bacteria results
from moth fly eggs and larvae living in biofilm that
is contaminated by a patient’s bacterial flora. Furthermore, biofilms can rapidly grow and spread over
distances kilometers in length (7) and are almost impossible to eradicate. In the third and fourth stages of
development, larvae living in the biofilm can begin to
move, thus overcoming the water barriers in showers, bathtubs, toilets, and other washing units. At this
point, adult moth flies can enter the hospital (Video 1)
and transport drug-resistant bacteria from the microbial flora of the biofilm into the hospital.
1896

We frequently found Stenotrophomonas maltophilia
on C. albipunctata moth flies and also in clinical samples from deep respiratory material, wounds, blood
culture, urine, and bile. In 1 patient, for example, we
found hospital-acquired S. maltophilia and a genetically identical strain in drains in a ward ≈250 m away
(data not shown). Even though this evidence is scant,
it does support our hypothesis.
In addition, low doses of antimicrobials excreted
by patients can result in the quick development and
spread of plasmids (resistance genes) and virulence
factors in biofilms (8). This process might result in resistance developing not only in a patient’s microbiota
but also in hospital biofilm. Our observations suggest
that the adult C. albipunctata moth flies can move freely
throughout sewage systems and that they carry bacterial biofilm on their feet. Many authors have suggested
the existence of missing links in polyclonal outbreaks
and in other hard-to-explain observations (9,10). We
hypothesize that moth flies in symbiotic combination
with biofilms could, in part, explain one such observed
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transmission. However, the findings of this study are
limited by the moderate number of moth flies, which
should be addressed in future investigations.
Currently, there are no proven strategies, including
chemical methods, to prevent or eradicate moth flies
in sewage systems. However, weekly or, during summer, daily flushing with hot water (60°C) for 15 min
was sufficient to suppress the moth flies in our study.
We propose a prevention protocol including flushing
weekly or daily with hot water (60°C), mechanical removal of biofilms; deconstruction of unused siphons
or replacement by heatable siphons; and checking for
unexpected outlets, such as drill holes, from drains into

hospital rooms. These measures will not eliminate but
might substantially suppress the problem. Once moth
flies leave the drains, among the few available biofilms
are patient wounds. Research has reported that adult
moth flies are attracted to them, and C. albipunctata larvae have been found in wounds (11,12). Searching for
moth flies and determining their microbial load might
be advisable, especially if an unexpected bacterial outbreak occurs. Finally, our observations should be taken
into account in the planning of hospital sewage systems in the future.
The authors declare no conflict of interest.

Table 2. Multidrug resistant bacteria on moth flies and biofilm in a hospital, Germany*
Specimens
Can produce
No.
tested
Location found
Species identified†
biofilm?
1
Biofilm
Sewage line
Achromobacter xylosoxidans
Yes
2

Biofilm

Sewage line

3
4

Moth fly
Biofilm

OR 7
Endoscopy of
sewage lines in
washroom, OR 7

5

Moth fly
Moth fly

Washroom OR 7
Corridor OR 7

7

Moth fly

Corridor OR 1-6

8
9

Moth fly
Moth fly
2 moth flies
Moth fly

14

Moth fly

Corridor ICU CS
Toilet (A3-40)
Toilet (A3-40)
Doctors room (A343)
Doctors room (A343)
Toilet (A3-06)

16

Biofilm

Shower drain

Moth fly

Shower (F3-07)

2 moth flies

Shower (F3-07)

17

Moth fly

Shower (F3-31)

24

Moth fly
Moth fly

Shower (F3-31)
ICU floor C

10

Moth fly

Resistance
level‡
Not classified

Macroscopic/
histologic findings
Biofilm, Candida,
mucin, eggs
Biofilm, cocoons, eggs

Pseudomonas spp.
Escherichia coli
Lysinibacillus fusiformis
Bacillus spp., Citrobacter freundii
Advenella species

Yes

Potential XDR§
MDR

Yes
Yes

MDR
Potential XDR§

Bacillus spp.
Pseudomonas aeuginosa
Stenotrophomonas maltophilia
Sterile
P. mosselii
S. maltophilia
Bacillus spp.
B. megatariume
Bacillus spp.
S. maltophilia
Sterile
Bacillus spp.
P. nitroreducens
B. cereus
B. thuringienses
Bacillus spp.
B. cereus
Chryseobacterium indologenses
B. cereus
Bacillus spp.
P. putida
Bacillus cereus
L. sphaericus
Staphylococcus epidermidis
S. maltophilia
B. thuringiensis
Enterococcus faecium (vanA)
Bacillus spp.
S. maltophilia
E. faecium
Sterile

Yes
Yes

NA
Extensive biofilm in all
sewage lines, mucin,
Candida

NA
Yes

ND
Potential XDR§

NA
NA

Yes
Yes
Yes

ND

NA

NA
Yes
Yes
Yes
Yes
Yes

Potential XDR§
ND
ND

NA
NA
NA

ND

NA

ND

NA

Yes

ND

Biofilm, eggs, Candida
albicans

Yes

ND

NA

Yes

Potential XDR

NA

Yes

Possible XDR¶
Potential XDR§

NA

Yes
NA

MDR
ND

NA
NA

*Numbers at left are patient numbers, which correspond to the numbers in Table 1 and Figure 1, panel C. CS, cardiosurgery; C, cardiology; ICU, intensive
care unit; MDR, multidrug resistant; OR, operating room; NA, not applicable; ND, not detected; XDR, extensively drug resistant.
†Microbiology, histology, and fluorescence in situ hybridization findings in the investigated specimens. Note that not every moth fly from the Table 1 count
column was analyzed.
‡Resistance levels defined in Magiorakos et al. (13).
§Potential XDR means that the international standards have not been applied to the bacterium S. maltophilia. Additional details are available in the
Appendix (https://wwwnc.cdc.gov/EID/article/26/8/19-0750-App1.pdf).
¶Possible XDR means that it could be XDR but not all antimicrobial categories were tested. Additional details are available in the Appendix.
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Atypical Pathogenicity of Avian
Influenza (H3N1) Virus Involved
in Outbreak, Belgium, 2019
Mieke Steensels, Philippe Gelaude, Steven Van Borm, Thierry Van Den Berg,
Mickaël Cargnel, Virginie Roupie, Fabienne Rauw, Bénédicte Lambrecht

In 2019, an outbreak of avian influenza (H3N1) virus infection occurred among commercial poultry in Belgium. Fullgenome phylogenetic analysis indicated a wild bird origin
rather than recent circulation among poultry. Although
classified as a nonnotifiable avian influenza virus, it was
associated with reproductive tropism and substantial mortality in the field.

A

vian influenza is a highly contagious viral disease of poultry, able to infect all species of birds
(1). Of the 2 existing pathotypes, low pathogenicity
avian influenza (LPAI) and highly pathogenic avian
influenza (HPAI), infection with LPAI virus is mostly
undetected in a flock but can cause some respiratory
signs, egg drop, lethargy, and limited mortality (2,3).
Avian influenza H5/H7 subtypes are all notifiable to
the authorities in Europe because adaptive mutations
can influence the polybasic nature of the hemagglutinin (HA) cleavage site, resulting in HPAI emergence
(4). For all other avian influenza subtypes, only those
with an intravenous pathogenicity index (IVPI) >1.2
must be reported (5).
The Study
In January 2019, H3N1 virus was isolated from an
outdoor laying hens farm in Belgium. The affected
flock was culled, but 3 months later (April), H3N1
virus was again detected on this farm (5–8), indicative of incomplete virus elimination. Since then, 82
holdings in northwestern Belgium were infected
with H3N1 virus in a 16-week period, involving different poultry species and types of farms (Figure 1,
panels A, B). In southern Belgium, only 1 farm was
Author affiliations: Sciensano, Brussels, Belgium (M. Steensels,
S. Van Borm, T. Van Den Berg, M. Cargnel, V. Roupie, F. Rauw,
B. Lambrecht); Animal Health Vlaanderen, Torhout, Belgium
(P. Gelaude)
DOI: https://doi.org/10.3201/eid2608.191338

clinically affected, for which a direct link with a
positive farm in northwestern Belgium was identified. Also, 5 farms with asymptomatic poultry tested
positive for H3N1 virus (Figure 1, panel A), without a clear link to the category of farm or species
(2 broiler, 1 outdoor laying, 1 ostrich, and 1 broiler
breeder farm). In France, 3 farms were H3N1-positive; 2 showed a direct link with a company from the
affected area of Belgium (9).
The clinical picture in the field started mostly
with discolored eggs for laying hens and breeders,
followed by an increased mortality rate of up to 60%
in breeder hens and 40% in laying hens. In addition, a marked egg drop, up to 100%, was reported.
Recovered animals never fully regained their laying potential. A second wave of mortality caused
by secondary infection was detected later. During
autopsy, specific lesions were detected (e.g., point
bleeding in the proventriculus, trachea, and brain;
congestion of the kidneys, ovary, and brain; and atrophy of the oviduct, resulting in egg yolk leakage
and peritonitis).
For the virus strain isolated in April from
poultry on the index farm (A/Gallus gallus/Belgium/3497_0001/2019), hereafter called the 3497_
April isolate, the IVPI was 0.13 (Sciensano Bioethics
Committee approval 20170117-01), indicating a low
pathogenicity phenotype. The complete coding sequences of the HA and neuraminidase (NA) genes,
identified by Sanger sequencing, of the strains isolated in January (A/Gallus gallus/Belgium/609/2019
[H3N1]; GenBank accession nos. MK972679 [H3];
MK972680 [N1]) and April (A/Gallus gallus/Belgium/3497_0001/2019 [H3N1]; GenBank accession
nos. MK972681 [H3] and MK972682 [N1]) confirmed
their relationship. These results demonstrated that
the virus from January 2019 had evolved into a poultry-adapted strain by April 2019, with a deletion in
the stalk of the NA gene, previously described as
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Figure 1. Outbreaks of avian influenza (H3N1) virus among poultry in Belgium, 2019. A) Geographic distribution; B) weekly number of
newly identified farms with avian influenza (H3) and poultry species involved. Repro, reproduction.
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crucial for adaptation from wild birds to poultry
(10,11). Next-generation sequencing of the 3497_April
isolate demonstrated that the most closely related
publicly available sequence of all 8 complete genome
segments (accession nos. MN006980–7) linked to avian influenza viruses from Eurasia that were circulating in wild birds with occasional spillover to poultry
(Table 1). Using neighbor-joining and maximumlikelihood phylogenetic analyses, we were unable to
clearly associate the 2019 outbreak virus with recent
virus isolates from poultry (data not shown).
We performed in vivo infection studies (Sciensano Bioethics Committee approval 20180222-01) with
the 3497_April isolate, obtained after inoculation of
a lung/trachea homogenate into 9-day-old embryonated specific pathogen–free chicken eggs. First,
we inoculated 11-week-old specific pathogen–free
White Leghorn chickens oculonasally with 106 50%
egg infectious dose (EID50) of the 3497_April virus,
but no clinical signs were noted over 14 days. At the
end of the experiment, 100% (by nucleoprotein [NP]
competition ELISA; IDVet, https://www.id-vet.
com) and 90% (by standard hemagglutination inhibition [HI]) of the infected birds had seroconverted,
confirming infection. Subsequently, to evaluate a
possible synergistic effect of a potential bacterial cofactor, we inoculated a non–antibiotic treated lung/
trachea homogenate from an H3N1 virus–confirmed
animal simultaneously with the H3N1 isolate. At
6–11 days postinoculation (dpi), 40% of the birds
exhibited clinical signs (lethargy, clouded eyes, and
ruffled feathers) and some died (10% on 13 dpi). This

co-infection did not reproduce the clinical picture
observed in the field, indicating that a bacterial cofactor would not be necessary to produce the clinical
signs seen in the field.
Because the clinical effect in the field was greater
for layer hens in production, we performed a third in
vivo evaluation in 24-week-old conventional Bovans
Brown laying hens, avian influenza negative serologically (NP ELISA and HI [5]) and virologically
(real-time reverse transcription PCR [7]) at arrival. Six
chickens were infected with 106 EID50/bird and 6 noninfected sentinel birds were added at 1 dpi. Of the 6
infected birds, 2 died at 6 and 7 dpi, showing either no
or mild clinical signs at 5 dpi. Autopsy of each bird that
died confirmed some of the lesions described for birds
in the field (pronounced congestion in the brain, kidney, and intestine; and kidney enlargement). Among
the sentinel birds, 1 bird died at 8 dpi without prior
clinical signs or clear pathologic lesions during autopsy but demonstrated a higher amount of viral RNA
(105) in the organs compared with the other sentinel
birds at the end of the study (21 dpi) (Figure 2, panel
B). Analysis of viral RNA excretion (Figure 2, panel
A) demonstrated viral shedding from all infected and
sentinel birds and a significant increase (p<0.05) from
2 dpi to 5 dpi in both groups (nonparametric Wilcoxon signed-rank test). Excretion did not differ between
sentinel and infected chicken except at 5 dpi, when
cloacal excretion by sentinel chickens was significantly higher (p<0.05) than that by infected chickens
(nonparametric Mann-Whitney test). No significant
difference was observed between oropharyngeal and

Table 1. Most homologous publicly available sequence for each gene segment of A/Gallus gallus/Belgium/3497_0001/2019 (H3N1)
virus*
Closest BLAST hit (closest poultry BLAST hits)
Gene
Sequences
Accession no.
Nucleotide identity, %
PB2
A/tufted duck/Georgia/1/2012 (H2N3)
MF147767.1
97.74
(A/chicken/Hubei/ZYSJF15/2016[H9N2])
(KY415880.1)
(96.66)
PB1
A/northern shoveler/Egypt/MB-D-695C/2016 (H7N3)
MN208053.1
98.58
(A/chicken/Sichuan/k141/2017[H5N6])
(MH715337.1)
(98.24)
PA
A/mallard duck/Netherlands/56/2015 (H3N2)
MF755261.1
98.68
(A/pigeon/Anhui/08/2013[H3N8])
(KJ579961.1)
(96.68)
HA
A/Mallard/Netherlands/37/2015 (H3N8)
MK414733.1
98.32
(A/chicken/Viet Nam/HN-1724/2014[mixed])
(MK963734.1)
(96.68)
NP
A/duck/Mongolia/543/2015 (H4N6)
LC121413.1
98.50
(A/chicken/Italy/22A/1998[H5N9],
(CY022624.1, LC069933.1)
(96.79, 96.64)
A/chicken/Vietnam/HU1-976/2014[H9N2])
NA
A/mallard duck/Georgia/7/2015 (H6N1)
MF694086.1
97.94
(A/chicken/Vietnam/HU4-26/2015[H6N1],
(LC339717.1, KU310449.1)
(96.78, 96.45)
A/chicken/France/150169a/2015[H5N1])
M
A/mallard/Netherlands/89/2017 (H4N6)
MK192396.1
98.91
(A/domestic duck/Georgia/9/2016[H4N6])
(MF694025.1)
(98.11)
NS
A/mallard duck/Netherlands/31/2013 (H10N7)
KX979173.1
99.19
(A/chicken/France/150169a/2015[H5N1],
(KU310451.1, KY785842.1)
(98.04, 97.46)
A/chicken/Korea/C47/2009(H9N2))

*Determined by BLASTn analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi). NA, neuraminidase; M, matrix; neuraminidase; HA, hemagglutinin; matrix; NS,
nonstructural; PA, polymerase acidic; PB, polymerase basic.
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Figure 2. Viral presence in birds during experimental infection with avian influenza (H3N1) isolated from poultry in Belgium, 2019.
The individual excretion values are shown (different patterns in circles and diamonds correspond to individual birds) in addition to the
average group value ± SDs (error bars). Asterisks (*) indicate statistically relevant differences between time points, groups, or organs,
p<0.05. Note: for diluted viral isolates the correspondence between log10 (no. copies/mL) and log10 (50% egg infectious dose/mL) is a
difference of ≈1 log less in egg infectious dose. The exact link (by determining the titer of infectious virus in the samples) was considered
beyond the scope of this article. A) Viral RNA excretion of infected and sentinel birds at different points after infection, by respiratory
gastrointestinal tract samples. B) Viral presence in the organs of infected and sentinel birds at time of death or the end of the experiment
(21 dpi), determined by real-time reverse transcription PCR. Viral RNA excretion or presence is expressed as the logarithm of the
number of viral RNA copies/mL as quantification was performed relative to an external curve during real-time reverse transcription PCR
analysis. CLS, cloacal samples; dpi, days postinfection; repro, reproduction; TRS, oropharyngeal swab samples.

cloacal excretions, except at 5 dpi oropharyngeal excretion by sentinel chickens was higher (p<0.05) (nonparametric Wilcoxon signed-rank test).
Conclusions
The viral RNA excretion period of the H3N1 virus under investigation demonstrates an extended period of

virus excretion compared with that generally expected
for LPAI viruses. LPAI virus excretion mostly starts
1–2 days after infection and continues for 7–10 days,
peaking on day 5, then quickly declining because of
immunity onset (12,13). In sentinel birds, the viral
RNA concentration was significantly higher (p<0.05)
in the oviduct than in the brain and lung/trachea

Table 2. Seroconversion of sentinel birds and birds infected with A/Gallus gallus/Belgium/3497_0001/2019 (H3N1) virus
9 dpi
14 dpi
21 dpi
Bird
ELISA-NP†
HI‡
ELISA-NP†
HI‡
ELISA-NP†
HI‡
S/N, %
IR
log 2
IR
S/N, %
IR
log 2
IR
S/N, %
IR
log 2
IR
Infected 1
4.3
+
6
+
4.8
+
10
+
5.5
+
8
+
Infected 2
5.0
+
6
+
5.6
+
9
+
4.7
+
9
+
Infected 3
5.8
+
6
+
4.8
+
9
+
4.3
+
9
+
Infected 4
10.2
+
3
–
9.0
+
3
–
12.6
+
3
–
Infected 5
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Infected 6
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Average (SD)
6.3 ±2.6
5.3 ±1.5
6.0 ±2.0
7.8 ±3.2
6.8 ±3.9
7.3 ±2.9
Sentinel 1
17.6
+
2
–
5.3
+
7
+
4.8
+
9
+
Sentinel 2
5.9
+
2
–
4.9
+
7
+
4.8
+
7
+
Sentinel 3
7.7
+
2
–
4.9
+
6
+
4.6
+
8
+
Sentinel 4
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
Sentinel 5
5.7
+
3
–
4.7
+
8
+
4.8
+
9
+
Sentinel 6
5.6
+
2
–
4.4
+
7
+
5.5
+
8
+
Average (SD)
8.5 ±5.1
2.2 ±0.4
4.8 ±0.3
7.0 ±0.7
4.9 ±0.4
8.2 ± 0.8
*dpi, days postinfection; ELISA-NP, nucleoprotein competition ELISA; HI, hemagglutination inhibition; IR, immune response; NA, not applicable because
of bird death; S/N, signal-to-noise ratio; +, positive immune response; –, negative immune response.
†(IDVet, https://www.id-vet.com/). ELISA data are presented as the percentage of competition detected, the S/N.
‡HI test with the homologous H3N1 antigen. HI data are presented as log2 of the HI titer.
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(nonparametric Friedman test) (Figure 2, panel B);
differences with other organs were not significant. In
infected chickens, this trend was confirmed, albeit not
significantly. The systemic distribution, although limited to chickens during laying, is a typical feature for
HPAI and is not expected for LPAI. All birds had seroconverted at 9 dpi, as measured by NP competition
ELISA, and all but 1 infected bird seroconverted at 9
dpi and all surviving sentinels had seroconverted at 14
dpi as measured by HI (Table 2).
No virus transmission to humans was reported.
All 20 analyzed conjunctival swab specimens from
farmers without clear influenza-like symptoms on
the infected farms were negative for H3N1 virus by
the Belgian National Reference Center of Influenza (I.
Thomas, Sciensano, pers. comm., 2019 Jul 31).
Although this virus was classified as LPAI according to official definitions using IVPI or molecular criteria, it was more pathogenic in laying hens than expected for a non-notifiable LPAI. Increased pathogenicity
was shown by systemic distribution, clinical signs, and
increased transmissibility in poultry (especially laying
hens) under field and experimental conditions.
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In Vivo Observation of
Trombiculosis with Fluorescence–
Advanced Videodermatoscopy
Alice Ramondetta,1 Simone Ribero,1 Andrea Peano, Pietro Quaglino,2 Paolo Broganelli2

Trombiculosis is a skin infestation by larvae of mites of the
Trombiculidae family. We used fluorescence–advanced
videodermatoscopy to diagnose trombiculosis in a woman
in Italy with targetoid patches. This method might be useful
for identifying atypical manifestations of trombiculosis.

