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Outbreak of Mucormycosis
in Coronavirus Disease
Patients, Pune, India
Samir Joshi, Rahul Telang, Muralidhar Tambe, Rajesh Havaldar, Manasi Sane,
Afshan Shaikh, Cherry Roy, Kireet Yathati, Sanjaykumar Sonawale, Rupalee Borkar,
Rahul Magar, Harshal Bhitkar, Satish Shitole, Leena Nakate, Jyoti Kudrimoti, Vidya Mave

We provide an overview of the epidemiology and clinical course of mucormycosis in the coronavirus disease
(COVID-19) pandemic era. We conducted a retrospective
chart review of 178 patients with clinical or diagnostic,
endoscopically or histopathologically confirmed rhinosino-orbital or cerebral mucormycosis after COVID-19
treatment during the second wave of COVID-19 in Pune,
India. Median time to symptom onset from COVID-19 detection was 28 days. Moderate or severe COVID-19 was
seen in 73% of patients and diabetes in 74.2%. A total of
52.8% received steroids. Eschar over or inside the nose
was seen in 75%, but baseline clinical and laboratory parameters were mostly unremarkable. Bone penetration
was present in ≈90% of cases, 30% had soft-tissue swelling of the pterygopalatine fossa and 7% had cavernous
sinus thrombosis, and 60% had multifocal mucormycosis. Of the 178 study cases, 151 (85%) underwent surgical debridement. Twenty-six (15%) died, and 16 (62%) of
those had multifocal mucormycosis.

A

s of June 30, 2021, the coronavirus disease
(COVID-19) pandemic had affected >182 million persons and resulted in 3.9 million deaths
worldwide (1). India has reported 30.3 million cases
and 398,000 deaths and accounts for the world’s
second-largest burden of cases and third-largest
burden of deaths (1,2). Furthermore, more recently, India witnessed the steepest peak of the second
wave of COVID-19 of any country that resulted in
an unprecedented burden on the health system (3).

Author affiliations: Byramjee-Jeejeebhoy Government Medical
College and Sassoon General Hospitals, Pune, India (S. Joshi,
R. Telang, M. Tambe, R. Havaldar, A. Shaikh, C. Roy, K. Yathati,
S. Sonawale, R. Borkar, R. Magar, H. Bhitkar, S. Shitole,
L. Nakate, J. Kudrimoti); Byramjee-Jeejeebhoy Government
Medical College—Johns Hopkins University Clinical Research
Site, Pune (S. Joshi, M. Sane, V. Mave)
DOI: https://doi.org/10.3201/eid2801.211636

While therapeutics and vaccines were being developed, the national guidelines for COVID-19 management included global standards such as intravenous steroids for moderate and severe COVID-19
and discretionary use of antivirals and antimicrobials by clinicians (4). However, during the COVID-19
pandemic, antimicrobial drug use was at an all-time
high in India, the consequences of which may include antimicrobial resistance to commonly used
drugs, as well as excessive fungal infections (5).
Emerging evidence globally suggests varied collateral damage, including post–COVID-19 sequelae
such as lung impairment, mental health issues, and
thromboembolic events leading to excess illness and
death (6–8). Furthermore, secondary infections with
multidrug-resistant organisms and fungi, specifically aspergillus lung infections, have been reported
(9–12). Reports of outbreaks of mucormycosis of the
nose and sinuses with subsequent invasion to the
orbital and cerebral region among patients successfully treated for COVID-19 have been described in
news media in India and in a few case reports (13–
17). Before the COVID-19 pandemic, mucormycosis,
caused by filamentous fungus of the order Mucorales, was the second most common invasive fungal
infection, associated with high illness and death
rates among immunocompromised persons after
aspergillosis (18–20). Of note, India accounted for
the world’s largest burden of mucormycosis before
the COVID-19 pandemic; several reports have described the clinical course (21,22). However, data to
help identify and define clinical characteristics and
outcomes of COVID-19–associated invasive mucormycosis are limited, which is specifically critical for
India, a country with a high prevalence of diabetes,
which is known to elevate mucormycosis risk (23,24).
We describe demographic, clinical, laboratory, image findings, and outcomes of rhino-sino-orbital and
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SYNOPSIS
Figure 1. Frequency of rhinosino-orbital and cerebral
mucormycosis cases evaluated
and treated at Sassoon General
Hospital, Pune, India, before
and during coronavirus disease
pandemic. A) January 1, 2016–
June 14, 2021; B) September 1,
2020–June 14, 2021.

cerebral mucormycosis cluster in an urban tertiary
care teaching hospital in western India.
The ethics committee of Byramjee-Jeejeebhoy Government Medical College and Sassoon General Hospitals (BJGMC-SGH) approved this study. Our analysis
did not involve an interview or questionnaire, and
obtaining individual patient consent was not possible
due to the retrospective nature of the study.
Methods
We conducted a retrospective chart review of patients hospitalized for clinical or histopathologically
diagnosed rhino-sino-orbital or cerebral mucormycosis after COVID-19 diagnosis during March 1, 2020–
June 5, 2021. These patients were primarily treated in
the Medicine and Ear, Nose, Throat departments of
BJGMC-SGH, a Maharashtra state–run tertiary care
teaching hospital that serves the 5 million low-income
and low-middle–income residents of the greater Pune
region of Maharashtra state in western India. From
the hospital registry at the Ear, Nose, Throat Department of BJGMC-SGH, we also collected the total
2

number of case-patients with rhino-sino-orbital and
cerebral mucormycosis during 2016–2019 to compare
frequencies of mucormycosis cases before and during
the COVID-19 pandemic.
We abstracted data from hospital medical records and hospital medical information systems;
data were patient demographics; underlying conditions; and clinical course of COVID-19, including therapeutics, oxygen, or ventilator support. We
collected clinical characteristics of mucormycosis,
laboratory and radiologic findings including histopathologic results, treatment provided, and clinical
outcome–active case (discharged or died) through
July 15, 2021.
Clinical Assessments and Management
of Mucormycosis

All patients with suspected mucormycosis underwent
clinical assessments and diagnostic naso-sinus endoscopy; if an eschar and surrounding inflammation
were seen, a clinical diagnosis of mucormycosis was
made. After clinical diagnosis, amphotericin B was
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initiated intravenously for >21 days. Magnetic resonance imaging (MRI) was done to assess the extent of
soft tissue and bone involvement. Within the first 72
hours of clinical diagnosis, surgical debridement was
performed if the operating room was available, and
tissue was sent in 10% neutral buffered formalin for
histopathologic evaluations. Samples were processed
using a fully automatic tissue processor. If the tissue
received was a bony fragment, it was kept for decalcification in 10% nitric acid, and after satisfactory decalcification, routine hematoxylin and eosin staining was
done. Senior pathologists reviewed slides, and whenever necessary, used special stains such as periodic
acid Schiff and methanamine silver to highlight fungal hyphae. Any pleomorphic aseptate hyphae with
wide-angle branching were identified as a Mucorales
group of fungi; differentiation from small, septate hyphae with dichotomous branching was done to rule
out other filamentous fungi, such as aspergillus. At
discharge, all patients received posaconazole oral
medication for >3 more weeks to complete a 6-week
antifungal treatment course.
Definitions

We defined rhino-sino-orbital and cerebral mucormycosis as clinically confirmed (probable) or histopathologically confirmed (proven) mucormycosis.
We ascertained underlying illnesses from physician
documentation in medical records. We used the definitions of mild, moderate, and severe COVID-19 from
the Ministry of Health and Family Welfare for this
analysis (25). Mild COVID-19 was defined as a positive SARS-CoV-2 infection with or without symptoms
and resting oxygen saturation (SpO2) >94%. Moderate
COVID-19 was defined as the presence of breathlessness, respiratory rate (RR) >24 breaths/min, or SpO2
<93% on room air. Severe COVID-19 was defined as
the presence of breathlessness, RR >30 breaths/min,
or SpO2 <90% on room air.
To define localized and generalized mucormycosis, we used previously published definitions that
were based on findings seen during diagnostic endoscopy and radiologic features on an MRI (19,26).
We defined patients with disease restricted to nasal
passages, sinuses, or orbits as having localized disease. If sites affected involved the paranasal sinuses
and infiltrated the orbit, we defined patients as having sino-orbital infection. We defined involvement of
the paranasal sinuses, orbits, and the brain as generalized rhino-sino-orbital cerebral infection, depending
on the extent of the spread. We categorized histologically confirmed diagnosis as proven mucormycosis
and clinical and diagnostic endoscopically confirmed

diagnosis without histopathologic confirmation as
probable mucormycosis.
Statistical Analysis

We used descriptive statistics to summarize the data.
We used the medians and interquartile ranges (IQRs)
or means and SDs to describe results as appropriate
and described categorical variables as counts and percentages. We used Stata version 15.1 software (StataCorp, https://www.stata.com) for the analysis.
Table 1. Clinical characteristics of patients experiencing intensive
rhino-sino-orbital and cerebral mucormycosis after undergoing
treatment for COVID-19, India
No. caseCharacteristic
patients, n = 178
Age
Age, y, median (range)
51 (42–60)
Age group
<18
1 (1)
18–45
52 (29)
45–65
103 (58)
>65
22 (12)
Sex
M
125 (70)
F
53 (30)
Underlying illness
Diabetes mellitus
Previously diagnosed
88 (49)
Newly diagnosed
44 (25)
Hypertension
48 (27)
Chronic kidney disease
5 (3)
Cardiomyopathy
4 (2)
Asthma
2 (1)
HIV
1 (1)
COVID-19 characteristics†
Moderate COVID-19
122 (77)
Mild COVID-19
29 (18)
Severe COVID-19
8 (5)
Hospitalization, d, median (IQR)
10 (8–15)
Required oxygenation
103 (69)
Required ventilator support
5 (4)
Received intravenous steroids
82 (67)
Received oral steroids
12 (17)
Received antimicrobial drugs
95 (98)
Symptoms of mucormycosis
Facial pain
132 (74)
Headache
96 (54)
Nasal congestion
79 (44)
Nasal discharge
57 (32)
Vision impairment
66 (37)
Time from COVID-19 diagnosis to
28 (15–45)
mucormycosis symptom onset, d (IQR)
Vital signs
98 (98–98.6)
Temperature, F, median (IQR)
Heart rate >100 beats/min
4 (2)
Heart rate, beats/min, median (IQR)
88 (86–90)
Respiratory rate >20 breaths/min
29 (16)
Respiratory rate, breaths/min, median (IQR)
16 (12–18)
Median BP, systolic, mm Hg
123 (120–128)
Median BP, diastolic, mm Hg
80 (80–86)
*Values are no. (%) patients except as indicated. BP, blood pressure;
COVID-19, coronavirus disease; IQR, interquartile range.
†These characteristics represent diagnosis and treatment provided for
COVID-19 prior to mucormycosis events.
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Figure 2. Diagnostic endoscopic
examinations of the nasal
cavities of 2 patients with
mucormycosis after coronavirus
disease, Pune, India. A) Right
nasal cavity shows crusting in
the region of the middle meatus,
blackish eschar with fungal
elements between the middle
turbinate and the nasal septum.
Necrosis has begun setting in
the part of the nasal septum
below the region of the eschar.
Mucopurulent discharge is seen
trickling from the middle meatus to the nasopharynx because of underlying sinusitis. The inferior turbinate has undergone hypertrophy
because of the underlying disease. B) Left nasal cavity shows extradural abscess being drained transnasally. Multiple polyps are noted
in the region of the ethmoidal fovea. The crista ethmoidalis, left middle turbinate, and the right orbital roof are destroyed because of the
underlying invasion by mucor. CE, crista ethmoidalis; EDA, extradural abscess; FP, ethmoidal fovea; IT, inferior turbinate; MM, middle
meatus; MT, middle turbinate; NP, nasopharynx; OR, orbital roof; S, septum.

Results
We identified 178 patients who had clinical, endoscopically diagnosed, or histopathologically confirmed
Table 2. Laboratory, histopathologic, and radiologic findings in
patients at time of hospital admission for intensive rhino-sinoorbital and cerebral mucormycosis after undergoing treatment for
COVID-19, India*
Characteristic
Result
Laboratory findings within 48 h of admission
Hemoglobin level
10.3 (9.3–11.7)
MCV, fL
82.25 (77.75–86)
MCH, pg
27.6 (26–29)
MCHC, g/dL
32.4 (29.2–33.3)
Lymphocyte counts
Total cells/mm3
8,470 (6,020–12,000)
Lymphocyte, %
18.2 (11.9–24.7)
Distribution
>10,000 cells/mm3
67 (38)
<4,000 cells/mm3
15 (8)
Absolute neutrophil count
<500
0
500–1,000
0
1,000–1,500
4 (2)
1,500–8,000
114 (64)
>8,000
60 (34)
Chemistry parameters
AST >40 U/L
17 (10)
ALT >40U/L
34 (21)
266.5 (204–336)
Platelets, × 103/L
Serum creatinine, mg/dL
1 (0.9–1.3)
Potassium, mEq/L
3.54 (2.96–4.05)
Sodium, mEq/L
136 (132–142)
Serum calcium, mg/dL
8.65 (7.95–9.2)
Location(s) involved
Nose and paranasal sinus
171 (96)
Pterygopalatine fossa
52 (29)
Orbital region
86 (48)
Intracranial soft tissue
22 (12)
Alveolar and palate soft tissue
25 (14)
*Values are no. (%) or median (IQR) except as indicated. ALT, alanine
aminotransferase; ANC, absolute neutrophil count; AST, aspartate
aminotransferase; COVID-19, coronavirus disease; IQR, interquartile
range; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular
hemoglobin concentration; MCV, mean corpuscular volume.

4

localized rhino-, sinus-, orbital-, or rhino-sino-orbital
mucormycosis or generalized rhino-sino-orbitalcerebral mucormycosis after completing COVID-19
treatment. During 2016–2020, a range of 3–8 cases of
mucormycosis were diagnosed and treated in the Ear,
Nose, Throat department of BJGMC-SGH (Figure 1,
panel A). In April–May 2021, a total of 160 (90%) cases
were diagnosed (Figure 1, panel B).
Clinical Features

We analyzed the demographic and clinical characteristics of the mucormycosis patients (Table 1). The median age was 51 years (interquartile range [IQR] 42–60
years); of 178 patients, 125 (70%) were men. A total of
132 (74.2%) had previously or newly diagnosed diabetes; 1 patient had HIV infection. We saw moderate or
severe COVID-19 in 130 (73%) patients; median length
of hospitalization for COVID-19 was 10 days (IQR 8–15
days). Of these, 94 (52.8%) received either oral or intravenous steroids or both; 5 (17%) of mild COVID-19
case-patients received steroids. Ninety-five (98%) of
the patients who were treated for COVID-19 received
intravenous or oral antimicrobial drugs. Of those who
received steroids, 66 (70%) had previously or newly
diagnosed diabetes. Of 103 (69%) who were given oxygenation, 5 (4%) needed ventilator support; median
duration of oxygenation was 6 days (IQR 3–10 days).
The median time from COVID-19 detection to
mucormycosis symptom onset was 28 days (IQR
15–45 days). The most common symptoms at onset
were face pain (74%), headache (54%), and nose pain
(48%). Eschar over or in the nose was the symptom
that prompted the patient to seek care in 133 (75%)
cases; fever was present in 42 (24%) of those patients.
In diagnostic endoscopy, 133 (75%) patients had black
eschar surrounded by indurated and reddish areas
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(Figure 2, panel A); 22 (12%) had extradural abscess
(Figure 2, panel B). Altered mental status was seen in
17 (10%) patients. Vital signs on admission for mucormycosis were relatively normal (Table 1).
Laboratory and Radiologic Features

At baseline examination, 19 (11%) patients had low hemoglobin at <8dgm/dL, leukocytosis was seen in 50
(28%) patients, and neutropenia (absolute neutrophil
count <1,500) in 4 (2%) (Table 2). Swelling of nose and
paranasal sinus soft tissue was seen among 172 (97%)
patients in MRI (Figure 3). Involvement of the orbital
area was seen in 86 (48%) patients and the intracranial area in 22 (12%) cases. Bony penetration was seen
in 156 (87.6%) cases (Figure 3) and cavernous sinus
thrombosis in 12 (7%) cases.
Fifty-four (30%) case-patients had probable mucormycosis and 124 (70%) had proven mucormycosis;
29 (16%) histopathology results were pending as of
the study cutoff date. Histopathologic assessments
revealed ribbon-like envelope-shaped aseptate hyphae surrounded by neutrophilic and lymphocytic
infiltrations upon staining with hematoxylin and eosin (Figure 4). Pleomorphic broad aseptate hyphae of
mucormycosis were seen amidst areas of necrosis.
Treatment and Outcomes

Seventy-one (40%) patients received a diagnosis of localized mucormycosis disease and 107 (60%) of multifocal mucormycosis (Table 3). Of the 107 with multifocal disease, 47 (44%) had orbital involvement and
22 (12%) had cerebral involvement. Of those with the
multifocal affected sites, 76 (83%) had moderate and
severe COVID-19 disease, compared with 54 (81%) patients with localized disease (p = 0.83) (Table 3). Of the
178 total mucormycosis patients, 151 (85%) underwent
transnasal endoscopic surgical procedure to debride
necrotic tissues, 13 (7%) died before surgery, and 13
were scheduled for debridement at the time this report was written. Of all cases, 21 (12%) were treated
with intravenous insulin for uncontrolled diabetes or
diabetic ketoacidosis during hospitalization. The infusion reactions to amphotericin were not documented.
A repeat creatinine was done on day 6 (range day –4
to 6) on 101 (87.8%) of the 115 patients who had initial
creatinine test results available. Of those, 14 (13.8%)
had elevated creatinine of >25% from the baseline and
6 (5.9%) had >50% of baseline creatinine. As of July 15,
2021, a total of 5 (3%) case-patients were still hospitalized; 147 (82%) had been discharged, and 26 (15%) had
died. Of those who died, 16 (62%) had multifocal mucormycosis (Table 3). The median time to death was 15
(IQR 10–27) days. None of the case-patients required

Figure 3. T2-weighted magnetic resonance imaging of the
maxillary sinuses of a patient with mucormycosis after coronavirus
disease, Pune, India, shows hypointense mucosal thickening
bilaterally, more on the left side than the right. Near-complete
occlusion of the sinus cavities and obliteration of left osteomeatal
unit are seen. There is a mild deviation of the nasal septum with
convexity toward the right side. There is mild soft tissue edema
with altered signal abnormality involving the left pterygopalatine
fossa extending to the left masticator space. L, left; R, right.

extended ventilator support beyond that needed for
surgical procedures.
Discussion
We describe illness and death caused by one of the
most significant outbreaks of rhino-sino-orbital and
cerebral mucormycosis among patients who were undergoing treatment for COVID-19 in a tertiary care
teaching hospital in western India. This outbreak coincided with the second wave of the COVID-19 pandemic in India (1). In most cases, mucormycosis was
diagnosed approximately 1 month after diagnosis of
moderate or severe COVID-19 requiring steroids and
oxygenation support. Approximately three quarters
had either previously or newly diagnosed diabetes,
which is known to increase the risk for mucormycosis
2.5-fold (18). Furthermore, 12% had diabetic ketoacidosis or uncontrolled diabetes, and >50% of the patients
with diabetes received steroids for COVID-19 management. Taken together, the underlying illnesses and
medications needed to manage COVID-19 created an
ideal setting for the outbreak of mucormycosis (17,23).
The signs and symptoms of post–COVID-19 mucormycosis in this outbreak were similar to those described previously (18,19,26). The telltale symptoms
and signs such as facial pain and headache were more
prevalent, and eschar inside the nose was seen in ≈50%
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Figure 4. Histopathologic findings for necrotic tissue samples from patients with mucormycosis after coronavirus disease, Pune, India.
A) Hematoxylin and eosin stain shows nonpigmented, wide, thin-walled ribbonlike pleomorphic broad aseptate hyphae of mucormycosis
(original magnification ×40). B) Periodic acid–Schiff stain shows pleomorphic broad aseptate hyphae of mucormycosis (original
magnification ×40). C) Methenamine silver stain shows nonpigmented (hyaline), pauciseptate, ribbonlike hyphae with right-angled
branching consistent with Mucorales genera (original magnification ×40).