T

rombiculosis is a skin infestation by mites of the
Trombiculidae family. Adult mites live and reproduce on the surface of the soil, whereas the larvae feed
on warm-blooded vertebrates, including humans.
These mites are also known as harvest mites or chiggers (1–6). Although trombiculid mites are endemic
to most of the world, certain soil conditions limit common habitats to grassy fields, forests, parks, gardens,
and the moist areas along lakes and streams (1).
Only the larvae (0.15–0.3 mm long), which are
6-legged and orange or bright red, are responsible
for chigger bites. Infestation usually occurs when
larvae are particularly abundant, throughout late
summer and autumn (7). Trombiculid larvae do not
burrow into the host’s skin; instead, they use jaw-like
structures to attach to hairless areas on the host, secrete digestive enzymes that liquify host epidermal
cells, and feed on broken-down tissue and digested
cutaneous cells for 2–10 days (1). The host response
is mainly caused by sensitization to the injected saliva. Its intensity might vary from a slightly irritable
erythema to papules or vesicles with intense itch (3).
Trombiculid mites are also vectors of infectious
agents. For example, Leptotrombidium mites transmit
scrub typhus in the Far East (3). We report a case of
trombiculosis in a woman in Turin, Italy.
Case Report
In April 2019, a 48-year-old woman sought care at
the Dermatology Clinic University Hospital of Turin,
Turin, Italy, for onset of small roundish, targetoid

Author affiliation: Università degli Studi di Torino, Turin, Italy
DOI: https://doi.org/10.3201/eid2608.200077
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Figure 1. Roundish, targetoid patches, with peripheral
erythematous halo and central lightening located on left
abdomen (A) and on the back (B) of a 48-year-old woman with
trombiculosis, Italy, April 2019.

patches, with peripheral erythematous halo and central lightening, on her trunk (Figure 1). The patient
was otherwise in good health. A few days before the
patches developed, she had gone on an excursion in
the countryside near Turin.
We used fluorescence–advanced videodermatoscopy (FAV), an optical electronic system using a
monochromatic light-emitting source with an λ of 405
nm (±5 nm) and a field of view of 340 μm, to examine the patient. FAV uses the ability of endogenous
molecules to absorb specific wavelengths and emit
fluorescence. The examination is conducted in vivo;
the optical device is directly applied to the skin. The
images are visualized in real time by using grayscale
to indicate the levels of light absorption (i.e., black indicates no fluorescence, and white indicates highest
fluorescence) (8).
By placing the probe on one of the patient’s skin
patches, we visualized an oval-shaped mite with 3
1
2
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Figure 2. Images of trombiculid
mites from infestation of a
48-year-old woman, Italy,
April 2019. A) Fluorescence–
advanced videodermatoscopy
image shows oval body
with 3 pairs of legs. Original
magnification ×500. B) Optical
microscope examination
of 1 larva detected from a
superficial skin scraping. Original
magnification ×100.

pairs of legs (Figure 2, panel A). We identified this
image as the larval stage of a trombiculid mite. We
also detected 1 larva on direct examination from a superficial skin scraping (Figure 2, panel B). The patient
was treated with topical ivermectin for 7 days, resulting in complete regression of the lesions.
Conclusions
FAV facilitated a real-time diagnosis of trombiculosis in this case. Without this technology, the diagnosis of trombiculosis might have been complicated by the atypical presentation (trombiculosis
usually manifests with erythematous homogeneous
macules) and seasonality of the case (in Italy, trombiculosis is more prevalent in autumn [7]). To our
knowledge, the diagnosis of trombiculosis using
videodermatoscopic findings has been reported in
only 1 other case (6).
We suspect the agent responsible for this
case was the Neotrombicula autumnalis mite, the
most frequent causative agent of trombiculosis
in Europe (2–5). However, because we could not
collect larvae to perform morphologic or molecular studies, we could not definitively identify the
mite. At least 4 other species of trombiculid mites
might cause trombiculosis in Europe, namely
Kepkatrombicula desaleri, Blankaartia acuscutellaris,
Trombicula toldti, and N. inopinata (9). In addition,
the number of cases caused by species other than
N. autumnalis might be underestimated because,
in most reports, the identification does not appear
to have been attributed with sufficient taxonomic
criteria (9).
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Evolution and Antigenic Drift
of Influenza A(H7N9) Viruses,
China, 2017–2019
Jiahao Zhang,1 Hejia Ye,1 Huanan Li,1 Kaixiong Ma, Weihong Qiu, Yiqun Chen,
Ziwen Qiu, Bo Li, Weixin Jia, Zhaoping Liang, Ming Liao, Wenbao Qi

After a sharp decrease of influenza A(H7N9) virus in China in 2018, highly pathogenic H7N9 viruses re-emerged
in 2019. These H7N9 variants exhibited a new predominant subclade and had been cocirculating at a low level
in eastern and northeastern China. Several immune
escape mutations and antigenic drift were observed in
H7N9 variants.

S

ince emerging in China in 2013, influenza
A(H7N9) viruses have continued to circulate in
mainland China, sporadically causing human infection (1–3). As of February 2020, a total of 1,568
laboratory-confirmed human cases and 616 related
deaths had been reported, for a fatality rate of ≈40%
(http://www.fao.org/ag/againfo/programmes/
en/empres/H7N9/situation_update.html). In mid2016, a highly pathogenic avian influenza (HPAI)
virus of subtype H7N9 emerged, and the number
of cases in humans began to rise sharply during a
fifth wave (4,5). Animal studies indicated that these
HPAI H7N9 viruses are highly virulent in chickens
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and have gained transmissibility among ferrets (5–
7). Also, the cocirculation of HPAI (H7N9) viruses
caused high genetic diversity and host adaption (8),
posing public health concerns.
Although HPAI H7N9 viruses spread widely
across China in 2017 (8,9), after an influenza H5/
H7 bivalent vaccine for poultry was introduced in
September 2017, the prevalence of the H7N9 viruses in birds and humans decreased dramatically
(6,10). In early 2019, when the novel HPAI H7N9
viruses re-emerged, the isolation of HPAI H7N9 viruses from birds revealed them to be responsible
for continuous epidemics in northeastern China
(11). In March 2019, a human death in Gansu, China, was confirmed to have been caused by an H7N9
virus (12). To explore the prevalence and evolution of influenza A(H7N9) viruses, we sequenced
28 hemagglutinin (HA) and neuraminidase (NA)
genes of poultry-origin H7N9 viruses circulating in
China during 2019.
The Study
During January–December 2019, we conducted poultry surveillance for influenza virus at live poultry
markets in 15 provinces of China (Appendix Figure
9, https://wwwnc.cdc.gov/EID/article/26/8/200244-App1.pdf). We isolated 28 H7N9 viruses from
tracheal and cloacal swab samples of chickens in
Shandong, Hebei, and Liaoning Provinces (Figure 1, panel C; Appendix Table 1). Vaccination of
all chickens in China was compulsory according
to the Ministry of Agriculture and Rural Affairs of
the People’s Republic of China. We sequenced the
HA and NA genes of 28 H7N9 viruses and submitted the sequences to GISAID (https://www.gisaid.
org) (Appendix Table 2). All H7N9 viruses had 4
continuous basic amino acids at cleavage sites (i.e.,
KRKRTAR/G and KRKRIAR/G), suggestive of high
1
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Figure 1. Evolutionary history of influenza A(H7N9) viruses, China, 2017–2019. A) Phylogenic tree of the hemagglutinin gene of H7N9
viruses. Colors indicate reference H7N9 viruses (n = 1,038) from each wave together with the H7N9 isolates from this study (panel B).
Red on the right of the tree indicates isolates from humans. All branch lengths are scaled according to the numbers of substitutions
per site. The tree was rooted by using A/Shanghai/1/2013(H7N9), which was collected in February 2013. B) Hemagglutinin gene tree
revealing a single cluster of highly pathogenic H7N9 viruses circulating during 2019. Red indicates the H7N9 isolates from this study.
Scale bar represents number of nucleotide substitutions per site. C) Distribution of highly pathogenic influenza A(H7N9) viruses during
2019. The backgrounds indicate the sampling spaces of highly pathogenic influenza A(H7N9) viruses during 2019 in humans (red),
environment (gray), and chickens (blue). The map was designed by using ArcGIS Desktop 10.4 software (ESRI, http://www.esri.com).
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020
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pathogenicity. Phylogenic analysis demonstrated
that the HA and NA genes of all of these HPAI H7N9
viruses belonged to the Yangtze River Delta lineage
and formed a new subclade (Figure 1, panel A),
which exhibited a long genetic distance to the HPAI
H7N9 viruses that persisted during 2017–2018. In
particular, the HA and NA genes of A/chicken/
northeast China/19376-E5/2019(H7N9), A/chicken/northeast China/19254/2019(H7N9), and A/
chicken/northeast China/LN190408A/2019(H7N9)
were genetically closely related to the human-infecting influenza A(H7N9) viruses from Gansu (Figure
1, panel B; Appendix Figures 1–3), implying the potential risk for the reemerged HPAI H7N9 viruses to
infect humans.
A root-to-tip regression analysis of temporal
structure revealed aspects of the clock-like structure of 189 H7N9 viruses (correlation coefficient
0.89; R2 0.95) during 2013–2019 (Figure 2, panel A).
The epidemic HPAI H7N9 viruses had circulated in
China since 2017 and can be classified into 2 sublineages, A and B. The HA and NA genes of the
HPAI H7N9 viruses in 2019 belonged to a new sublineage B, whereas the HPAI H7N9 viruses circulating in 2017–2018 grouped into sublineage A (Figure 2, panel B; Appendix Figures 4, 5). Using the
evolutionary rates of HA and NA, we estimated the
times of origin (95% highest population density) of
HPAI H7N9 viruses in sublineage B, which were
September 2017–June 2018 for HA and April 2017–
May 2018 for NA. Our HPAI H7N9 isolates exhibited traits of sublineages B-1 and B-2. We observed
that the HPAI H7N9 viruses in eastern and northeastern China belonged to sublineage B-2 (Figure
2, panel B). However, in mid-2019, the HPAI H7N9
viruses continued to evolve and formed sublineage
B-1, which suggested that the estimated times to
the most recent common ancestors were May 2019
for HA genes and February 2019 for NA genes.
Also, the human- and chicken-origin HPAI H7N9
viruses from Liaoning, Gansu, and Inner Mongolia
clustered together in sublineage B-1. These results
indicate that the poultry-origin H7N9 virus in sublineage B-1 emerged before the human spillover
event in March 2019.
Although no substantial difference surfaced in
the substitution rate of HA genes between H7N9
viruses during 2017–2018 and the viruses during
2019, the increased substitution rate occurred in the
first and second codons of reemerged HPAI H7N9
viruses (Appendix Table 4). In a maximum clade
credibility tree of the HA gene, 9 independently
occurring mutations gave rise to the new sublin1908

eage-B circulating in 2019, including A9S, R22K,
E71K, I78V, T116K, V125T, A151T, K301R, D439N
(H7 numbering, https://www.fludb.org/brc/haNumbering.spg) (Figure 2, panel B), and only the
V125T and A151T substitutions of the HA protein
were reported as immune escape mutations (13).
In addition, sublineage B-1 appeared to have acquired 3 parallel K184R, I499V, I520T (H7 numbering) mutations. The prevailing K184R substitutions
of HPAI H7N9 viruses occurred during 2019. The
K184R mutation was located in the antigenic site B
and receptor binding region (Appendix Figure 6),
suggesting that K184R was a potential mediator of
viral antigenicity.
We used a hemagglutinin inhibition assay with
an antigen of 15 H7N9 viruses circulating during
2017–2019, along with specific antiserum of 6 H7N9
viruses and 2 commonly used reassortant inactivated vaccines, H7N9-Re-2 and H7N9-rGD76, as
controls. Antiserum from chickens vaccinated with
H7N9-Re-2 strains showed high titers (9–10 log2)
and with H7N9-rGD76 strains showed low titers
(4–8 log2) to the HPAI H7N9 viruses circulating
during 2018–2019 (Table 1). Moreover, the cross–
hemagglutinin inhibition assay suggested statistically significant antigenic differences between the
HPAI H7N9 viruses circulating during 2017 and
during 2018–2019 (Table 2; Appendix Figure 7), indicative of antigenic drift of the reemerged HPAI
H7N9 viruses. H7N9-Re-2 and H7N9-rGD76 inactivated vaccines have been widely used in chicken
populations in mainland China since 2019 (14). Of
note, we found that the virus shedding of chickens vaccinated with H7N9-Re-2 and H7N9-rGD76
against HPAI H7N9 viruses during 2019 ranged
from 30% to 80% (Appendix Table 3); therefore, a
timely update of H7N9 vaccine is needed.
Next, we evaluated the protective efficacy
of the new candidate H7N9 inactivated vaccine
(H71903)—that is, reverse genetic recombinant
carrying HA and NA of A/chicken/east China/
H7SD12/2019(H7N9) with internal genes of A/
duck/Guangdong/D7/2007(H5N2)—in chickens
against the challenge of 4 HPAI H7N9 viruses prevailing in sublineage B in 2019. All of the control
chickens challenged with the H7N9 viruses died
within 6 days of challenge (Appendix Figure 8).
However, virus shedding was not detected from
any of the vaccinated chickens challenged with
H7N9 viruses (Appendix Table 3), indicating that
the new candidate H7N9 vaccine could provide
sound protection for chickens against challenge
with these reemerged H7N9 variants.
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Figure 2. Time-scaled evolution of influenza A(H7N9) viruses, China. A) Analysis of root-to-tip divergence against sampling date for
the hemagglutinin gene segment (n = 189). B) Maximum clade credibility tree of the hemagglutinin sequence of H7N9 viruses sampled
in China (n = 189); the H7N9 viruses collected in this study are highlighted in red. Asterisk indicates viruses from a human with H7N9
infection within sublineage B during March 2019. Shaded bars represent the 95% highest probability distribution for the age of each
node. Parallel amino acid changes along the trunk are indicated.
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Table 1. Results of hemagglutinin inhibition assay in study of evolution and antigenic drift of influenza A(H7N9) viruses, China, 2019*
Antiserum, titer
Antigen
H7N9-Re-2†
H7N9-rGD76†
181115
H7SD12
H71903‡
LN19010
19225
19294
H7N9-Re-2
1,024
2,048
256
512
512
1,024
1,024
2,048
H7N9-rGD76
128
1,024
128
512
256
256
256
128
181115
64
256
1,024
256
256
256
128
128
H7SD12
64
256
256
1,024
1,024
2048
1,024
1,024
H71903
64
512
256
1,024
1,024
1,024
2048
1,024
LN19010
32
256
32
512
512
512
512
512
19225
32
256
64
1,024
512
1,024
512
1,024
19294
32
256
64
512
512
1,024
512
512
19300–1
32
256
64
1,024
512
1,024
512
512
19743
16
64
16
512
256
256
256
128
19797
16
32
16
256
128
128
64
128
19854–2
16
64
16
512
256
256
256
256
19854–6
16
64
16
256
256
512
256
256
LN191012
16
64
16
512
256
256
128
128
AH191005
32
128
32
1,024
512
256
256
256
*181115, A/chicken/northeast China/181115/2018(H7N9); H7SD12, A/chicken/east China/H7SD12/2019(H7N9); HeB1908, A/chicken/north
China/HeB1908/2019(H7N9); LN19010, A/chicken/northeast China/LN19010/2019(H7N9); 19225, A/chicken/northeast China/19225/2019(H7N9); 19294,
A/chicken/northeast China/19294/2019(H7N9); 19300–1, A/chicken/northeast China/19300–1/2019(H7N9); 19743, A/chicken/northeast
China/19743/2019(H7N9); 19797, A/chicken/northeast China/197971/2019(H7N9); 19854–2, A/chicken/northeast China/19854–2/2019(H7N9); 19854–6,
A/chicken/northeast China/19854–6/2019(H7N9); LN19010, A/chicken/northeast China/LN19010/2019(H7N9); LN191012, A/chicken/northeast
China/LN191012/2019(H7N9); AH191005, A/chicken/east China/AH191005/2019(H7N9).
†H7N9-Re-2 and H7N9-rGD76 are vaccine strains widely used in China; both antigen and antiserum of H7N9-Re-2 were purchased from the Harbin
Weike Biotechnology Development Company (www.hvriwk.com), the antigen of H7N9-Re-2 was available from reassortant avian influenza virus trivalent
vaccine. The antigen and antiserum of H7N9-rGD76 were available from Guangzhou South China Biologic Medicine (http://www.gzscbm.com).
‡H71903 is candidate vaccine strain containing the hemagglutinin and neuraminidase genes from H7SD12 and 6 internal genes from
A/duck/Guangdong/D7/2007(H5N2). H7SD12, 181115, HeB1908, LN19010, 19225, 19294, 19300–1, 19743, 19797, 19854–2, 19854–6, LN19010,
LN191012, and AH191005 are highly pathogenic H7N9 strains in this study.

Conclusions
Our findings highlight that the HPAI H7N9 viruses
that reemerged during 2019 had been cocirculating at
a low level in eastern and northeastern China after the
vaccination strategy was implemented. These HPAI
H7N9 viruses continued to evolve and showed antigenic drift, posing a public health concern. Although
vaccination can largely control the occurrence of H7N9
virus outbreaks, it can also accelerate the generation of
novel variants. Therefore, comprehensive surveillance
and enhancement of biosecurity precautions should be
undertaken immediately to prevent the influenza virus
epidemic from becoming a pandemic.
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Table 2. r values of cross-hemagglutinin inhibition assay in study of evolution and antigenic drift of influenza A(H7N9) viruses, China,
2019*
Antiserum, r value
Strain
H7N9-Re-2
H7N9-rGD76
181115
H7SD12
H71903
LN19010
19225
19294
H7N9-Re-2
1
0.5
0.25
0.18
0.18
0.25
0.25
0.35
H7N9-rGD76
0.5
1
0.18
0.35
0.35
0.35
0.35
0.25
181115
0.25
0.18
1
0.25
0.25
0.13
0.13
0.13
H7SD12
0.18
0.35
0.25
1
1
1.41
1.41
1
H71903
0.18
0.35
0.25
1
1
1
1.41
1
LN19010
0.25
0.35
0.13
1.41
1
1
1.41
1.41
19225
0.25
0.35
0.13
1.41
1.41
1.41
1
1.41
19294
0.35
0.25
0.13
1
1
1.41
1.41
1
*H7N9-Re-2 and H7N9-rGD76 are vaccine strains widely used in China; both antigen and antiserum of H7N9-Re-2 were purchased from the Harbin
Weike Biotechnology Development Company (http://www.hvriwk.com). The antigen of H7N9-Re-2 was available from reassortant avian influenza virus
trivalent vaccine. The antigen and antiserum of H7N9-rGD76 were available from Guangzhou South China Biologic Medicine (http://www.gzscbm.com).
H71903 is candidate vaccine strain containing the hemagglutinin and neuraminidase genes from H7SD12 and 6 internal genes from
A/duck/Guangdong/D7/2007(H5N2). 181115, H7SD12, LN19010, 19225, and 19294 are highly pathogenic H7N9 strains in this study. r values indicate
antigenic relatedness. r>1 indicates no significant antigenic difference between the strains; r = 1 indicates the same antigenicity; r<0.5 indicates a
statistically significant antigenic difference between the strains. 181115, A/chicken/northeast China/181115/2018(H7N9); H7SD12, A/chicken/east
China/H7SD12/2019(H7N9); LN19010, A/chicken/northeast China/LN19010/2019(H7N9); 19225, A/chicken/northeast China/19225/2019(H7N9); 19294,
A/chicken/northeast China/19294/2019(H7N9).
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In China, the doubling time of the coronavirus disease
epidemic by province increased during January 20–February 9, 2020. Doubling time estimates ranged from 1.4
(95% CI 1.2–2.0) days for Hunan Province to 3.1 (95%
CI 2.1–4.8) days for Xinjiang Province. The estimate for
Hubei Province was 2.5 (95% CI 2.4–2.6) days.

O

ur ability to estimate the basic reproduction
number (R0) of emerging infectious diseases is
often hindered by the paucity of information about
the epidemiologic characteristics and transmission
mechanisms of new pathogens (1). Alternative metrics could synthesize real-time information about the
extent to which the epidemic is expanding over time.
Such metrics would be particularly useful if they rely
on minimal and routinely collected data that capture
the trajectory of an outbreak (2).
Epidemic doubling times characterize the sequence of intervals at which the cumulative incidence
doubles (3). If an epidemic is growing exponentially with a constant growth rate r, the doubling time
remains constant and equals (ln 2)/r. An increase
in the doubling time indicates a slowdown in transmission if the underlying reporting rate remains unchanged (Appendix, https://wwwnc.cdc.gov/EID/
article/26/8/20-0219-App1.pdf) (4).
We analyzed, by province, the number of times
coronavirus disease (COVID-19) cumulative incidence doubled and the evolution of the doubling
times in mainland China (5), from January 20
1
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(when nationwide reporting began) through February 9, 2020. We retrieved province-level daily
cumulative incidence data from provincial health
commissions’ websites and conducted 2 sensitivity
analyses based on a longer and a shorter time period (Appendix). We excluded Tibet from further
analysis because only 1 case was reported during
the study period.
During January 20–February 9, the harmonic
mean of the arithmetic means of the doubling times
estimated from cumulative incidence ranged from
1.4 (95% CI 1.2–2.0) days in Hunan Province to 3.1
(95% CI 2.1–4.8) days in Xinjiang Province. We estimated doubling time as 2.5 (95% CI 2.4–2.6) days in
Hubei Province. The cumulative incidence doubled 6
times in Hubei Province during the study period. The
harmonic mean of the arithmetic means of doubling
times for mainland China except Hubei Province was
1.8 (95% CI 1.5–2.3) days. Fujian, Guangxi, Hebei,
Heilongjiang, Henan, Hunan, Jiangxi, Shandong, Sichuan, and Zhejiang provinces had a harmonic mean
of the arithmetic means of doubling times <2 days
(Figure; Appendix Figure 1).
As the epidemic progressed, it took longer for
the cumulative incidence in mainland China (except
Hubei) to double, which indicated an overall subexponential growth pattern outside Hubei Province
(Appendix Figures 1, 2). In Hubei Province, the doubling time decreased and then increased. A gradual
increase in the doubling time coincided with the social distancing measures and intraprovincial and interprovincial travel restrictions imposed across China
since the implementation of the quarantine of Wuhan
on January 23 (6).
Our estimates of doubling times are shorter
than prior estimates. Li et al. covered cases reported
by January 22 and found a doubling time estimate
of 7.4 (95% CI 4.2–14) days (5). Wu et al. statistically inferred case counts in Wuhan by internationally exported cases as of January 25 and estimated
doubling time as 6.4 (95% CI 5.8–7.1) days (7). Volz
et al. identified a common viral ancestor on December 8, 2019, using Bayesian phylogenetic analysis
and fitted an exponential growth model to provide
the epidemic growth rate and estimated a doubling
time of 7.1 (95% CI 3.0–20.5) days (8). Our estimates
are based on cumulative confirmed case count by
reporting date by province during January 20–February 9, 2020.
Our study is subject to several limitations, including underreporting of cases (9). One reason for
underreporting is underdiagnosis, resulting from
a lack of diagnostic tests, healthcare workers, and
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other resources. Further, underreporting is likely
heterogeneous across provinces. As long as reporting remains invariant over time within the same
province, the calculation of doubling times remains

reliable; however, this is a strong assumption. Growing awareness of the epidemic and increasing availability of diagnostic tests might have strengthened
reporting over time, which could have artificially

Figure. Doubling time estimates for coronavirus disease in mainland China, by province, January 20–February 9, 2020. A) Harmonic
mean of the arithmetic means of doubling time estimates; B) number of times the cumulative incidence doubled during the study period.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020
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shortened the doubling time. Nevertheless, apart
from Hubei and Guangdong Provinces (first cases
reported on January 19, 2020), nationwide reporting
began only on January 20; at that point, authorities
in China openly acknowledged the magnitude and
severity of the epidemic.
Because of a lack of detailed case data describing incidence trends for imported and local cases,
we focused our analysis on the overall trajectory of
the epidemic without adjusting for the role of imported cases on the local transmission dynamics. It
is likely that the proportion of imported cases could
be large for provinces that reported only a few cases; their short doubling times in the study period
could simply reflect rapid detection of imported
cases. However, with the data through February 9,
only 2 provinces had a cumulative case count <40
(Appendix Table 1). It would be worthwhile to investigate the evolution of the doubling time after
accounting for case importations if more detailed
data become available.
In summary, we observed an increasing trend in
the epidemic doubling time of COVID-19 by province of China during January 20–February 9, 2020.
The harmonic mean of the arithmetic means of doubling times of cumulative incidence during the study
period in Hubei Province, where the outbreak was
first recognized, was estimated at 2.5 (95% CI 2.4–
2.6) days.
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To determine the transmission potential of severe acute
respiratory syndrome coronavirus 2 in Iran in 2020, we
estimated the reproduction number as 4.4 (95% CI 3.9–
4.9) by using a generalized growth model and 3.5 (95%
CI 1.3–8.1) by using epidemic doubling time. The reproduction number decreased to 1.55 after social distancing
interventions were implemented.