of cases. Approximately one tenth of patients had altered mental status. Diagnostic endoscopy and radiological findings showed varied presentations typical
for mucormycosis (18–20). Although the disease is
highly invasive in nature, the clinical signs, including vital signs or hematologic or chemistry laboratory
parameters, were mostly within reference ranges. Approximately 50% of patients were still receiving treatment as of late July 2021, although only 3% were still
hospitalized. The mortality rate may not be notable
after discharge from the hospital (17); 14.6% of patients died. However, most deaths occurred among
those with multifocal disease, underscoring the need
for close monitoring for this group (17). Drug-related
renal impairment known to be associated with amphotericin infusion was lower, similar to prior reports (27).
Of note, rhino-sino-orbital or cerebral mucormycosis after COVID-19 treatment had some distinct differences from pre–COVID-19 reports(28). In contrast
to a previous systematic review in which >75% of the
mucormycosis was localized disease, >50% of mucormycosis among case-patients treated for COVID-19 had
multiple affected sites (18,19). Furthermore, bony penetration of the disease among ≈90% of cases, the presence
of soft-tissue swelling of the pterygopalatine fossa (located behind the posterior maxillary sinus wall) in ≈30%
of cases, and cavernous sinus thrombosis in ≈7% of cases
suggest aggressive disease and rapid and extensive lo-

cal spread of the disease. Among those who completed
>21 days of treatment, the proportion who died (14.6%)
was lower than the 42% of deaths reported in previous
systematic reviews (18,29). Whether the appropriate
surgical interventions and prompt initiation of antifungal treatment optimized the treatment outcomes needs
to be investigated and compared with other cohorts.
Potential reasons for the outbreak of mucormycosis during the COVID-19 pandemic need further exploration. India’s 12% diabetes rate among the national
population is among the world’s highest, and >14% of
its population is prone to develop diabetes from prediabetes (23,24,30). Steroid use for moderate to severe
COVID-19 and even for mild COVID-19 may have resulted in uncontrolled diabetes or development of new
diabetes, a known risk factor for mucormycosis (18). Furthermore, because of a lack of population-level data, the
estimated prevalence of mucormycosis in India may be
70-fold higher than global estimates (21,22,31). Thus, the
widespread presence of Mucorales fungi in community
and hospital settings could become a source of infection
in susceptible populations (32,33). Bhatia (34) speculated that oxygenation via facemask or nasal cannula may
have inoculated the fungi in the upper respiratory tract
when a contaminated water humidifier was used, but
further exploration is needed. Moreover, COVID-19–
related direct and indirect effects can predispose patients to invasive fungal infection; these effects include

Table 3. Sites of mucormycosis in patients with COVID-19 by severity and outcome of illness, Pune, India
COVID-19 severity, no. patients (%)
Outcome, no. patients (%)
Site
Mild, n = 29 Moderate, n = 122 Severe, n = 8
Active, n = 5 Discharged, n = 147 Died, n = 26
Unifocal, n = 71
Localized sinus, n = 71
13 (45)
51 (42)
3 (37)
2 (40)
59 (40)
10 (38)
Multifocal, n = 107
Generalized, n = 52
5 (18)
37 (30)
3 (37)
3 (60)
38 (26)
11 (42)
Rhino-sinus, n = 6
3 (10)
2 (2)
1 (13)
0
5 (3)
1 (4)
Rhino-orbital, n = 43
6 (21)
30 (25)
1 (13)
0
41 (29)
2 (8)
Rhino-cerebral, n = 2
1 (3)
0
0
0
2 (1)
0
Rhino-orbito-cerebral, n = 4
1 (3)
2 (2)
0
0
2 (1)
2 (8)
6
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virus-induced direct damage to epithelium causing
ciliary dysfunction and local immune dysfunction augmenting invasive fungal infection and spread (35,36).
Similarly, virus-related immune suppression can lead
to altered immune responses, including decreased T-cell
population, which may lead to rapid fungal invasion (37).
The first limitation of our study is that, because of
its retrospective nature, some data were missing because of a gap in the documentation. Missing data included information on whether the oral steroids were
administered in outpatient or inpatient settings for
COVID-19, as well as data on status of glycemic control
of diabetes. During the outbreak, liposomal amphotericin B was scarce; therefore, most patients received both
liposomal and amphotericin B deoxycholate. Documentation of pulmonary involvement among these cases
was unavailable. Finally, whether dissemination of
mucormycosis took place beyond the rhino-sino-orbital
and cerebral regions was not documented. Considering
the lower mortality rate, however, dissemination of the
disease beyond these regions is unlikely.
By identifying and managing a rhino-sino-orbital
and cerebral mucormycosis cluster, we contribute an
overview of the epidemiology and clinical course of a
devastating fungal infection in the COVID-19 pandemic era. Invasive mucormycosis should be considered
among case-patients treated for COVID-19 who experience face pain, nasal blockage, and headache with or
without nose eschar in India, particularly among those
with diabetes and those who have received steroids.
Clinicians should be vigilant about the appropriate use
of steroids for COVID-19 management and ensure the
use of aseptic precautions during oxygen support to
minimize risk for mucormycosis following COVID-19
treatment. Given that India has the world’s secondlargest COVID-19 burden (1) and the world’s largest
estimated Mucorales prevalence (21,22), the clinical
profile and course of the localized, multifocal, or disseminated mucormycosis from other parts of India are
critical in helping clinicians detect and manage illness
and avert death from invasive mucormycosis.
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Severe Acute Respiratory
Syndrome Coronavirus 2 and
Respiratory Virus Sentinel
Surveillance, California, USA,
May 10, 2020–June 12, 2021
Gail L. Sondermeyer Cooksey, Christina Morales, Lauren Linde, Samuel Schildhauer, Hugo Guevara,
Elena Chan, Kathryn Gibb, Jessie Wong, Wen Lin, Brandon J. Bonin, Olivia Arizmendi,
Tracy Lam-Hine, Ori Tzvieli, Ann McDowell, Kirstie M. Kampen, Denise L. Lopez, Josh Ennis,
Linda S. Lewis, Eyal Oren, April Hatada, Blanca Molinar, Matt Frederick, George S. Han,
Martha Sanchez, Michael A. Garcia, Alana McGrath, Nga Q. Le, Eric Boyd; Regina M. Bertolucci,
Jeremy Corrigan, Stephanie Brodine, Michael Austin, William R. K. Roach, Robert M. Levin,
Brian M. Tyson, Jake M. Pry, Kristin J. Cummings, Debra A. Wadford, Seema Jain

State and local health departments established the California Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) and Respiratory Virus Sentinel Surveillance System to conduct enhanced surveillance for
SARS-CoV-2 and other respiratory pathogens at sentinel outpatient testing sites in 10 counties throughout
California, USA. We describe results obtained during
May 10, 2020‒June 12, 2021, and compare persons
with positive and negative SARS-CoV-2 PCR results by
using Poisson regression. We detected SARS-CoV-2 in
1,696 (19.6%) of 8,662 specimens. Among 7,851 speci-

C

mens tested by respiratory panel, rhinovirus/enterovirus
was detected in 906 (11.5%) specimens and other respiratory pathogens in 136 (1.7%) specimens. We also
detected 23 co-infections with SARS-CoV-2 and another
pathogen. SARS-CoV-2 positivity was associated with
male participants, an age of 35–49 years, Latino race/
ethnicity, obesity, and work in transportation occupations. Sentinel surveillance can provide useful virologic
and epidemiologic data to supplement other disease
monitoring activities and might become increasingly
useful as routine testing decreases.

oronavirus disease (COVID-19) was detected in
California, USA, in January 2020, and community transmission was identified in February 2020. During March 2020, two pilot COVID-19 sentinel surveillance projects in California (1,2) detected severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)

among outpatients who had mild influenza-like illness (ILI) and no known travel or COVID-19 contact,
suggesting widespread community transmission.
These sentinel detections helped support the decision
to enact a shelter-in-place order in the San Francisco
Bay Area on March 16, 2020, followed shortly by a
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virus, adenovirus, and respiratory syncytial virus
(RSV), are not reportable in California. Thus, CDPH
does not receive reports on positive cases. As part of
CDPH routine influenza surveillance program, laboratory data on influenza strains/subtypes and other
respiratory viruses are reported in aggregate from a
system of sentinel laboratories; results are not linked
to patient data (5).
As the COVID-19 pandemic emerged in California during early 2020, CDPH implemented an
additional surveillance system to collect enhanced
patient data and respiratory specimens for more
comprehensive testing. The objectives of the California SARS-CoV-2 and Respiratory Virus Sentinel
Surveillance System (CalSRVSS) are to monitor community transmission of SARS-CoV-2 in outpatient
settings; provide enhanced patient data, including
race/ethnicity, occupation, and concurrent conditions; and to concurrently monitor circulation of
other respiratory viruses.

Figure 1. Total specimens tested for SARS-CoV-2, by county of
sentinel site, California, USA, from specimens collected through the
California SARS-CoV-2 and Respiratory Virus Sentinel Surveillance
program during May 10, 2020–June 12, 2021 (N = 8,662). SARSCoV-2, severe acute respiratory syndrome coronavirus 2.

statewide stay-at-home order issued on March 19,
2020. As of June 12, 2021, a total of 3,695,530 cases
and 62,508 COVID-19–associated deaths had been
reported in California (3). Moreover, throughout the
pandemic, far fewer cases of seasonal influenza occurred than would have been expected according to
passive reporting systems in California from previous years (4,5).
The California Department of Public Health
(CDPH) routine statewide surveillance for COVID-19,
which started during January 2020, is primarily a
passive system, relying on retrospective reporting
of cases from testing laboratories and local providers. Despite widespread efforts to conduct contact
tracing and case investigations, the high volume of
cases and testing made collection of enhanced epidemiologic information challenging during 2020 and
early 2021. Moreover, data on additional respiratory pathogens are not available through the routine
surveillance system.
In California, although influenza is a laboratoryreportable disease, limited data are available for cases
(6). Most other common respiratory infections, such
as rhinovirus/enterovirus, parainfluenza viruses,
other human coronaviruses, human metapneumo10

Methods
During April–October 2020, the CDPH recruited local county health departments (LHDs) and public
health laboratories from 10 counties (Santa Clara, San
Luis Obispo, Marin, Imperial, Contra Costa, Tulare,
San Diego, Humboldt, Butte, and Ventura Counties) representing the geographic, demographic, and
socioeconomic diversity of California. LHDs partnered with >1 outpatient clinical sites (e.g., urgent
care, primary care or pediatric clinic, university clinic,
drive-through or pop-up SARS-CoV-2 testing site) in
their jurisdiction. Several LHDs used CalSRVSS as an
opportunity to offer SARS-CoV-2 testing and conduct
enhanced surveillance in settings that had lower access to testing (i.e., testing deserts) or in clinics serving populations that had a potentially higher risk
for infection (e.g., serving particular demographic
groups, university setting).
Partner clinical sites collected respiratory specimens and demographic, clinical, and epidemiologic data from a convenience sample of <50 persons/week/jurisdiction (i.e., participating county).
Clinical sites sampled from adult and pediatric
populations who were asymptomatic and seeking
SARS-CoV-2 screening, which included contacts of
confirmed COVID-19 cases; or populations that had
mild symptoms (>1 of the following new or worsening symptoms: fever [measured or subjective],
cough, shortness of breath or difficulty breathing,
chills or rigors, myalgia, headache, sore throat, new
olfactory or taste disorder, congestion or runny nose,
nausea or vomiting, diarrhea, or fatigue) where
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SARS-CoV-2 testing was recommended as part of
clinical care. Site case definitions for enrollment, data
elements, and launch dates (date of first specimen
collection by participating county) varied. Launch
dates by county were as follows: Santa Clara, May
10, 2020; San Luis Obispo, June 1, 2020; Marin, July
6, 2020; Imperial, July 12, 2020; Contra Costa, July
27, 2020; Tulare, August 25, 2020; San Diego, August
28, 2020; Humboldt, September 21, 2020; Butte, October 6, 2020; and Ventura, January 28, 2021. Persons
could be tested multiple times to represent each testing incident; however, subsequent positive results
were excluded.
Respiratory specimens were tested for SARSCoV-2 by using US Food and Drug Administration–
authorized PCRs. The CDPH Viral and Rickettsial
Disease Laboratory tested specimens from all counties, except San Diego and San Luis Obispo Counties,
for 20 pathogens (influenza A [H1 and H3] and B
[Yamagata and Victoria] viruses; parainfluenza types
1–4 viruses; human coronaviruses NL63, 229E, OC43,
and HKU1; RSV; adenovirus; human metapneumovirus; rhinovirus; enterovirus; and Mycoplasma pneumoniae) by using a multiplex respiratory panel assay,
and positive results were confirmed by singleplex
PCR (7,8). The San Luis Obispo County Public Health
Laboratory tested specimens from San Luis Obispo
County for a number of pathogens (influenza A and
B viruses; parainfluenza types 1–4 viruses; human

coronaviruses NL63, 229E, and HKU1; RSV; adenovirus; human metapneumovirus; rhinovirus/enterovirus; M. pneumoniae, Bordetella pertussis, and Chlamydia
pneumoniae) by using the BioFire Respiratory 2.0 or
2.1 panels (https://www.biofiredx.com).
Respiratory panel testing was not conducted for
specimens from San Diego County. In this analysis,
we combined rhinovirus and enterovirus results as
rhinovirus/enterovirus because both viruses belong
to the genus Enterovirus and the assays used for this
project did not distinguish between the different species. Co-infections were characterized as detection
of SARS-CoV-2 and >1 respiratory pathogens in the
same sample.
We described trends and participant characteristics by laboratory result; a respiratory panel positive result was defined as detection of >1 pathogens
included in the respiratory panels. We also analyzed
the 5-year American Community Survey 2018 data
(https://www.census.gov/programs-surveys/acs)
by demographic group (sex, age, race/ethnicity) for
California to show how these data compared with demographic characteristics of the participant population. If participant ethnicity was reported as Latino/
Hispanic, then race/ethnicity was listed as Latino;
otherwise, race/ethnicity was listed as the reported
race. When analyzing data on reported concurrent
conditions, we restricted this analysis to >18 years
of age for smoking, diabetes, and hypertension and

Figure 2. Weekly specimens tested and percent positive for SARS-CoV-2 and for >1 other respiratory pathogen, California, USA, from
specimens collected through the California SARS-CoV-2 and Respiratory Virus Sentinel Surveillance program during May 10, 2020–
June 12, 2021 (SARS-CoV-2 tested, n = 8,662; other respiratory pathogen tested, n = 7,851). SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022
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to >5 years of age for obesity and asthma. For persons >16 years of age who reported being employed,
free-text data on industry and occupation were coded

Figure 3. Percentage of persons tested for SARS-CoV-2
compared with percentage of persons in California by
demographic group, California, USA, from specimens collected
through the California SARS-CoV-2 and Respiratory Virus
Sentinel Surveillance program during May 10, 2020–June 12,
2021 (SARS-CoV-2 tested, n = 8,662;. NHPI, Native Hawaiian/
Pacific Islander; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
12

according to the National Institute for Occupational
Safety and Health Industry and Occupation Computerized Coding System and supplemented by manual
review (9). Occupation categories reported by <50 patients were excluded from analyses because of small
numbers and unreliable estimates.
We calculated percentage positivity and corresponding 95% CIs by using the Wilson method, including Yates’ continuity correction for small cell
sizes (<5), for SARS-CoV-2 and respiratory panel
(positive for >1 pathogen in the respiratory panels)
by demographic group. We limited analysis to participants with a test result for both SARS-CoV-2 and
the respiratory panel. We compared clinical manifestations and reported symptoms of participants who
had positive results for SARS-CoV-2, rhinovirus/
enterovirus, or non–SARS-CoV-2 human coronavirus and participants who had negative results for
all pathogens. We also calculated the sensitivity and
specificity of clinical case definitions.
We defined ILI in accordance with the California Influenza Surveillance Program (4) as any illness
with fever and a cough or sore throat. We defined
COVID-19–like illness (CLI) in accordance with the
National Syndromic Surveillance Program as any illness with fever and cough or shortness of breath or
difficulty breathing and symptomatic (reported >1
listed symptom) for SARS-CoV-2, rhinovirus/enterovirus, and non–COVID-19 coronavirus.
To assess associations between demographic,
clinical, and epidemiologic characteristics and SARSCoV-2 PCR results, we used mixed effects Poisson
regression to calculate relative risks (RRs) and 95%
CIs, both unadjusted and adjusted for sex, age (categorical), race/ethnicity, and county, allowing for
random effects at the county level. We performed all
analyses by using R software version 4.0.0 (https://
cran.r-project.org) and created the map by using the
R software Maps version 3.3.0 package.
Results
Of the 8,662 specimens collected during May 10,
2020–June 12, 2021, SARS-CoV-2 was detected in
1,696 (19.6%) specimens. Most specimens were from
persons seen at participating testing sites in the San
Francisco Bay Area (50.1%) and southern California
(23.0%) (Figure 1). Of the 7,851 specimens tested
by respiratory panel, rhinovirus/enterovirus was
detected in 906 (11.5%) specimens, non–COVID-19
coronavirus in 126 (1.6%) specimens, adenovirus
in 6 specimens, parainfluenza virus in 5 specimens,
metapneumovirus in 3 specimens, M. pneumoniae
in 2 specimens, and RSV in 1 specimen. A total of 7
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Table 1. Demographic, epidemiologic, and clinical characteristics of participants in a surveillance system for SARS-CoV-2 and other
respiratory pathogens, by SARS-CoV-2 test result, California, USA, May 10, 2020–June 12, 2021*
Characteristic
Positive, n = 1,696
Negative, n = 6,966
Total, N = 8,662
Sex
n = 1,693
n = 6,939
n = 8,632
F
986 (58.2)
4,228 (60.9)
5,214 (60.4)
M
707 (41.8)
2,698 (38.9)
3,405 (39.4)
Other†
0
13 (0.2)
13 (0.2)
Age category, y
n = 1,696
n = 6,963
n = 8,659
<1–4
30 (1.8)
224 (3.2)
254 (2.9)
5–17
173 (10.2)
715 (10.3)
888 (10.3)
18–34
594 (35.0)
2,538 (36.4)
3,132 (36.2)
35–49
530 (31.3)
1,618 (23.2)
2,148 (24.8)
50–64
280 (16.5)
1,301 (18.7)
1,581 (18.3)
>65
89 (5.2)
567 (8.1)
656 (7.6)
Race/ethnicity‡
n = 1,540
n = 6,198
n = 7,738
White
197 (12.8)
2,068 (33.4)
2,265 (29.3)
Latino/Hispanic
1,209 (78.5)
3,230 (52.1)
4,439 (57.4)
Asian
58 (3.8)
403 (6.5)
461 (6.0)
Black
23 (1.5)
159 (2.6)
182 (2.4)
American Indian
4 (0.3)
32 (0.5)
36 (0.5)
Native Hawaiian/Pacific Islander
4 (0.3)
25 (0.4)
29 (0.4)
Multirace
10 (0.6)
74 (1.2)
84 (1.1)
Other race
35 (2.3)
207 (3.3)
242 (3.1)
Contact with COVID-19 case-patient§
494/1,343 (36.8)
905/4,963 (18.2)
1,399/6,306 (22.2)
Underlying conditions
Current or former smoker
125/1,038 (12.0)
714/4,078 (17.5)
839/5,116 (16.4)
Obesity
191/1,138 (16.8)
483/4,359 (11.1)
674/5,497 (12.3)
Asthma
94/1,139 (8.3)
506/4,366 (11.6)
600/5,505 (10.9)
Diabetes
118/1,139 (10.4)
332/4,367 (7.6)
450/5,506 (8.2)
Hypertension
96/1,043 (9.2)
354/4,075 (8.7)
450/5,118 (8.8)
Occupation category¶
n = 495
n = 1,889
n = 2,384
Food preparation and serving related
72 (14.5)
256 (13.6)
328 (13.8)
Sales and related
67 (13.5)
238 (12.6)
305 (12.8)
Office and administrative support
33 (6.7)
166 (8.8)
199 (8.3)
Personal care and service
36 (7.3)
159 (8.4)
195 (8.2)
Construction and extraction
62 (12.5)
129 (6.8)
191 (8)
Building and grounds, cleaning, and maintenance
50 (10.1)
128 (6.8)
178 (7.5)
Protective service
21 (4.2)
81 (4.3)
102 (4.3)
Healthcare practitioners and technical
6 (1.2)
90 (4.8)
96 (4)
Management
10 (2)
84 (4.4)
94 (3.9)
Production
21 (4.2)
68 (3.6)
89 (3.7)
Farming, fishing, and forestry
23 (4.6)
59 (3.1)
82 (3.4)
Education, training, and library
10 (2)
69 (3.7)
79 (3.3)
Transportation
29 (5.9)
48 (2.5)
77 (3.2)
Healthcare support
11 (2.2)
62 (3.3)
73 (3.1)
Installation, maintenance, and repair
12 (2.4)
39 (2.1)
51 (2.1)
Material moving
14 (2.8)
36 (1.9)
50 (2.1)
Clinical manifestation
Asymptomatic
184/1,682 (10.9)
1,697/6,741 (25.2)
1,881/8,423 (22.3)
Symptomatic
1,498/1,682 (89.1)
5,044/6,741 (74.8)
6,542/8,423 (77.7)
ILI
481/1,661 (29.0)
888/6,675 (13.3)
1,369/8,336 (16.4)
CLI
422/1,659 (25.4)
697/6,657 (10.5)
1,119/8,316 (13.5)

*Values are no. (%) or no. positive/no. tested (%).Participants were selected from the California SARS-CoV-2 and Respiratory Virus Sentinel Surveillance
program. Participants who had missing information for a characteristic were excluded. COVID-19, coronavirus disease; CLI, COVID-19‒like illness; ILI,
influenza-like illness; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Includes respondents that identified as transgender or responded other.
‡If participant ethnicity was reported as Latino/Hispanic (Latino) then race/ethnicity was listed as Latino; otherwise, race/ethnicity was listed as the
reported race.
§Within the 14 days before onset.
¶Within the month before onset. Excluded occupation categories were reported by <50 participants. Free-text data on industry and occupation were
coded by using the National Institute for Occupational Safety and Health Industry and Occupation Computerized Coding System
(https://wwwn.cdc.gov/nioccs3/Default.aspx).

specimens were positive for >1 pathogen in the respiratory panel (Appendix Figure, https://wwwnc.
cdc.gov/EID/article/28/1/21-1682-App1.pdf). No
influenza viruses were detected. Among 1,373 persons positive for SARS-CoV-2 with respiratory pan-

el results, 23 (1.7%) co-infections were detected: 19
with rhinovirus/enterovirus, 1 with adenovirus, 1
with M. pneumoniae, 1 with parainfluenza virus type
4, and 1 with human coronavirus OC43 and parainfluenza virus type 1.
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Figure 4. Percentage positive
for SARS-CoV-2 and for >1
other respiratory pathogen, by
demographic group, California,
USA, from specimens collected
through the California SARS-CoV-2
and Respiratory Virus Sentinel
Surveillance program during May
10, 2020–June 12, 2021 (SARSCoV-2 positive, n = 1,373; other
respiratory pathogen positive, n
= 1,002; total N = 7,476). Results
included are not mutually exclusive;
there were 23 co-infections
between SARS-CoV-2 and another
respiratory pathogen included.
Included are only participants with
test results for SARS-CoV-2 and for
other respiratory pathogens. NHPI,
Native Hawaiian/Pacific Islander;
SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2.