S

ince early 2020, Iran has been experiencing a devastating epidemic of coronavirus disease (COVID-19) (1). To determine the transmission potential
of severe acute respiratory syndrome coronavirus
2 and thereby guide outbreak response efforts, we
calculated basic reproduction numbers (R0). During the early transmission phase, R0 quantifies the
average number of secondary cases generated by a
primary case in a completely susceptible population,
absent interventions or behavioral changes. R0>1
indicates the possibility of sustained transmission;
R0<1 implies that transmission chains cannot sustain
epidemic growth. As the epidemic continues, the effective reproduction number (Re) offers a time-dependent record of the average number of secondary
cases per case as the number of susceptible persons
becomes depleted and control interventions take effect. We used 2 methods to quantify the reproduction number by using the curve of reported COVID-19 cases in Iran and its 5 regions (Appendix Table
1, https://wwwnc.cdc.gov/EID/article/26/8/200536-App1.pdf). The Georgia Southern University
Institutional Review Board made a non–human subjects determination for this project (H20364), under
the G8 exemption category.
1

These first authors contributed equally to this article.

For method 1, we used a generalized growth
model (2) with the growth rate and its scaling factor
to characterize the daily reported incidence. Next,
we simulated the calibrated generalized growth
model by using a discretized probability distribution of the serial interval and assuming a Poisson error structure (Appendix).
We based method 2 on calculation of the epidemic’s doubling times, which correspond to the
times when the cumulative incidence doubles and are
estimated by using the curve of cumulative daily reported cases. To quantify parameter uncertainty, we
used parametric bootstrapping with a Poisson error
structure around the number of new reported cases to
derive 95% CIs (3–5). Assuming exponential growth,
the epidemic growth rate is equal to ln(2)/doubling
time. Assuming that the preinfectious and infectious
periods follow an exponential distribution, R0 ≈ (1 +
growth rate × serial interval) (Appendix) (6).
For both methods, the serial interval was assumed to follow a gamma distribution; mean (±
SD) = 4.41 (± 3.17) days (7; C. You et al., unpub.
data, https://www.medrxiv.org/content/10.1101
/2020.02.08.20021253v2). We used MATLAB version R2019b (https://www.mathworks.com) and R
version 3.6.2 (https://www.r-project.org) for data
analyses and creating figures. We determined that
a priori α = 0.05.
Using Wikipedia as a starting point, we doublechecked the daily reported new cases during February 19–March 19, 2020 (the day before the Iranian
New Year) against official Iran press releases and
other credible news sources and corrected the data
according to official data (Appendix Tables 2, 3, Figure 1). Incident cases for the 5 regions were missing for 2 days (March 2–3), which we excluded from
our analysis. Because the reported national number
of new cases did not match the sum of new cases
reported in Iran’s 5 regions on March 5, we treated
each time series as independent and used the data
as reported. Using method 1, we estimated R0 data
for February 19–March 1, 2020. Using method 2, we
estimated R0 from the early transmission phase (February 19–March 1, 2020) and Re based on the growth
rate estimated during March 6–19, 2020, when the
epidemic slowed, probably reflecting the effect of
social distancing.
Using method 1, we estimated an R0 of 4.4 (95%
CI 3.9–4.9) for COVID-19 in Iran. We estimated a
growth rate of 0.65 (95% CI 0.56–0.75) and a scaling
parameter of 0.96 (95% CI 0.93–1.00) (Appendix Table
4). The scaling parameter indicated near-exponential
epidemic growth (Figure). Using method 2, we found
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Figure. Estimates of transmission potential for severe acute respiratory syndrome coronavirus 2 in Iran, 2020. A) Growth rate, r; B)
scaling of the growth rate parameter, p; C) mean basic reproduction number, R0; and D) fit of the generalized growth model (method 1)
to the Iran data, assuming Poisson error structure as of March 1, 2020. Dashed lines indicate 95% CIs.

that during February 19–March 1, the cumulative
incidence of confirmed cases in Iran had doubled 8
times. The estimated epidemic doubling time was
1.20 (95% CI 1.05–1.45) days, and the corresponding R0 estimate was 3.50 (95% CI 1.28–8.14). During
March 6–19, the cumulative incidence of confirmed
cases doubled 1 time; doubling time was 5.46 (95% CI
5.29–5.65) days. The corresponding Re estimate was
1.55 (95% CI 1.06–2.57) (Appendix Table 5, Figures 7,
8). Our results are robust and consistent with Iran’s
COVID-19 R0 estimates of 4.7 (A. Ahmadi et al., unpub. data, https://www.medrxiv.org/content/10.11
01/2020.03.17.20037671v3) and 4.86 (E. Sahafizadeh,
unpub. data, https://www.medrxiv.org/content/10
.1101/2020.03.20.20038422v2) but higher than the R0
of 2.72 estimated by N. Ghaffarzadegan and H. Rahmandad (unpub. data, https://www.medrxiv.org/
content/10.1101/2020.03.22.20040956v1).
Our study has limitations. Our analysis is based on
the number of daily reported cases, whereas it would
be ideal to analyze case counts by dates of symptoms
onset, which were not available. Case counts could
be underreported because of underdiagnosis, given
1916

subclinical or asymptomatic cases or limited testing
capacity to test persons with mild illness. The rapid
increase in case counts might represent a belated realization of epidemic severity and rapid catching up
and testing many persons with suspected cases. If
the reporting ratio remains constant over the study
period, and given the near-exponential growth of the
epidemic’s trajectory, our estimates would remain reliable. Although data are not stratified according to
imported and local cases, we assumed that persons
were infected locally because transmission has probably been ongoing in Iran for some time (8).
Although the COVID-19 epidemic in Iran has
slowed substantially, the situation remains dire.
Tighter social distancing interventions are needed to
bring this epidemic under control.
G.C. received support from NSF grant 1414374 as part of
the joint NSF-NIH-USDA Ecology and Evolution of
Infectious Diseases program. I.C.-H.F. received salary
support from the Centers for Disease Control and
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During 24 days in Cheonan, South Korea, 112 persons
were infected with severe acute respiratory syndrome
coronavirus 2 associated with fitness dance classes at
12 sports facilities. Intense physical exercise in densely
populated sports facilities could increase risk for infection. Vigorous exercise in confined spaces should be
minimized during outbreaks.

B

y April 30, 2020, South Korea had reported
10,765 cases of coronavirus disease (COVID-19)
(1); ≈76.2% of cases were from Daegu and North
Gyeongsang provinces. On February 25, a COVID-19
case was detected in Cheonan, a city ≈200 km from
Daegu. In response, public health and government
officials from Cheonan and South Chungcheong
Province activated the emergency response system.
We began active surveillance and focused on identifying possible COVID-19 cases and contacts. We
interviewed consecutive confirmed cases and found
all had participated in a fitness dance class. We
traced contacts back to a nationwide fitness dance
instructor workshop that was held on February 15
in Cheonan.
Fitness dance classes set to Latin rhythms have
gained popularity in South Korea because of the high
aerobic intensity (2). At the February 15 workshop,
instructors trained intensely for 4 hours. Among 27
instructors who participated in the workshop, 8 had
positive real-time reverse transcription PCR (RTPCR) results for severe acute respiratory syndrome
coronavirus 2, which causes COVID-19; 6 were from
Cheonan and 1 was from Daegu, which had the most
reported COVID-19 cases in South Korea. All were asymptomatic on the day of the workshop.
By March 9, we identified 112 COVID-19 cases
associated with fitness dance classes in 12 different sports facilities in Cheonan (Figure). All cases were confirmed by RT-PCR; 82 (73.2%) were
symptomatic and 30 (26.8%) were asymptomatic
at the time of laboratory confirmation. Instructors
with very mild symptoms, such as coughs, taught
classes for ≈1 week after attending the workshop
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Figure. Case map of confirmed coronavirus disease (COVID-19) cases associated with fitness dance classes in Cheonan, South Korea,
by date of symptom onset and relationship. Instructors outside of Cheonan are excluded. In 7 cases, transmission was suspected in
the presymptomatic phase and the longest period before symptom onset was 5 days. None of the instructors had COVID-19 symptoms
on the day of the workshop, but instructors from Daegu, which recently had a large outbreak, developed symptoms 3 days after the
workshop. Sports facilities are represented by bars on the left with the number of students per class included. Bold outlines indicate a
positive test for COVID-19 in a person in the presymptomatic phase.
1918
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(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/26/8/20-0633.App1.pdf). The instructors and
students met only during classes, which lasted for
50 minutes 2 times per week, and did not have contact outside of class. On average, students developed
symptoms 3.5 days after participating in a fitness
dance class (3). Most (50.9%) cases were the result of
transmission from instructors to fitness class participants; 38 cases (33.9%) were in-family transmission
from instructors and students; and 17 cases (15.2%)
were from transmission during meetings with coworkers or acquaintances.
Among 54 fitness class students with confirmed
COVID-19, the median age was 42, all were women,
and 10 (18.5%) had preexisting medical conditions
(Appendix Table 1). The most common symptom
at the time of admission for isolation was cough in
44.4% (24/54) of cases; 17 (31.5%) case-patients had
pneumonia. The median time to discharge or end
of isolation was 27.6 (range 13–66) days after symptom onset.
Before sports facilities were closed, a total of 217
students were exposed in 12 facilities, an attack rate
of 26.3% (95% CI 20.9%–32.5%) (Appendix Table 2).
Including family and coworkers, transmissions from
the instructors accounted for 63 cases (Appendix Figure 2). We followed up on 830 close contacts of fitness instructors and students and identified 34 cases
of COVID-19, translating to a secondary attack rate of
4.10% (95% CI 2.95%–5.67%). We identified 418 close
contacts of 34 tertiary transmissions before the quarantine and confirmed 10 quaternary cases from the
tertiary cases, translating to a tertiary attack rate of
2.39% (95% CI 1.30%–4.35%).
The instructor from Daegu who attended the February 15 workshop had symptoms develop on February 18 and might have been presymptomatic during
the workshop. Evidence of transmission from presymptomatic persons has been shown in epidemiologic investigations of COVID-19 (4,5).
Characteristics that might have led to transmission from the instructors in Cheonan include
large class sizes, small spaces, and intensity of the
workouts. The moist, warm atmosphere in a sports
facility coupled with turbulent air flow generated
by intense physical exercise can cause more dense
transmission of isolated droplets (6,7). Classes from
which secondary COVID-19 cases were identified
included 5–22 students in a room ≈60 m2 during
50 minutes of intense exercise. We did not identify cases among classes with <5 participants in the
same space. Of note, instructor C taught Pilates and
yoga for classes of 7–8 students in the same facility

at the same time as instructor B (Figure; Appendix
Table 2), but none of her students tested positive
for the virus. We hypothesize that the lower intensity of Pilates and yoga did not cause the same
transmission effects as those of the more intense fitness dance classes.
A limitation of our study is the unavailability of
a complete roster of visitors to the sports facilities,
which might have meant we missed infections among
students during surveillance and investigation efforts. Discovery of outbreak cases centered on exercise facilities led to a survey of instructors who participated in a fitness dance workshop and provided
clues to identifying additional cases among students.
Early identification of asymptomatic persons with
RT-PCR–confirmed infections helped block further
transmissions. Because of the increased possibility of
infection through droplets, vigorous exercise in closely confined spaces should be avoided (8) during the
current outbreak, as should public gatherings, even
in small groups (9,10).
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Severe acute respiratory syndrome coronavirus 2 was
isolated from feces of a patient in China with coronavirus disease who died. Confirmation of infectious virus
in feces affirms the potential for fecal–oral or fecal–
respiratory transmission and warrants further study.

S

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2) recently emerged in China,
causing a major outbreak of severe pneumonia
and spreading to >200 other countries (1). As of
May 5, 2020, a total of 3,517,345 cases of coronavirus disease (COVID-2019) and 243,401 deaths
had been reported to the World Health Organization (https://www.who.int/docs/default-source/
coronaviruse/situation-reports/20200505covid19-sitrep-106.pdf?sfvrsn=47090f63_2). The virus is
believed to be spread by direct contact, fomites, respiratory droplets, and possibly aerosols (2). Viral
RNA has been detected in feces and urine of some
patients (3–7). Infectious virus was also isolated
from urine of a patient with severe COVID-19 (8).
However, it is unclear whether the virus in feces
is infectious and might be an additional source
for transmission.
This study was approved by the Health Commission of Guangdong Province and the Ethics Committees of Guangzhou Medical University to use patient
and healthy donor sample specimens. On January 17,
2020, a 78-year-old man who had a history of recent
travel to Wuhan, China, was admitted to the Fifth Affiliated Hospital of Sun Yat-Sen University because of
a cough for 7 days and intermittent fever (Appendix
Figure 1, panel A, https://wwwnc.cdc.gov/EID/
article/26/8/20-0681-App1.pdf). Computed tomography of his chest showed multiple, ground-glass
opacities (Appendix Figure 2). Nasopharyngeal and
oropharyngeal swab specimens were positive for
SARS-CoV-2 RNA by quantitative reverse transcription PCR (qRT-PCR).
On January 22, the patient’s condition deteriorated and he was intubated. Ventilator-assisted breathing was instituted. The first feces specimen was collected on January 27 and was positive for viral RNA
by qRT-PCR. Serial feces samples were collected on
January 29, February 1, and February 7. All samples
were positive for viral RNA (Appendix Figure 1, panel A). Viral antigen was also detected in gastrointestinal epithelial cells of a biopsy sample, as reported (9).
The patient died on February 20.
We collected fecal specimens on January 29 to inoculate Vero E6 cells. Cycle threshold values for the
fecal sample were 23.34 for the open reading frame
1lab gene and 20.82 for the nucleoprotein gene. A
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cytopathic effect was visible in Vero E cells 2 days after a second-round passage (Appendix Figure 1, panel
B). We extracted viral nucleic acid from virus culture
supernatant by using the QIAamp Viral RNA Extraction Kit (QIAGEN, https://www.qiagen.com) and
obtained full-length viral genome sequence (GenBank
accession no. MT123292) by using next-generation sequencing. The sequenced showed 5 nt substitutions
compared with the original Wuhan strain (GenBank
accession no. NC045512.2) (Appendix Table).
We negatively stained culture supernatant and
visualized by transmission electron microscopy. Viral
particles that were visible were spherical and had distinct surface spike protein projections, consistent with
a previously published SARS-CoV2 image (Appendix
Figure, panel C) (1).
To estimate viral loads (log10 PFU equivalents/
mL) in clinical samples from qRT-PCR cycle threshold values, we generated a standard curve from a
serially diluted SARS-CoV-2 of known plaque titer.
Viral loads quantified by using this method were viral RNA levels, not of infectious virus. The viral load
was higher in feces than in respiratory specimens collected at multiple time points (17–28 days after symptom onset) (Appendix Figure, panel D). Isolation of
virus from feces samples collected at later time points
was not successful, although results for virus RNA
remained positive, indicating only RNA fragments,
not infectious virus, in feces of this patient collected
at later time points of disease onset.
We collected feces specimens from 28 patients;
12, including the patient described in this report,
were positive for viral RNA for >1 time point. We
attempted to isolate SARS-CoV-2 virus from 3 of the
viral RNA–positive patients. Results were successful
for 2 of 3 patients, including the patient from this report, indicating that infectious virus in feces is a common manifestation of COVID-19.
The patient from this report had a high level of
IgG against spike protein. Levels of nucleocapsid protein–specific antibodies were relatively lower. Spike
protein (1,274 aa) is much larger than nucleoprotein
protein (420 aa), which potentially contains more epitopes inducing specific antibody responses.
We also identified neutralization antibodies by
using a focus reduction neutralization test. Neutralizing titers (50% focus reduction neutralization test)
ranged from 1:1,065 to >1:4,860 at different time
points (Appendix Figure, panel E). To show that
isolated virus was infectious to susceptible cells,
we tested fresh Vero E6 cells infected with the virus
isolate by using indirect immunofluorescent assay
and serum samples from the patient and a healthy

donor. A positive reaction was only obtained with
the patient serum (Appendix Figure 1, panel F).
Isolation of infectious SARS-CoV-2 in feces indicates the possibility of fecal–oral transmission or fecal–
respiratory transmission through aerosolized feces.
During the 2003 severe acute respiratory syndrome
pandemic, 329 residents of a private housing estate in
Hong Kong were infected; 42 died (10). Investigation
of the building’s structure showed that faulty sewage
pipelines led to aerosolization of contaminated feces,
which was believed to be the source of infection.
Our findings indicate the need for appropriate
precautions to avoid potential transmission of SARSCoV-2 from feces. Discharge and hospital cleaning
practices should consider this possibility for critically ill patients or those who died who had high viral
loads and are more likely to shed infectious virus.
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We ran a simulation comparing 3 methods to calculate
case-fatality risk for coronavirus disease using parameters described in previous studies. Case-fatality risk
calculated from these methods all are biased at the early
stage of the epidemic. When comparing real-time casefatality risk, the current trajectory of the epidemic should
be considered.

W

e read with interest the research letter on estimating case-fatality risk for coronavirus disease
(COVID-19) by Wilson, et al. (1). In their analyses, the
authors estimated the case-fatality risk adjusted to a
fixed lag time to death. They acknowledged that the
calculated adjusted case-fatality risk (aCFR) might
be influenced by residual uncertainties from undiagnosed mild COVID-19 cases and a shortage of medical resources. However, we believe the time-varying
number of cumulative cases and deaths also should
be considered in the epidemic profile.
Because of the exponential growth curve of the
COVID-19 outbreak, the numbers of cumulative cases
and cumulative deaths have been relatively close to
each other in the early stages of the outbreak, leading
to a much higher aCFR. As the outbreak progresses,
the ratio of the cumulative cases and deaths declines,
which reduces the aCFR. Thus, a higher aCFR does
not necessarily indicate increased disease severity.
To test our hypothesis, we performed a simulation study by using a susceptible-infectious-recovered–death model and parameters set according to
prior studies. We set the infectious period as 10 days
(2); case-fatality risk as 3% (3); basic reproductive ratio (R0) as 2.5 (4); recovery rate as 1/13 day (5), that is,
13 days from illness onset to recovery; and the population size as 1 million. We compared crude casefatality risk, aCFR per Wilson et al.’s method, and
aCFR per Mizumoto et al.’s method (6). Although
the case-fatality risk calculated from these methods
all are biased at the early stage of the epidemic, case-
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Figure. Progression of
coronavirus disease outbreak
and changes in the case-fatality
risk by crude and adjusted rates.
Crude case-fatality risk is the
cumulative number of deaths
on a given day divided by the
cumulative number of cases
on the same day. We set the
infectious period as 10 days (2);
case-fatality risk as 3% (3); basic
reproductive ratio (R0) as 2.5 (4);
recovery rate as 1/13 day (5), that
is, 13 days from illness onset to
recovery; and the population size
as 1 million. A) Changes in the
number of subpopulations over
time after the first infection. B)
Changes in crude case-fatality
risk after 13th day of exposure
and aCFR calculated by using
Wilson et al.’s method (1) and by using Mizumoto et al.’s method (6). aCFR, adjusted case-fatality risk.

fatality risk calculated from Mizumoto et al.’s method
was closer to the true case-fatality risk of 3% (Figure).
In conclusion, we recommend the Mizumoto et
al. method (6) to calculate aCFR in real time. When
comparing real-time estimation of the case-fatality risk
across countries and regions, our results indicate that
the current trajectory of the epidemic should be considered, particularly if the epidemic is still in its early
growth phase.
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We explored the secondary attack rate in different types
of contact with persons presymptomatic for coronavirus
disease (COVID-19). Close contacts who lived with or
had frequent contact with an index case-patient had a
higher risk for COVID-19. Our findings provide population-based evidence for transmission from persons with
presymptomatic COVID-19 infections.