Trends

SARS-CoV-2 percentage positivity first peaked at
30.0% during late July 2020, decreased to a low of
10.5% during October, and peaked at its highest
point of 41.0% during early January 2021 (Figure 2).
Percentage positivity then decreased to a plateau
during February and March (weekly percentage
range 10.0%–16.3%) before increasing again during
early April (weekly percentage range 28.7%–33.3%)
and then decreasing to ≈10% during June. The
decrease from January through March 2021 is probably
overestimated because data from the county with the
highest consistent percentage positivity had to be excluded during that time due to issues with enrollment.
Respiratory panel positivity remained <5% from
May 2020 through mid-August and then increased to
a peak of 19.4% during November, decreased to a low
of 4.2% during early January 2021, and then increased
to 52.7% during late May (Figure 2). Before March
2021, rhinoviruses/enteroviruses made up 96.9% of
respiratory panel–positive results. However, during
March–June 2021, this value decreased to 72.2%, primarily because of an increase in non-COVID-19 coronaviruses during that time (Appendix Figure).
Demographic and Epidemiologic Characteristics

Among 8,662 participants tested for SARS-CoV-2,
most (60.4%) were women; median age was 35 years
14

(interquartile range 22–50 years), and 57.4% reported
Latino ethnicity (Table 1). When we compared the
CalSRVSS population with that of the general California population, children <18 years of age, male participants, and persons of most race/ethnicities other
than Latino were underrepresented in CalSRVSS,
whereas for persons 18–49 years of age, women and
Latino persons were overrepresented in CalSRVSS
(Figure 3).
Of those persons who had data, 22.2% of tested
persons reported contact with a COVID-19 case <14
days before illness onset, and 19.5% reported travel
outside of their county of residence in the month
before illness onset. Among 7,729 patients >16 years
of age who had data available for the related questions (numbers varied by county), 68.5% reported
being employed, and 64.6% reported working in
the month before onset, 76.1% of whom worked
outside the home. Adequate data for occupational
category coding were available for 2,384 employed
persons (Table 1).
Percentage positivity of SARS-CoV-2 and the respiratory panel (primarily composed of rhinovirus/
enterovirus–positive results) varied by demographic
group (Figure 4; Appendix Table 1). The highest percentages of positivity for SARS-CoV-2 were among
participants reporting to be 35–49 years of age (22.9%)
and 5–17 years of age (22.1%), whereas respiratory
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panel percentage positivity decreased consistently
with increasing age (range 41.9%–5.2%). Persons of
Latino race/ethnicity had the highest SARS-CoV-2
percentage positivity (25.1%) and the second highest
respiratory panel percentage positivity (14.3%), after
other race (15.1%).
Clinical Manifestations

At the time of specimen collection, 6,542 (77.7%) persons reported >1 symptom, of whom 1,498 (22.9%)
had a positive SARS-CoV-2 result. Among these
symptomatic persons with a positive SARS-CoV-2
result, 36.0% reported contact with a COVID-19 case.
SARS-CoV-2 was also detected in 9.8% of specimens
from persons without symptoms, of which 43.9% reported contact with a COVID-19 case.
For participants with a positive SARS-CoV-2
result only, 87.3% reported >1 symptom; the most
common symptoms were cough (55.6%), headache
(48.6%), muscle aches (44.5%), sore throat (37.4%),
and fever (35.3%) (Figure 5). Among participants
positive for rhinovirus/enterovirus or a non–COVID-19 coronavirus, 93.5% and 99.1%, respectively,
reported >1 symptom; the most common symptoms
for persons with either pathogen were cough, sore
throat, and runny nose. Although loss of taste and
smell was most common among patients with a
positive SARS-CoV-2 result (26.6%), this symptom
was also reported among persons positive for rhinovirus/enterovirus or non–COVID-19 coronaviruses
(≈9% for both groups). Shortness of breath was reported among ≈13%–16% of patients who had a positive result for SARS-CoV-2, rhinovirus/enterovirus,
or non–COVID-19 coronavirus and by persons who
had negative results for any pathogen tested.
Among the SARS-CoV-2–positive persons, 29.0%
met the ILI clinical case definition and 25.4% met the
CLI definition (Appendix Table 2). A smaller proportion of persons positive for non–COVID-19 coronavirus met the ILI (21.1%) or CLI (17.4%) criteria, and
even less of those positive for rhinovirus/enterovirus met either definition (17.2% for ILI and 13.6% for
CLI). Specificity, however, exceeded 80% for the ILI
and CLI definitions for SARS-CoV-2, rhinovirus/enterovirus, or a non–COVID-19 coronavirus.
Risk for SARS-CoV-2 Positivity

Adjusted regression analyses showed that risk for
a positive SARS-CoV-2 test result was greater for
persons who reported being male (adjusted RR [aRR]
1.16, 95% CI 1.05–1.29) compared with persons who reported being female, persons 35–49 years of age (aRR 1.27,
95% CI 1.12–1.44) compared with persons 18–34 years of

Figure 5. Percentage of participants who had each collected
symptom and meeting clinical case definitions for influenza-like
illness and COVID-like illness among persons infected with SARSCoV-2 and select respiratory panel pathogens, California, USA,
from specimens collected through the California SARS-CoV-2
and Respiratory Virus Sentinel Surveillance program during May
10, 2020–June 12, 2021 (SARS-CoV-2 positive, n = 1,350; other
respiratory pathogen positive, n = 973; total, N = 7,447). Results
included are mutually exclusive: a SARS-CoV-2‒positive person
was negative for all other respiratory pathogens and vice versa. Coinfections between SARS-CoV-2 and other respiratory pathogens
(n = 23) and multiple respiratory pathogen infections (n = 7)
were excluded. Included are only participants with test results for
SARS-CoV-2 and for other respiratory pathogens. Non–COVID-19
coronavirus, coronaviruses other than SARS-CoV-2; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2.
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Table 2. Relative risks of a positive SARS-CoV-2 test result by patient demographic and epidemiologic characteristics, crude and
adjusted, in a surveillance system for SARS-CoV-2 and other respiratory pathogens, California, USA, May 10, 2020–June 12, 2021*
Characteristic
Crude relative risk (95% CI)
Adjusted relative risk (95% CI)
Sex†
F
Referent
Referent
M
1.10 (1.01–1.20)
1.16 (1.05–1.29)
Age category, y
<1–4
0.62 (0.44–0.88)
0.55 (0.37–0.82)
5–17
1.03 (0.88–1.20)
1.03 (0.86–1.23)
18–34
Referent
Referent
5–49
1.30 (1.17–1.44)
1.27 (1.12–1.44)
50–64
0.93 (0.82–1.06)
1.06 (0.91–1.23)
>65
0.72 (0.58–0.88)
1.09 (0.86–1.38)
Race/ethnicity§
White
Referent
Referent
Latino/Hispanic
3.13 (2.71–3.61)
2.35 (1.99–2.77)
Asian
1.45 (1.10–1.90)
0.99 (0.73–1.34)
Black
1.45 (0.97–2.18)
1.10 (0.71–1.70)
American Indian
1.28 (0.50–3.25)
1.23 (0.46–3.32)
Native Hawaiian/Pacific Islander
1.59 (0.63–3.98)
1.39 (0.52–3.76)
Multirace
1.37 (0.75–2.49)
1.21 (0.64–2.29)
Other race
1.66 (1.19–2.32)
1.25 (0.86–1.81)
Contact with COVID-19 case-patient¶
2.04 (1.86–2.24)
1.89 (1.67–2.15)
Underlying conditions#**
Current or former smoker
0.71 (0.60–0.84)
0.87 (0.72–1.06)
Obesity
1.44 (1.26–1.65)
1.24 (1.03–1.48)
Asthma
0.74 (0.61–0.89)
0.76 (0.61–0.95)
Diabetes
1.30 (1.10–1.53)
1.23 (1.00–1.52)
Hypertension
1.05 (0.87–1.27)
1.10 (0.87–1.39)
Occupation category††‡‡
Transportation
1.86 (1.38–2.51)
1.60 (1.09–2.35)
Farming, fishing and forestry
1.37 (0.96–1.95)
1.28 (0.81–2.04)
Construction and extraction
1.64 (1.32–2.05)
1.25 (0.93–1.69)
Building and grounds cleaning and
1.39 (1.09–1.79)
1.14 (0.84–1.54)
maintenance
Production and manufacturing
1.14 (0.78–1.67)
1.04 (0.67–1.62)
Office and administrative support
0.78 (0.57–1.08)
1.01 (0.70–1.46)
Material moving
1.36 (0.86–2.13)
1.01 (0.58–1.77)
Food preparation and serving related
1.07 (0.86–1.33)
0.98 (0.76–1.28)
Sales and related
1.07 (0.85–1.34)
0.99 (0.76–1.29)
Personal care and service
0.88 (0.65–1.20)
0.94 (0.65–1.34)
Installation, maintenance, and repair
1.14 (0.69–1.88)
0.94 (0.53–1.69)
Protective service
0.99 (0.67–1.46)
0.93 (0.59–1.46)
Education, training and library
0.60 (0.34–1.08)
0.80 (0.41–1.56)
Healthcare support
0.72 (0.41–1.25)
0.78 (0.42–1.46)
Management
0.50 (0.28–0.91)
0.77 (0.41–1.45)
Healthcare practitioners and technical
0.29 (0.13–0.64)
0.42 (0.17–1.04)

*The 8,662 participants were selected from the California SARS-CoV-2 and Respiratory Virus Sentinel Surveillance program. Corresponding relative risks
and 95% CIs were calculated by using mixed effects Poisson regression, both unadjusted and adjusted for sex, age (categorical), race/ethnicity, and
county of testing site, allowing for random effects at the county level. COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
†Excluding participants who had missing information for these variables and excluding those of other sex.
§If participant ethnicity was reported as Latino/Hispanic (Latino) then race/ethnicity was listed as Latino; otherwise, race/ethnicity was listed as the
reported race.
¶Within the 14 days before onset.
#Referent group was persons without the select characteristic or underlying condition.
**Age was restricted to participants >18 of age for diabetes, smoking, and hypertension and to participants >5 y for obesity and asthma.
††Within the month before onset.
‡‡Age was restricted to participants >16 years of age for all occupation category models. Referent group for occupation category was persons with all
other reported and coded occupations.

age, or Latino persons (aRR 2.35, 95% CI 1.99–2.77) compared with White persons (Table 2). SARS-CoV-2 risk
was lower among persons reporting asthma (aRR 0.76,
95% CI 0.61–0.95) and higher among those reporting
obesity (aRR 1.24, 95% CI 1.03–1.48). The occupation category for transportation, which includes truck drivers,
delivery workers, and passenger transportation drivers,
16

was the only occupation strongly associated with SARSCoV-2 positivity in the adjusted analysis (aRR 1.60,
95% CI 1.09–2.35). However, persons reporting several
other occupations had aRRs >1, including persons involved in farming, fishing, forestry, construction and
extraction, building, grounds cleaning and maintenance, and production and manufacturing.
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Discussion
During May 2020–June 2021, the temporal pattern
of SARS-CoV-2 positivity among CalSRVSS participants was largely consistent with overall California
COVID-19 surveillance data, supporting the idea
that sentinel surveillance can provide an accurate
representation of trends (3). However, CalSRVSS
SARS-CoV-2 test positivity (total 19.6%, weekly
range 0%–41.0%) was typically higher than that for
general state surveillance data, which had a 7-day
percentage positivity peak of 17.1% in late December
2020 (3). This difference was probably attributable
to CalSRVSS testing of more symptomatic persons
and focus on sentinel sites in communities disproportionately affected by COVID-19, such as those
serving a high percentage of Latino persons, uninsured/underinsured or underserved populations,
persons lacking sufficient access to testing, and persons working outside the home.
Similar to other rhinovirus/enterovirus data
collected in California during 2020 and 2021, rhinovirus/enterovirus percentage positivity from CalSRVSS was lower than is typical in California during
May–August 2020, which is often a peak time for viral
transmission with maximums of 20%–30% positivity
during May and June (4,5). This decrease in rhinovirus/enterovirus activity might have been caused by
widespread implementation of nonpharmaceutical
interventions to curb the spread of COVID-19, including masking and the closure of schools and many
workplaces. Competition with or interference by the
SARS-CoV-2 virus, which peaked over the summer,
might have also contributed.
Unlike the spring and summer months of 2020,
rhinovirus/enterovirus activity during September–
June 2021 (weekly median percentage positivity
15.1%, range 3.6%–31.1%) was only slightly below
usual levels in California (typically ranging from ≈5%
to 30%) (5). It is unclear why rhinovirus/enterovirus
levels returned close to usual levels after the summer of 2020, although loosening of some COVID-19
restrictions or of adherence to restrictions might have
contributed. Fall and winter peaks and troughs in
rhinovirus/enterovirus activity were consistent with
usual rhinovirus/enterovirus seasonality in California, peaking in October–November and again in
May; however, these peaks and troughs occurred at
opposite times as those for COVID-19, which peaked
in August and December (5). In general, nonoverlapping peak incidence between other respiratory viruses has been reported in previous studies; suspected
contributing factors included replication conflicts and
protective antibody interference (10). It is not yet clear

whether rhinovirus/enteroviruses and COVID-19 interact in this manner.
Other respiratory pathogen activity was much
lower than usual in California, except for non–
COVID-19 coronavirus activity during the spring of
2021. Typically, in California, non–COVID-19 coronavirus activity peaks in winter, decreasing to minimal
levels over the late spring and summer (5). CalSRVSS
detected non–COVID-19 coronaviruses during May
2020–February 2021 in only 11 specimens, which increased to >100 specimens during March–June 2021.
For all other respiratory pathogens, there were <10
detections of each (adenovirus, metapneumovirus,
mycoplasma, parainfluenza, and RSV) during May
2020–June 2021 (5). No influenza virus was detected
despite systematic testing of >7,000 specimens; these
results were consistent with low influenza activity
reported from other California surveillance systems
and throughout the United States (4). Similar to findings from other studies, these results showed limited
evidence of co-infection between SARS-CoV-2 and
other respiratory pathogens (11).
This system focused primarily on testing mildly
symptomatic or asymptomatic persons, which might
have contributed to the absence of influenza detections and predominance of rhinovirus/enterovirus.
In addition, the relatively small percentage of children included (13.2% <18 years of age) might account
for some of the low incidence of other respiratory viruses that are typically detected among children, including RSV. It will be useful to clarify how influenza
vaccination and continued use of nonpharmaceutical
interventions to prevent COVID-19, such as mask
wearing and staying home when sick, affects the incidence of respiratory illnesses, including influenza,
during the winter of 2021–22.
For SARS-CoV-2 positivity, all non-White racial/ethnic groups, except Asian, showed potential
increased risks compared with White persons; aRRs
ranged from 1.10 to 2.35. However, adjusted risk was
only significant for persons reporting Latino ethnicity (aRR 2.35). Latino persons were the most common
racial/ethnic group among persons positive for
SARS-CoV-2 in both CalSRVSS (78.5%) and in general California COVID-19 surveillance data (56.2%
as of June 12, 2021), although they make up only
38.9% of the California population (3). The increased
COVID-19 burden in Latino populations in California
might also be associated with effects of structural racism that increase risk for COVID-19 incidence and illness, including underlying health conditions, higher
rates of poverty, essential worker status, and crowded multigenerational households (12,13).
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This analysis provided additional evidence of
the broad manifestations of mild and asymptomatic COVID-19, including a high proportion of patients who did not have fever or shortness of breath
but instead had a limited number of more mild
symptoms (e.g., cough, headache, muscle aches,
sore throat). The commonly used ILI and CLI syndromic clinical case definitions were highly specific
for COVID-19; however, they had low sensitivity.
Syndromic surveillance systems using ILI or CLI
case definitions are probably missing a large proportion of COVID-19 patients who have mild or asymptomatic disease.
Obesity, which has been established as a risk
factor for COVID-19 and associated with severe outcomes, was strongly associated with SARS-CoV-2
positivity in CalSRVSS (14). Asthma was associated
with a decreased risk for showing positive test results
in CalSRVSS, which is consistent with several other
studies that found a negative association between
asthma and SARS-CoV-2 positivity (15).
Several occupations that are typically essential worker occupations, including transportation
(significant in adjusted analysis), farming, fishing, forestry, construction of buildings, cleaning
and maintenance of grounds, and production and
manufacturing, showed potential increased SARSCoV-2 positivity risk, and these occupations align
with those identified as having highest excess mortality rates during the pandemic in California (16).
These occupations often require work outside the
home in environments in which social distancing
and effective workplace controls might be challenging, and they might also include high proportions
of male and Latino workers, who are disproportionately affected by COVID-19 (17). On November 30, 2020, California approved California Division of Occupational Safety and Health emergency
temporary standards for COVID-19 infection prevention requiring procedures such as physical distancing, use of face coverings, SARS-CoV-2 testing,
and outbreak reporting in workplaces across the
state (18). Further studies to identify workplace
risk factors and the effect of emergency standards
on occupational disease burden in California
are warranted.
The first limitation of our report is that data
were obtained from a convenience sample and
might be biased toward persons with health-seeking
behaviors. Several sites specifically targeted areas
with low testing volumes or areas with high-risk
populations, so findings might not be generalizable.
Sites were also asked to primarily enroll symptom18

atic patients (ideally <20% reporting no symptoms).
Depending on site capacity, data were collected by
using different methods (i.e., self- or clinician/interviewer-administered surveys conducted pretesting, onsite, or after testing), and some sites were not
able to gather all requested variables. Respiratory
panel testing was limited to mostly viral pathogens.
Finally, because of low sample size for some characteristics, especially individual occupations, power
to detect significant associations with SARS-CoV-2
positivity was limited.
CalSRVSS data have thus far paralleled overall
statewide trends for SARS-CoV-2 and have provided insight into risk factors that are not available
from routine surveillance, such as information about
employment. Strengths of CalSRVSS include that it
is an active sentinel system with prospective and enhanced data collection that occurs at time of specimen collection. In addition, CalSRVSS is the only
COVID-19 surveillance system in California capable
of integrating person-level enhanced data (demographic, clinical, exposure) with SARS-CoV-2 and
other respiratory pathogen laboratory results. Starting in the summer and fall of 2021, we also began
integrating California Immunization Registry COVID-19 vaccine status and SARS-CoV-2 whole-genome sequencing results into CalSRVSS data. As the
pandemic continues, CalSRVSS will be a useful system for monitoring the trajectory of the pandemic,
especially if routine SARS-CoV-2 testing and screening decreases and as another fall/winter respiratory
illness season approaches.
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Since 2012, the United States has reported a distinct
syndrome of acute flaccid paralysis (AFP) with anterior
myelitis, predominantly in children. This polio-like syndrome was termed acute flaccid myelitis (AFM). Australia routinely conducts AFP surveillance to exclude
poliomyelitis. We reviewed 915 AFP cases in Australia
for children <15 years of age during 2000‒2018 and reclassified a subset to AFM by using the US Council of
State and Territorial Epidemiologists case definition. We
confirmed 37 AFM cases by using magnetic resonance
imaging findings and 4 probable AFM cases on the basis of cerebrospinal fluid pleocytosis. Nonpolio enteroviruses were detected in 33% of AFM cases from which
stool samples were tested. Average annual AFM incidence was 0.07 cases/100,000 person-years in children
<15 years of age. AFM occurred sporadically in Australia before 2010 but regularly since then, indicating sustained, albeit rare, clinical manifestation in children. The
AFP surveillance system in Australia is well-positioned to
identify future AFM cases.

D

uring 2012 and 2014, reports of a distinct syndrome of acute flaccid paralysis (AFP) with
inflammation of the spinal cord restricted predominately to the gray matter occurred in children in the
United States (1,2). Clinicians referred to these patients as having a polio-like syndrome because stool
samples were negative for polioviruses. To avoid
confusion with poliomyelitis, clinicians called the
syndrome acute flaccid myelitis (AFM). During August 2014, the US Centers for Disease Control and
Prevention (CDC) put out a national call for cases of
AFM and, during 2015, began passive surveillance
for the condition under a standardized case definition (3). By August 2021, a total of 665 cases were
reported (4). Outbreaks occurred biennially in late
summer to autumn during 2014 (120 cases), 2016 (153
cases), and 2018 (238 cases) (5). A smaller number of
AFM cases were reported from Europe, Asia, South
America, Africa, and Oceania (6). The anticipated biennial outbreak in 2020 did not materialize, probably
affected by coronavirus disease restrictions, such as
mask wearing and physical distancing.
Children who have AFM show acute flaccid limb
weakness, typically with asymmetric onset, affecting
the arms more than the legs and proximal muscles
more than distal muscles, with or without cranial
nerve involvement (7). Patients frequently have an
acute antecedent illness, most commonly respiratory.
Analysis of cerebrospinal fluid (CSF) often shows
an increased leukocyte count, supporting an infectious etiology. Although uncommon, AFM can be
life-threatening. The health of affected patients can
deteriorate quickly; >50% of children in the United

States are admitted to an intensive care unit, and 1/4
of these children require mechanical ventilation (3).
The standard for confirming a central nervous
system viral infection is amplification of viral nucleic
acid from CSF or detection of specific antibodies in
the CSF (8,9). Detection of viral nucleic acid can be
insensitive because the virus might have already
been cleared from the CSF between the period of illness onset and the paralysis that prompts a lumbar
puncture (10). The CDC detected nonpolio enteroviruses (NPEV) enterovirus D68 (EV-D68), enterovirus
A71 (EV-A71), and coxsackievirus A16 in the CSF in a
small number of patients, although NPEV were more
often detected in specimens from other sites (3,11).
AFP Surveillance
AFP surveillance began in Australia during 1995 by
the Australian Paediatric Surveillance Unit (APSU) as
part of Australia’s commitment to the global eradication of poliomyelitis (12). Every month, the APSU
sends report cards to ≈1,500 pediatricians and other
child health specialists in urban, rural, and remote regions, inquiring whether or not they have seen a newly diagnosed patient who has AFP and other selected
conditions under surveillance (13). Since 2000, the
monthly response rate has been >90%. In late 2007,
the Paediatric Active Enhanced Disease Surveillance
(PAEDS) network was established in tertiary hospitals to identify children hospitalized because of AFP
and to complement the existing APSU surveillance.
The aim of PAEDS was to help maintain the annual
detection rate of AFP for Australia (the World Health
Organization [WHO] target is at least 1 nonpolio AFP
case/100,000 children <15 years of age/year), improve stool collection (the WHO target for a polio-free
country is 2 stool samples within 14 days of symptom
onset for >80% of nonpolio AFP cases), and assist in
excluding poliovirus infection. PAEDS nursing staff
identify AFP cases by actively screening hospital admissions at sentinel sites and matching hospital data
with the AFP case definition. The APSU and PAEDS
network have research ethics committee approval,
and both operate under a waiver of consent.
Stool samples from AFP cases are sent to the
National Enterovirus Reference Laboratory (NERL),
which performs virus culture for the isolation of poliovirus and screens specimens for enterovirus RNA
and reverse transcription PCR. The Polio Expert
Panel (PEP) is convened 6 times a year to review and
classify cases as poliomyelitis, polio-compatible, or
the most likely clinical diagnosis for nonpolio AFP
cases by using clinical and laboratory data and expert judgement.
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In the past few decades, many high-income
countries, including the United States and the
United Kingdom, have failed to meet the annual
WHO AFP target because of progressive decreases
in reported cases. With the apparent emergence of
AFM, the PEP recognized that the longstanding AFP
surveillance system of Australia, in a high-income
setting, afforded a unique opportunity to retrospectively analyze existing data and apply the new AFM
case definition to identify cases or clusters of AFM
that might have occurred in Australia. We describe
the epidemiology, clinical, and diagnostic characteristics of these AFM cases.
Methods
We reviewed 915 confirmed AFP cases reported to
the AFP surveillance system from the APSU during
2000–2018 and the PAEDS network during 2008–2018
(Figure 1). Case reports included patient demographics, clinical features, diagnostic summary reports
(magnetic resonance imaging [MRI], nerve conduction studies [NCS], and electromyograms [EMG]),
and the final diagnosis assigned by the PEP. When
duplicate reports were identified, questionnaires
from all reporting pediatricians were consolidated
into a single record for analysis. We identified cases
of AFM by applying the US Council of State and Territorial Epidemiologists case definition to all AFP
cases (14). A confirmed AFM case was required to
have acute onset of flaccid limb weakness and confirmatory laboratory evidence by MRI showing a spinal
cord lesion restricted largely to gray matter and spanning >1 spinal segments. A probable AFM case was
required to have an acute onset of flaccid limb weakness and supportive laboratory evidence of CSF with
pleocytosis (leukocyte count >5 cells/mm3).
The PEP, which includes neurologists, reviews all
MRI reports for patients upon initially classification
of cases as poliomyelitis, polio-compatible, or nonpolio AFP. For this analysis, we re-reviewed all MRI reports by using CDC definitions for AFM criteria. MRI
spinal cord reports with terms such as affecting mostly gray matter, affecting the anterior horn or anterior
horn cells, affecting the ventral horns, affecting the
central cord, anterior myelitis, or poliomyelitis (with
no supporting laboratory detection of polio) were all
considered AFM-consistent terminology (i.e., a spinal
cord lesion restricted largely to gray matter). Almost
all MRIs were performed at children’s hospitals, and
reporting was done by pediatric radiologists with the
requisite expertise to delineate such changes. There
were no cases of wild poliovirus–associated poliomyelitis, and only 1 case involved a Sabin vaccine strain
22

of poliovirus during the study period, which was excluded. Members of the PEP reviewed and confirmed
cases as meeting AFM diagnostic criteria.
We used Stata 13 (StataCorp LLC, https://www.
stata.com) for descriptive analyses and calculated
annual AFM incidence rates by using population
denominator data cubes from the Australian Bureau
of Statistics (Australian Historical Population Statistics and Estimated Resident Population for 2017 and
2018). The study was approved by the Australian
National University Human Research Ethics Committee (2019/472).
Results
We identified 37 confirmed AFM cases on the basis
of MRI findings and 4 probable AFM cases on the
basis of pleocytosis in CSF. The original diagnoses
of the 37 cases newly classified AFM cases included
17 (42%) cases of transverse myelitis, 12 (29%) cases
of anterior horn cell disease, 9 (22%) cases of acute
disseminated encephalomyelitis, 2 (5%) cases of Hopkins syndrome, and 1 (2%) case of myeloradiculitis.
Cases of AFM accounted for 4% (41/915) of all confirmed AFP cases reported to the surveillance system
in Australia. AFM was rare when compared with the

Figure 1. Flowchart of AFM reclassification using the AFP
surveillance system, Australia, 2000‒2018. AFM, acute flaccid
myelitis; AFP, acute flaccid paralysis.
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most common diagnoses associated with AFP, which
were Guillain–Barré syndrome (338 [37%] of 915),
transverse myelitis (144 [16%] of 915), and acute disseminated encephalomyelitis (104 [11%] of 915).
AFM showed a near equal sex distribution, and
the median age of onset was 4.07 (interquartile range
2.27–9.27) years (Table 1). A confirmed or probable
prodromal illness was detected in 21 (51%) of 41
AFM cases. When a laboratory confirmation of an
infection was reported, most (5/6, 83%) were upper respiratory tract infections. Bilateral lower limb
paralysis was the most frequent site of weakness
Table 1. Characteristics of cases of acute flaccid myleitis for 41
children <15 years of age, Australia, 2000‒2018*
Characteristic
Value
Sex
M
19 (46.3)
F
22 (53.7)
Median age, y, at onset (range)
4.07 (0.25–14.08)
Prodromal illness
Confirmed
6 (14.6)
Probable
15 (36.6)
No
13 (31.7)
Unknown
7 (17.1)
Confirmed specified
URTI
5 (83.3)
Gastrointestinal
1 (16.7)
Site of paralysis
Known
39 (95.1)
Unknown
2 (4.9)
Site of paralysis, upper limbs
Unilateral
11 (28.2)
Bilateral
3 (7.7)
Site of paralysis, lower limbs
Unilateral
3 (7.7)
Bilateral
13 (33.3)
Site of paralysis, upper and lower limbs
Unilateral
5 (12.8)
Bilateral
4 (10.3)
Bulbar/cranial nerve palsy
Yes
14 (34.1)
No
26 (63.4)
Unknown
1 (2.4)
Reduced sensation
Yes
6 (14.6)
No
34 (82.9)
Unknown
1 (2.4)
Bladder/bowel dysfunction
Yes
17 (41.5)
No
15 (36.5)
Unknown
9 (22.0)
Median CSF protein level, g/L (range)
0.43 (0.11–1.18)
Elevated CSF protein level >0.55 g/L
Yes
8 (19.5)
No
29 (70.7)
Unknown
4 (9.8)
Median CSF leukocyte count/mm3 (range)
38 (0–267)
Pleocytosis >5 cells mm3
Yes
33 (80.5)
No
3 (7.3)
Unknown
5 (12.2)
*Values are no. (%) unless otherwise indicated. CSF, cerebrospinal fluid;
URTI, upper respiratory tract infection.

(13/39, 33%), followed by unilateral upper limb paralysis (11/39, 28%). A total of 34% (14/41) of AFM
cases had bulbar or cranial nerve palsy. Sensation
was typically intact (34/41, 83%); however, bladder
or bowel dysfunction occurred in 41% (17/41). We
found pleocytosis in 80% (33/41) of AFM cases. The
median CSF leukocyte count was 38 leukocytes/
mm3. An elevated protein level (>0.55 g/L) in CSF
was observed for 20% (8/41) of cases.
MRI reports were available for 90% (37/41) of
AFM cases, and all reports included terminology
equivalent to a spinal cord lesion or lesions restricted
mainly to the gray matter of the spine (Table 2). When
the spinal region was specified, most (12/33, 36%) lesions were localized to the cervical spine, followed by
longer lesions spanning the cervical-to-thoracic (7/33,
21%) and cervical-to-lumbar regions (7/33, 21%). An
abnormal brain MRI was observed for 19% (7/37)
of AFM cases. A total of 37% (11/37) of MRI reports
(11/37) indicated abnormalities in the conus medullaris and spinal nerve roots of the cauda equina. NCS
(14/41, 34%) and EMG (10/41, 24%) results were infrequently reported. Of the 14 cases in which NCS
were performed, half of results were normal (7/14,
50%), 29% (4/14) were abnormal (including 2 case
reports that did not describe the abnormality), and
21% (3/41) had no report. All abnormal NCS results
indicated changes in motor amplitudes, suggesting
active denervation or early recovery from mild denervation. A total of 60% (6/10) of EMG studies had
abnormal results, 20% (2/10) had normal results, and
20% (2/10) had no report.
The annual frequency of AFM case counts
ranged from 0 to 7 (Figure 2). We detected AFM
during 2000–2001, 2004, and every year from 2010
on. Peaks in AFM occurred in 2001 (5 cases), 2013
(7 cases), 2016 (6 cases), and 2018 (7 cases). The average annual AFM incidence during 2000–2007 was
0.03 cases/100,000 person-years in children <15
years of age. After inclusion of the PAEDS sites,
we found that average annual AFM incidence during 2008–2018 was 0.07 cases/100,000 person-years
in children <15 years of age. The absence of cases
during 2002–2003 and 2005–2009 appeared genuine
because of the sensitive nature of the AFP case definition required to identify poliomyelitis cases. AFM
cases occurred in all Australia jurisdictions, except
the Australian Capital Territory. No spatial clustering at the postal code level was identified.
A total of 73% (30/41) of AFM cases had stool
specimens sent to the NERL for enterovirus culture,
reverse transcription PCR, and typing by sequencing a fragment of the viral protein 1 genomic region.
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Nonpolio enteroviruses were reported from 33%
(10/30) of cases, including EV-A71 (6 cases, 20%), EVD68 (2 cases, 7%), echovirus 7 (1 case, 3%), and echovirus 19 (1 case, 3%). All enteroviruses were detected
in stool samples except for 1 EV-D68 case, which was
identified in an additional respiratory specimen. The
B4 and C4 subgenotypes of EV-A71 were detected in
AFM cases during 2000 and 2013, respectively, as part
of known EV-A71 outbreaks; and subgenotypes B5,
C4, and C6 were detected sporadically in AFM cases
during 2015, 2017 and 2018, respectively (Figure 2).
Enterovirus-D68 subgenotype B3 was detected in an
AFM case during 2016 and 2018. March (early autumn) was the most common month for AFM cases (7
cases), followed by February (late summer) and October (mid-spring) (5 cases each). (Figure 3).
Discussion
Acute flaccid myelitis was described in the United
States during 2012 (3). Countries in Europe, Asia
and the Americas later detected cases. Using data
from the AFP surveillance system in Australia, we
identified that AFM occurred in Australia in the early 2000s and was associated with outbreaks of EVA71 infection; and hand, foot, and mouth disease,
and that sustained detection of AFM occurred after
from 2010 was associated with EV-A71, EV-D68,
echovirus 7, and echovirus 19.
After the PAEDS network was introduced to the
AFP surveillance system, we calculated that the average incidence of AFM in children <15 years of age
was 0.07 cases/100,000 person-years. The highest
peak during 2013, which was 0.16 cases/100,000 person-years, coincided with an outbreak of EV-A71 in
metropolitan Sydney (15). In a cohort study of children 1–18 years of age in northern California, USA,
the estimated incidence of AFM increased from 0.30
cases/100,000 person-years to 1.43 cases/100,000
person-years during 2011–2016 (16). When Elrick
et al. re-evaluated 45 cases in the United States that
met the AFM case definition; they found that 11 cases (24%) had alternative diagnoses (e.g., transverse
myelitis, spinal cord ischemia, other demyelinating syndromes, polyradiculoneuropathy, meningitis, and Chiari I malformation) (17). This finding
suggests that incidence rates of AFM in the United
States might be inflated by other conditions associated with acute paralysis.
We postulate that the lower incidence of AFM in
Australia might occur because the AFP surveillance
system reports all cases of AFP, not solely AFM, and
that the PEP clinically reviews all cases and considers a range of differential diagnoses simultaneously.
24

Table 2. Characteristics of cases of acute flaccid myelitis, by
magnetic resonance imaging, for 41 children <15 years of age,
Australia, 2000‒2018*
Characteristic
No. (%)
Magnetic resonance conducted
Yes
37 (90.2)
No
4 (9.8)
Unknown
0
Brain abnormal
Yes
7 (18.9)
No
30 (81.1)
Brain region
White
1 (14.3)
Gray
1 (14.3)
Both
5 (71.4)
Brain stem abnormal
Yes
5 (13.5)
No
32 (86.5)
Spinal cord abnormal
Yes
33 (89.2)
Yes, no regional details
4 (10.8)
Spinal cord region abnormal
Cervical
12 (36.4)
Thoracic
3 (9.1)
Lumbar
2 (6.1)
Cervical-thoracic
7 (21.2)
Thoracic-lumbar
2 (6.1)
Cervical-thoracic-lumbar
7 (21.2)
Restricted to gray matter
Yes
37 (100.0)
No
0
Conus and roots abnormal
Yes
11 (29.7)
No
26 (0.3)

Although incidence rates based on small numbers
should be interpreted with caution, we believe that
presenting them enables a comparison of AFM incidence between countries and a baseline for future epidemiologic studies in Australia. The uptick in AFM
detection from 2013 on supports the apparent increase in circulating, neuroinvasive, nonpolio enteroviruses internationally (15,18). However, the increase
might also be caused by increased awareness about
the AFM by pediatricians or increased availability of
diagnostic MRI.
Identifying of the causative agent of AFM in CSF
samples has proven elusive in most cases. However,
the Bradford Hill criteria support a causal relationship between EV-D68 and AFM (19). The challenge
to detect enterovirus RNA in CSF led Schubert et al.
(9) to use pan-viral serologic analysis. They assessed
the CSF from children with AFM against other pediatric neurologic controls for intrathecal antiviral
antibodies. They found that 69% of AFM cases had
elevated levels of antibodies against enteroviruses
compared with 7% for controls (9). In the absence
of direct detection of a pathogen by using molecular techniques, pan-viral serologic analysis might
provide evidence that nonpolio enteroviruses play a
causal role in AFM.
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Figure 2. Annual number
of cases of AFM and rate
(per 100,000 persons) in 41
children <15 years of age
and enteroviruses identified
in stool specimens, Australia,
2000‒2018. Horizontal
arrows indicate years when
surveillance for AFM was
conducted by the APSU
and by both APSU and
PAEDS. AFM, acute flaccid
myelitis; APSU, Australian
Paediatric Surveillance Unit;
E, echovirus; EV, enterovirus;
PAEDS, Paediatric Active
Enhanced Disease
Surveillance Network.