C

oronavirus disease (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2) is rapidly spreading across the globe. Some
case reports and modeling studies suggest asymptomatic carriage of SARS-CoV-2 plays a role in transmission (1–3). Studies have shown that 30%–59% of
SARS-CoV-2 infections are asymptomatic (3,4), which
poses tremendous infection control challenges. To
control asymptomatic infections, China implemented
active case surveillance and enhanced social distancing measures, which include contact tracing, quarantine for key populations, medical observation, and
curtailed social activities (5). However, additional
information on the characteristics of presymptomatic
transmission is needed to develop targeted control
and prevention guidance.
We analyzed contact-tracing surveillance data collected during January 28–March 15, 2020, to explore
the secondary attack rate from different types of contact with persons presymptomatic for COVID-19 in
Guangzhou, China. Asymptomatic COVID-19 cases
were found mainly through close contact screening,
clustered epidemic investigations, follow-up investigation of infection sources, and active surveillance
of key populations with travel or residence history
in areas with continuous transmission of COVID-19
in China and abroad. We developed a case definition for presymptomatic COVID-19, criteria for close
contact, and contact investigation and management
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guidelines (Appendix, https://wwwnc.cdc.gov/EID/
article/26/8/20-1142.pdf). We estimated secondary
attack rate (SAR) and 95% CI based on the proportion
of COVID-19 incidence among close contacts. We calculated the mean reproductive number (R0) from the
number of secondary infections observed among close
contacts of each index case. The study was approved
by the ethics committee of Guangzhou Center for Disease Control and Prevention, which granted a waiver
for informed consent. Data collection was conducted
under the authority of the China Center for Disease
Control and Prevention.
As of March 15, a total of 359 COVID-19 cases
were confirmed in Guangzhou. Among them, 83 (23%)
persons were asymptomatic at diagnosis; 71 (86%) of
whom later developed symptoms. Among presymptomatic cases, 38 had >1 (range 1–90, median 4) close
contact. We identified and included 369 close contacts
in this study. Median age of close contacts was 35 years
(range 0–93 years), 23.8% were family members of an
index case, and 12 were confirmed to be infected via
nucleic acid testing. Among them, 8 close contacts developed symptoms, and 4 were asymptomatic at the
time of this study (Appendix Table).
The overall SAR was 3.3% (95% CI 1.9%–5.6%).
The SAR among household contacts was 16.1% and
was 1.1% for social contacts, and 0 for workplace
contacts. Older close contacts had the highest SAR
compared with other age groups; 8.0% in persons >60
years of age compared with 1.4%–5.6% in persons
<60 years of age. Close contacts of asymptomatic index case-patients had the lowest SAR, 0.8%, but the
SAR was 3.5% for those with mild symptoms, 5.7%
for those with moderate symptoms, and 4.5% for
those with severe symptoms. Close contacts that lived
with an index case-patient had 12 times the risk for
infection and those who had frequent contact with an
index case-patient, >5 contacts during 2 days before
the index case was confirmed, had 29 times the risk
for infection (Table).
Our findings substantiate previous reports from
China and Germany (1,2,6) and show that SARSCoV-2 can be transmitted during asymptomatic COVID-19 infection period. The probability of infection
increased substantially among close contacts who
shared living environments or had frequent contact with an index case-patient, which underlines
the need for prompt contact-based surveillance and
social distancing (7). Our results also showed most
secondary infections occurred in confined familial
clusters and that persons >60 years of age appear to
be more vulnerable to being infected. These results
are consistent with previous reports on epidemiologic

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

RESEARCH LETTERS

Table. Characteristics of and secondary attack rates among 369 close contacts of persons with presymptomatic coronavirus disease
2019, China*
Variable
No. contacts
No. infected
Attack rate, % (95% CI)
Relative risk (95% CI)
Sex
M
217
5
2.3 (0.1–5.2)
Referent
F
152
7
4.6 (2.2–8.9)
2.1 (0.6–6.6)
Age
≤17
46
2
4.3 (1.2–14.5)
Referent
18–30
104
3
2.9 (1.0–8.1)
0.7 (0.1–4.1)
31–40
72
1
1.4 (0.2–7.4)
0.4 (0.03–3.5)
41–50
68
1
1.5 (0.3–7.9)
0.4 (0.03–3.7)
51–60
54
3
5.6 (1.9–15.1)
1.3 (0.2–8.1)
≥61
25
2
8.0 (1.4–27.5)
1.9 (0.3–14.5)
Index case-patient status*
Asymptomatic
119
1
0.8 (0.2–5.6)
Referent
Mild symptoms
141
5
3.5 (1.5–8.0)
4.3 (0.5–37.7)
Moderate symptoms
87
5
5.7 (2.5–12.8)
7.2 (0.8–62.7)
Severe symptoms
22
1
4.5 (0.8–21.8)
5.6 (0.3–93.4)
Contact mode
Social interaction with friends or relatives
66
1
1.5 (0.3–8.1)
Referent
Lived together
62
10
16.1 (9.0–27.2)
12.5 (1.6–100.8)
Worked together
119
0
0
0
Social interaction with strangers
122
1
0.8 (0.2–4.9)
0.5 (0.03–8.7)
Contact frequency†
Rare
149
1
0.7 (0.1–3.7)
Referent
Moderate
159
1
0.6 (0.1–3.5)
0.9 (0.1–15.1)
Frequent
61
10
16.4 (9.2–27.6)
29.0 (3.6–232.3)

*Status as of March 30, 2020, based on the person’s clinical course assessed by a physician. Moderate symptoms included fever, respiratory symptoms,
and radiographic evidence of pneumonia. Severe symptoms included breathing rate >30/min; oxygen saturation level <93% at rest; oxygen concentration
level PaO2/FiO2 <300 mmHg (1 mmHg = 0.133kPa); lung infiltrates >50% within the past 24–48 h; respiratory failure requiring mechanical ventilation;
septic shock; or multiple organ dysfunction or failure. All other symptomatic cases were classified as mild.
†Rare contact was defined as contacted with index cases <2 times during 2 days preceding confirmation of infection. Moderate contact was defined as
contacted with index cases 3–5 times during 2 days preceding confirmation of infection. Frequent contact was defined as contacted with index cases >5
times during 2 days preceding confirmation of infection.

characteristics of 72,314 COVID-19 cases in China (8)
and suggest that household-based isolation should be
cautiously implemented for persons with asymptomatic suspected cases. We also noted that persons with
asymptomatic infections appeared to be less effective
in transmitting the virus. However, this finding should
not discourage isolation and surveillance efforts. The
R0 in this cohort was 0.3 (95% CI 0.2–0.5), which was far
smaller than the overall R0 of 2.2 reported previously
(9). This low transmission level could be the result of
active surveillance, centralized quarantine, and forceful social-distancing strategies in Guangzhou.
Interpretation of the findings should be taken
with caution, and several limitations influence our
estimation of the SAR. First, the number of close
contacts was limited because we only included
those who had been reached, and asymptomatic infections might have been missed. Second,
we excluded close contacts who were exposed
to >2 confirmed COVID-19 case-patients. Third,
the presymptomatic transmission period is not
well defined.
Despite these limitations, our analysis provides
valuable information on secondary transmission
of SARS-CoV-2 in different types of contact with
presymptomatic COVID-19 case-patients. Further

evidence is needed to define the population characteristics, communicable period, and the volume and
duration of viral shedding from persons with asymptomatic infections.
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A high incidence of thrombotic events has been reported in patients with coronavirus disease (COVID-19),
which is caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infection. We report 3
clinical cases of patients in Italy with COVID-19 who developed abdominal viscera infarction, demonstrated by
computed tomography.

F

requent thrombotic events, mostly pulmonary
embolisms, have been reported in patients with
coronavirus disease (COVID-19) (1–4). We describe 3
cases of COVID-19 complicated by abdominal visceral infarction that occurred in inhabitants of the Emilia
Romagna region in northern Italy.
Patient 1, a 54-year-old male former smoker
with a history of asthma and quiescent ulcerative
colitis not receiving any treatment, was admitted
to the emergency department (ED) on February 28,
2020, for syncope. He was discharged after undergoing chest radiography and brain computed tomography (CT), the results of which were unremarkable.
He returned to the ED after 5 days for treatment of
dyspnea, fatigue, and fever. Blood tests revealed decreased oxygen saturation (94%), increased C-reactive protein (CRP) level (5.38 mg/dL; reference <0.5
mg/dL), and lymphopenia (0.69 × 103 cells/mm3;
reference range 0.8–4 × 103 cells/mm3). Chest CT
scan demonstrated bilateral viral pneumonia, and
nasopharyngeal and oropharyngeal swab specimens
were positive for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). He was hospitalized
and treated with lopinavir/ritonavir (400/100 mg
orally 2×/d), and hydroxychloroquine (200 mg orally 2×/d). He was discharged to home after 3 hospital days, on therapy; no anticoagulant prophylaxis
was suggested. He was rehospitalized 6 days after
discharge when he developed sharp right flank and
lumbar pain, fever, and dysuria. Blood and urine
tests revealed neutrophilia (9.9 × 103 cells/mm3;
reference range 1.6–7.5 × 103 cells/mm3), increased
lactate dehydrogenase (LDH) (1,507 U/L; reference
range 28–378 U/L), increased CRP (1.43 mg/dL),
and proteinuria (50 mg/dL). CT scan demonstrated a large right kidney arterial infarction (Figure,
panel A). He was treated with low molecular weight
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Figure. Abdominal contrastenhanced computed tomography
scans of 3 coronavirus disease
patients with abdominal visceral
infarction, Italy. A) Patient 1
(axial view) showing intraarterial
thrombi in the renal artery
(arrow) and kidney and splenic
infarctions (asterisk), seen as
large wedge-shaped hypodense
parenchymal areas. B, C)
Patient 2 (B, coronal view; C,
axial view) showing kidney and
splenic infarctions (asterisks),
seen as large wedge-shaped
hypodense parenchymal areas.
D, E) Patient 3 (D, coronal
view; E, sagittal view), showing
intraarterial thrombi in the
superior mesenteric artery
and its branches (arrows in D)
and thoracic descending aorta
(arrow in E), as well as small
bowel ischemia (asterisks in
D), seen as small bowel loops
with decreased or absent wall
enhancement. In patients 1 and
2, scans did not show notable
signs of atherosclerosis.

heparin (LMWH) (6,000 UI 2×/d) and discharged to
home after 4 days.
Patient 2, a 53-year-old man with hypertension
and a history of mitral valve replacement (June 2019),
came to the ED on March 11, 2020, with fever, cough,
and sore throat. At admission, he had decreased oxygen saturation (94%) and increased CRP (6.99 mg/
dL). Chest CT scan demonstrated bilateral viral pneumonia, and nasopharyngeal and oropharyngeal swab
specimens were positive for SARS-CoV-2. He was
hospitalized and treated with lopinavir/ritonavir
(400/100 mg orally 2×/d) and hydroxychloroquine
(200 mg orally 2×/d); he also received 2 administrations of tocilizumab (8 mg/kg, an off-label use) on
hospital day 3 because his respiratory function was
worsening. Because of his previous mitral valve replacement, he was already being treated with antiplatelet prophylaxis with acetylsalicylic acid but not
with anticoagulants. On hospital day 6 he reported severe left flank pain; blood tests revealed neutrophilia
(11.74 × 103 cells/mm3) and increased LDH (932 U/L)
and CRP (4.42 mg/dL). CT scan demonstrated large
infarcted areas involving the spleen and the left kidney (Figure, panels B,C). He was treated with LMWH
(6,000 UI 2×/d) and discharged home after 7 days.

Patient 3, a 72-year-old man with stage 3 kidney
failure, hypertension, previous myocardial infarction, and type 2 diabetes, came to the ED on March
25, 2020, with shortness of breath and dry cough. At
admission, he had increased CRP (19.3 mg/dL) and
high glucose level (1,000 mg/dL; reference <100 mg/
dL) with severe metabolic acidosis. Nasopharyngeal
and oropharyngeal swab specimens were positive for
SARS-CoV-2. He was hospitalized, began antithrombotic prophylaxis with LMWH (4,000 UI 1×/d), and
continued secondary prophylaxis with acetylsalicylic
acid. He was transferred in the intensive care unit the
day after admission; a few hours later, he developed
severe abdominal pain. Blood tests revealed neutrophilia (17.69 × 103 cells/mm3) and increased LDH
(1,510 U/L), CRP (48 mg/dL), and D-dimer (6,910
ng/mL), with normal prothrombin time and activated partial thromboplastin time. Antiphospholipid
antibodies were not detected. CT scan demonstrated
small bowel ischemia associated with massive splenic
infarction (Figure, panels D,E). He underwent resection of the ischemic bowel loop and splenectomy, was
treated with heparin in continuous infusion, and was
discharged from the ICU 2 days later. As of May 9, he
was still hospitalized but his condition was improving.
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Between the start of the SARS-CoV-2 outbreak
in Reggio Emilia at the end of February and March
24, the province has had 460 hospitalizations in all
hospitals. Among these, 2 (0.4%) patients (1,2) had
acute ischemic events involving abdominal viscera;
therefore, these events should not be considered too
rare. Visceral infarction is probably a clinical manifestation of the prothrombotic state that has been
described in patients with COVID-19 (1–6). Consistently, reports about pathological changes in organs
other than the lungs describe parenchymal cells necrosis and small-vessel thrombosis (7).
The possibility of abdominal visceral infarction
during COVID-19 has major implications in clinical
practice. First, when patients with COVID-19 report
severe abdominal pain, visceral infarction should be
considered in differential diagnosis and taken into
account in laboratory and imaging diagnostic workups. Second, this finding should further prompt the
scientific community to stress the need to routinely
use LMWH in patients with COVID-19 and to open
the debate on the appropriate dosage. Finally, the
prothrombotic state in patients with COVID-19 may
justify therapeutic rather than prophylactic LMWH.
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Taiwan has strictly followed infection control measures
to prevent spread of coronavirus disease. Meanwhile,
nationwide surveillance data revealed drastic decreases
in influenza diagnoses in outpatient departments, positivity rates of clinical specimens, and confirmed severe
cases during the first 12 weeks of 2020 compared with
the same period of 2019.

A

fter the 2003 severe acute respiratory syndrome
coronavirus epidemic, the government and public of Taiwan have been vigilant about the threat of
emerging infectious diseases. The government of Taiwan took swift action to prevent coronavirus disease
(COVID-19) importation and outbreaks (1). The public
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has adhered well to control measures that included
avoiding gatherings, maintaining social distance, mask
wearing, hand and respiratory hygiene, temperature
monitoring, and quarantine of high-risk and sick persons (Figure 1, panel A). Although the success of these
measures for limiting COVID-19 transmission remains
to be determined, nationwide surveillance has shown
the rapid decline of influenza activity during the first
12 weeks of 2020 (through March 21) in Taiwan.
The Taiwan National Infectious Disease Statistics System (2), maintained by the Taiwan Centers for
Disease Control, is an open data portal that provides
nationwide surveillance data on infectious diseases
(https://nidss.cdc.gov.tw). For this study, we analyzed
data from outpatient department visits for selected
syndromes, clinical specimen testing, isolated respiratory pathogens, and confirmed severe cases (Appendix,

https://wwwnc.cdc.gov/EID/article/26/8/20-1192App1.pdf). The institutional review board of the National Health Research Institutes approved this study
(EC1051207-R4).
We compared changes across the first 12 weeks
of 2020 with data from the same period of 2019 using
simple linear regression. (The 9-day Lunar New Year
holiday in week 6 of 2019, when most healthcare service
was unavailable, resulted in extreme data; therefore, we
excluded these data from analysis.) We saw fewer outpatient department visits for influenza-like illness (ILI)
and ILI diagnoses per 1,000 visits during weeks 8–12 of
2020 compared with 2019 (Figure, panel A). The changes
(slopes of the regression lines) of ILI visits (-8,061 vs. -590
per week; p<0.05) differed between 2020 and 2019, as
did the changes in ILI diagnoses per 1,000 visits (-1.5 vs.
-0.2 per week; p<0.05). The slopes of the regression lines

Figure. Influenza and varicella activity in Taiwan during the first 12 weeks of 2020 compared with the corresponding time period in
2019. A) Number of outpatient department visits in which the diagnosis of influenza-like illness (ILI) was made (bars) and the rate of ILI
diagnoses per 1,000 visits (lines). Notable dates during the coronavirus disease pandemic are marked along the baseline. B) Number
of specimens positive for influenza. C) Number of strains of influenza identified in commissioned laboratories (bars) and the number of
positive specimens/total specimens positivity rate (lines). D) Number of laboratory-confirmed influenza cases with severe complications.
E) Number of outpatient department visits in which the diagnosis of varicella infection was made (bars) and the rate of varicella
diagnoses per 1,000 visits (lines). The 9-day Lunar New Year holiday in week 6 of 2019, when most healthcare service was unavailable,
resulted in extreme data, which we excluded from the analysis.
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for positive samples (-360 vs. -77 per week; p<0.05) also
differed between 2020 and 2019 (Figure 1, panel B). Both
the number of influenza strains isolated from clinical
specimens in commissioned laboratories and the positivity rate dropped drastically in 2020; the trends were
different from 2019 (p<0.05 for both) (Figure 1, panel C).
The number of cases of confirmed influenza with severe
complications decreased from 99 to 1 in 2020, compared
with a decrease from 44 to 22 in 2019 (p<0.05) (Figure
1, panel D). In contrast, the number of outpatient department visits for varicella and the number of varicella
diagnoses per 1,000 visits remained similar in 2020 and
2019 (p = 0.660 for outpatient department visits and p =
0.157 for varicella diagnosis) (Figure 1, panel E).
The functional healthcare and surveillance systems
in Taiwan, the government’s efforts to identify causes
of ILI during the COVID-19 pandemic, and sufficient
laboratory capacity ensure appropriate influenza testing and reporting of results. Healthcare avoidance
during COVID-19 pandemic may be an important confounder for the results we reported. However, because
of awareness of the similarities in symptoms between
COVID-19 and influenza and the low number of COVID-19 patients in Taiwan (<200 cases as of March 21,
2020), patients with ILI would not avoid seeking medical help for a diagnosis. Healthcare avoidance also did
not explain the lower number of severe influenza cases
observed in 2020 (Figure 1, panel D). Therefore, we believe that the decreasing influenza activity in Taiwan
in 2020 is the result of strict control measures that were
established in response to COVID-19.
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We found that all 5 asymptomatic household contacts of
a Wuhan, China, physician with coronavirus disease had
severe acute respiratory syndrome coronavirus 2 detected by PCR. The index patient and 2 contacts also had
abnormal chest computed tomography scans. Asymptomatic infected household contacts of healthcare workers with coronavirus disease might be underrecognized.
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S

evere acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the cause of the coronavirus disease (COVID-19) pandemic, is highly contagious and
can put families of healthcare professionals at risk
for both symptomatic COVID-19 and asymptomatic
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Table. Summary of laboratory results of a SARS-CoV-2–positive patient and 5 asymptomatic household contacts, Wuhan, China*
Laboratory test
Reference range
Patient 1
Contact 1 Contact 2† Contact 3‡
Contact 4
Contact 5
C-reactive protein, mg/L
0–10
18.8
2.0
0.4
0.4
1.5
2.7
Leukocyte count, × 109 cells/L
3.5–9.5
6.68
6.89
4.79
6.86
3.54
5.84
Lymphocyte ratio, %
20–50
17.70
18.50
45.50
67.90
34.60
33.10
240–1317
140
147
626
767
271
299
CD19+ absolute count/L
ALT, U/L
7–45
45
11
520
16
15
7
AST, U/L
13–35
21
14
439
24
18
14
D-dimer, ng/mL
0–500
161
89
101
>3500
150
97

*ALT, alanine aminotransferase; AST, aspartate aminotransferase; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Contact 2 had 4 serial negative throat swabs for SARS-CoV-2, and negative influenza A, influenza B, respiratory syncytial virus, parainfluenza virus,
adenoviridae, Epistein-Barr virus, cucumber mosaic virus, mycoplasma, and chlamydia results. He had elevated AST and ALT and was negative for
hepatitis A, B, C, and E; he had no jaundice or gastrointestinal symptoms. His AST and ALT returned to normal after 9 days of treatment with
glycyrrhizinate 50 mg 3 times daily and vitamin C (0.2 g 3/d).
‡Contact 3 had an elevated D-dimer level without anemia, bleeding, or evidence of a coagulopathy. She received vitamin C (0.2 g 3 /d). After the SARSCoV-2 nucleic acid (throat swab) test was negative, her D-dimer level returned to normal (111 ng/mL).

SARS-CoV-2 infection with potential to infect others
(1–4). Data regarding asymptomatic SARS-CoV-2 infection (5) among families of healthcare professionals
can help inform healthcare management and the public health response during the COVID-19 pandemic.
We describe the case of a physician in Wuhan, China,
who had mildly symptomatic COVID-19 and the subsequent asymptomatic SARS-CoV-2 infection in all 5
of his household contacts.
The index patient (patient 1) was a 39-year-old nephrologist at Central Hospital of Wuhan who had onset
of a dry cough on January 31, 2020, was admitted with
fever on February 7, and was diagnosed with symptomatic SARS-CoV-2 infection on February 10. During January 31–February 6, patient 1 lived with 5 other immediate family members, all of whom were hospitalized
on February 11 at Zhongnan Hospital of Wuhan University for ethics committee–approved (approval no.
2019125) medical studies, for which informed consent
was obtained. The household contacts were his 37-yearold wife, a laboratory physician without patient contact
at Zhongnan Hospital (contact 1); 7-year-old fraternal
twins, who were in contact only with family because
of school closure and social distancing (contacts 2 and
3); a retired 62-year-old grandfather, who was a current
smoker in good health (contact 4); and a retired 64-yearold grandmother in good health (contact 5).
All household contacts underwent chest computed tomography scans and throat swabs for quantitative real-time reverse transcription PCR (qRT-PCR)
tests for SARS-CoV-2 nucleic acid, in addition to other routine laboratory examinations (Table). qRT-PCR
tests on stool specimens of contacts 1, 2, and 3 were
positive for SARS-CoV-2. Contact 1 also was positive
for SARS-CoV-2 on qRT-PCR tests of multiple serial
throat swab specimens but negative for SARS-CoV-2
on IgM and IgG tests.
All 5 household contacts of patient 1 had laboratory evidence of SARS-CoV-2 infection but remained
asymptomatic throughout the period of observation

(February 11–March 1) (Figure, panel A). All household contacts who had throat swab specimens tested
for SARS-CoV-2 were positive by PCR except for contact 2, who tested negative on 4 consecutive throat
swab specimen tests for SARS-CoV-2 but whose stool
specimen was positive for SARS-CoV-2; contact 2 also
had elevated liver enzymes but no jaundice. Contact 3
had an elevated D-dimer level. These abnormal laboratory values resolved during observation (Table)
and were not associated with clinical illness in either
patient. Patient 1 and contacts 2 and 4 also had abnormal chest computed tomography scans consistent
with SARS-CoV-2 infection (Figure, panel B).
Contact 1 underwent 11 serial throat swabs
for SARS-CoV-2. Her case demonstrates the challenges of clinical interpretation qRT-PCR results for
SARS-CoV-2. On 2 separate occasions, she had 2
consecutive negative results on throat swab specimens for SARS-CoV-2, only to revert back to having a
throat swab specimen positive for SARS-CoV-2 (Figure, panel A). Contact 1 was the only family member
who underwent serologic tests, which demonstrated
low B lymphocyte counts but no detectable SARSCoV-2–specific IgM or IgG. We cannot determine
the cause or clinical significance of the lack of a detectable antibody response in contact 1 in our study,
which differs from findings reported in other studies
(6). The immunologic response after asymptomatic
SARS-CoV-2 infection requires further study.
A likely source of infection for the 5 asymptomatic contacts was patient 1. Contact 1 had no patient
contact and no known contact with COVID-19–positive co-workers, and contacts 2, 3, 4, and 5 were at
their home in Wuhan and had no other substantial
human contact during the period when they likely
were infected. We identified no other likely source of
infection. Our study could not determine the method
of transmission between family contacts, but we did
note the potential for respiratory transmission (e.g.,
through droplets), fecal–oral transmission, or both.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1931

RESEARCH LETTERS

Figure. Timeline and CT images
associated with a cluster of
SARS-CoV-2 infections in a
single household, Wuhan China.
A) Timeline of key events,
including laboratory tests,
associated with SARS-CoV-2
infections in the index patient
and 5 asymptomatic household
contacts. B) Abnormal chest
CT scans showing features
consistent with SARS-CoV-2
infection (arrows) observed in the
index patient and 2 household
contacts (top row), compared with
normal CT scans among the 3
other household contacts (bottom
row). CT, computed tomography;
qRT-PCR, quantitative real-time
reverse transcription PCR; SARSCoV-2, severe acute respiratory
syndrome coronavirus 2.