During 2014, a nationwide outbreak of EV-D68
respiratory disease was associated with a large outbreak of AFM in the United States (20). In Australia,
AFP surveillance detected EV-D68 during 2008, and
peaks of activity occurred during 2011 and 2013 in
laboratory-based enterovirus surveillance (21). EVD68 was detected in 1 stool specimen associated with
an AFM case in July 2018, and a review of PAEDS
data for 2007–2017 found EV-D68 in a respiratory
specimen of another AFM case during March 2016
(22). Both viruses were identified as EV-D68 subgenotype B3, which was detected in increasing numbers
in Europe and the United States during 2016 (23,24).
The NERL reported 4 other detections of EVD68 in stool specimens from AFP cases during 2010

(1 case, genotype A), 2016 (1 case, subgenotype B3),
and 2018 (2, subgenotype B3). The additional cases
were associated with alternative diagnoses other
than AFM, including brainstem encephalitis, Guillain–Barré syndrome, myeloradiculitis, and spinal
cord ischemia, which suggests that infection with
EV-D68 can have a spectrum of severe neurologic
complications, (25), a characteristic also seen with
EV-A71 (26). However, without a positive CSF
specimen, a positive stool specimen does not confirm causation in central nervous system viral infections. Virologic testing of stool specimens is the
standard for poliomyelitis diagnosis, but this approach is problematic for EV-D68. EV-D68 shares
biological characteristics, including temperature
Figure 3. Temporal distribution
of cases of acute flaccid myelitis,
by month and seasonality, in
41 children <15 years of age,
Australia, 2000‒2018. Text over
bars indicates, where applicable,
the associated enterovirus
identified in a stool specimen
and the year of onset of acute
flaccid myelitis. E, echovirus;
EV, enterovirus.
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sensitivity, with genetically related rhinovirus species and grows preferentially in cell culture at 33°C,
rather than 36°C, as was used by the NERL for enterovirus culture of stool specimens (27). EV-D68 is
more likely to be detected in respiratory specimens
than stool specimens (28), and collection of both of
these types of specimens from cases of neurologic
illness would improve rates of enterovirus typing
(29). Worldwide, scientists acknowledge that the
virus is increasingly detected, yet it is not known
whether this increase represents an emerging
pathogen or improved diagnostics (30).
From 2010 on, we observed peaks in AFM every
2–3 years. Southeast Asia typically observes a similar cyclical pattern of EV-A71 outbreaks. Authorities
have assumed this pattern is a birth cohort effect
(i.e., a periodic build-up of sufficiently large populations of susceptible children to sustain transmission) (31). More recently, models from China and the
United States have found that climate, not demography, is a probable driver of enterovirus outbreaks;
the average temperature and amount of water vapor
in the air potentially explains variations in transmission (32,33). Subtyping of EV-A71 in Australia during 2010 and 2011 showed the dominant strain to
be B5 (12). During 2013, a sudden increase in AFP
cases associated with EV-A71 coincided with the
introduction from China and Southeast Asia of the
EV-A71 C4a strain, which was associated with more
severe neurologic complications (15). EV-A71 cases
in our study corresponded to 2 key outbreaks of EVA71 that were described independently during our
surveillance period (15,34). These studies support
the contention that the AFP surveillance system in
Australia can monitor NPEVs associated with AFM
in the future.
Limitations of retrospective identification of
AFM by using the AFP surveillance data include that
underreporting might have occurred because clinicians to diagnose or report AFP to APSU and PAEDS.
However, pediatricians and PAEDS nurses were wellversed in reporting criteria, and clinical and laboratory data provided were usually sufficient to enable the
PEP to confirm the AFP diagnosis and often the cause.
Although the AFP surveillance questionnaire was
standardized, the MRI findings were not reported in
a standardized way. Specifically, because reports did
not report enhancement of the spinal cord restricted
to or predominately involving the gray matter, failure to classify AFP cases as AFM cases was plausible.
Nevertheless, clinical manifestations of AFM showed
similar demographic and clinical features with those
for AFM described elsewhere. Lack of consistent stool
26

samples, CSF collection, and respiratory specimens,
limit our ability to exclude other pathogens. The low
frequency of AFM cases might result in incidence estimates lacking precision and limited additional epidemiologic analyses.
Australia uses the systematic and continuous
collection of AFP cases of the AFP surveillance system to ensure its capability to detect polio importations and maintain its polio-free status under WHO
guidelines. The strengths of the surveillance system
are its longstanding and centralized assessment of
cases by an expert panel. The PEP includes pediatricians, neurologists, virologists, and surveillance
nurses, and there is the ability to reach out to reporting pediatricians for additional patient information
if required. Since 2018, there has been a concerted
effort by the PEP to consider AFM alongside other
neuroanatomical differential diagnoses of AFP in
children, and AFM can now be captured as a final
PEP classification.
Retrospective identification of AFM going back
20 years by using the AFP surveillance system is
novel because many high-income countries have not
maintained an AFP surveillance system that meets
the WHO international surveillance targets. Furthermore, the system enables us to provide an estimate
of AFM incidence in Australia, which was noted to
be rare, but with a sustained occurrence from 2010
on. The AFP surveillance system is well-positioned
to capture cases of AFM in children, and the centralized panel of experts who assess and classify each reported case of AFP are well-placed to monitor future
trends in AFM in Australia.
Members of the Australian Government Department of
Health Polio Expert Panel: David Isaacs, Eppie Yiu, John
Pearn, Shopna Bag, Linda Hobday, Peter McIntyre, and
Monique Ryan.
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AMR Nontyphoidal Salmonella Infec�ons, United States
Among the 1.2 million cases of nontyphoidal Salmonella
infections in the United States each year, only 23,000
patients are hospitalized. Although most Salmonella cases
resolve on their own, patients with severe illness might
require treatment with antimicrobial drugs.
But what happens when treatment doesn’t work?
Antimicrobial resistance among Salmonella is a growing
threat, and public health officials at CDC and beyond are
on a mission to curb its spread before it is too late.
In this EID podcast, Dr. Felicita Medalla, a CDC
epidemiologist, investigates the rising incidence
of AMR nontyphoidal Salmonella in the United States.
Visit our website to listen: h�ps://go.usa.gov/xFZyx
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Rare fungal pathogens are emerging as agents of invasive fungal infections. We analyzed 13 cases of fungal
infections caused by Kazachstania (Arxiozyma) spp.
in Strasbourg University Hospital, Strasbourg, France.
Among the cases, 4 patients had proven fungal disease
(3 cases of invasive fungal disease and 1 mucocutaneous infection) and 9 were colonized by Kazachstania
(Arxiozyma) spp. Candida albicans was also isolated
from 11 of the 13 patients. None of the patients with
proven invasive fungal disease met host criteria, but
most had underlying diseases. All strains were identified as K. telluris by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry, and 3 were
confirmed as K. bovina by internal transcribed spacer
sequencing. For all tested strains, the MICs for fluconazole were >2 µg/mL. Emergence of this rare fungal
infection might be explained by the increasing number of
patients with immunocompromised conditions and gastroesophageal diseases.

I

ncidence of invasive fungal infections (IFI) has increased over the past 2 decades, mostly associated
with candidemia (1). Rare fungal pathogens have also
emerged as agents causing IFI, notably in immunocompromised persons (2).
Kazachstania (Arxiozyma) spp. are ubiquitous
yeasts belonging to the Saccharomycetaceae family. Kazachstania bovina was described as Saccharomyces tellustris in 1957, as Candida bovina in 1958, as Torulopsis
bovina in 1970, and finally as K. bovina in 2005 on the
basis of multigene phylogenetic analyses (3–5). K. bovina belongs to the K. telluris species complex, which
also includes K. pintolopesii, K. sloofiae, K. heterogenica,
and K. telluris (5). Recently, a case of IFI caused by
C. bovina (the former name of K. bovina in humans)
was described (6). We report a case series of fungal infections caused by Kazachstania (Arxiozyma) spp. and
classify them as invasive infections, mucocutaneous
infections, or colonizations. We also describe the antifungal susceptibility testing and the methods used to
identify the species.
This analysis is part of a study of opportunistic infections approved by the institutional ethics
committee of the Hôpitaux Universitatires de Strasbourg. According to regulations in France, the database was declared to the Commission Nationale de
l’Informatique et des Libertés. The study was registered at ClinicalTrials.gov (no. NCT03920735).
Methods
To conduct a retrospective observational study of
Kazachstania spp. infections, we identified all patients in the Strasbourg University Hospital, a 2000bed tertiary-care hospital, who had Kazachstania
30

(Arxiozyma) spp.–positive samples during 2007–2020.
We collected data on demographics, underlying diseases, clinical and radiologic aspects, mycologic results, treatments, and outcomes.
We classified Kazachstania spp. diseases as proven
IFI according to the European Organization for Research and Treatment of Cancer and the Mycoses
Study Group Education and Research Consortium
updated consensus or as mucocutaneous infections
(7). We defined colonization as isolation of Kazachstania spp. from a nonsterile site and absence of associated clinical and radiologic signs.
We incubated blood cultures by using Bactec
Mycosis IC/F Plus Aerobic/F media (Becton Dickinson, https://www.bd.com) at 37°C. Other samples
were incubated at 35°C on Sabouraud chloramphenicol agar or on chromogenic media chromID Candida (bioMérieux, https://www.biomerieux.fr) before
December 2019 and CHROMagar Candida (Becton
Dickinson) thereafter. We used a slide culture on
potato carrot bile medium (Bio-Rad Laboratories,
https://www.bio-rad.com) to microscopically observe K. bovina.
We identified the strains by using matrix-assisted
laser desorption/ionization time-of-flight (MALDITOF) mass spectrometry on a Microflex spectrometer and using BioTyper software (Brüker Daltonics,
https://www.bruker.com). We confirmed species
identification by sequencing the internal transcribed
spacer (ITS) region of the ribosomal DNA with
primers ITS1 and ITS4 (Eurofins Genomics GmbH,
https://eurofinsgenomics.eu) (8). We compared sequences with those in GenBank by BLAST analysis
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and with
those in the Westerdijk Fungal Biodiversity Institute
database (https://www.wi.knaw.nl). We performed
antifungal susceptibility testing by using Etest or
ATB Fungus 3 methods (bioMérieux). The French National Reference Center for Mycoses and Antifungals
tested 1 isolate by using the microdilution method according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines (https://
eucast.org) (RESSIF no. 20319).
Results
We identified 13 patients with Kazachstania (Arxiozyma) spp.– positive samples. We found no temporal or
spatial hospital associations between cases. Median
patient age was 63 (range 40–77) years, and 7 (53.8%)
patients were male (Table 1). Of the 13 patients, 4
had a proven fungal disease, of which 3 were classified as IFI: 1 case of fungemia and pyelonephritis,
1 mediastinitis (Figure 1), and 1 angiocholitis. The
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Table 1. Clinical characteristics of Kazachstania spp. infections and colonizations, Strasbourg, France, 2007–2020*
Patient Age, y/sex
Underlying condition
Exposure
Type of infection
Therapy
1
67/F
Diabetes, endometrial cancer
Pigeon
Fungemia + UTI
FLC + CAS
(remission)
2
63/F
Esophagus squamous cell carcinoma
Pigeon
Mediastinitis after
CAS
gastric ulceration
3
66/M
CDP (endocrine carcinoma), recurrent
NA
Angiocholitis
FLC,
angiocholitis
surgery†
4
84/F
Esophageal achalasia
None
Esophagitis
PPI,
surgery‡
5

68/F

6

46/M

7

59/F

8

40/M

9

51/F

10

60/M

11
12

59/M
77/M

13

66/M

Outcome
Survived
Survived
Survived
Survived

CVID, gastro–jejunal anastomotic
stenosis
Caustic esophageal stenosis,
pneumonia
Systemic scleroderma

NA

Colonization

None

Survived

NA

Colonization

None

Survived

NA

Colonization

None

Former smoker, Staphylococcus
ventilator-associated pneumonia
AutoHSCT for oculo-cerebral NHL

NA

Colonization

None

Died (cardiogenic
shock)
Survived

NA

Colonization

FLC

Survived

Proven Mycobacterium fortuitum
infection
COPD, emphysema, denutrition
Congestive heart failure, ischemic
cardiomyopathy, smoker

NA

Colonization

None

Survived

NA
NA

Colonization
Colonization

None
None

Angioimmunoblastic T-cell lymphoma,
neutropenia, pulmonary tuberculosis

NA

Colonization

None

Survived
Died; multiorgan
failure after cardiac
surgery
Died 5 mo later;
cerebral
toxoplasmosis, T-cell
lymphoma
progression

*AutoHSCT, autologous hematopoietic stem cell transplantation; CDP, cephalic duodenopancreatectomy; CAS, caspofungin; COPD, chronic obstructive
pulmonary disease; CVID, common variable immunodeficiency; FLC, fluconazole; NHL, non-Hodgkin lymphoma; NA, not applicable; PPI, proton pump
inhibitor; UTI, urinary tract infection.
†Degastrogastrectomy and hepatico–jejunal and gastrointestinal anastomosis.
‡Peroral endoscopic myotomy to treat achalasia.

fourth patient had a mucocutaneous infection with
biopsy-proven esophageal infection. Presence of Kazachstania spp. in the other 9 patients was classified as
colonization. Most patients had underlying diseases
that might have favored the infection or colonization, but none of the patients with proven IFI met the
European Organisation for Research and Treatment
of Cancer/Mycoses Study Group Education and Research Consortium host criteria (7). Of note, underlying esophageal pathology was reported for 4 of the
13 patients. Among the 4 patients with proven infections, treatment was caspofungin for 2 and surgery
for the other 2 (in addition to proton pump inhibitor
for 1 patient with esophageal infection) without any
effective antifungal treatment against Kazachstania
spp. The outcome was favorable for all 4 patients with
proven infection.
The colonies appeared white on Sabouraud
chloramphenicol agar and the chromID Candida
medium and pink on the CHROMagar Candida medium. Growth was slower on the chromID Candida
medium than on the other 2 media (Figure 2). A
slide culture of K. bovina incubated for 72 h at 27°C
on potato carrot bile medium showed spherical to

ellipsoidal yeast cells with multilateral budding,
without filamentation. Some asci containing ascospores were visible.
MALDI-TOF mass spectrometry identified all
strains in this study as K. telluris (Table 2). Because
mass spectrometry cannot distinguish between the
species of the K. telluris complex, we identified the
strains involved in IFIs, and therefore stored in our
laboratory, by ITS sequencing and confirmed them
as K. bovina (GenBank accession nos. MZ435268,
MZ435269, and MZ435270). The sequences from the
strains in this study were 100% similar to 2 other K.
bovina isolates from 2 different centers (GenBank accession nos. KY103626.1 and NR_144228.1).
For all strains tested, MICs for fluconazole were
2 µg/mL to >256 µg/mL (Table 2). For 11 of the 13
patients, including all with proven fungal infection,
we identified another Candida species (most often C.
albicans) (Table 2).
Two patients with invasive infection reported
exposure to pigeons. Moreover, culture of a sample
of pigeon droppings from the aviary of patient 1 enabled identification of K. bovina by ITS sequencing
(GenBank accession no. OK037112).
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Figure 1. Clinical and radiologic
characteristics of mediastinitis
caused by Kazachstania bovina
(patient 2), Strasbourg, France.
A) Computed tomography
image demonstrating
stomach ulceration (arrow),
mediastinitis, and pleuritis. B)
Photograph taken after right-side
thoracotomy, showing posterior
stomach ulceration (arrow)
and false membranes (stars).
Culture of biopsy samples grew
K. bovina, Candida albicans, C.
glabrata, and bacteria.

Discussion
Among the K. telluris species complex, host specificity
for K. bovina seems to be low because it has been isolated only from pigeons, a cow, and humans (4,5). To
date, only 2 cases of invasive human infection caused
by K. telluris complex have been described (6,9). One
case was a K. bovina bloodstream infection, and the
other was mediastinis caused by K. slooffiae. An article
about extremely rare invasive fungal infections collected in the FungiScope registry did not include any
cases of Kazachstania infection (10).
The isolation of K. bovina from 2 blood cultures
from patient 1 in this study, as well as from a patient by
Brunet et al. (6), clearly suggests pathogenicity of this
fungus. Nevertheless, we identified another Candida
species (most often C. albicans) in 11 of the 13 patients
in our study, including all with proven fungal infection.
Most patients had an underlying condition
that might have favored the infection, including a

gastroesophageal pathologic condition in 4 of the 13
patients in our study, similar to the cases reported by
Brunet et al. and Mercier et al., suggesting a possible
portal of entry (6,9). Moreover, 2 patients with IFI in
our study reported exposure to pigeons; for 1 patient,
we also isolated K. bovina from the pigeon droppings.
Even if K. telluris complex in pigeons had been previously identified, to our knowledge, no cases of zoonotic transmission have been reported (5).
MALDI-TOF mass spectrometry identification of
all strains as K. telluris, and further identification of 3
strains involved in IFI by ITS sequencing as K. bovina
show the value of sequencing emerging pathogens
for proper identification and epidemiology. Misidentification or incomplete identification has been
noticed in a previous report of human infection with
K. bovina (6).
No specific breakpoints have been established
for the antifungal susceptibility of Kazachstania spp.

Figure 2. Macroscopic and
microscopic examinations of
Kazachstania bovina from a
patient in Strasbourg, France.
A) Macroscopic aspect of
K. bovina on 3 agar media:
Sabouraud (top), CHROMID
Candida (bioMérieux, https://
www.biomerieux.fr) (lower left),
and CHROMagar Candida
(Becton Dickinson, https://www.
bd.com) (lower right). B) K.
bovina slide-culture on potato
carrot bile agar (incubation
for 72 h at 27°C, original magnification ×400), showing spherical to ellipsoidal yeast cells with multilateral budding, without
filamentation, and some asci containing ascospores.
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Table 2. Mycologic characteristics of Kazachstania spp. infections and colonizations, Strasbourg, France, 2007–2020*
Antifungal susceptibility, g/mL
Identification
Patient
Sample
Fungus species
technique
Method
FLC
VRC
5FC
AMB
CAS
1
2 blood cultures,
K. bovina
Sequencing
Etest
24
0.125
0.012
0.047
0.25
urine
+ Candida
albicans
EUCAST
2
<0.016 <0.125 0.015 0.015
2
Mediastinal
K. bovina
Sequencing
Etest
8
0.125
NA
0.5
0.19
collection; false
+ C. albicans,
membranes;
+ C. glabrata
pleural fluid†
3
Bile (surgical
K. telluris SC
MALDI-TOF
Etest
>256
0.19
NA
0.047
0.25
sample)
+C. albicans
4
Esophageal
K. bovina
Sequencing
Etest
6
0.032
NA
0.125
0.25
biopsy;
+ C. albicans
fibroscopy: white
plaques of the
mucosa‡
5
Gastric liquid
K. telluris SC
MALDI-TOF
NA
NA
NA
NA
NA
+ C. albicans
6
BAL fluid
K. telluris SC
MALDI-TOF
NA
NA
NA
NA
NA
7
Stool
K. telluris SC
MALDI-TOF
NA
NA
NA
NA
NA
+ C. lusitaniae
8
BAL fluid
K. telluris SC
MALDI-TOF
NA
NA
NA
NA
NA
9

Urine, stool

10

BAL fluid

11

Sputum

12

Stool

13

BAL fluid, stool

K. telluris SC
+ C. albicans
K. telluris SC
+ C. albicans
K. telluris SC
+ C. albicans
C. dubliniensis
A. niger
K. telluris SC
+ C. albicans
K. telluris
+ C. kefyr

GenBank
accession no.
MZ435268

MZ435270

Not stored
MZ435269

Not stored
Not stored
Not stored
Not stored

MALDI-TOF

NA

NA

NA

NA

NA

Not stored

MALDI-TOF

NA

NA

NA

NA

NA

Not stored

4

0.25

<4

<0.5

NA

Not stored

NA

NA

NA

NA

NA

Not stored

8

0.125

<4

<0.5

NA

Not stored

MALDI-TOF

AMBfungus

MALDI-TOF
MALDI-TOF

AMBfungus

*AMB, amphotericin B; AMB; BAL, bronchoalveolar lavage; CAS, caspofungin; Etest (bioMérieux, https://www.biomerieux.fr); EUCAST, European
Committee on Antimicrobial Susceptibility Testing; 5FC, flucytosine; FLC, fluconazole; ITC, itraconazole; MALDI-TOF, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry; NA, not applicable; SC, species complex; VRC, voriconazole.
†Anatomopathologic examination of the gastric perforation showed necrosis and inflammation.
‡Anatomopathologic examination of the esophageal biopsy showed no signs of invasion, leading to the diagnosis of mucocutaneous fungal infection.

EUCAST non–species-related breakpoints for Candida are <2 µg/mL (susceptible) and >4 μg/mL (resistant). Our finding of fluconazole MICs between
2 μg/mL and >256 μg/mL for tested strains in our
study suggests decreased susceptibility to this molecule in 5 of 7 isolates. MICs for the other antifungals tested were low for all strains. Our MIC results
should be considered with caution because for 1
isolate, Etest and EUCAST indicated different fluconazole MICs. The antifungal susceptibility testing
performed by the National Reference Center on Invasive Mycoses and Antifungals, using the EUCAST
method on 31 strains of Kazachstania spp., showed
high azole MICs for 55% of isolates and high caspofungin MICs for 6.5% (11). More recent testing of 5
K. bovina isolates showed fluconazole MICs to range
from 2 to 8 μg/mL (12). To determine the susceptibility of Kazachstania spp. to fluconazole, the EUCAST
microdilution method should be used to determine
MICs for more isolates.