An early report from China on 72,314 COVID-19
cases found that only 1% of SARS-CoV-2 infections
were asymptomatic; however, asymptomatic close
contacts were not routinely tested in that study (7). In
our study, all 5 household contacts of a physician diagnosed with COVID-19 had laboratory evidence of
infection but remained asymptomatic. This finding is
consistent with emerging evidence that suggests that
a substantial proportion of SARS-CoV-2 infections
are asymptomatic (1,8,9).
In summary, this single-household study found
a high attack rate for asymptomatic SARS-CoV-2
infection among the immediate family members
of a symptomatic COVID-19 case-patient. The extent to which asymptomatic SARS-CoV-2 infections
contribute to overall disease transmission is still
unknown and warrants further study. We believe
the potential for fecal–oral transmission also warrants investigation (10). Moreover, our experience
indicates that screening symptomatic contacts with
a single throat swab test for SARS-CoV-2 might
1932

lead to an underestimate of the rate of infection
and that asymptomatic persons can repeatedly revert between positive and negative PCR results on
throat specimens.
This study was supported by the Health Commission
of Hubei Province Scientific Research Project (grant no.
WJ2019H060) and the National Natural Science
Foundation of China (grant no. 81501033).
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We compared indicators of influenza activity in 2020
before and after public health measures were taken to
reduce coronavirus disease (COVID-19) with the corresponding indicators from 3 preceding years. Influenza
activity declined substantially, suggesting that the measures taken for COVID-19 were effective in reducing
spread of other viral respiratory diseases.

P

ublic health measures, including public education
and physical distancing, were implemented in
Singapore to reduce transmission of coronavirus disease (COVID-19). However, instead of a lockdown,
Singapore kept schools and workplaces open and did
not advise the routine use of masks for persons who
were well during the initial phase of the outbreak in
January–February 2020. We examined the effect of
these COVID-19 measures on influenza incidence as
a proxy to determine the overall potential reduction
in respiratory virus transmission.
We obtained routine sentinel surveillance data
on influenza-like illnesses (ILI) from a national network of primary care clinics and the National Public
Health Laboratory. ILI was defined as fever (>38°C)
and cough. Data included number of visits to government primary care clinics for ILI per day, ILI samples
tested per week, and percentage influenza positivity.
We estimated number of influenza cases per day by
multiplying ILI visits per day by the proportion of ILI
patients who tested positive for influenza, which better reflects influenza infection rates than either indicator alone (1).
We compared influenza activity between epidemiologic weeks 1–4 and weeks 5–9 of 2020. Most community-based COVID-19 measures were instituted after the first few cases were reported in epidemiologic
week 4, and public awareness was increased (2). These
measures included cancellation of large-scale events
and precautions at schools (e.g., fewer assemblies,
no interclass mixing, and staggered meal times) and
workplaces (e.g., segregated teams and teleworking

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1933

RESEARCH LETTERS

Figure. Indicators of influenza activity during the 2019–20 season (red line) compared with average of the preceding 3 years (green
line), Singapore. A) Average number of visits per day to government primary care clinics for influenza-like illnesses, 2016–2020. B)
Samples from patients with influenza-like illness tested per week, 2016–2020. C) Influenza positivity, 2016–2020. D) Estimated daily
numbers of influenza cases, 2016–2020.

wherever possible). Intensive public education on personal hygiene and social responsibility included encouraging regular handwashing and seeking medical
attention early when ill. To enable self-isolation and
prevent spread, physicians were instructed to give certificates for 5 days of medical leave for patients who
had respiratory symptoms but did not meet the COVID-19 suspect case definition.
We compared indicators of influenza transmissibility in 2020 against the average from corresponding periods in the 3 preceding epidemiologic
years (2016–2019). We performed weekly paired
difference t-test using R version 3.5.1 (https://
www.r-project.org). Influenza activity peaked
in epidemiologic week 1 of 2020 but declined
to below the average of the preceding years by
epidemiologic week 5 (Figure). Percentage influenza positivity decreased by 64% (p = 0.001) and
1934

estimated daily number of influenza cases decreased by 76% (p = 0.002) in epidemiologic weeks
5–9 of 2020 compared with the preceding years. In
contrast, we saw no significant changes in any of
the indicators, except percentage of influenza positivity (31%; p = 0.008), in epidemiologic weeks 1–4
of 2020 compared with preceding years.
Public health efforts to control COVID-19 probably reduced influenza transmission in February 2020
because both viruses have similar modes of transmission through respiratory and contact routes. Even if
COVID-19 has a potentially higher basic reproduction number (R0) than seasonal influenza (3), substantial reduction in transmission could reduce the
impact of COVID-19 on healthcare capacity, thereby
preventing excess deaths. Our modeling of the effective reproduction number for COVID-19 in Singapore
in February 2020 (R. Pung, unpub. data) at 0.5–1 is
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55%–77% lower than the mean estimated R0 of 2.2 (4).
This finding is consistent with the observed 76% reduction in influenza transmission.
Our study has several limitations. First, a decrease
in influenza transmission is expected in February–
March, given the yearly bimodal pattern of influenza
incidence in Singapore (5). However, the decrease in
2020 is marked compared to previous years. Second,
there could be fewer ILI visits to government clinics
because of altered health-seeking behavior, or cases
may be referred to hospitals and therefore not captured as ILI cases in clinics. However, these missed
ILI cases would not affect the proportion positive for
influenza. Third, we can infer similar effects on COVID-19 only if the transmission dynamics are similar
to influenza.
In conclusion, we found a marked decline in
ILI in Singapore after the implementation of public
health measures for COVID-19. Our findings suggest
that such measures are effective in reducing spread of
viral respiratory diseases and could mitigate the impact of the COVID-19 pandemic.
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During a meeting in Munich, Germany, a presymptomatic
attendee with severe acute respiratory syndrome coronavirus 2 infected at least 11 of 13 other participants. Although 5 participants had no or mild symptoms, 6 had
typical coronavirus disease, without dyspnea. Our findings suggest hand shaking and face-to-face contact as
possible modes of transmission.

W

e describe efficient spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
resulting from contact with a presymptomatic infected person during a scientific advisory board meeting
held February 20–21, 2020, in Munich, Germany; the
country had <20 diagnosed coronavirus disease (COVID-19) cases at the time. Eight dermatologists from
7 countries and 6 scientists from the same company
attended the meeting at a hotel in central Munich.
The meeting was held in a room (≈70 m2) with conventional radiators; a U-shaped setup of tables were
separated by a central aisle >1 m wide. During the
meeting, refreshments were served buffet style in
the same room 4 times. In addition to 9.5 hours of
discussions, the participants had dinner on February 20 in a nearby restaurant. Additional direct contacts between participants were handshakes during
welcome and farewell with few short hugs without
kisses. None of the participants, including the index
patient (participant [Pt] 1), showed any signs of infection (e.g., coughing, sneezing, respiratory symptoms,
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shivering, fever) before or during the meeting. No
one wore a mask during the meeting. After the meeting, the index patient (Pt 1) shared a taxi with Pt 2, 4,
and 9 for ≈45 min.
After returning home the evening of February 21,
Pt 1 sought care for fever. Reverse transcription PCR
was performed on throat and nasal swab specimens,
and SARS-CoV-2 RNA was detected by established
methods (1). The patient was admitted to the hospital
for supportive care, although he had only moderate
symptoms (Table, https://wwwnc.cdc.gov/EID/
article/26/8/20-1235-T1.htm).
National authorities contacted most meeting participants on February 26 (Pt 7, 11–13) and 27 (Pt 2–6,
8–12); Pt 14 was contacted by a coworker. Twelve participants, including Pt 1, were tested for SARS-CoV-2
by PCR; 2 were not, Pt 9 because he showed no signs of
infection and Pt 6 because testing was not available at
his location (New York, NY, USA) at the time. Pt 6 later
underwent ELISA testing, which showed IgA and IgG
against the recombinant S1 domain of structural protein of SARS-CoV-2 (Euroimmun, https://www.euroimmun.com) (2). Excluding the index patient, in 10/11
tested participants, SARS-CoV-2 RNA was detected.
In 1 participant, Pt 11, the PCR result for SARS-CoV-2
RNA was negative (Table). Thus, the index patient infected >11 (85%) of the 13 other participants.
All participants were isolated either in a hospital
or at home with or without their families, regardless
of the outcome of the first PCR test. These measures
resulted in the subsequent infection of 14 additional persons (Table). Of the 12 infected participants, 2
(17%) had no symptoms, 3 (25%) experienced mild
influenza-like symptoms, and 7 (58%) experienced a
considerable reduction of their health, without dyspnea, classified as moderate COVID-19 (Table). None
of the participants had a relevant medical history.
The index patient (Pt 1) was most likely infected by
an outpatient he had examined in Milan, Italy, on February 18. The index patient reported that he had experienced no symptoms when attending the meeting. Probable transmission of SARS-CoV-2 from presymptomatic
persons has been reported (3,4), with viral load levels in
the nose similar to those of symptomatic patients (5). In
contrast to severe acute respiratory syndrome coronavirus and influenza virus, the infectiousness of SARSCoV-2 peaks on or before symptom onset (6).
The exact mode of transmission during the meeting remains elusive. At least 4 routes have been suggested: droplets during face-to-face contacts, aerosolized droplets (<5 µm) via air flow, fomites, and hand
shaking (4,7–9). We identified face-to-face contacts lasting >5 min with the index patient and the 11 infected
1936

participants during 2 lunches (30 min each), 2 coffee
breaks (15 min each), and the social dinner (sitting close
to Pt 2, 4, 5, and 11). We also tracked Pt 1 sitting next to
Pt 3 and Pt 6 during the meeting, and a 45-min taxi ride
after the meeting (with Pt 2, 4, and 9) (Table). The index
patient sat ≈2.60 m away from the closest participant
opposite to him and had an average talk time during
the meeting. Virus aerosolization in the relatively small
room that was heated by conventional radiators appears to be possible in light of the duration of the meeting. Transmission via fomites appears to be less likely
because few objects (bottles, coffee pots, forks) were
shared by all participants during the breaks. Telephone
communication with hotel management on April 20 revealed that none of the involved hotel staff were tested
for SARS-CoV-2 and no staff member reported symptoms consistent with COVID-19.
Our findings indicate that hand shaking, aerosolization, and face-to-face contact may be relevant
modes of transmission in this COVID-19 outbreak.
Limitations include the lack of environmental samples and data about room ventilation and airflow
patterns, as well as missing information about the
infection status of Pt 9 and the inability to determine
the actual impact of SARS-CoV-2 transmission from
handshakes, droplets, and aerosolization.
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We report a 36-year-old woman in Iran who sought care
for left shoulder pain and cough 5 days after a scheduled
cesarean section. Acute pulmonary embolism and coronavirus disease were diagnosed. Physicians should be
aware of the potential for these concurrent conditions in
postpartum women.

A

n outbreak of viral pneumonia that emerged in
late 2019 and spread rapidly worldwide was
named coronavirus disease (COVID-19) (1). COVID-19 is caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2). Two other viruses of
this family, severe acute respiratory syndrome coronavirus and Middle East respiratory syndrome coronavirus, also have caused outbreaks globally (1).
Venous embolism has been associated with severe infection. Acute pulmonary embolism has been
associated with severe acute respiratory syndrome
coronavirus infections, but no cases have been reported with Middle East respiratory syndrome (2,3).
A study reported a 75-year-old hospitalized woman
with COVID-19 and pulmonary embolism (4). In addition, in 2 COVID-19–positive patients, 57 and 70
years of age, from Wuhan, China, computed tomography angiography (CTA) confirmed pulmonary embolism (5). Three cases of deep vein thrombosis with
COVID-19 also have been reported (6).
Pregnancy increases the risk for venous embolism (7). Although approximately half of venous embolism occurs during pregnancy and half occurs during the postpartum period, the risk per day is greatest
in the weeks immediately after delivery (8). We report a patient in Iran who sought care for cough and
shoulder pain 5 days after an uncomplicated cesarean
delivery in whom an acute pulmonary embolism and
COVID-19 infection were subsequently diagnosed.
The ethics committee of Shiraz University of Medical
Sciences (Shiraz, Iran) approved the study.
A healthy 36-year-old nonsmoking woman (gravid 2, 1 term infant delivered, 1 abortion/miscarriage)
underwent an elective scheduled caesarean section at
37 weeks 2 days of gestation after an uncomplicated
pregnancy. The uncomplicated surgery resulted in
the birth of a healthy infant. Mechanical prophylaxis
to prevent deep vein thrombosis was used at delivery until ambulation. The woman was discharged on
postpartum day 2 in a good condition. On postpartum day 5, she sought care for sudden onset left-side
shoulder pain and dry cough. She stated that she did
not have fever, myalgia, or diarrhea. On postpartum
day 5, she experienced mild shortness of breath. During her pregnancy, she had no known history of contact with persons who had confirmed or suspected
COVID-19.
At admission, physical examination revealed a
blood pressure of 110/70 mm Hg, body temperature of 36.8°C, pulse rate of 92 beats/min, respiratory rate of 20 breaths/min, and oxygen saturation
of 94% on ambient air. Her body mass index was
24.8 kg/cm2. Her physical examination was otherwise unremarkable.
Laboratory test results showed a complete blood
count and leukocyte differentials within reference
ranges but elevated liver function tests, C-reactive
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Figure. Thoracic computed
tomography angiography of a
36-year-old postpartum woman
with coronavirus disease and
acute pulmonary embolism,
Iran. A, B), Thoracic computed
tomography angiography showing
filling defect in the right side interlobar artery (arrow) and posterior
basal segment and left-sided
pleural effusion (arrow). C, D)
Consolidation and ground-glass
opacities affecting the left ligula
and posterior recess.

protein level, and erythrocyte sedimentation rate.
D-dimer was 800 μg/mL (reference <500 μg/mL).
Results of her baseline electrocardiogram were unremarkable. She had a normal echocardiography with
ejection fraction of ≈60%.
Because of the COVID-19 pandemic and the
patient’s report of cough, she underwent screening
for SARS-CoV-2. Throat swab samples were positive for SARS-CoV-2 by real-time reverse transcription PCR. Moreover, because of her clinical features,
history, risk for venous embolism, and high level
of D-dimer, CTA was performed. Thoracic CTA on
the first day of hospitalization showed emboli in the
right side interlobar artery, posterior basal segment,
and the lingular branch (Figure, panels A, B). Hampton hump in the right side posterior basal segment
was consistent with lung infarction. CTA further
revealed left-sided pleural effusion associated with
new mixed consolidation and ground glass opacifications (Figure, panels C, D).
CTA findings were consistent with pneumonia,
pulmonary embolism, and lung infarction. The patient was treated with enoxaparin (1 mg/kg subcutaneously 2×/d). She was discharged in good condition
with enoxaparin for 6 months.
Multiple conditions made this patient susceptible to pulmonary embolism. Because inflammation
and coagulation are related, infected patients have
1938

hypercoagulable state (2). Virchow’s triad, which
contributes to thrombosis, has 3 factors: venous stasis, hypercoagulability, and endothelial injury. Septic patients have criteria of Virchow’s triad; cesarean
section as a surgery contributed to Virchow’s triad in
this patienet because endothelial injury made the patient prone to embolic events (7–9).
The patient we report was young, was not
critically ill or septic, and had no evidence of disseminated intravascular coagulation. Alteration in
coagulation pathways during pregnancy increases
the risk for embolic events. The risk in the immediate postpartum period is particularly high. Venous
embolism is an important cause of maternal illness
and death (7).
CTA or ultrasonography for deep vein thrombosis may be important for COVID-19–positive pregnant
or postpartum patients who have signs or symptoms
of possible venous embolism, given their potentially
heightened risk. In this patient population, with an already elevated risk for venous embolism, physicians
should be aware of the potential for concurrent mild
COVID-19 and acute pulmonary embolism.
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Necrotizing pneumonia induced by Panton-Valentine leukocidin–secreting Staphylococcus aureus is a rare but lifethreatening infection that has been described in patients
after they had influenza. We report a fatal case of this superinfection in a young adult who had coronavirus disease.

P

anton-Valentine leukocidin (PVL) is a cytotoxin
produced by some strains of Staphylococcus aureus.
These strains are responsible for primary skin infections and necrotizing pneumonia. This rare entity is
mainly described in young immunocompetent patients with an influenza-like prodrome and has a high
case-fatality rate (1,2). We report a case of necrotizing
pneumonia induced by PVL-secreting methicillin-susceptible S. aureus in a patient infected with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
and who had coronavirus disease (COVID-19).
In March 2020, during the SARS-CoV-2 outbreak
in France, a man in his 30’s who had no underlying
conditions came to an emergency department because
of fever, cough, and blood-streaked sputum that developed for 3 days. A diagnosis of pleuropneumonia
was made, and antimicrobial therapy was initiated
with cefotaxime plus metronidazole. Test results for
Streptococcus pneumoniae and Legionella pneumophila
serotype 1 urinary antigens were negative. A reverse
transcription PCR specific for respiratory viruses also
showed negative results.
The next day, further respiratory deterioration
required transfer of the patient to an intensive care
unit (ICU) for intubation, mechanical ventilation,
and inotropic support. Spiramycin was added to the
previous drug regimen. Chest computed tomography showed a parenchymal consolidation of the left
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Figure. Chest computed tomography of a patient in France
with Panton-Valentine leukocidin–secreting Staphylococcus
aureus pneumonia complicating coronavirus disease, showing
worsening of bilateral parenchymal damage with complete
consolidation of the left lung, cavitary lesions suggestive of
multiple abscesses, and appearance of areas of ground-glass
opacities in the right lung

upper lung without ground-glass opacities commonly described for COVID-19 (3).
Four days after intubation, the condition of the
patient had not improved. We performed a reverse
transcription PCR specific for SARS-CoV-2 on an endotracheal aspirate by using the method developed
by the National Reference Centre for Respiratory Viruses (Institut Pasteur, Paris, France). The PCR result
was positive for SARS-CoV-2 (4). Chest computed tomography showed worsening of bilateral parenchymal damage with complete consolidation of the left
lung, cavitary lesions suggestive of multiple abscesses, and appearance of areas of ground-glass opacities
in the right lung (Figure). The chest radiograph also
showed a left pleural effusion.
Bacteriological analysis of pleural drainage
showed gram-positive cocci; the culture yielded monomicrobial S. aureus, which was identified by using
matrix-assisted laser desorption/ionization time-offlight mass spectrometry (Bruker Daltonics, https://
www.bruker.com). The bacterial strain was resistant
only to penicillin G (VITEK 2 System; bioMérieux,
https://www.biomerieux.com). Because of this necrotizing pneumonia associated with acute respiratory distress syndrome, a PVL-producing strain was
suspected. We confirmed PVL production by using a
specific PCR as described by Deurenberg et al. (5).
We changed antimicrobial drug therapy to oxacillin plus clindamycin (for antitoxin effect) against
methicillin-susceptible S. aureus and lopinavir/ritonavir (quickly stopped because of suspected toxicity) plus azithromycin against SARS-CoV-2. Three

1940

days later, given a lack of clinical improvement,
antimicrobial therapy was changed to piperacillin/tazobactam plus linezolid (for antitoxin effect).
Bronchoscopy showed that the left bronchial tree
was obstructed by purulent secretions. Because of
deterioration of respiratory, renal, and liver functions, venovenous extracorporeal membrane oxygenation and anticoagulation were initiated 10 days
after ICU admission. Two days later, we performed
upper left lobectomy, and antimicrobial drug therapy was incremented with meropenem, gentamicin,
and linezolid. However, the patient died 17 days after his admission to the hospital.
PVL-secreting S. aureus necrotizing pneumonia
is frequently preceded by an influenza-like infection
(6), which might be a possible causative factor. Influenza virus is known to impede phagocytic killing
and damage the bronchial epithelium, thus reducing secretin clearance and facilitating bacteria adhesion (2). It also induces an influx of immune cells to
lung tissues, including neutrophils; the rapid killing
of these cells by PVL and release of inflammatory
mediators might promote disease development by
damaging the epithelium (7,8). The association of
PVL-secreting S. aureus and influenza virus has been
reported (6,9). We report a PVL-secreting S. aureus
superinfection in a patient who had COVID-19. Our
findings indicate that the new SARS-CoV-2 is, in the
same way, a facilitating factor for PVL-producing
S. aureus necrotizing pneumonia.
In 2003, during the SARS-CoV outbreak, an increase in S. aureus superinfection (mostly methicillinresistant S. aureus ventilator-acquired pneumonia)
was described. Given common points between SARSCoV-2 and previous coronaviruses, Lupia et al. discussed this issue for COVID-19 and suggested consideration of methicillin-resistant S. aureus coverage
to reduce the risk of superinfection (10).
In PVL-producing S. aureus superinfection, prescribing antimicrobial drugs that have an antitoxin
effect, such as clindamycin or linezolid, remains essential (2). Thus, in previously healthy young adults
admitted to an ICU for COVID-19 and S. aureus superinfection, a PVL-producing strain should be assumed and treatment provided accordingly.
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We report 3 patients with coronavirus disease who
had a decline in respiratory status during their hospital
course that responded well to intravenous steroids and
interleukin-6 receptor antagonist therapy. These patients
later showed development of persistent hypoxia with increased levels of d-dimer levels and were given a diagnosis of pulmonary embolisms.

C

oronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2,
has been extensively reported since the outbreak in
Wuhan, China, and can progress to involve major respiratory complications (1). Patients commonly have
fever, cough, abdominal pain, and diarrhea.
During the second week of illness, decompensation occurs in some patients, possibly driven by the
cytokine storm associated with increased levels of interleukin-6. We report 3 case-patients with COVID-19
who were improving after successful treatment during the critical period but showed development of
pulmonary emboli (PEs) despite deep vein thrombosis (DVT) prophylaxis.
Three patients admitted to Northwell Plainview
Hospital (Plainview, NY, USA) showed positive results for COVID-19 and had acute hypoxic respiratory failure secondary to COVID-19. All 3 patients
received azithromycin and hydroxychloroquine, but
their conditions continued to progress to more severe respiratory failure. During what was assumed
to be the cytokine storm phase, on the basis of laboratory parameters and an increasing requirement for
oxygen, the patients received intravenous steroids
(solumedrol, 1–2 mg/kg/d for 5–8 d) and the interleukin-6 receptor antagonist tocilizumab (400 mg
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Table. Characteristics of pulmonary embolism seen by CTA and increased levels of D-dimer in 3 patients with COVID-19, New York,
USA*
Case-patient
Characteristic
1
2
3
Age, y
52
60
68
Risk factors
Allergic rhinitis, asthma
Chronic bronchitis, history of
Hypertension, diabetes
ovarian cancer, and history of
mellitus type 2
provoked DVT
Smoking status
Former
Never
Never
BMI, kg/m2
27.0
27.4
23.7
Creatinine clearance, mL/min
116
127.4
64
Day of symptoms, baseline/CTA
12/18
8/18
14/22
O2 saturation, baseline/CTA
52% on RA/98% on NRB
92% on NC/91% on NC
94% on NRB/93% on NRB
2,283/9,698
221/2,563
33,318/1,554
D-dimer, g/mL, baseline/CTA
2,283/1,050
1,276/1,176
2,797/1,282
Ferritin, g/L, baseline/CTA
CRP, mg/L, baseline/CTA
32.30/0.42
11.89/0.66
8.88/0.25
Procalcitonin, ng/mL, baseline/CTA
0.19/0.05
0.05/0.13
0.23/NA
LDH, U/L, baseline/CTA
567/467
448/637
824/616
Neutrophil:lymphocyte ratio,
10.58/11.75
6.6/7.5
7.67/14.99
baseline/CTA
ISTH score, day of CTA
>5
>5
>5
VTE prevention
Enoxaparin, 40 mg 2×/d
Enoxaparin, 40 mg 2×/d
Enoxaparin, 40 mg/d
IMPROV score
0
3
1
Doses of tocilizumab
1
1
1
Methylprednisolone duration, d
8
5
5
Hydroxychloroquine duration, d
5
5
5
CTA read
Bilateral PE; filling defects most Multiple bilateral segmental and
Central filling defects
pronounced in the right lobar
subsegmental PE with
compatible with acute
pulmonary artery extending to
suggestion of cardiac strain;
pulmonary embolism in
the first-order branches of the
bilateral scattered,
several segmental and
right lower lobe pulmonary
predominantly peripheral
subsegmental pulmonary
artery; additional small filling
ground-glass opacities with
arteries in the right upper
defect identified within the right
some interlobular septal
lobe, right lower lobe, and
upper lobe, right middle lobe,
thickening consistent with given
left lower lobe; diffuse
and lingular pulmonary artery
history of COVID-19 pneumonia
bilateral ground-glass
branches; diffuse scattered
opacities unchanged from
bilateral ground-glass opacities
previous imaging
with areas of consolidation
compatible with reported viral
pneumonia COVID-19
*BMI, body mass index; COVID-19, coronavirus disease; CRP, C-reactive protein; CTA, computed tomography angiogram; DVT, deep vein thrombosis;
IMPROV, International Medical Prevention on Venous Thrombosis; ISTH, International Society of Thrombosis and Haemostasis; LDH, lactate
dehydrogenase; NA, not available; NC, nasal cannula; NRB, nonrebreather; PE, pulmonary embolus; RA, room air; RLL, right lower lobe; VTE, venous
thromboembolism.

intravenously). Patients showed improvement and
did not require intubation but later showed development of persistent hypoxemia with increases in levels of d-dimer. Computed tomography angiograms
(CTAs) confirmed bilateral PEs, and the patients required supplemental oxygen (Table).
Case-patient 1, a 52-year-old male former
smoker with a history of asthma, came to our hospital 12 days after symptom onset. At admission, he
reported chest tightness, difficulty breathing, and
was afebrile. His respiratory rate was 34 breaths/
min, heart rate 87 beats/min, and blood pressure
117/67 mm Hg. The d-dimer level was 2,283 µg/
mL at admission and increased to 9,698 µg/mL on
hospital day 6. He had been receiving enoxaparin
(40 mg/d subcutaneously) as venous thromboembolism (VT) prophylaxis. He had worsening hypotension, dyspnea on exertion, chest discomfort, and
1942

shortness of breath. CTA performed on symptom
day 18 showed bilateral PEs. The patient was given
enoxaparin (1 mg/kg subcutaneously 2×/d), transitioned to rivaroxaban, and discharged receiving
supplemental oxygen.
Case-patient 2, a 60-year-old female nonsmoker
with a history of chronic bronchitis, ovarian cancer
postoophorectomy, and provoked DVT 18 years earlier, was admitted on day 8 of symptoms. At admission, she reported worsening cough, nausea, and
loss of sense of smell. She was afebrile; her respiratory rate was 20 breaths/min, heart rate 106 beats/
min, and blood pressure 145/68 mm Hg. The d-dimer
level was 221 µg/mL at admission and 2,563 µg/mL
on hospital day 10. She was given DVT prophylaxis
(enoxaparin, 40 mg/d subcutaneously, increased to
2×/d on day 10 of illness). On day 18 of symptoms,
she was persistently hypotoxic and had tachycardia
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and hypotension. CTA showed multiple bilateral
segmental and subsegmental PEs with suggestion of
cardiac strain. The patient was given rivaroxaban and
discharged receiving supplemental oxygen.
Case-patient 3, a 68-year-old male nonsmoker
with a history of hypertension, and type 2 diabetes
mellitus, was admitted on day 14 of symptoms. At
admission, he reported cough, difficulty breathing,
and progressive weakness. He was afebrile; his respiratory rate was 22 breaths/min, heart rate 107 beats/
min, and blood pressure 144/92 mm/Hg, and he
showed hypotoxicity. The d-dimer level was 33,318
µg/mL at admission and 1,554 µg/mL on hospital
day-7. He was given DVT prophylaxis (enoxaparin,
40 mg/d subcutaneously). On day 22 of symptoms,
he showed development of hypotension, and his oxygen saturation was <90% with a 100% nonrebreather
mask. This finding prompted a CTA, which showed
bilateral PEs on hospital day 3. The patient was given enoxaparin (1 mg/kg subcutaneously 2×/d) and
showed improvement.
PEs can occur after the cytokine storm in COVID-19 patients, despite DVT prophylaxis. After
initial improvements, patients might continue to
have high or increasing oxygen requirements because of development of thromboembolic disease.
Previous studies showed that low levels of platelets,
increased levels of d-dimer, and increasing levels
of prothrombin in COVID-19 were associated with
poor outcome, which might be explained by thromboembolic complications in patients with severe disease (2). Platelet counts remained within reference
ranges for 2 of our patients and only decreased for 1
patient. Two patients had increases in d-dimer levels, and the third patient was admitted with a highly
increased d-dimer level.
Autopsy reports from COVID-19 patients have
shown microthrombi in lungs and in other organs
with associated foci of hemorrhage (3,4). These findings suggest that severe endothelial dysfunction,
driven by the cytokine storm and associated hypoxemia, leads to disseminated intravascular coagulation, causing thromboembolic complications. In
these patients, other parameters, such as the neutrophil–lymphocyte ratio, and inflammatory markers,
including ferritin, C-reactive protein, and lactate
dehydrogenase, were returning to reference levels
despite increased d-dimer levels and increasing oxygen requirements. Standard dose DVT prophylaxis

did not prevent this complication. This hypercoagulability was a consumptive coagulopathy and was
not caused by an inhibitor, such as an anticardiolipin antibody; treatment with direct factor Xa inhibitors would be appropriate.
Although certain underlying conditions might
have influenced the coagulation process in these patients, the hypothesis that hypercoagulability is driven by endothelial dysfunction is plausible. These case
studies support the earlier observation that anticoagulation is associated with a decrease in mortality rates
for COVID-19 patients (5). Monitoring disseminated
intravascular coagulation and measurement of platelet counts, d-dimer and fibrinogen levels, and trending International Society of Thrombosis and Haemostasis scores might be beneficial for early diagnosis of
PE in patients with COVID-19.
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The emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) created an exceptional situation in which numerous laboratories in Europe simultaneously implemented SARS-CoV-2 diagnostics. These
laboratories reported in February 2020 that commercial
primer and probe batches for SARS-CoV-2 detection
were contaminated with synthetic control material, causing delays of regional testing roll-out in various countries.

T

imely and reliable laboratory diagnosis is crucial for clinical care and to inform public health
responses in the ongoing severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pandemic
(1). The laboratory response in Europe to emergence
of SARS-CoV-2 appeared rapid at the country level;
38 laboratories in 24 European Union/European
Economic Area countries had molecular testing already available by January 29, 2020, and an expected
1
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complete coverage of all European Union/European
Economic Area countries by mid-February (1).
The first protocol for molecular detection, with
a focus on envelope (E) and RNA-dependent RNA
polymerase gene targets, was available on January
13, 2020 (2,3), and shared rapidly. Toward the end
of January 2020, reports from laboratories in Europe
indicated that commercial, custom-made primer and
probe batches for SARS-CoV-2 detection might be
contaminated with synthetic control material for the
E gene target. This observation was disclosed within
the expert laboratory network for Emerging Viral
Diseases–LabNet (4) on February 5, 2020, and resulted in an alert and advice to perform a second target
confirmation by the European Centre for Disease Prevention and Control (ECDC) on its website (5). A call
for more detailed information was send out to assess
the extent of the situation.
Ten laboratories from 8 countries in Europe reported PCR template contamination in commercially ordered primer and probe batches, which led
to SARS-CoV-2 reverse transcription PCR (RT-PCR)
signals in their no-template controls, and provided
detailed information. Five additional laboratories (including addition of a ninth affected country) indicated that they received contaminated material but did
not provide details.
Materials were ordered during January 13–February 28 from 8 companies offering custom nucleic
acid synthesis. Delivery of contaminated oligonucleotides was reported during January 22–February 28
for 6 companies, including those that initially delivered contamination-free oligonucleotides until January 21 (Figure). The contamination issues concerned
primer and probe batches for the E and the RNAdependent RNA polymerase gene targets, as well as
batches for nonrelated targets received on the same
day. Others reported sporadic contamination. The
extent of contamination varied strongly; reported
cycle threshold values ranged from 23 to 39. The
laboratories systematically excluded other, own laboratory-related, potential sources of contamination.
None of the 10 laboratories ordered long synthetic
DNA polymers.
Six laboratories indicated a delayed implementation of SARS-CoV-2 diagnostics. Three were central
laboratories responsible for roll-out of diagnostic capability to regional and hospital laboratories within
their country, which was therefore delayed by 7–14
days. Three laboratories indicated a delay in molecular test implementation of 2–7 days in their own facilities (Figure, panel C). One laboratory described a delay in final negative result reporting for 1 suspected
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patient during a tense period in which the country
did not have any cases.
The companies involved were informed. Some
offered new batches free of charge, started to screen
their products postproduction, or stopped production of long oligonucleotides. Others did not respond
or denied that a problem existed. One company decontaminated its production facility.
The emergence of SARS-CoV-2 created an exceptional situation that demanded a rapid implementation
of RT-PCRs. We hypothesize that the combined simultaneous and huge demand across Europe for primers,
probes, and controls, related to the protocol of Corman
et al. (2), might have led to production of primers and
probes contaminated with synthetic controls. Initial
limited access to positive controls (1) might have led
to orders of long synthetic DNA polymers spanning
SARS-CoV-2 RT-PCR target genes. In combination

with extensive and simultaneous ordering of associated primers and probes, this ordering resulted in synthesis on the same production line within a short time
span or in close proximity within some companies.
Companies that produce custom synthetic nucleotides need to be aware of these potential problems
that might only appear in extreme situations, such
as the massive laboratory response to SARS-CoV-2
at the end of January/beginning of February 2020 in
Europe that was uniform and based on few available
protocols (2). In normal circumstances, the common
practice of synthesis of primers, probes, and long
nucleic acids would not necessarily pose a major
problem because different nucleic acids are randomly
ordered and produced. However, in an emergency
response scenario as described here, this common
practice had consequences for an efficient laboratory
and public health response.

Figure. Timeline and extent of product and molecular diagnostic contamination issues in 10 laboratories in Europe during delayed
laboratory response to COVID-19. A) Contamination status of commercially ordered primers and probes for molecular detection
of SARS-CoV-2 based on Corman et al. (2). Red vertical dotted line indicates starting date of laboratories in Europe receiving
contaminated commercial primers and probes. The letters a–h are unique identifiers for the 8 companies that produced the materials.
B) Timeline of simultaneous hallmark events in the SARS-CoV-2 outbreak. C) Delay of implementation of SARS-CoV-2 diagnostic test
in laboratories and delay of national or regional roll-out schemes per laboratory. Laboratories that indicated no delay had access to
noncontaminated material from previous orders or cooperated with another laboratory. COVID-19, coronavirus disease; E, envelope;
EVAg, European Virus Archive Global; GISAID, Global Initiative on Sharing All Influenza Data (http://gisaid.org); ID, identification;
PHEIC, public health emergency of international concern; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; WHO, World Health Organization.
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Comparison of ordered nucleic acids against
sequence databases might inform the synthesis
set-up at companies. This comparison could be combined with the already existing protocol for nucleic
acid–synthesizing companies regarding synthesis of
high-risk pathogens (6). Other measures might include separate production facilities for long and short
nucleic acids. The necessity for this change was highlighted by a 16th laboratory that failed to order their
primers and probes through explicit routing of a company to avoid contamination with popular PCR targets. E gene–contaminated primers and probes were
received at the end of March 2020.
This report provides a warning to manufacturers
of oligonucleotides and diagnostic laboratories alike
to remain vigilant for contamination issues in popular RT-PCR reagents. Vigilance will help avoid delays
in crucial laboratory responses now and in future outbreak events.
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We investigated a case of dengue virus type 1 infection acquired in Benin. Phylogenetic analysis revealed
the strain belongs to genotype V but clusters with
Asian, rather than with known African, strains. Our
finding suggests the introduction of Asian dengue virus
in West Africa.

References
1.

2.

3.

1946

Reusken CB, Broberg EK, Haagmans B, Meijer A,
Corman VM, Papa A, et al.; On Behalf Of Evd-LabNet And
Erli-Net. Laboratory readiness and response for novel
coronavirus (2019-nCoV) in expert laboratories in 30 EU/
EEA countries, January 2020. Euro Surveill. 2020;25.
https://doi.org/10.2807/1560-7917.ES.2020.25.6.2000082
Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A,
Chu DK, et al. Detection of 2019 novel coronavirus (2019nCoV) by real-time RT-PCR. Euro Surveill. 2020;25.
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
World Health Organization. Novel coronavirus. (2019-nCoV)
technical guidance: laboratory guidance, 2020 [cited 2020

D

engue fever, a major public health concern
throughout tropical and subtropical regions
of the world, is a mosquitoborne disease caused
by 4 distinct dengue virus (DENV) serotypes
that share antigenic relationships (DENV-1–4).
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Figure. Maximum-likelihood phylogenetic tree of DENV-1 detected in a traveler who returned from Benin to France (red circle) along with
other strains from Africa (bold), strain provided by the French National Reference Centre for Arbovirus (green square), and reference
strains. The general time-reversible model (discrete γ distribution with evolutionarily Invariant sites) was used to construct the tree with 130
full-genome sequences. Bootstrap support values (percentage of 500 replicates) are shown at nodes. The tree was rooted with reference
strains of DENV-2, DENV-3, and DENV-4 (not shown). Scale bar indicates nucleotide substitutions per site. DENV, dengue virus.

Although DENV is endemic to most countries in
Africa, laboratory-confirmed dengue remains rare.
Active transmission of DENV on the African continent lacks consistent molecular detection and characterization. In Benin, West Africa, probable cases
of dengue fever have been described as far back as
1987 (1). In 2010, the first confirmed cases of dengue fever acquired in Benin were reported (2), and
DENV-3 was identified (3). Since 2010, only a few
cases have been reported in Benin (4). We investigated confirmed DENV-1 infection acquired in Benin in a traveler returning to France.

In February 2019, acute fever associated with intermittent headaches developed in a 16-year-old girl
after she returned to her home in Marseille from a
10-day stay in urban Benin. She sought medical care
2 days after symptom onset and was hospitalized for
suspected malaria at the public hospital of Marseille.
She did not take antimalarial prophylaxis and did
not experience symptoms during her stay in Benin.
Physical examination revealed rash on her face, torso, and limbs.
At admission, laboratory results indicated a
mild increase of aspartate transaminase (74 IU/L

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

1947

RESEARCH LETTERS

[reference <25 IU/L]), a moderate increase in Creactive protein (25 mg/L [reference <5 mg/L]),
and hypokalemia (potassium 3.07 mmol/L [reference 3.5–4.5 mmol/L]). The rapid diagnostic
test result for malaria was negative. We detected
DENV nonstructural protein 1 antigen (SD Bioline
Dengue Duo Combo kit; Alere [Abbott], https://
www.alere.com) and DENV RNA (5) in the patient’s serum collected at admission. Serotype-specific real-time reverse transcription PCR (5) identified DENV-1. DENV serology (ELISA; Euroimmun,
https://www.euroimmun.com) showed absence of
IgM and presence of IgG against DENV, suggesting
the patient had been previously infected by other
DENVs or serologically close flaviviruses. After 48
hours of hospitalization and symptomatic treatment (acetaminophen 2 g/d), the patient recovered
without complications and was discharged. She
and her mother (legal guardian) provided written
consent to publish her clinical and biological data
collected by the Assistance Publique Hôpitaux de
Marseille during her stay.
We isolated DENV from a positive sample on
C6/36 (American Type Culture Collection CRL1660) cells. We obtained the complete viral genome
sequence of this DENV-1 strain, named 2019/
BJ/9943 (deposited in GenBank under accession no.
MN600714), from cell culture supernatant using nextgeneration sequencing as previously described (6).
Phylogenetic analysis showed that the 2019/
BJ/9943 strain belongs to DENV-1 genotype V
(Figure). Within genotype V, American-Caribbean,
Asian, and African clades are strongly associated
with DENV strains detected in these specific geographic regions, suggesting a local dispersion of
those viruses. The African clade of DENV-1 genotype V comprises only 3 full-genome sequences, all
of which come from West Africa. Surprisingly, the
2019/BJ/9943 strain belongs to the Asian clade. The
Asian clade already contains another strain from
Africa isolated from the Comoros (an archipelago
located between Madagascar and Mozambique) in
1993. Furthermore, a recent phylogenetic study in
Nigeria based on envelop protein coding sequences suggests that certain DENV-1 genotype I strains
from Nigeria cluster with strains from Cambodia
(7). However, such partial sequences do not provide
enough single-nucleotide polymorphisms for subgenotyping. In our study, full-genome phylogenetic
analysis provides solid evidence that 2019/BJ/9943
strain is related to Asian strains.
Altogether, these data suggest repeated introductions of DENV-1 strains from Asia to Africa. Considering
1948

the lack of molecular data on DENV-1 strains from West
Africa, it is difficult to estimate when the 2019/BJ/9943
strain was introduced to the continent from Asia. However, after the 2008 financial crisis, an increased number
of migrant workers from China arrived in West Africa
because of a rapid development of economic exchange
and a gold rush in Ghana in 2013 (8). Additional molecular data from West Africa are needed to determine
the effect of these population flows on the circulation
of DENV between Asia and West Africa and to further
clarify the epidemiology for this virus of serious public
health concern.
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We report a case of human metapneumovirus infection
that spread from humans to chimpanzees and back to
humans. Bronchopneumonia developed in 4 of 6 members of a chimpanzee family, and 2 subsequently died.
The chimpanzees’ keeper also became ill. Sequencing
showed 100% identity between virus sequences from
chimpanzees and the keeper.