No specific antigens have been designed for
the diagnosis of Kazachstania infections. We would
like to have assessed the (1→3)-β-D-glucan (Fungitell, https://www.fungitell.com) panfungal antigen in the serum of the patients in our study, but
this test was not available in our laboratory before
2020. However, because we identified another species of Candida in 11 of the 13 patients in our study,
the contribution of the (1→3)-β-D-glucan test might
be debatable.
The retrospective design of our study led to
some limitations. We retrospectively classified
cases of invasive infection or colonization, but we
might have missed some information (7). Sequencing and antifungal susceptibility testing were not
performed on all strains, notably those that were
not involved in invasive fungal infections and were
not stored.
The emergence of this very rare fungal infection might be explained by the increasing number of
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patients with immunocompromised conditions and
gastroesophageal diseases. The use of MALDI-TOF
mass spectrometry and ITS sequencing to identify
yeasts might also contribute to increased documentation of these fungal infections.
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During July 2021, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) B.1.617.2 variant infections, including vaccine breakthrough infections, occurred after large public gatherings in Provincetown,
Massachusetts, USA, prompting a multistate investigation. Public health departments identified primary and
secondary cases by using coronavirus disease surveillance data, case investigations, and contact tracing. A
primary case was defined as SARS-CoV-2 detected <14
days after travel to or residence in Provincetown during July 3–17. A secondary case was defined as SARSCoV-2 detected <14 days after close contact with a
person who had a primary case but without travel to or
residence in Provincetown during July 3–August 10. We
identified 1,098 primary cases and 30 secondary cases
associated with 26 primary cases among fully and non–
fully vaccinated persons. Large gatherings can have
widespread effects on SARS-CoV-2 transmission, and
fully vaccinated persons should take precautions, such
as masking, to prevent SARS-CoV-2 transmission, particularly during substantial or high transmission.

I

n recent months, the B.1.617.2 (Delta) variant of
severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has spread globally and has become the predominant circulating variant within the
United States (1). Although the coronavirus disease
(COVID-19) vaccines approved or authorized in the
United States are highly effective (2–4), including
against the Delta variant (5–7), several studies have
indicated that variants of concern might be overrepresented among COVID-19 vaccine breakthrough infections (8,9) and that reverse transcription PCR cycle
threshold values, which provide a crude correlation
to the amount of virus in a sample, can be similar for
vaccinated and unvaccinated persons infected with
the Delta variant (10,11), although viral load might decrease more rapidly among vaccinated persons (12).
Studies before Delta variant predominance suggested
that the risk for onward transmission from vaccinated
persons to household members might be decreased
compared with transmission from unvaccinated persons (13,14). However, a more recent study during
Delta predominance showed similar rates of household transmission from vaccinated and unvaccinated
persons (12). In addition, previous studies of persons
with COVID-19 vaccine breakthrough infections
have indicated that illness might be more commonly
asymptomatic or present with fewer symptoms than
infections among nonfully vaccinated persons (15,16).
In July 2021, after multiple, large public gatherings in Provincetown, Massachusetts, USA, a large
outbreak of SARS-CoV-2 infections caused by the Delta variant was reported (10). Initial investigation by
36

the Massachusetts Department of Public Health (MA
DPH) identified 469 cases among Massachusetts residents during July 6–25; of these cases, 346 (74%) were
characterized as COVID-19 vaccine breakthrough infections. We describe epidemiologic characteristics of
the full multistate outbreak, document examples of
secondary transmission, and assess whether illness
differed by vaccination status.
Methods
Initial Outbreak and Public Health Response

The town of Provincetown, at the northern tip of Cape
Cod in Massachusetts, has a population of ≈3,000 permanent residents and, during peak summer months,
can reportedly reach a population size of up to 60,000
persons. During July 3–17, thousands of visitors from
across the United States traveled to Provincetown and
participated in large, densely packed indoor and outdoor gatherings marketed to adult male participants.
Multiple continuous events were held at venues such
as restaurants, bars, and guest houses. Local advisories at the time did not recommend mask wearing for
fully vaccinated persons, and venues did not require
participants to wear masks indoors.
By July 10, MA DPH received multiple reports of
an increasing cluster of COVID-19 cases among Massachusetts residents who resided in or recently visited
Provincetown, including cases among fully vaccinated persons. On July 14, Massachusetts state and local
health officials responded to the increase in cases by
expanding access to SARS-CoV-2 mobile testing and
recommending testing for all persons who traveled to
Provincetown since July 1 or had close contact with
persons who showed positive test results for SARSCoV-2, regardless of vaccination status. On July 15
and July 21, MA DPH issued Epidemic Information
Exchange notifications to identify additional cases
among residents of US public health jurisdictions outside Massachusetts.
Case Definitions

For this investigation, a primary cluster-associated
case was defined as detection of SARS-CoV-2 RNA
or antigen in a respiratory specimen collected from a
person <14 days after travel to or residence in Provincetown during July 3–17. A secondary case was detection of SARS-CoV-2 RNA or antigen in a respiratory specimen from a person without history of travel
to or residence in Provincetown during July 3–August 10 that was collected <14 days after close contact
(within 6 feet for a cumulative total of >15 minutes
within a 24-hour period) with a person who had a
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primary case during their infectious period. The infectious period of a person who had a primary case
was defined as 2 days before through 10 days after
symptom onset or, if asymptomatic, 2 days before
through 10 days after a positive test result. Persons
were considered symptomatic if they reported any
COVID-19-like symptom within 14 days before or after specimen collection (17).
Fully vaccinated persons were those who were
>14 days after completion of all recommended doses
of a US Food and Drug Administration authorized
COVID-19 vaccine (2 doses of Pfizer/BioNTech
[https://www.pfizer.com] or Moderna [https://
www.modernatx.com], or 1 dose of Johnson & Johnson [https://www.jandj.com]) and who had documentation in their state immunization information
system or self-report of vaccination details (including vaccine product and dates of receipt) during case
investigation. Non–fully vaccinated persons were
those who were partially vaccinated or unvaccinated
or whose vaccination status was unknown. Partially
vaccinated persons were those who had received only
1 dose of a 2-dose vaccine series or were <14 days after vaccine completion at the time of specimen collection; unvaccinated persons and persons with unknown status were those without documentation or
self-attestation of vaccination. A COVID-19 vaccine
breakthrough case was a cluster-associated case in a
person who was fully vaccinated before collection of
a SARS-CoV-2 positive specimen.
Data Collection and Analysis

For this investigation, state and local public health
departments identified primary cases by using travel
history documented in their COVID-19 surveillance
systems (capturing demographic data, previous
COVID-19 illness, underlying medical conditions,
vaccination history, symptoms, and clinical outcomes), as well as supplemental case investigation
and contact tracing of persons who self-reported an
association with the outbreak. Secondary cases were
identified, to the extent feasible, through case investigation and contact tracing of primary cases. Selfreported underlying medical conditions associated
with increased risk for severe COVID-19 included in
this investigation were active cancer undergoing current treatment, autoimmune disease, cardiovascular
disease, chronic kidney disease, chronic liver disease,
chronic lung disease, current pregnancy, diabetes, solid organ or stem cell transplant, infection with HIV,
and other immunocompromising conditions (18).
Case data collected by state and local health departments were sent to MA DPH; personally identifiable

information was removed before sharing with CDC.
We performed data collation and analysis by using
SAS software version 9.4 (https://www.sas.com).
This activity was reviewed by CDC and was conducted consistent with applicable federal law and
CDC policy.
Laboratory Testing

State/local public health laboratories and laboratory
partners confirmed cases by using SARS-CoV-2 nucleic acid amplification test or antigen test. Laboratories used a variety of platforms to conduct testing and
sequencing of available cluster-associated specimens;
variant identification results were shared with MA
DPH and subsequently with CDC. Sequences were uploaded to the GISAID database (19) or GenBank (20).
Results
Description of the Outbreak

During July 5–31, 2021, a total of 1,098 persons who
traveled to or resided in Provincetown during July
3–17 showed positive test results for SARS-CoV-2
(Figure 1). Of these, 625 (57%) were Massachusetts
residents and 473 (43%) were visitors from 20 US
states, predominantly New York (123, 26%) and California (87, 18%), as well as the District of Columbia
(52, 11%) (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/28/1/21-2220-App1.pdf).
Most
primary cluster-associated cases were in men (88%),
adults 19–49 years of age (66%), and non-Hispanic
White persons (66%). Genomic sequencing of primary case specimens identified the B.1.617.2 (Delta)
variant of SARS-CoV-2 in 364 (98%) of 371 sequenced
specimens, the AY.3 sublineage (Delta) in 1 (0.3%), the
AY.4 sublineage (Delta) in 3 (0.8%), and P.1 (Gamma)
in 3 (0.8%).
Secondary Transmission

We identified 30 secondary cases of SARS-CoV-2
infection in residents from 7 states; date of SARSCoV-2–positive specimen collection ranged from July
11 through July 29, 2021, resulting in 1,128 clusterassociated cases (Table 1, https://wwwnc.cdc.gov/
EID/article/28/1/21-2220-T1.htm). Persons with
secondary cases were epidemiologically linked to 26
persons who had primary cases (Figure 2). Eighteen
(60%) of 30 secondary cases occurred in fully vaccinated persons, as did 21 (81%) of 26 primary cases;
there were 16 primary/secondary case pairs in which
both persons were fully vaccinated. Most persons
who had secondary cases (21, 70%) were household
contacts of persons who had primary cases.
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Figure 1. Primary clusterassociated cases of severe
acute respiratory syndrome
coronavirus 2 infection (n =
1,098), by vaccination status
and date of specimen collection,
after large public gatherings in
Provincetown, Massachusetts,
USA, July 2021. Fully vaccinated
persons were those who were
>14 days after completion of all
recommended doses of a US
Food and Drug Administration‒
authorized coronavirus disease
vaccine (2 doses of Pfizer/
BioNTech [https://www.pfizer.
com] or Moderna [https://www.
modernatx.com], or 1 dose of
Johnson & Johnson [https://www.
jandj.com]), with documentation
in their state immunization information system or self-report of vaccination details during case investigation. Non–fully vaccinated
includes persons who were partially vaccinated or unvaccinated or whose vaccination status was unknown.

The age distribution of persons with primary
and secondary cases differed (Table 2, https://
wwwnc.cdc.gov/EID/article/28/1/21-2220-T2.
htm); 5 children <12 years of age and 1 person >75
years of age had secondary cases. Equal proportions of persons with primary and secondary cases
had symptomatic illness (96%). For 20 primary/
secondary case pairs with reported symptom onset, the median time from primary to secondary
symptom onset (serial interval) was 2 (range −1 to
13) days. Phylogenetic analyses of 3 available primary/secondary case pairs indicated that each case
pair was genetically similar (Appendix Figure 2).
Characteristics of Vaccine Breakthrough and
Non-Breakthrough Cases

Among the 1,128 cluster-associated primary and
secondary cases, we identified 918 (81%) vaccine
breakthrough cases. We confirmed vaccination status
by matching to the state immunization information
system for 664 (72%) cases and by self-report for 254
(28%) cases. Among fully vaccinated persons, most
were men (90%), 19–49 years of age (66%), and nonHispanic White (71%); a total of 13% had >1 underlying medical condition associated with increased
risk for severe COVID-19 (Table 1). Among nonfully
vaccinated persons, 39 (19%) persons were partially
vaccinated and 171 (81%) were unvaccinated or had
unknown vaccination status.
Of the 918 persons who had breakthrough infections, 504 (55%) received the Pfizer/BioNTech
vaccine, 293 (32%) received the Moderna vaccine,
and 121 (13%) received the Johnson & Johnson vac38

cine. Characteristics of vaccine breakthrough cases
were similar across vaccine products (Appendix
Table 1). The median time from completion of vaccination to SARS-CoV-2–positive specimen collection was 105 (range 15–326) days (Figure 3). For
all cases, 12 (3%) of 383 persons who had available
data had a previous COVID-19 diagnosis: 10/345
(3%) fully vaccinated and 2/38 (5%) non–fully vaccinated persons (Table 1).
Symptoms and Clinical Outcomes

For the 1,036 persons who had a cluster-associated
case and who reported symptom data, 996 (96%)
had a symptomatic illness with onset dates ranging
from July 1 to July 31 (Table 1). A similar percentage
of fully vaccinated (96%) and non–fully vaccinated
(95%) persons reported symptomatic illness; cough
was the most commonly reported symptom among
both groups (72% in fully vaccinated, 57% in non–
fully vaccinated). The number of symptoms reported
was also similar across both groups; fully vaccinated
persons reported a median of 5 symptoms during illness (range 1–13) and non–fully vaccinated persons
reported 4 (range 1–12).
Eight persons were hospitalized and subsequently discharged, including 7 (0.7%) fully vaccinated persons (of whom 2 were admitted to the
intensive care unit during hospitalization) and 1
(0.5%) non–fully vaccinated person. Of the hospitalized patients, 6 (75%) reported an underlying medical condition: 5 (71%) of 7 fully vaccinated persons
and 1 (100%) of 1 non–fully vaccinated person. No
deaths were reported.
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Figure 2. Transmission diagram
of primary (n = 26) and secondary
(n = 30) cluster-associated cases
of severe acute respiratory
syndrome coronavirus 2 (SARSCoV-2) infection, by vaccination
status and date of symptom
onset or specimen collection,
after large public gatherings in
Provincetown, Massachusetts,
USA, July 2021. A primary case
was defined as detection of
SARS-CoV-2 RNA or antigen
in a respiratory specimen
collected from a person <14 days
after travel to or residence in
Provincetown during July 3–17.
A secondary case was defined
as detection of SARS-CoV-2
RNA or antigen in a respiratory
specimen collected from a person
<14 days after close contact
(within 6 feet for a cumulative
total of >15 minutes within a 24hour period) with a person who
had a primary case during their
infectious period, and without
history of travel to or residence
in Provincetown during July 3–
August 10. The infectious period
of a person with a primary case
was defined as 2 days before through 10 days after symptom onset or, if asymptomatic, 2 days before or through 10 days after
a positive test result. A vaccine breakthrough case was a cluster-associated case in a person who completed all recommended
doses of a US Food and Drug Administration‒authorized COVID-19 vaccine (2 doses of Pfizer/BioNTech [https://www.pfizer.com]
or Moderna [https://www.modernatx.com], or 1 dose of Johnson & Johnson [https://www.jandj.com]) >14 days before collection of a
SARS-CoV-2‒positive specimen. Gray shading indicates the event exposure period (July 3–17, 2021) in the primary case definition.
Only primary cases associated with a secondary case are shown. Symptom onset of persons with secondary cases before symptom
onset of persons with primary cases was observed in 4 pairs, consistent with previous reports (21,22), and could be caused by
presymptomatic transmission (23,24) or variability in self-reported symptom onset date. Household contacts were exposed to persons
who had a primary case within household settings. Settings of nonhousehold exposures were workplace (1), summer camp (2), social
gatherings (4), shared ride (1), and unknown (1).

Discussion
This investigation highlights that the Delta variant
of SARS-CoV-2 can spread quickly through a highly
vaccinated population and can be transmitted to others regardless of vaccination status. Although vaccination remains a key mitigation strategy to decrease
illness and death associated with COVID-19 (25),
the Delta variant of SARS-CoV-2 is highly transmissible (26), and several studies have suggested lower
vaccine effectiveness during Delta variant predominance compared with earlier months (5–7,27), probably driven by waning immunity from increased
time since vaccination (28). In this outbreak, 99% of
cluster-associated cases that had available sequencing were caused by the Delta variant, and 81% of
cluster-associated cases were classified as vaccine
breakthrough infections. The large number of breakthrough infections is probably representative of a

highly vaccinated underlying population; as a greater
proportion of the US population becomes fully vaccinated, vaccine breakthrough infections are likely to
be more frequently observed (27,29).
Data from this outbreak provide support for an
increasing body of evidence that fully vaccinated persons can transmit SARS-CoV-2 to others, including
other fully vaccinated persons, particularly during
Delta variant predominance (12,15,30). The observed
examples of secondary transmission, particularly to
children <12 years of age and to older persons >75
years of age, highlight that fully vaccinated persons
should wear a mask indoors in public to reduce the
risk for infection and prevent SARS-CoV-2 transmission, especially if they have someone in their household who is immunocompromised, at increased risk
for severe disease, or not fully vaccinated (31). The
serial interval between primary and secondary case
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onset (median 2 days) was comparable to what has
been previously described for Delta variant transmission (median 2–3 days) (21,22). However, further
characterization of serial interval, particularly stratified by vaccination status, is warranted. Symptom
onset of persons who had secondary cases before
symptom onset of persons who had primary cases
was observed in a small number of pairs, consistent
with previous reports (21,22), and could be caused by
presymptomatic transmission (23,24) or variability in
self-reported symptom onset date.
In this outbreak, most fully vaccinated and non–
fully vaccinated persons were symptomatic, and the
number of symptoms reported was similar between
the 2 groups. This finding differs from those of previous studies that had limited data on Delta variant
infections, which found that persons with vaccine
breakthrough infections had fewer symptoms compared with persons who had non–breakthrough infections (15,16). In addition, hospitalizations were
rare for fully vaccinated and non–fully vaccinated
persons during this outbreak (<1%). Previous analyses have demonstrated that high effectiveness of
COVID-19 vaccines against severe disease caused by
the Delta variant, including hospitalization (27,32,33).
Additional population-level surveillance of the clinical picture and outcomes of patients with Delta variant breakthrough infections is warranted to clarify

differences in disease severity, including older adults
and persons who have underlying conditions or other characteristics that might affect immune response
to vaccination or predispose them to more severe
COVID-19 illness. Additional studies are also needed
to characterize the effect of vaccination on risk for reinfection with SARS-CoV-2. Previous studies have indicated that vaccination might reduce the risk for reinfection (34). However, the number of persons who
had a previous COVID-19 diagnosis was inadequate
to enable comparison in our study.
The first limitation of our study is that, because
the outbreak occurred among an open population
that included thousands of persons who traveled to
Provincetown and whose infection and vaccination
status were unknown, these data cannot be used to
calculate or infer vaccine effectiveness or to compare COVID-19 vaccine products. Symptoms and
outcomes observed in this investigation might be affected by greater presence of older age and underlying conditions for fully vaccinated persons compared
with non–fully vaccinated persons.
Second, data abstracted from public health department surveillance systems can differ in method
of collection and completeness of data. Although data
were cleaned and combined across jurisdictions, bias
might have been introduced if data were not missing
at random (e.g., if persons who had unknown vacci-