A

pes are the closest nonhuman primate relative of
humans and are therefore susceptible to many
human pathogens. Chimpanzees have been kept at
the Ljubljana Zoo in Slovenia since 1974. The zoo

had never experienced a severe or fatal case of viral
respiratory infection among the chimpanzee family,
which consisted of 6 members (10, 11, 13, 15, 25, and
38 years of age). We report an outbreak of human
metapneumovirus (hMPV) infection in chimpanzees
and a zookeeper at this zoo.
This study was performed in accordance with the
Helsinki Declaration. Written consent was obtained
from the human patient and archived.
On June 19, 2013, four of the youngest chimpanzees at the zoo started showing signs of a cold (snorting, sneezing, and coughing). Veterinarians suspected a viral infection, but because of the possibility of
secondary bacterial infection, the chimpanzees were
given amoxicillin and clavulanic acid. The next day,
clinical signs of pneumonia (apathy, dyspnea, and
loss of appetite) appeared. The youngest chimpanzee died of respiratory failure on June 22; necropsy
showed acute bronchopneumonia.
We tested animals for influenza A and B viruses, respiratory syncytial virus, hMPV, human
coronaviruses (NL63, OC43, HKU1, and 229E),
human bocavirus 1, human rhinoviruses, adenoviruses, and enteroviruses by using real-time reverse
transcription PCR. Only hMPV was detected in
nasal and throat swab specimens and lung tissue
(1). The same day, the health of the other chimpanzees deteriorated.
The second-youngest chimpanzee that had
signs of acute respiratory distress was sedated,
ventilated, and given Ringer solution, bronchodilators, and intravenous antimicrobial drugs. However, it died on June 24 because of bronchopneumonia and pleural effusion, which was confirmed
by necropsy.
In nasal and throat swab specimens and lung tissue, only hMPV and Klebsiella pneumoniae were detected. Histopathologic examination of hematoxylin
and eosin–stained lung tissue samples of both chimpanzees that died showed severe bronchointerstitial
pneumonia, including necrosis and sloughing of
bronchial and bronchiolar epithelium; alveolar spaces filled with an exudate composed of foamy macrophages, neutrophils, and fibrin; and multifocal intraalveolar hemorrhage. In the second chimpanzee,
we observed multifocal manifestations of bacilli-like
bacteria. For the remaining 2 ill chimpanzees, clinical signs gradually disappeared in 6 days.
The keeper of the chimpanzees was a 31-year-old
man, a nonsmoker who had a history of persistent
allergic rhinoconjunctivitis and childhood asthma.
He reported signs of a cold on June 21. His health
deteriorated over the next 2 days; he had fever, sore
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Figure. Phylogenetic tree of human
metapneumovirus fusion protein
gene fragments (518 bp) from
chimpanzees and a keeper in a zoo,
Slovenia, compared with randomly
selected sequences from other
patients with human metapneumovirus
infections. Fusion protein gene
fragments were inferred by using the
maximum-likelihood method under
a Tamura–Nei substitution model. I
indicates sequences obtained from
patients hospitalized at the Infectious
Disease Department, University
Medical Centre, Ljubljana, Slovenia;
P indicates sequences obtained from
patients hospitalized at the Pediatric
Department at the same centre.
Sequences I1–I7 are from samples
collected during June 3–28, 2013,
and sequences P1–P5 are from
samples collected during June 4–July
2, 2013. All sequences were obtained
from patients in the central region of
Slovenia. Sequences with accession
numbers were selected from GenBank.
Numbers along branches are bootstrap
values. Scale bar indicates nucleotide
substitutions per site.

throat, chills, muscle and joint pain, headache, and a
dry cough. He visited the emergency department of
Golnik University Clinic of Pulmonology and Allergic
Diseases on June 23.
A nasopharyngeal swab specimen showed only
hMPV by PCR. A throat swab specimen was negative for
pathogenic bacteria. On July 1, the patient was hospitalized because of chest tightness and wheezing. Examination detected inspiratory and expiratory wheezing with
crepitations. High-resolution computed tomography
showed localized mucus plugs in the bronchi for right
posterior basal segments with segmental air trapping
and no radiologic signs of asthma or bronchiolitis. He
was given inhaled methylprednisolone and high-dose
salbutamol and was discharged on July 4.
To confirm that the respiratory infection had spread
from chimpanzees to their keeper, we performed realtime reverse transcription PCR and sequenced PCR
products of part of the hMPV fusion protein gene (2).
At the time of the hMPV outbreak among the chimpanzees, hMPV was circulating in Slovenia. Among 39
samples available for June 3–July 2 from the population
in central Slovenia, we sequenced 12 samples with the
lowest cycle threshold values to facilitate insight into the
molecular epidemiology of circulating hMPV variants.
Sequencing analyses showed that virus sequences from the chimpanzees and keeper had 100% identity (Figure), as did 2 other sequences from 2 patients
1950

hospitalized during the virus outbreak at the zoo. These
2 sequences showed 99% identity with a previously reported sequence (GenBank accession no. KC731511).
Alignment of all 15 sequences and phylogenetic analyses showed 7 unique sequences (GenBank accession
nos. MN978917–23) among the 12 selected samples.
These cases are noteworthy because of how the
infection spread. We assume that the chimpanzees
acquired the virus from an infected child in a school
or preschool group of children visiting the zoo as an
end-of-year trip. The infection could have been spread
by airborne route. Another possibility is that the chimpanzees acquired the virus from contaminated food
of visitors; because of a narrow space (1.3 m) between
visitors and the inner fence enclosing the chimpanzee
cage, children could have thrown candies and other
food onto the cage floor, and the chimpanzees might
have eaten them.
Although the keeper had close contact with an ill
chimpanzee and was probably infected by aerosols
or body fluids from the chimpanzees, we cannot rule
out the possibility that the keeper could have been infected by an infected adult human. We assume high
infectivity pressure on the keeper, who fell ill only 2
days after the first chimpanzee started showing signs
of respiratory infection. The keeper did not have
children of his own and did not have close contact
with children for at least 2 weeks before the incident.
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Escherichia coli sequence type (ST) 131 is of concern
because it can acquire antimicrobial resistance and
cause extraintestinal infections. E. coli ST131-H22 sublineage appears capable of being transmitted to humans
through poultry. We report on multidrug-resistant ST131H22 poultry isolates in Brazil closely related to international human and poultry isolates.

T

he pandemic, extraintestinal, pathogenic Escherichia coli multilocus sequence type (MLST) 131
lineage has emerged extensively, gaining notoriety for
its extensively multidrug-resistant ST131-H30 sublineage (1). Whereas ST131-H30 appears to be transmitted
primarily from person to person, the H22 sublineage
may be transmitted zoonotically through poultry and
cause urinary tract infections and urosepsis (2,3). We
report isolating ST131-H22 strains that are multidrug
resistant (MDR), meaning that they are resistant to >3
classes of antimicrobials (4), carrying mobile colistinresistance (mcr) determinants from poultry in Brazil,
the largest poultry-exporting country in the world.
We collected 64 E. coli strains from poultry with
colibacillosis cases from 2 different farms in the same
geographic region of Brazil and screened them by
PCR for the ST131 clonal group (5). PCR detected 6
ST131 isolates (2 from the first farm, 4 from the second), which we whole-genome sequenced (BioProject
no. PRJNA398035). We determined phenotypic antimicrobial susceptibility with disk diffusion testing,
except for isolates carrying the mcr gene, which we
tested using broth microdilution (6).
We trimmed the reads and used QUAST (http://
quast.sourceforge.net) to evaluate the quality of assemblies (contig lengths and expected genome sizes).
We assembled DNA sequences with SPAdes (http://
cab.spbu.ru/software/spades), then determined the
serotype, phylogroup, MLST, fimH protein type, virulence gene profile, plasmid replicons, and markers of
antimicrobial resistance for each isolate in silico using the ABRicate virulence factors database (https://
github.com/tseemann/abricate) and ResFinder/
PlasmidFinder tools from CGE (https://cge.cbs.dtu.
dk/services). Genes were identified with a minimum
of >95% of identity and coverage.
We identified all isolates as O25:H4-ST131-H22,
all belonging to phylogroup B2. We generated a maximum-likelihood phylogeny tree on the basis of coregenome single-nucleotide polymorphisms, including
the 6 isolates from Brazil and 140 ST131-H22 sequences
from EnteroBase (http://enterobase.warwick.ac.uk)
and a previous study (2), using the Northern Arizona
SNP Pipeline (https://tgennorth.github.io/NASP/)
aligned against E. coli JJ1886 ST131-H30 (GenBank
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accession no. CP006784) (Appendix, https://wwwnc.
cdc.gov/EID/article/26/8/19-1724-App1.pdf). The 6
isolates from poultry were nested within a clade of intermingled poultry and human clinical isolates within the overall international isolates (Figure, panel A).
The isolates from Brazil were closely related to ST131-

H22 avian pathogenic E. coli isolates from poultry in
the United States and those from a human urinary
tract infection in Australia (Figure, panel B). Identical virulence factors and plasmid replicons were
observed among 4 β-lactamase positive isolates and
between 2 isolates missing the β-lactamase genes but

Figure. Phylogenetic analysis of Escherichia coli ST131-H22 isolates from poultry in Brazil and reference sequences. A)
Unrooted phylogeny of 146 E. coli ST131-H22 isolates based on core genome single-nucleotide polymorphisms with the host
origin outlined. The cluster containing closely related isolates to the 6 isolates from Brazil is highlighted. B) Rooted phylogeny
of closely related isolates from retail meat with APEC and a human isolate with our 6 APEC isolates. The highlighted cluster
includes a partial depiction of the tree including the data on host, country, and disease (urinary tract infection or other). Clusters
containing the study’s isolates have their individual identification in parenthesis. Asterisks indicate farm origins (*, farm 1; **, farm
2). Virulence factors profiles are identified as groups A: cvi/cva, ent, fimA-H, ibeA, irp1/2, iroN, iucD,iss, kpsM, ompA, tsh; B: cvi/
cva, ent, fimA-H, ibeA, irp1/2, iroN, iucD, iss, kpsM, ompA; and C: cvi/cva, ent, fimA-H, fyuA, ibeA, irp1/2, iroN, iucD, iss, kpsM,
ompA, tsh. Plasmid profiles are identified by group: 1: IncFIB, IncFIC(FII), Incl1; 2: IncFIB, IncFIC(FII), IncFII, Incl1; 3: IncFIB,
IncFIC(FII), IncFII, IncHI2, IncHI2A, Incl1; 4: IncFIB, IncFIC(FII), Incl1, IncN; 5: IncFIB, IncFIC(FII), IncFII, IncFII(pCoo), IncHI2,
IncHI2A; 6: IncFIB, IncFIC(FII), IncFII, IncHI2, IncHI2A; 7: IncFIB, IncFII, Incl1, IncX1; and 8: IncFIB, IncFIC(FII), IncFII, Incl1,
IncX1. Phenotypic colistin-resistance is indicated by the symbol # for the 2 colistin-resistance mcr genes positive isolates, showing
resistance according to 2018 Clinical Laboratory Standards Institute (https://clsi.org/) clinical breakpoints. APEC, avian pathogenic
E. coli; ID, identification; ST, sequence type; UTI, urinary tract infection.
1952
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carrying mcr colistin–resistance determinants. All 6
isolates had MDR profiles, phenotypically confirmed
(data not shown except for those from colistin microdilution method) (Figure, panel B).
The ST131-H22 lineage, while currently not as
common as the H30 sublineage as a cause of community-acquired infections, does present a public health
challenge because it colonizes poultry flocks, contaminating retail poultry products, and carries mcr
colistin–resistance genes (3). The enormity and rapid
growth of poultry production, in which many developing countries use antimicrobials extensively (5),
and its zoonotic potential, make ST131-H22 worthy of
specific attention (2).
Findings from our phylogenetic analyses of a
global collection of ST131-H22 isolates from humans
and poultry support findings from previous studies
(2,3) and underscore the zoonotic potential of this virulent sublineage. Given that Brazil annually processes
13.8 million poultry products and exports 3.8 million
kilograms (4), these findings warrant further examination to assess potential zoonotic spillover in Brazil
and poultry-importing countries. Until such studies
are conducted, the zoonotic potential of ST131-H22 in
flocks in Brazil cannot be quantified.
The discovery of mcr mobile colistin resistance
determinants in food animals has renewed attention
to the potential risks of widespread antimicrobial use
in livestock. In Latin America, mcr-5 has been found
in poultry in Paraguay (9). The description of the mcr9 homologue from humans in the United States and
horses in Sweden has raised attention to another mcr
gene with potential for global spread (10). Both mcr
variants in this study, 153_Br and 157_Br, showed
phenotypic resistance (6) and came from the same
farm (Figure, panel B). Interestingly, 153_Br carried
both mcr-5.1 and mcr-9 variants. These isolates may
portend a more widespread problem within poultry
flocks in Brazil.
Isolates from this study showed resistance to all
of the World Health Organization’s highest priority
critically important antimicrobial classes (Figure,
panel B) (8). Analysis of the absence of tetracycline resistance (tet[B]/[D]) in 1 of our isolates (Figure, panel
B) indicates partial plasmid loss (data not shown).
Use of colistin as a growth promoter in livestock
was banned in Brazil in November 2016, although it
continued being therapeutically used in poultry up to
2018 (7). Therefore, mcr-encoding H22 strains could
be selected out of the population over time. Further
restrictions will have to be implemented to combat
the growing resistance of E. coli in poultry in Brazil to
critically important antimicrobial drugs (4).

Our findings suggest that poultry in Brazil may
serve as a reservoir for MDR extraintestinal pathogenic E. coli carrying mobile colistin-resistance determinants. These findings highlight the need for
better antimicrobial stewardship and surveillance
systems to determine the prevalence of MDR E.
coli ST131-H22 in these poultry flocks and clarify the risks posed to domestic and international
poultry consumers.
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We detected Heartland virus (HRTV) in lone star nymphs
collected in 2018 in northern Alabama, USA. Real-time
reverse transcription PCR selective for the small segment of the HRTV genome and confirmatory sequencing of positive samples showed high identity with HRTV
strains sequenced from Tennessee and Missouri.
1954

H

eartland virus (HRTV) is an emerging pathogenic phlebovirus first identified in the United States
in 2009 and now reported in 15 states (1,2). Nymphal
lone star ticks (Amblyomma americanum) are considered the primary vectors of HRTV, and a variety of
domestic and endemic mammalian species are potential amplification hosts of this virus (2,3). Although A.
americanum ticks are well-established throughout the
eastern, southeastern, and midwestern United States,
their range is expanding northward and westward,
most likely because of increased host availability and
abundance, changes in environmental and climatic
conditions, and adaptive genetic variation (Figure,
panel A) (4). We tested for HRTV in A. americanum
ticks collected in Alabama, USA, a state within the
range of this vector where HRTV has not been documented previously from ticks.
From June 1, 2018, through August 31, 2018,
we collected ticks as previously described (5) in
the William B. Bankhead National Forest, Alabama
(34.2270°N, 87.3461°W; Figure, panel B). In preparation for pathogen screening, we separated ticks
into pools. Nymph tick pools ranged from 1 to 5
tick(s) of the same species per pool. We screened
adult ticks individually (i.e., 1 adult tick per pool)
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/26/8/19-0494-App1.pdf). We did not include
larvae in pathogen screening. We used molecular
methods to extract viral RNA and detect the small
(S) segment of the HRTV genome using the HRTV4 primer and probe set (6) in tick pools (Appendix
Table). We sequenced HRTV-4–positive samples using the Ion Torrent Personal Genomic Machine system (Life Technologies, https://www.thermofisher.
com) at the Centers for Disease Control and Prevention (CDC; Fort Collins, CO, USA) as described previously (7). We obtained sequences of the HTRV S
segment of other HRTV samples and strains from
the GenBank database, and aligned sequences using the MUSCLE alignment tool (https://www.ebi.
ac.uk/Tools/msa/muscle) in MEGA software (8).
We also included a closely related severe fever with
thrombocytopenia syndrome virus isolate from the
GenBank database as an outgroup for this analysis.
We used a maximum-likelihood tree approach with
1,000 bootstrap replications to generate the genetic
relationships between the Alabama samples and
the other HRTV samples available through the GenBank database.
We collected 964 ticks, of which 921 were A.
americanum (872 nymphs, 22 adult males, and 27
adult females) and 43 were Dermacentor variabilis
(20 adult males and 23 adult females). We tested
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Figure. Distribution of HRTV and range of Amblyomma americanum ticks. A) Geographic distribution of Heartland virus, United States,
2009–2020 (1,2) with historical and expanded range of A. americanum ticks adapted from (4). B) Location of the William B. Bankhead
National Forest within Lawrence and Winston Counties, Alabama, and collection site of the HRTV-positive A. americanum nymphs. All
maps were created by using ArcGIS Pro 2.5 (ESRI, https://www.esri.com/en-us/home). HRTV, Heartland virus.

the ticks in 337 screened tick pools (Appendix Table). We amplified HRTV-4 from 5 pools that each
contained 4 A. americanum nymphs. Therefore, the
bias-corrected maximum-likelihood estimate of the
infection rate (9) in questing A. americanum nymphs
collected from the William B. Bankhead National
Forest during 2018 was 0.58 (95% CI 0.21–1.27)
and minimum infection rate (9) was 0.57 (95% CI
0.07–1.07) per 100 ticks screened on the basis of 235
nymph pools tested. To confirm results, we randomly selected homogenate from 3 of 5 HRTV-4–positive
pools and submitted 3 individual RNA samples for
sequencing at CDC. Sequencing RNA directly from
tick homogenate confirmed HRTV in each of the 3
pools. Although we did not obtain whole-genome
sequences, we identified partial coding sequences of
all 3 HRTV segments in each pool. Maximum-likelihood phylogenetic inference of 730 nt of the S segment confirmed the BLAST analysis (https://blast.
ncbi.nlm.nih.gov/Blast.cgi) and placed the generated HRTV S segment (submitted under GenBank
accession no. MT052710) in a well-supported clade
with HRTV strains previously described in Missouri
and Tennessee (Appendix Figure).
Our findings of HRTV in A. americanum ticks in
Alabama update knowledge of the virus’ distribution in the United States (Figure, panel A). Our findings also suggest A. americanum nymphs are the primary vectors of HRTV. As the geographic range of

A. americanum continues to expand, we encourage
enhanced surveillance and screening for HRTV to
provide a more accurate and up-to-date understanding of where this tickborne virus probably occurs in
the United States. Treatment for HRTV infection is
limited to supportive care only; clinical data from the
southeastern United States show that Heartland virus has a 10% death rate (10). Surveillance of HRTV
in tick vector species is necessary to gain a comprehensive understanding of the environmental determinants that may put humans at risk for encountering
the vector and to identify the geographic host range
(both current and potential) of this emerging pathogen in the United States.
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During 2015–2019, we recorded 10 patients with indigenous
cases of visceral leishmaniasis caused by Leishmania donovani in Western Ghats, a region in India to which visceral
leishmaniasis is not endemic. The parasite involved in 4 of
these infections was of the MON-37 zymodeme strain, which
normally causes cutaneous leishmaniasis in this region.

L

eishmaniasis is a neglected tropical disease, caused
by Leishmania parasites and transmitted by phlebotomine sand flies, which manifests in 3 primary clinical
forms: visceral (VL), also known as kala-azar; cutaneous (CL); and mucocutaneous (1). The lack of continuous active surveillance, indefinite array of symptoms,
resemblance to other infections, and diverse clinical
manifestations may lead to misdiagnosis of this disease,
especially in areas to which it is not endemic (2). Despite
the reduction in VL reported by the National Kala-azar
Elimination Programme, emergence or resurgence is being recorded in different regions of India (3,4). During
2003, two indigenous cases of VL were reported from
Kerala (5). We report the occurrence of 10 additional indigenous cases of VL from the foothills of the Western
Ghats in Kerala during March 2015–October 2019 (Figure). Ethics clearance for this study was obtained from
the Indian Council of Medical Research–Vector Control
Research Centre (approval no. IHEC-0119/R/M).
The patients exhibited clinical symptoms of VL,
such as hepatosplenomegaly, fever, malaise, pancytopenia, anemia, emaciation, and anorexia. They tested
negative for other microbial infections, such as HIV
and tuberculosis. Histopathologic examination of bone
marrow aspirates detected Leishman Donovan bodies
within the macrophages. Results of serologic diagnosis with a Kalazar Detect rK39 rapid test kit (InBiOS,
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Figure. Spatial distribution and detailed timeline of VL cases in the
foothills of Western Ghats, Kerala, India. VL, visceral leishmaniasis.

https://inbios.com) were also positive. We performed
molecular diagnosis (6) on bone marrow and trephine
biopsy samples from 4 of 10 patients. Among the other
6 patients, 3 were unwilling to provide samples; the
other 3 patients died after diagnosis.
PCR amplification of a kinetoplast DNA minicircle gene, restriction fragment-length polymorphism
analysis of the 3′ untranslated region Hsp70 and
DNA sequencing of Hsp70 gene amplicons (GenBank
accession no. MT010559) characterized the parasites
involved in the cases to be Leishmania donovani. Further genetic analysis of 6-phosphogluconate dehydrogenase gene sequences (A976G) indicated that the
parasite belonged to the zymodeme MON-37 (GenBank accession no. MT010560). This strain is known
to cause CL in the tribal belt of Western Ghats of Kerala (6) as well as in Sri Lanka (7). Thus, our investigations evinced that MON-37 zymodeme L. donovani is
involved in both CL (6) and VL manifestations in the
foothills of the Western Ghats, whereas MON-2 zymodeme of L. donovani caused VL in other VL-endemic zones across eastern India (8). Also, MON-37 has
been characterized from an autochthonous VL case in

Sri Lanka (9). These uncommon phenomena warrant
further investigation.
We treated the patients with an intravenous infusion of 1 dose of liposomal amphotericin B (10 mg/
kg). Seven patients recovered completely; 1 patient,
who was not responsive to the treatment and later
died, was subsequently diagnosed with acute myeloid leukemia. Detailed treatment records were unavailable for the other 2 deceased patients.
We monitored the recovered patients once every 3 months beginning with the commencement of
treatment. We did not detect any relapse of symptoms or post–Kala-azar dermal leishmaniasis. Although rK39 antibodies have been documented to
persist up to 5 years after treatment, immediate contacts of the VL patients tested negative for clinical
symptoms of this disease and for rK39 antibodies by
rK39 rapid diagnostic test.
Entomologic investigations were carried out
within a 0.5 km radius around the patients’ residences
every 3 months for 1 year. Phlebotomus argentipes was
the predominant sand fly species recorded. No natural infection with Leishmania parasites was detected in
the sampled specimens; however, this result could be
because of the limited number of cross-sectional entomologic surveys carried out and the long incubation
period of Leishmania parasites. To control the vector
population, indoor residual spraying with lambda
cyhalothrin 10% wettable powder formulation was
performed in and around houses, in all villages where
cases had been reported.
All of these patients lived in either tribal colonies
or villages located in the foothills of Western Ghats,
which encompasses one of the world’s major biodiversity hotspots. The region is characterized by its tropical climate, conserved forest ecosystem, low human
activity, humid and shady microhabitats, and mud
houses and is therefore highly conducive to sand fly
breeding and proliferation. Epidemiologic surveys
recorded that all of the patients lived in unplastered,
humid, and poorly lit houses, which also serve as optimal resting sites for sand flies (10). The patients had
histories of frequent visits to deep forest areas to collect
forest products for their livelihoods. In addition, their
reluctance to use protective clothing and insect repellents escalated their exposure to sand fly bites. Because
of the difficulty of accessing these thickly forested regions, vector control activities using adulticidal insecticides have remained suspended in this region since
the successful elimination of malaria during the 1960s.
None of the patients had a history of travel to other
VL-endemic regions of the country or direct contact
with persons from those regions, suggesting that these
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infections were indigenous. The occurrence of 10 VL
cases in Kerala, a nonendemic state, during 2015–2019
suggests the need to adopt management strategies, including active surveillance, for leishmaniasis in the region. These actions would facilitate the successful implementation of guidelines from the ongoing National
Kala-azar Elimination Programme in India.
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Cryptosporidium baileyi, a bird-specific parasite, infects
gastrointestinal, pulmonary, and urinary tracts of its host.
We report on a C. baileyi infection associated with pulmonary hamartoma in an immunocompetent patient in
Poland. Further work is needed to investigate the association between Cryptosporidium infections and tumors.
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C

ryptosporidium is a global protozoan parasite
infecting wild, agricultural, and domestic vertebrates, and humans. Most infections lead to a gastrointestinal illness characterized by diarrhea (1). In
addition, in birds, C. baileyi and C. avium parasites
cause pulmonary infection (2). In humans, respiratory cryptosporidiosis is mostly associated with immunodeficiency, but several cases in immunocompetent
children with intestinal cryptosporidiosis also have
been reported (3,4). We describe a C. baileyi infection
associated with a lung hamartoma in an immunocompetent patient.
The Human Research Ethics Committee of Wroclaw Medical University (Wroclaw, Poland) approved
the use of diagnostic samples and corresponding patient data for this study (permit no. KB648/2014). The
patient provided written informed consent for conduct of the studies and publication of the results.
In June 2015, a 51-year-old immunocompetent
woman living in a rural area of Poland was admitted
to a hospital with a suspected spinal injury. In addition to confirming the spinal injury, a solitary pulmonary nodule (SPN), 1.3–1.8 cm, in the third segment
of the right lung upper lobe was detected by chest
radiography and computed tomography (Figure,
panels A, B). The lesion was of high density and had
well-defined borders. The patient was referred to the
Department of Pulmonology and Lung Cancers of
Wroclaw Medical University for a nodule differential

diagnosis. A bronchoscopy performed in July 2015
included biopsy samples for histology and cytology
and a bronchial washings (BW) sample for acid-fast
bacilli examination. We did not detect any changes in
the bronchial trees, vocal cords, or trachea. Histologic
and cytologic examination showed low cell count
material, and the cells of the nodule lacked features
of malignant process. The BW was negative for acidfast bacilli. A second chest radiograph and bronchoscopy performed before surgery in September 2015
to remove the SPN showed a normal bronchial tree
without anatomic changes and a slight increase in
size of the SNP (1.5–2.0 cm). The SPN was removed
by wedge resection in video-assisted thoracoscopic
surgery after stabilization of the spine.
Before and during hospitalization, the patient
was in good physical condition, afebrile, and without signs or symptoms of pulmonary and gastrointestinal infection. She reported no chronic diarrhea
or cough in recent years. Blood count data, acid-base
balance, gasometry, and spirometry did not deviate
from mean values. She had no palpable lymphadenopathy. Except for the SPN, medical history was
unremarkable. The patient was not undergoing immunosuppressive treatment and did not have an autoimmune disease. She was discharged 1 week after
surgery in good general condition.
A paraffin-embedded tissue sample from
the removed mass was diagnosed as a bronchial