Figure 3. Time from completion
of coronavirus disease
(COVID-19) vaccination to
date of specimen collection,
by vaccine product, among
fully vaccinated persons
(n = 918) who had primary
and secondary clusterassociated cases of severe
acute respiratory syndrome
coronavirus 2 infection after
large public gatherings in
Provincetown, Massachusetts,
USA, July 2021. Fully
vaccinated persons were
those who were >14 days after
completion of all recommended
doses of a US Food and Drug
Administration‒authorized
COVID-19 vaccine (2 doses of
Pfizer/BioNTech [https://www.pfizer.com] or Moderna [https://www.modernatx.com], or 1 dose of Johnson & Johnson [https://www.jandj.
com]), with documentation in their state immunization information system or self-report of vaccination details during case investigation.
Minimum time from completion of vaccination to specimen collection for persons who had breakthrough infections was 14 days. Median
time from completion of vaccination to SARS-CoV-2‒positive specimen collection was 105 (range 15–326) days. Median times from
completion to infection, by vaccine product, were 104 (range 15–326) days for persons who received the Pfizer-BioNTech vaccine,
104 (range 50–280) days for persons who received the Moderna vaccine, and 115 (range 23–225) days for persons who received
the Johnson & Johnson/Janssen vaccine. Two persons were >270 days after vaccination at the time of specimen collection; 1 was
vaccinated with Moderna 280 days before; and the other person with Pfizer-BioNTech 326 days before. Both persons were vaccinated
through COVID-19 vaccine clinical trials.
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nation data more commonly had missing data for additional variables).
Third, vaccination status was assigned through
matching with an immunization information system
or self-report; persons who did not have vaccination
data were assigned as non–fully vaccinated, which
could lead to misclassification bias. Symptom data,
including date of onset, and underlying medical conditions were self-reported and might be incomplete
or inaccurate.
Fourth, asymptomatic SARS-CoV-2 infections
might be underrepresented; although testing recommendations in Massachusetts were changed on July
14 to encourage all persons, regardless of vaccination
status, to seek testing after travel to Provincetown or
close contact with a person who showed positive results for COVID-19, symptomatic persons might have
been more likely to seek testing than asymptomatic
persons because of previous CDC guidance that most
asymptomatic vaccinated persons can refrain from
testing. Consequently, the cluster was probably larger than documented, particularly underestimating
asymptomatic infections. Similarly, attitudes, such
as willingness to seek testing and report symptoms
might have differed by vaccination status, potentially
leading to greater case ascertainment and increased
symptom prevalence among persons who had vaccine breakthrough cases.
Finally, the number of secondary cases might be
greatly underestimated because capacity and methods for contact tracing and case follow-up varied
across jurisdictions, particularly during the nationwide surge in COVID-19 cases attributed to the Delta variant. The frequency or attack rate of secondary transmission of SARS-CoV-2 cannot be inferred
from these data. In addition, our investigation could
not account for additional sources of SARS-CoV-2
exposure that could have led to infection among persons who had secondary cases. Furthermore, for this
investigation, secondary cases only included those
in persons who did not travel to Provincetown; additional chains of transmission occurring within visitors/residents in Provincetown are not described in
this study.
In conclusion, major epidemiologic questions
about breakthrough infections, such as the comparative infectiousness of fully vaccinated and non–fully
vaccinated persons, duration of viral shedding, and
duration of vaccine-derived immunity, remain. However, our findings underscore the need for persons
who are fully vaccinated to take precautions to prevent
transmission of SARS-CoV-2 to themselves and others, such as wearing a mask in public indoor settings

or crowded outdoor settings, particularly during substantial or high transmission. Vaccination, although
critical to reduce illness and death from COVID-19,
should be complemented by layered mitigation strategies to address the COVID-19 pandemic (25,31).
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Legionella pneumophila is the cause of Legionnaires’
disease, a life-threatening pneumonia that occurs after
inhalation of aerosolized water containing the bacteria.
Legionella growth occurs in stagnant, warm-to-hot water (77°F–113°F) that is inadequately disinfected. Piped
hot spring water in Hot Springs National Park, Arkansas,
USA, has naturally high temperatures (>135°F) that prevent Legionella growth, and Legionnaires’ disease has
not previously been associated with the park or other
hot springs in the United States. During 2018–2019,
Legionnaires’ disease occurred in 5 persons after they
visited the park; 3 of these persons were potentially exposed in spa facilities that used untreated hot spring water. Environmental testing revealed Legionella bacteria
in piped spring water, including 134°F stagnant pipe water. These findings underscore the importance of water
management programs to reduce Legionella growth in
plumbing through control activities such as maintaining
hot water temperatures, reducing stored water age, and
ensuring adequate water flow.
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and exposure commonly occurs by inhaling contaminated warm water that is aerosolized, such as during
bathing in whirlpool tubs or showering (1,2). In buildings, stagnant water; presence of scale, sediment, or
biofilms in pipes; inadequate levels of disinfectant;
pH fluctuations; and favorable water temperatures
in the building’s plumbing are known risks for Legionella growth (1).
Approximately 1.5 million persons visit Hot
Springs National Park (HSNP), Arkansas, USA,
each year. The major attraction to HSNP is the row
of 8 bathhouses built during 1892–1923 (3). Only 2
bathhouses continue to operate as spas, providing
beauty and health treatments using untreated hot
water piped into the buildings from nearby springs.
At >135°F, the natural temperature of HSNP hot
spring water is unfavorable for Legionella growth
and exceeds the recommendation by the National
Academies of Science, Engineering, and Medicine
(NASEM) to maintain water temperatures >131°F
to prevent Legionella growth. However, a heat exchange system in HSNP cools some of the untreated
hot spring water to 75°F–95°F for use in bathhouses
to avoid scalding visitors. Despite the cooled water being in temperature range of optimal Legionella
growth, Legionnaires’ disease has not previously
been associated with visiting HSNP or other hot
springs in the United States. Legionella spp. have
been found in untreated hot spring water in other
countries and have been reported as the source for
Legionnaires’ disease in outbreaks (4–6).
Because Legionnaires’ disease is a nationally notifiable condition, cases are systematically reported
to the Centers for Disease Control and Prevention
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(CDC) by state and local health jurisdictions.
Potential exposures for persons meeting the Legionnaires’ disease surveillance case definition who
spend any nights away from home in the 10 days before symptom onset are reported to the jurisdiction
where the exposure might have occurred through
CDC’s Supplemental Legionnaires’ Disease Surveillance System and travel-associated case notification
reports. During July 2018–October 2019, the Arkansas Department of Health (ADH) and National Park
Service Office of Public Health (NPS-OPH) were
notified of 5 persons in whom Legionnaires’ disease
occurred after traveling to HSNP and Hot Springs,
Arkansas. During August 2018–October 2019, the
2 organizations jointly investigated patients’ exposures to water while traveling to identify potential
sources of Legionella bacteria and recommend mitigation strategies.
Methods
Case Finding, Patient Interviews, and
Exposure Assessment

CDC Legionella travel-associated case notification reports included name and address of travel accommodations, potential exposures to aerosolized water or
spas, test used for diagnosis, and whether the patient
survived. Cases were defined as illness in patients
who met the surveillance case definition and experienced symptoms of Legionnaires’ disease within 10
days after visiting HSNP. When additional exposure
information was needed, local health jurisdictions
where the patient lived shared case interview forms
with ADH and NPS-OPH (3 patients) or patients or
next-of-kin were reinterviewed by ADH (2 patients).
Additional case finding was attempted through
Epidemic Information Exchange (CDC, https://
emergency.cdc.gov/epix) notifications (sent July 11,
August 5, and October 5, 2019), bathhouse guest notifications, and press releases. Patient data were saved
on secure NPS-OPH and ADH network servers, and
relevant Legionella exposure information obtained
from patients or next-of-kin was entered into an Excel (Microsoft, https://www.microsoft.com) spreadsheet and shared between NPS-OPH and ADH by
using the US National Park Service (NPS) secure file
transfer service.
Environmental Assessment and Legionella Testing

An ADH environmental health specialist evaluated
all accommodations and places visited in Hot Springs,
Arkansas, listed by patients for Legionella risk. ADH
and NPS-OPH staff inspected the HSNP hot spring

water distribution system, including plumbing, reservoirs, and point-of-use sites in bathhouses and
fountains. Environmental samples were collected for
Legionella culture testing from the bathhouses, reservoirs, jug-filling stations, decorative fountains, or
cooling towers on 6 occasions during October 2018–
November 2019. Sampling sites during each round of
testing were selected on the basis of epidemiologic
information at the time and results of previous environmental tests. Laboratory A or laboratory B performed the testing; both laboratories were members
of the Environmental Legionella Isolation Techniques
Evaluation Program.
Ethics

This investigation was completed as part of routine
outbreak response activities by ADH and NPS-OPH.
These activities were further reviewed by CDC and
determined to be not research.
Results
Water System Description

In HSNP, 2 bathhouses perform spa services with
spring water (bathhouses A and B). An additional
bathhouse was converted into a hotel that pipes spring
water to guest rooms for baths (bathhouse C). Of the
remaining 5 bathhouses, 1 is vacant, and the others
house HSNP staff offices and a retail store (bathhouse
D), a brewery restaurant (bathhouse E), a visitor center, and a cultural center. Except for the visitor center,
all businesses operate as private entities and maintain
a contract with HSNP to operate in park facilities. A
hot spring water reservoir is located under a park administration building, which is also on bathhouse row
(Figure). A hotel spa facility (facility X) and a medical
center (facility Y) adjacent to HSNP also offer beauty or
health treatments using hot spring water piped from
the HSNP. A total of 3 hot water jug-filling fountains,
2 within HSNP and 1 outside the park in Hot Springs,
enable visitors and residents to fill containers with hot
spring water that meets US Environmental Protection
Agency drinking water requirements because of the
disinfectant properties of naturally high water temperatures. In addition, 4 decorative hot spring water
fountains and 2 natural display hot water springs are
inside park boundaries.
All 27 hot springs that supply HSNP are covered, sealed, and protected, and hot spring water
is collected in a complex water distribution system
(Figure). First, the hot spring water is piped into
an ≈265,000 gallon reservoir. From the reservoir,
the water is pumped to the bathhouses, an ad-
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Figure. Simplified flowchart and
location of Hot Springs National
Park water distribution system
relative to bathhouses, hot spring
water jug-filling stations (depicted
by asterisks), and the city of
Hot Springs, Arkansas, USA, in
study of Legionnaires’ disease
association with hot springs,
2018–2019. Accommodation Z is
not plumbed to hot spring water
and is not shown. Warm water
reservoir capacity was halved,
from 400,000 gallons to 200,000
gallons, in response to detection
of Legionella spp. in piped hot
spring water.

ditional 100,000 gallon reservoir (not depicted in
Figure), and a heat exchange system that cools the
>135°F water to 75°F–95°F. This warm water is then
pumped to a 400,000-gallon reservoir (later modified to 200,000-gallon capacity after the outbreak).
Hot and warm water reservoirs are at a higher elevation than the bathhouses and provide constant water pressure. Bathhouse spring water temperature is
adjusted by mixing warm and hot water, but water
temperature cannot exceed 104°F in full body–contact recreational water (such as hot tubs or pools),
according to NPS regulations (7). NPS regulations
also stipulate that cooled hot spring water used in
pools or for purposes more likely to result in inhalation of water droplets, such as individual-use jetted
tubs, must be chemically disinfected (e.g., treated
with chlorine or ozone).
Patient Demographics, Potential Exposures,
and Diagnostic Testing

Case finding revealed no additional cases beyond
the 5 patients reported by CDC who met the case

definition. Symptom onset occurred during July
2018–August 2019 for the 5 travelers who received
a Legionnaires’ disease diagnosis (Table 1). Patient
age range at diagnosis was 61–72 years. Among the
4 patients who survived, all had underlying health
or behavioral risk factors for Legionnaires’ disease,
including chronic obstructive pulmonary disease,
smoking, or daily use of a continuous positive airway pressure therapy machine. Next-of-kin reported no underlying health or behavioral risk factors
for the patient who died.
Among the 5 patients with Legionnaires’ disease,
all had visited HSNP; 2 stayed >1 nights at accommodation Z near HSNP (patients 2 and 3, not in the
same room), and 3 patients received hot spring water
spa services from bathhouse A (patients 1, 2, and 4).
One patient (patient 5) did not enter bathhouse A or
stay in accommodation Z. A common likely exposure
source for the 2 patients who did not visit bathhouse
A (patients 3 and 5) was not identified.
In 2 patients, Legionnaires’ disease was diagnosed by a PCR assay on lower respiratory specimens

Table 1. Legionnaires’ disease patients’ age, illness onset date, type of diagnostic test, and shared and probable exposures while
traveling in HSNP and Hot Springs, Arkansas, USA, 2018–2019*
Patient
Confirmatory
Patient
age, y† Illness onset date
diagnostic test
Shared exposures‡
Probable exposure§‡
1
65
2018 Jul 27
Sputum PCR
HSNP, bathhouse A¶
Bathhouse A
2
72
2018 Nov 23
Urinary antigen
HSNP, bathhouse A, accommodation Z
Bathhouse A
3
67
2019 May 7
Urinary antigen
HSNP, accommodation Z
Unknown
4#
61
2019 Jun 22
Sputum PCR
HSNP, bathhouse A
Bathhouse A
5
66
2019 Aug 25
Urinary antigen
HSNP
Unknown
*HSNP, Hot Springs National Park.
†Age in years at the time of illness onset.
‡Only potential exposures shared with >1 other patients are listed.
§Based on epidemiologic investigation and environmental test results.
¶Exposures at bathhouse A might have included swimming, bathing, or showering in untreated hot springs water.
#Deceased; patient received negative urinary antigen test result.

46

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Association of Legionnaires’ with Hot Springs

with no serogroup reported (patients 1 and 4); in 3
other patients the diagnosis was made by urinary
antigen test, suggesting infection with Legionella
pneumophila serogroup 1 (patients 2, 3, and 5) (8).
Specimens from 1 person (patient 4) underwent both
urinary antigen and sputum PCR testing, but only
the sputum PCR test was positive. No patient specimens were submitted for culture testing, because
samples were discarded by the time cases were reported to ADH and NPS-OPH.
Environmental Assessment and Testing

An environmental inspection of accommodation Z
after the patients’ visits revealed that the building
was plumbed to municipal water only, and faucet
water within guest rooms was found to contain residual chlorine disinfectant at hot and cold temperatures. No specific risks for Legionella growth were
identified in accommodation Z, and water was not
submitted for Legionella culture testing. ADH and
NPS-OPH inspected bathhouse A after each of the
first 2 patients who visited the spa facility were reported. At that time, no specific risks for Legionella
growth were identified. All faucets plumbed to
municipal water contained residual chlorine disinfectant, and all faucets plumbed to spring water
could reach temperatures >135°F. After receiving
the travel-associated case notification report of the
third patient who visited bathhouse A, an August
2019 inspection by ADH discovered that water
ozonators intended for water disinfection on the
individual-use microbubbling jetted soaking tubs
were detached. The length of time ozonators had
been detached is unknown. A final inspection in
September 2019, prompted by a positive Legionella
test from a poolside shower, found the shower to be
plumbed to cooled hot spring water rather than municipal water.
All environmental samples collected during October 2018, January 2019, and July 2019, after each of
the first 3 Legionnaires’ disease cases were reported,
were sent to laboratory A and tested negative by culture for Legionella (Table 2). On September 18, 2019,
additional environmental samples were collected
after the fourth patient was reported (the third with
a potential exposure in bathhouse A). This round of
testing was the first to use laboratory B and the first
to produce a positive result; the positive sample was
collected from a hot spring water poolside shower in
bathhouse A and was determined to be L. pneumophila
serogroup 2–14 (Table 3). The positive Legionella culture prompted extensive testing throughout HSNP
in October 2019, revealing L. pneumophila serogroup

2–14 in hot springs water in 1 additional site in bathhouse A, hot and cooled spring water from an infrequently used faucet in bathhouse C, and a hot spring
water spigot in the spa area of facility X. Spring water
temperatures were recorded only during the October
and November 2019 round of testing. The positive
sample from bathhouse A was taken from a hot water (134°F) pipe with stagnant or low water flow in
the basement (Table 3). Additional parkwide testing
in November 2019 produced 1 positive sample from
the cooled spring water supply pipe in facility Y. Facility Y staff indicated that the cooled spring water
supply line is infrequently used and is not routinely
flushed. All samples from the HSNP hot and warm
water reservoirs, main hot spring water line, and heat
exchange system tested negative for Legionella. None
of the L. pneumophila from HSNP’s water samples that
tested positive belonged to serogroup 1.
Discussion
For 3 of 5 patients, this investigation suggested that
the potential source of Legionella exposure was untreated hot springs water used during spa services
in bathhouse A. This notion is supported by environmental testing that revealed the presence of Legionella
in hot spring water in bathhouse A, where patients reported being in or near aerosolized water during their
exposure period. No other likely exposures outside
of bathhouse A were identified for these 3 patients.
The exposure for the 2 patients who did not visit
bathhouse A is less clear, but both reported spending time in HSNP near the bathhouses. Although
untreated warm water is known to be conducive to
Legionella spp. growth, hot spring water has not previously been associated with Legionnaires’ disease in
the United States.
Environmental testing during this investigation
revealed viable Legionella bacteria in 134°F stagnant
pipe water, exceeding both the optimal growth range
of 77°F–113°F for Legionella and the NASEM recommended water maintenance temperature of 131°F for
the prevention of Legionella growth (1,9). These findings indicate that potential for Legionella growth from
very hot spring water exists. However, despite multiple reports of environmental sampling confirming the
presence of Legionella spp. in recreational hot springs
water, outbreaks are rarely reported (4–6). Why Legionnaires’ disease cases associated with HSNP and
bathhouse A were detected beginning in 2018 is unclear. No changes to the hot springs water distribution system or bathhouse A were reported before the
index patient was reported. In recent years, reporting
to CDC’s Supplemental Legionnaires’ Disease Sur-
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veillance System has increased, resulting in improved
coordination and timely reporting of out-of-state legionellosis cases to public health jurisdictions where
a potential exposure occurred, which might have contributed to detection of this cluster.
As a result of this investigation, NPS-OPH and
ADH recommended a comprehensive water management program for HSNP, businesses within
HSNP, and businesses using HSNP spring water
outside of park boundaries. All entities using HSNP
hot springs water voluntarily adopted water management programs to mitigate Legionella growth in
piped, untreated hot spring water (10). Minimum
program requirements were that water likely to be
inhaled (e.g., showers) was plumbed to city potable
water, quarterly parkwide Legionella culture testing
would continue until results were negative for >2
consecutive test cycles, and water to individual tubs
that provide microbubbles or jets must be chemically
disinfected. Daily flushing of hot spring water pipes

in each building until faucet temperatures reached
>135°F was also required. This flushing temperature
requirement exceeds the >131°F recommended by the
NASEM, but because HSNP spring water is naturally
hotter (>140°F), 135°F was chosen to indicate water
turnover in building plumbing (9). The plan also included stipulations for chemical and manual cleaning
of tubs and steam showers to minimize biofilm formation, a recommendation to provide a visible notice
to spa patrons about Legionella risk from aerosolized
untreated hot spring water, and a requirement for spa
businesses to maintain logs of customer contact information for risk notification if water testing reveals
presence of Legionella. Finally, a structural modification was made to the warm water reservoir, reducing
its capacity by half, from 400,000 gallons to 200,000
gallons, to increase water turnover and potentially reduce biofilm formation. HSNP is responsible for ensuring continuity of the water management program
with NPS-OPH oversight.

Table 2. Environmental sample collection dates and locations, laboratory, and Legionella spp. culture results, HSNP and Hot Springs,
Arkansas, USA, 2018–2019*
Sample collection
date
Laboratory
Locations†
Culture result
2018 Oct 3
A
Bathhouse A (poolside shower, individual shower, nearby cooling tower)
Negative
2019 Jan 9
A
Bathhouse A (poolside shower, waterfall in 102°F pool, shower in women's
Negative
locker room, shower in men's locker room, sauna cave, soaking tub, nearby
outdoor cooling tower)
2019 Jul 15–16
A
Bathhouse A (pool area air-conditioning unit, basement wood board, pool filter,
Negative
hot water main supply line)
5 decorative outdoor fountains
Negative
Administration building hot water reservoir
Negative
2 nearby cooling towers
Negative
2019 Sep 18
B
Bathhouse A (poolside shower)‡
Positive
2 decorative fountains near HSNP boundary
Negative
Administration building hot water reservoir
Negative
2019 Oct 4
B
Bathhouse A (soaking tub, basement pipe)
Positive
Bathhouse B (soaking tub)
Negative
Bathhouse C (hot and cooled water soaking tub faucets)
Positive
Bathhouse D (sink)
Negative
Bathhouse E (sink)
Negative
Hot springs waterfall display
Negative
Hot springs water jug-filling station
Negative
Cooled or tempered water reservoir
Negative
4 decorative outdoor fountains
Negative
Facility X (hot spring water spigot)
Positive
Nearby cooling tower
Negative
2019 Nov 12
B
Administration building (hot spring water reservoir, 2 pump valves, hot water
Negative
overflow)
3 jug fountains
Negative
1 decorative outdoor fountain
Negative
Bathhouse A (basement valve)
Negative
Bathhouse B (basement valve)
Negative
Bathhouse C (basement valve, 2 guest room soaking tubs)
Negative
Bathhouse E (basement valve)
Negative
Facility X (2 pump valves, 2 basement valves)
Negative
Hot springs water reservoirs (4 samples)
Negative
Facility Y (hot spring water supply, cooled spring water supply)
Positive
*Bold text denotes locations of positive samples. HSNP, Hot Springs National Park.
†Bathhouses A and B are spas; bathhouse C is a hotel; bathhouse D houses staff offices and a retail store; bathhouse E is a brewery restaurant. Facility
X is a hotel and spa; facility Y is medical center.
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Table 3. Positive environmental culture sample collection dates and locations, Legionella species and serogroup, and temperature of
sampled water, Hot Springs National Park and Hot Springs, Arkansas, USA, 2018–2019
Sample collection
Temperature of sampled
date
Location of positive sample
Species/serogroup
water*
2019 Sep 18
Bathhouse A (poolside shower)
Legionella pneumophila 2–14
Not documented
2019 Oct 4
Bathhouse A (basement pipe)
L. pneumophila 2–14
134°F
Bathhouse C (hot water soaking tub faucet)
L. pneumophila 2–14
128°F
Bathhouse C (cooled water soaking tub faucet)
Legionella spp.
96°F
Facility X (hot springs water spigot)
L. pneumophila 2–14
119°F
2019 Nov 12
Facility Y (cooled spring water supply)
L. pneumophila 2–14
73°F
*Water temperatures were not documented until the October 2019 round of testing.