Figure. Findings
from a 51-year-old
immunocompetent woman
with a benign neoplasm
and Cryptosporidium baileyi
pulmonary infection, Poland,
2015. A) Chest radiography
in posterior-anterior position.
A tumor, 13 × 18 mm with
well-defined boundaries, is
visible in the third segment of
the upper right lung (arrow).
B) Patient’s lung tomogram.
Tumor is visible in the right
lung (arrow). C) Maximum
log likelihood tree based
on partial sequences of
gene coding small subunit
rRNA of Cryptosporidium,
including sequences
obtained in this study
(bold). Scale bar indicates
nucleotide substitutions per
site. D) Cryptosporidium
oocyst detected in patient’s
bronchial washings after
immunofluorescent labeling
with excitation and emission spectrum peak wave lengths of 495 nm/519 nm. Scale bar indicates 5 µm.
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hamartoma. The BW was tested for pulmonary pathogens using individual conventional PCR (Chlamydia
pneumoniae, Mycoplasma pneumoniae, Legionella pneumophila, Cryptosporidium, Encephalitozoon, and Enterocytozoon) and real-time PCR (Pneumocystis jirovecii).
To identify Cryptosporidium, we extracted DNA from
the BW and amplified a partial sequence of the smallsubunit rRNA of Cryptosporidium (5) and sequenced
it in triplicate. We inferred relationships to sequences
from known species/genotypes from maximum-likelihood phylogenies (MEGA X, https://www.megasoftware.net). Bootstrap support for branching was based
on 1,000 replications. A BW smear was labeled with
genus-specific fluorescein isothiocyanate–conjugated
antibodies (indirect fluorescent antibody Crypto cel;
Cellabs Pty Ltd., https://www.cellabs.com.au).
The small-subunit sequence (GenBank accession
no. MK774740) for the patient isolate was identical to
that of a C. baileyi isolate from chickens (GenBank accession no. AF093495) (Figure, panel C). Microscopic
examination of the BW smear showed oocysts measuring 5.2–5.5 µm with typical green fluorescence
after labeling with FITC-conjugated anti-Cryptosporidium oocyst wall antibody (Figure, panel D).
We report an unusual case of human respiratory
C. baileyi infection in an immunocompetent woman
with hamartoma. Previously, a presumptive C. baileyi infection had been reported in the lungs, trachea,
larynx, esophagus, whole intestine, gallbladder, and
urinary tract of an immunodeficient man with HIV
(6). Although not confirmed by sequence analysis, the
finding that oocysts were infective for chickens supports the identification.
Immunocompetence is a critical determinant of
the clinical course of Cryptosporidium infection. Intestinal cryptosporidiosis can be devastating to immunodeficient persons (7) and can involve extraintestinal sites (6). Pulmonary cryptosporidiosis in
immunocompetent humans typically manifests as a
cough and dyspnea, and concurrent intestinal infection is frequently reported (3,4). Consistent with this,
the overwhelming majority of respiratory cases in
humans have been caused by C. parvum and C. hominis, the major causes of intestinal cryptosporidiosis
(3,4,8). Respiratory Cryptosporidium infection in birds
is mostly asymptomatic but can result in high rates
of death in association with other etiologic agents
(2). The patient in this study did not report direct
contact with birds but might have been exposed to
wild bird excretions occupationally through work in
an orchard. The hamartoma could have created an
environment that supported the C. baileyi infection.
C. meleagridis parasites were recently detected around
1960

a colon adenocarcinoma in an immunocompetent patient who, similarly, did not have symptoms typically
associated with cryptosporidiosis (9). Alternatively,
experimental evidence suggests that Cryptosporidium
parasites can cause neoplastic changes in immunocompromised animals and in cells cultured in vitro,
consistent with a role in carcinogenesis (10).
This work was supported by the Grant for Young Scientists
of Wroclaw Medical University, Poland (STM.A060.17.038)
and the Czech Science Foundation (18-12364S).
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To the Editor: Chen et al. (1) reported intact
Mycobacterium leprae in homogenate of placenta of
a pregnant woman with untreated histoid leproma,
highlighting the effectiveness of the placental barrier
in stopping vertical transmission of leprosy (Hansen
disease). However, reports in the published literature
indicate that this claim is not absolutely correct.
Several early studies provided evidence of
transplacental transmission of M. leprae; these studies revealed M. leprae in umbilical cords (25/104)
(2) and cord blood (10/12) (3) of neonates born to
mothers with leprosy, as well as in the placentae
(57/104 and 9/12) (2,3) of those mothers (2,3). Furthermore, transplacental infection with M. leprae
has been supported by an increased concentration
of IgA in cord blood (4) and M. leprae IgA and IgM
in cord serum (5) of babies of mothers with leprosy.
These observations indicate that in some mothers
with leprosy, whole M. leprae, its antigens, or both
can cross the placenta, possibly inducing the fetal
immune system to produce antibodies against M.
leprae antigens. Therefore, we believe that vertical
transmission of M. leprae is a complex, uncommon,
and multifactorial event that might depend on the

presence of M. leprae in maternal blood, maternal
and fetal immune responses, fetal gestational age at
infection, and other placental factors.
Consequently, the claim of Chen et al. (1) needs to
be read with attention to the limitations of the underlying data and might not be generalizable to all mothers with leprosy. Further studies are needed to clarify
the mechanisms of transplacental transmission of leprosy. The follow-up care of newborns of mothers with
leprosy is necessary for early detection of the disease
and to ensure appropriate general healthcare, especially considering that babies of mothers with leprosy
have lower fetoplacental weights, slower growth,
more fatal infections, and higher rates of infant mortality than those of mothers without leprosy.
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To the Editor: We read with interest the metaanalysis conducted by Xiao et al. (1) that found no
significant reduction in influenza transmission with
the use of surgical masks in the community, based
on 10 randomized controlled trials. Nevertheless,
mechanistic studies found that surgical masks could
prevent transmission of human coronavirus and influenza virus infections if worn by infected persons
(2). The authors pointed out the limitations of their
study: small sample size and suboptimal adherence
in the mask-wearer group (1). Recommendations on
masks in the community vary across countries during
the coronavirus disease (COVID-19) pandemic (3);
studies have reported mixed results (2,4,5).
Epidemiologic data may provide an alternative
insight. As of April 3, 2020, Taiwan recorded 348
COVID-19 cases (1.46/100,000 population), of which
48 (13.8%) were local cases. Singapore recorded
1,114 cases (19.07/100,000 population), of which 572
(51.3%) were local cases. Taiwan and Singapore both
employed stringent measures. Taiwan recommended
the use of masks early in the pandemic. In contrast,
Singapore did not recommend the use of masks until
April 3 and initiated its Stay Home policy on April 7.
Before the 2003 severe acute respiratory syndrome
coronavirus epidemic in Taiwan, only persons with
open tuberculosis wore masks in public. During the
epidemic, wearing a mask in public was stigmatized.

1962

Thereafter, we educated the public to wear masks as a
practice of respiratory hygiene. Although evidence is
limited for their effectiveness in preventing transmission of severe acute respiratory syndrome coronavirus
2, either for source control or to reduce exposure, the
wearing of masks by healthy persons may prevent
potential asymptomatic or presymptomatic transmission (3). This marginal reduction in transmission may
produce substantial results, particularly when it is
implemented early. Taiwan had the foresight to create
a large stockpile of medical and surgical masks; other
countries or regions might now consider doing so as
part of future pandemic plans (3).
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To the Editor: Kumar et al. recently reported 3
asymptomatic, seropositive persons with Nipah virus (NiV) among 279 contacts of 18 NiV-infected patients (1). In the 1998–1999 NiV outbreak in Malaysia,
asymptomatic, seropositive persons, most of whom
were farm workers and soldiers involved in pig culling, also were identified (2,3). Furthermore, some additional cases might not have been detected among
patients who had mild, nonencephalitic symptoms
(e.g., fever, influenza-like illness). Up to 16% of asymptomatic, seropositive persons exhibited lesions in
their brain magnetic resonance imaging (MRI) scans,
albeit a slightly smaller number than in patients with
acute NiV encephalitis (2). These discrete, small highsignal lesions in the cerebrum were best seen on fluidattenuated inversion recovery images (2). In another
study, a seropositive nurse who was exposed only
to patients also had similar brain lesions visible on
an MRI scan, suggesting person-to-person transmission (4). Whether late-onset NiV encephalitis (i.e., encephalitis in an asymptomatic or mildly symptomatic
person) would develop in any of these persons, especially those with brain lesions visible on MRI scan,
is unknown. In another cohort, approximately 5%
of asymptomatic or mildly symptomatic persons (5)
had febrile encephalitis characterized by headache,

seizures, focal neurologic signs, and cerebrospinal
fluid pleocytosis, a set of symptoms and signs distinct
from acute NiV encephalitis. In patients who survived
acute NiV encephalitis, a clinicopathologically similar relapsing encephalitis has also been reported (5).
The death rate was ≈20% during the clinical course of
late-onset/relapsing NiV encephalitis (5).
Physicians should consider using brain MRI
to identify subclinical brain lesions in asymptomatic, seropositive Nipah patients. Moreover, physicians should advise patients of the possibility that
late-onset encephalitis might occur months or even
years after virus exposure (5). New treatments
are in development or on trial, so patients with
these complications may be offered access to
effective treatments.
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To the Editor: We would like to retract our
article Novel Orthobunyavirus Causing Severe
Kidney Disease in Broiler Chickens, Malaysia,
2014–2017 from the June 2019 issue of Emerging

Infectious Diseases (1). We assert that research was
performed in good faith, that all the experimental
data contained in the article are well founded and
scientifically valid, and that there was no scientific
misconduct. However, we subsequently were made
aware of further information about the epidemiologic and clinical observations made locally in Malaysia, which brings into question the geographic
location where the noted virus originated. Thus, we
request this article’s retraction.
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BOOKS AND MEDIA
Human Parasitic Diseases:
A Diagnostic Atlas
Lawrence R. Ash, Thomas C. Orihel; American Society
for Clinical Pathology Press, Chicago, Illinois, USA,
2019; ISBN-10: 0891896775; ISBN-13: 9780891896777;
Pages: 688; Price: $249.29

H

uman Parasitic Diseases: A Diagnostic Atlas is
a comprehensive and invaluable resource for
parasitologists, microbiologists, pathologists, and infectious disease practitioners. Lawrence R. Ash, PhD,
and Thomas C. Orihel, PhD, have curated a beautiful photographic series of common and rare parasites
shown in tissue, blood, feces, and free-living forms.
Organized by phylum, genera, and species, this book
provides detailed yet practical assistance in identifying and diagnosing human parasitic diseases. Each
section starts with a brief overview of the epidemiology, life cycle, transmission, and clinical manifestations of the parasite, detailed enough to orient the
reader to the clinical relevance of the pathogen without distracting from its macroscopic and microscopic
diagnostic features. The authors provide up-to-date
references of each parasite’s clinical manifestations
and diagnostic procedures.
In addition to the beautiful, high-quality photomicrographs, the authors supplement the book with
detailed diagrams clarifying the key microscopic diagnostic features. These details enable the reader to
differentiate between closely related parasites.
This book offers many unique aspects. First, the
authors provide multiple images comparing subtle
differences in the appearance of the same parasite,
which will reassure anyone who has struggled to
identify a blood smear of a parasite that does not
quite fit the textbook example. These images emphasize the subtlety of microscopic identification and
pattern recognition. Second, this atlas emphasizes the

appearance of parasites in histologic findings and tissue. The authors acknowledge the difficulty of making a histologic diagnosis on the basis of fragments
of larger parasites or those that have degenerated in
tissues. Third, the book contains a 1911 Arthur Looss
quote emphasizing the interconnectedness of animal
and human parasites and highlighting the need to
consider animal pathogens that have rarely infected
humans. This perspective is relevant in a world with
increasingly immunosuppressed patients and unprecedented levels of travel and global trade. Therefore, this book is a compelling reference volume for
pathologists and microbiology or clinical infectious
disease training programs.
Particularly useful for today’s clinical infectious
diseases practitioners is the last section of the book,
which covers artifacts for which macroscopic or microscopic appearance could be easily confused even
by an experienced pathologist. This section is a helpful reminder of the diagnostic challenges facing clinicians seeing patients who believe they have an infestation but in whom no parasite can be found.
I will certainly use this atlas as a reference and
training guide and will most likely browse through
its pages before recertification examinations. Any
reader with an inclination towards parasitology will
appreciate the authors and their colleagues’ fascinating careers in this field.
Tonya Crook
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A. E. d’Audebard de baron de Férussac (1786–1836) and Alcide Dessalines d’Orbigny (1802–1857). Plate 24 from Natural,
general and particular history of the acetabuiferous cephalopods living (1835). Ink on paper. Public domain image from
Biodiversity Heritage Library. Holding institution: Smithsonian Libraries, Washington, DC, USA.

The Curious Case of the Cephalopod Parasites
Byron Breedlove

T

his month’s cover illustration of an octopus comes
from the book Natural, General and Particular
History of the Acetabuiferous Cephalopods Living (see
the bibliography for the full title). This voluminous
study of cephalopods was completed by a pair of
19th century French naturalists, though not exactly as collaborators. A.E. d’Audebard de baron
de Férussac wrote the introduction and the first 11
parts; Alcide Dessalines d’Orbigny revised and completed the book. Férussac, a professor of geography
and statistics at the École d’état-major in Paris, is
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2608.AC2608
1966

now chiefly recognized for his studies of molluscs.
D’Orbigny, a professor of paleontology at the Paris
Muséum National d’Histoire Naturelle, collected
natural specimens from South America and corresponded with Charles Darwin.
Completed in the 1830s, this detailed illustration
does not identify the species of octopus represented,
though it is most likely a common octopus, which
would have been 1–3 feet long and weighed 10–20
pounds. Nonetheless, it displays the animal’s characteristic features: bulbous head, wide-angled eyes
that provide a panoramic view, 8 whip-like arms festooned with suckers, and mottled and flecked colors.
One companion image resembling a multipronged
compass protractor reveals the scale and reach of

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 8, August 2020

ABOUT THE COVER

the straightened arms, and on first glance, a second
drawing of the creature’s underside could pass for a
splayed umbrella.
An undeserved reputation for ferocity and belligerence has been foisted on the octopus. In the
first century ce, Pliny the Elder decried, “no animal is more savage in causing the death of a man
in the water.” The air of mystery attached to these
intelligent, curious creatures befits them, no doubt
spurred by their physical appearance. Anthropologist Roland Burrage Dixon references a Hawaiian
creation myth that describes a primordial ocean in
which “swims the octopus, the lone survivor from
an earlier world.”
Given their outward appearance, labeling these
creatures as alien or otherworldly does not seem farfetched. Examining their anatomy does not dispel
those notions. Their arms, which contain more neurons than their brains, collect and convey an array of
sensory information and may even have distinct personalities. Of their three hearts, two move blood from
their gills and the third circulates their blood. Their
blue blood is tinted by the copper-transporting protein hemocyanin, which is more efficient than hemoglobin for transporting oxygen in frigid and oxygenpoor ocean water.
Octopuses are acknowledged for their adeptness
at solving intricate problems and using tools, curiosity, and even mischief. Able to mimic colors and
textures and to squeeze into astonishingly compact
spaces, these cephalopods excel as both hunters and
survivalists. Science writer Katherine Harmon Courage writes, “The boneless octopus must avoid becoming lunch for sharks, eels, fish and even killer whales.
But not all of the organisms that feed on octopuses are
such charismatic megafauna.”
Parasitic organisms occur in all animal species,
are as diverse as their host species, and derive their
sustenance, during at least part of their lifecycles,
at the expense of their hosts. This ubiquitous template of coexistence has persisted and evolved and
given rise to euryxenous parasites that infect a
spectrum of unrelated hosts; stenoxenous parasites
that prefer closely related hosts; and oioxenous
parasites that limit themselves to single species of
host. Among the latter two types is a phylum of
highly specialized parasites known as Rhombozoa or Dicyemida, which dwell only in the kidneys
of cephalopods.
Some of the estimated 250–300 known species of
octopus are so similar that researchers differentiate
them by examining those parasites. Courage writes,
“These microorganisms are often unique not just to

the octopus but also to a particular species of octopus. In fact, these very specific, kidney-dwelling species can even be used to tell one octopus species from
another. (With such variable physical attributes, octopus specimens can be difficult to parse.)”
Parasites can cause a range of diseases in humans,
domestic animals, and wildlife. Myriad parasitic infections range from asymptomatic to mild to severe
to fatal. They are encountered by hosts of every species on every continent and in every body of water. A
confluence of factors―including deforestation, urbanization, and development, international travel and
tourism, contemporary agricultural practices, and
displacement of wildlife, sanitation problems, and
growing antimicrobial and insecticide resistance―encumbers efforts to control parasitic infections. Discerning the abundance, diversity, specialization, and
history of parasitic organisms, such as the curious
case of the finicky Rhombozoa, may yield information with potential to improve our understanding of
other parasitic infections.
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Article Title
Tuberculosis in Internationally Displaced Children
Resettling in Harris County, Texas, USA, 2010–2015

CME Questions
1. You are seeing a 13-year-old girl who recently
emigrated from Afghanistan for a well-child check.
What does the Centers for Disease Control and
Prevention (CDC) recommend regarding tuberculosis
(TB) screening for this patient?

3. What can you tell this family about the results of TB
testing in the current study?

A.

C.
D.

No screening is needed without symptoms or known
TB exposures
B. Only an interferon-gamma release assay (IGRA)
is required
C. Only a tuberculin skin test (TST) is required
D. A TST should be applied, and a positive test should be
confirmed with an IGRA
2. The patient's mother reports that she had a positive
TST at the US consulate 4 months ago, before
departing Afghanistan. What was the approximate rate
of discrepant test results between TSTs and IGRAs in
the current study?

A.
B.

The rate of any positive TB test was 22%
Only 40% of children with a positive TB test were
ultimately diagnosed with TB infection
About 1% of children were diagnosed with TB disease
10% of children with TST-positive/IGRA-negative
testing eventually developed TB disease

4. Which one of the following variables was most
associated with a higher TST or IGRA in the
current study?
A.
B.
C.
D.

Immigration classification
Female sex
Age between 2 and 13 years of age
Immigration from Southeast Asia vs other regions

A. 20%
B. 30%
C. 40%
D. 60%
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Article Title

Sporadic Creutzfeldt-Jakob Disease among Physicians,
Germany, 1993–2018

CME Questions
1. Your patient is a 65-year-old male retired surgeon
with early signs of dementia and ataxic gait. On the
basis of the analysis of occupational data of patients
with sporadic Creutzfeldt-Jakob disease (sCJD) in
Germany by Hermann and colleagues, which one of
the following statements about the occurrence of
sCJD among physicians in Germany from 1993 to 2016
is correct?
A.
B.
C.
D.

The number of reported physicians with sCJD was
0.26% from 1993 to 2016
The rate of reported physicians with sCJD remained
stable over time
In 2017 to 2018, physicians had a 2.6-fold increase for
reported sCJD, using the total German population as
a control group
Of probable/definite sCJD cases aged at least
35 years from June 1993 to December 2016 with
occupational data, 0.5% were physicians

2. According to the analysis of occupational data
of patients with sCJD in Germany by Hermann and
colleagues, which one of the following statements
about risk factors for sCJD among physicians in
Germany from 1993 to 2018 is correct?

A.

The rate of sCJD in 2017 to 2018 was higher among
neurosurgeons than among other physicians
B. Of all physicians with sCJD from 1993 to 2018, 64%
were surgeons, but in 2018, only 31% of physicians
with sCJD were surgeons
C. Surgeons with sCJD were more likely to have
short disease duration than nonsurgeon physicians
with sCJD
D. A single hospital in Germany had a disproportionately
high number of physicians with sCJD
3. On the basis of the analysis of occupational data
of patients with sCJD in Germany by Hermann and
colleagues, which one of the following statements
about clinical implications of the occurrence of sCJD
among physicians in Germany from 1993 to 2016
is correct?
A.

B.
C.
D.

Larger multinational studies are needed to confirm
greater sCJD risk in German physicians in recent
years and to clarify whether this is a general or a
country-specific phenomenon
No risk factors for sCJD have previously been
established
Results of previous studies all showed increased risk
for sCJD in health professionals
Case-control studies have shown that orthopedic
surgeons had slightly elevated risk for sCJD
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