The water management program was finalized
and put in place in January 2020. Because of park closures and operations modifications in response to the
coronavirus disease pandemic beginning in March
2020, the quarterly water testing plan was interrupted. As of December 2021, no new cases meeting the
outbreak case definition have been reported to ADH
or NPS-OPH. However, park and bathhouse visitation decreased during the pandemic, which might
have resulted in fewer potential exposures.
Despite epidemiologic evidence that implicates
bathhouse A as the source for Legionella exposure
in 3 patients, the link is not definitive because of 3
study limitations. First, patient test results lacked
complete Legionella species and serogroup information, and no isolates were available for wholegenome sequencing. The lack of more complete
laboratory data hampered the ability to genetically
compare isolates from potential environmental exposure sources with patient specimens. Moreover, 3
of 5 patients tested positive by the urinary antigen
test (suggestive of infection with L. pneumophila serogroup 1), but none of the environmental samples
were culture-positive for L. pneumophila serogroup 1.
However, the urinary antigen test has been shown to
cross-react with L. pneumophila serogroups 2–14 and
other Legionella species (11). The second limitation is
the low sensitivity of environmental cultures for Legionella, which might have impeded detection of the
bacteria from more sites. These bacteria are inherently difficult to culture from environmental water
samples because Legionella is slow-growing and has
unique nutritional requirements (12). Legionella bacteria are also intermittently released from biofilms
in plumbing, which might result in negative culture
results at the time of sample collection (13). Whether
the second laboratory that reported the only positive
results used more sensitive culture methods than
the first, or if earlier samples were truly negative,
remains unknown. Third, case report forms were not
standardized across public health jurisdictions, and
case interview forms were unlikely to capture all
possible exposures. Relatedly, 2 of 5 patients could

not be epidemiologically linked to a specific likely
exposure, except that they had visited HSNP during
their exposure period, raising the possibility that another unrecognized common exposure existed.
This investigation identified untreated hot
spring water as a potential source for Legionnaires’
disease. In facilities where untreated hot spring water is collected for distribution in plumbing and used
for activities that might result in water aerosolization
(e.g., showering or whirlpool tub bathing), adopting
water management programs can reduce the risk for
Legionella growth (14). Effective programs might include routinely flushing plumbing until a minimum
temperature of >131°F is achieved at the faucet, limiting use of untreated water in showers, and making
structural modifications that reduce system water
age (9). Additional aspects of effective programs incorporate inspection of water distribution systems
and eliminating pipes with stagnant water. Finally,
healthcare providers should consider Legionnaires’
disease among differential diagnoses for patients
with pneumonia and a history of recent exposure to
hot spring water.
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people. This devasta�ng disease is especially common among
people living in crowded, poorly ven�lated condi�ons. It is easy
for TB to pass from husband to wife, from mother to child.
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the spread of drug-resistant TB among household members.
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Carbapenemase-Producing
Pseudomonas aeruginosa and
Medical Tourism from the United
States to Mexico, 2018–2019
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Carbapenem-resistant Pseudomonas aeruginosa
(CRPA) producing the Verona integron‒encoded
metallo-β-lactamase (VIM) are highly antimicrobial
drug-resistant pathogens that are uncommon in the
United States. We investigated the source of VIMCRPA among US medical tourists who underwent bariatric surgery in Tijuana, Mexico. Cases were defined
as isolation of VIM-CRPA or CRPA from a patient who
had an elective invasive medical procedure in Mexico
during January 2018‒December 2019 and within 45
days before specimen collection. Whole-genome sequencing of isolates was performed. Thirty-eight casepatients were identified in 18 states; 31 were operated
on by surgeon 1, most frequently at facility A (27/31 patients). Whole-genome sequencing identified isolates
linked to surgeon 1 were closely related and distinct
from isolates linked to other surgeons in Tijuana. Facility A closed in March 2019. US patients and providers
should acknowledge the risk for colonization or infection after medical tourism with highly drug-resistant
pathogens uncommon in the United States.
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n the United States, 20% of Pseudomonas aeruginosa
from adult device–associated healthcare-associated
infections and 9% from surgical site infections are
not susceptible to carbapenem antimicrobial drugs
(1). However, only 1%–3% of carbapenem-resistant
P. aeruginosa isolates harbor carbapenemases (2), enzymes typically encoded on mobile genetic elements
that can be shared horizontally between bacteria and
inactivate carbapenems and most other β-lactam
antimicrobial drugs. These enzymes include activeon-imipenem (IMP) and Verona integron-encoded
metallo-β-lactamase (VIM). These carbapenemresistant P. aeruginosa (CP-CRPA) are associated with
multidrug-resistant (MDR) phenotypes and can rapidly spread in healthcare settings because of poor
infection prevention and control practices (2–7). Acquiring CP-CRPA is typically associated with receipt
of healthcare; in the United States, cases have been
linked to travel and domestic outbreaks (8,9). Carbapenemase-producing organisms might emerge in
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new geographic regions from inpatients who previously received healthcare in regions in which these
organisms are more common (10–12).
VIM is the most commonly identified carbapenemase in P. aeruginosa worldwide (13). It is also the
most common carbapenemase identified in P. aeruginosa in the United States, although the absolute number of cases remains low. During 2017–2018, ≈200
VIM-CRPA were identified among nearly 15,000 isolates tested nationally (https://arpsp.cdc.gov/profile/arln/crpa).
Annually, up to 750,000 US residents participate
in medical tourism, defined as international travel
for the purpose of receiving medical care (14,15).
Motivations for medical tourism often include lower
cost, shorter wait times, and fewer medical requirements (15,16). Among medical tourists surveyed
in 11 US states and territories during 2016, Mexico
was the most common destination country (16). The
exact number of US medical tourists who undergo
bariatric surgery annually is unknown, but in a 2017
survey, 10 Mexico-based bariatric surgeons reported
performing >2,500 procedures on medical tourists,
most of whom were US residents (17). One study
estimated 2% of bariatric surgeries worldwide are
performed on medical tourists; most of them were
performed in Mexico (17).
Several infectious disease outbreaks linked to
medical tourism have been reported, including nontuberculous mycobacteria surgical site infections
among medical tourists from the United States and
Switzerland undergoing cosmetic surgery in Latin
America (18,19) and Q fever among US medical
tourists receiving live cell therapy in Germany (20).
In this report, we describe an outbreak of extensively drug-resistant (XDR) P. aeruginosa harboring
blaVIM (VIM-CRPA) among US medical tourists who
underwent bariatric surgery in Tijuana, Mexico,
during 2018–2019.
Methods
Outbreak Identification and Early
Epidemiologic Investigation

On September 28, 2018, the Centers for Disease
Control and Prevention (CDC; Atlanta, GA, USA)
received a report from the Arizona Department of
Health Services of VIM-CRPA cultured from an
abdominal wound of a 31-year-old patient on September 5, 2018. Initial investigation determined
the patient underwent bariatric surgery in Tijuana,
Mexico, 15 days before specimen collection. From
late September through late November 2018, CDC
52

received 6 reports of VIM-CRPA isolates from patients who underwent bariatric surgery in Tijuana.
Four patients used the same US-based travel agency
(travel agency A), which coordinated travel and arranged care for medical tourists; all 4 patients reported undergoing bariatric surgery at the same facility in Tijuana (facility A) with the same surgeon
(surgeon 1).
In response, CDC and the Secretariat of Health
in Baja California, Mexico, launched a public health
investigation. On November 19, 2018, CDC issued
a call for cases on the Epidemic Information Exchange (https://www.emergency.cdc.gov/epix/
index.asp) for P. aeruginosa isolated from patients
reporting bariatric surgery in Tijuana since August
1, 2018; CDC also posted an Emerging Infections
Network notification on November 23, 2018. The
Federal Commission for Protection against Sanitary
Risk in Mexico conducted an infection control assessment of facility A in December 2018 and identified multiple lapses, including poor hand hygiene
practices, incomplete clinical records, and lack of
chemical or biologic indicators to ensure medical
equipment and device sterility after reprocessing.
The lack of indicators potentially exposed patients
to risk for infections with bloodborne pathogens,
such as HIV and hepatitis B and C viruses, in addition to bacterial infections. On the basis of these
findings, the Secretariat of Health issued a closure
order for the surgical suite at facility A on December 17, 2018, and CDC issued an Alert Level 2
Travel Health Notice during January 2019, advising
US residents against undergoing surgery at Facility A (Appendix, https://wwwnc.cdc.gov/EID/
article/28/1/21-1880-App1.pdf).
Case Definition

A confirmed case was isolation of VIM-CRPA from
a patient who had an elective invasive medical procedure in Mexico during January 2018–December
2019 and within 45 days before specimen collection.
A probable case was isolation of CRPA, with the isolate unavailable for carbapenemase testing, from a
patient who had an elective invasive medical procedure in Mexico during January 2018–December
2019 and within 45 days before specimen collection.
A suspect case was infection (subjective or measured fever and >2 of the following at incision sites:
pus; fluid draining; or warmth, redness and swelling) within 45 days of surgery in a patient who had
surgery at facility A during January 2018–December
2019 and sought medical care but did not have a
culture collected.
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Passive Case Finding

CRPA are routinely submitted from clinical laboratories to the Antibiotic Resistance Laboratory Network,
a US national network of 55 public health laboratories
performing carbapenemase testing for carbapenemresistant organisms. There is no national requirement
to report or submit CRPA for carbapenem resistance
mechanism testing, and isolate submission strategies
differ by state. CDC guidance for containing spread
of emerging and targeted MDR organisms recommends state and local health departments investigate
reports of novel or targeted carbapenemase-producing organisms, including CP-CRPA (21). After the
initial cluster was identified, health departments investigating cases in persons who reported surgery in
Tijuana attempted to obtain the names of healthcare
facilities, surgeons, and travel agencies used by casepatients; the type of surgery performed; and whether
the case-patient was subsequently admitted to a US
healthcare facility. During some case investigations,
case-patients reported knowing other sick persons
who underwent surgery; state and local health departments attempted to contact these persons and review medical records for those who reported signs or
symptoms of infection.
Patient Notification and Active Case Finding

Because names of persons who underwent surgery
at facility A were not initially available, in January
2019, CDC posted an online notification for patients
and their US healthcare providers (https://www.
cdc.gov/hai/outbreaks/pseudomonas-aeruginosa.
html) and an Alert Level 2 Travel Health Notice (Appendix), both of which were covered by major media outlets (22–24). Notifications provided warning
of postoperative bacterial infection risk and potential
for bloodborne pathogen transmission. Individual
states also issued Health Alert Network notices to
increase awareness of potential cases. During March
2019, travel agency A sent an electronic notification
regarding potential exposures to clients who had surgery at facility A during August 1, 2018–February 15,
2019, and provided CDC with contact information for
persons referred to facility A during August 1, 2018–
March 1, 2019.
We classified persons who had surgery on or after January 1, 2019, as higher risk for new onset or
ongoing postoperative infections; persons who had
surgery before January 1, 2019, were classified as
lower risk because of the longer elapsed time since
surgery. For higher risk persons, CDC and state and
local health departments conducted telephone notifications and structured interviews to obtain demo-

graphics, clinical and exposure details, and information about factors influencing their decision to have
surgery at facility A (Appendix). In addition to the
travel agency A client notification and CDC and online notification, CDC recommended state and local
public health officials send notification letters to lower risk persons; some health jurisdictions additionally
performed active outreach for these persons. Contact
information for non-US residents was shared with
respective public health agencies. For case-patients
admitted to US healthcare facilities, responses were
conducted by health departments to assess for transmission (https://www.cdc.gov/hai/containment/
guidelines.html).
Molecular Typing and Antimicrobial Drug
Susceptibility Testing

VIM-CRPA isolates underwent whole-genome sequencing (WGS) and analysis at CDC and state health
departments. WGS libraries were prepared by using the
NuGEN Ovation Ultralow System V2 Assay Kit (NuGen Technologies, https://www.nugentechnologies.
co.za) and sequenced by using the MiSeq Reagent Kit
v2 (500 cycle) (https://www.illumina.com) and the
MiSeq System (Illumina), generating 2 × 250 pairedend reads. CDC processed and analyzed all sequences
by using bioinformatics pipeline QuAISAR-H (quality,
assembly, species identification, sequence typing, annotation, resistance mechanisms for healthcare pathogens)
(https://github.com/DHQP/QuAISAR_singularity)
and assessed phylogeny by using a core genome multilocus sequence type scheme for P. aeruginosa and
SNVPhyl (25–27).
Antimicrobial susceptibility testing for 15 drugs
was performed at CDC by using frozen broth microdilution panels prepared according to Clinical
and Laboratory Standards Institute reference methods (28). MICs were interpreted as susceptible, intermediate, or resistant according to Clinical and
Laboratory Standards Institute definitions (29). We
classified isolates as MDR or XDR by using published definitions (30).
Statistical Analysis

We analyzed epidemiologic data by using R statistical software version 3.5.2 (R Foundation for Statistical
Computing, https://cran.r-project.org). We estimated the VIM-CRPA attack rate by using data from the
higher risk group (patients who had surgery during
January–March 2019) with confirmed and probable
cases from clinical cultures from patients who underwent surgery at facility A as the numerator and total
patients referred by travel agency A to facility A as
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the denominator. We limited epidemiologic analyses
to probable and confirmed cases.
Ethics

This project was reviewed by human subjects advisors in the National Center for Emerging and Zoonotic Infectious Diseases at CDC and received a nonresearch determination and emergency approval by
the Office of Management and Budget (OMB Control
No. 0920–1253). This activity was reviewed by CDC
and was conducted consistent with applicable federal
law and CDC policy. All patients who participated in
the structured interviews provided informed consent.
Results
Epidemiologic Investigation

During August 1, 2018–December 31, 2019, we identified 44 cases from 19 states; 25 were confirmed cases,
13 were probable cases, and 6 were suspected cases
(Figure 1). Among the 38 patients who had confirmed
or probable cases, 34 (89.5%) were female, and the
median age at time of specimen collection was 39
(interquartile range 31–48) years (Table 1). Sleeve
gastrectomy was the most common surgical procedure, reported by 34 (89.5%) of 38 case-patients. Median time from surgery to specimen collection was
12 (range 3–40) days. After surgery in Tijuana, 16
(42.1%) of 38 case-patients were hospitalized in the
United States. Among the 14 hospitalized patients for

which the duration of hospitalization was known, the
median stay was 7 (range 1–19) days.
Four hospitalized case-patients were admitted
to the intensive care unit; for 8 case-patients, this
admission status was unknown. Six hospitalized
case-patients underwent surgery because of their
infection; for 5, surgery for postsurgical infection
management status was unknown. One of the 16
hospitalized case-patients died in the in the hospital 9 days after sleeve gastrectomy surgery. For this
patient, who underwent a procedure at facility E by
surgeon 1, VIM-CRPA was identified from a screening rectal swab specimen at admission. Whether the
patient had VIM-CRPA infection or the surgery at
facility E otherwise contributed to death is unclear
from available medical records. All other casepatients had VIM-CRPA infections on the basis of
results from clinical cultures. From our investigation, no evidence of onward transmission in the US
healthcare facilities in which case-patients were hospitalized was identified.
For the confirmed and probable cases, 37 (97%)
case-patients named 10 Tijuana facilities in which
they underwent invasive procedures. Most reported
surgery at facility A (27/38; 71.1%) (Table 1). Among
the 35 case-patients who reported the name of their
surgeon, 31 (88.6%) named surgeon 1, including the
27 case-patients who underwent surgery at facility A
and 4 case-patients who underwent surgery at other
or unknown facilities.
Figure 1. Confirmed and probable
cases of infection with Verona
integron‒encoded, metallo-βlactamase‒producing, carbapenemresistant Pseudomonas aeruginosa,
by state in which bacterium was
identified, among US medical
tourists undergoing elective invasive
procedures in Tijuana, Mexico,
January 2018–December 2019. Six
suspected cases, from Arizona (n = 1),
Georgia (n = 3), Michigan (n = 1), and
Washington (n = 1) are not shown.
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Table 1. Characteristics for 38 confirmed and probable casepatients who had Verona integron‒encoded, metallo-lactamase‒producing Pseudomonas aeruginosa among US
medical tourists traveling to Tijuana, Mexico, January 2018–
December 2019
Characteristic
No. (%)
Age, y
23–34
14 (37)
35–49
15 (40)
50–64
6 (16)
≥65
1 (3)
Unknown
2 (5)
Sex
F
34 (90)
M
4 (10)
Surgical facility
Facility A
27 (71)
Facility B
1 (3)
Facility C
1 (3)
Facility D
1 (3)
Facility E*
2 (5)
Facility F
1 (3)
Facility G
1 (3)
Facility H
1 (3)
Facility I
2 (5)
Facility J
1 (3)
Unknown
1 (3)
Surgeon who performed procedure
Surgeon 1
31 (82)
Surgeon 2
1 (3)
Surgeon 3
1 (3)
Surgeon 4
1 (3)
Surgeon 5
1 (3)
Unknown
3 (8)
Surgical procedure†
Sleeve gastrectomy
34 (90)
Cholecystectomy
1 (3)
Laparoscopic adjustable gastric band
1 (3)
Sleeve gastrectomy revision
1 (3)
Unspecified bariatric surgery
3 (8)
Specimen source
Wound
31 (82)
Intraabdominal abscess
4 (11)
Abdominal fluid
1 (3)
Blood
1 (3)
Rectal swab specimen
1 (3)
Hospitalized in the United States after surgery
16 (42)
Patient died within 30 d of specimen collection
1 (3)

*Patient reported exposure to facilities E and D.
†Four patients underwent >1 procedure: gastrectomy and
cholecystectomy (n = 1), sleeve gastrectomy and bowel resection (1),
sleeve gastrectomy and lap band removal (1), and sleeve gastrectomy,
breast augmentation, and abdominoplasty (1).

Surgery dates ranged from August 2018 to August 2019 (Figure 2). Confirmed and probable cases in
patients who underwent surgery at facility A peaked
during January 2019 (epidemiologic weeks 2–5); 13
(48.2%) of 27 case-patients who reported surgery at
facility A had a procedure during this 4-week period
when the surgical suite was reported closed. Facility
A closed permanently in early March 2019; 4 casepatients associated with surgeon 1 had surgery after
this date at facility I (n = 2 case-patients), facility E,
and an unknown facility in the Tijuana area. Ongoing

monitoring through December 2019 did not identify
additional cases linked to facility A after January 2019
(epidemiologic week 5) or to surgeon 1 after July 2019
(epidemiologic week 29).
Patient Notification and Active Case Finding

During August 1, 2018–March 1, 2019, travel agency
A referred 793 persons from 6 countries for surgery
at facility A; of these persons, 743 (94%) were US residents. Health authorities in the other countries were
contacted to inform them of the outbreak, and we
were not notified of any cases. We interviewed 160
(21%) US residents who underwent surgery, including
92 (46%) of 200 persons in the higher risk group targeted for active outreach and 68 (13%) of 543 persons
in the lower risk group and for whom some health
jurisdictions performed active outreach. Fifteen cases
were identified through interviews. Overall, passive
and active case finding identified 7 confirmed casepatients and 6 probable case-patients who underwent
surgery at facility A and who were among the 200
persons in the higher risk group; therefore, the attack
rate for VIM-CRPA for persons who had surgery at
facility A during January–March 2019 was 13/200
(6.5%, 95% CI 3.6%–10.8%).
Interviewed persons who were not confirmed or
probable case-patients (n = 148) were demographically
similar to confirmed and probable case-patients (n =
38). The most common reason for undergoing surgery
abroad was lower cost, reported by 132 (82.5%) of the
160 interviewed persons. Among the 41 persons who
reported being aware of the CDC travel advisories or
negative media stories before their surgery, cost was
the most common reason for proceeding with surgery
(n = 22, 53.7%) (Table 2, https://wwwnc.cdc.gov/
EID/article/28/1/21-1880-T2.htm).
Microbiologic Investigation

Isolates from 22 of 25 confirmed cases underwent
WGS. All isolates harbored blaVIM-2; 21 were sequence
type (ST) 111 and 1 was a novel ST. Overall, isolates
varied by 0 to 4,375 single nucleotide variants (SNVs)
over a 90.08% core genome (Figures 3, 4). Seventeen
isolates formed a distinct cluster varying by 0 to 4
SNVs over a 93.29% core genome and were associated
with surgeon 1 (n = 16) or an unknown surgeon (n =
1) and with >3 different facilities. One isolate associated with surgeon 1 was the novel ST and differed by
4,375 SNVs, indicating that it was not closely related
to other isolates associated with facility A (Figure 3).
The remaining 4 isolates differed by 5–18 SNVs over
an 96.34% core genome; among these, 2 were associated with facility E but were not more closely related
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to each other than to isolates associated with facilities
B and G. Antimicrobial susceptibility testing was performed for 10 isolates at the request of health departments to guide treatment. All isolates were XDR and
resistant to ceftazidime/avibactam and ceftolozane/
tazobactam (Table 3).
Discussion
We describe a large, prolonged outbreak of XDR
VIM-CRPA among US medical tourists who underwent bariatric surgery in Tijuana, Mexico. Most isolates were clonal and linked to a surgeon who operated at multiple healthcare facilities; we also identified
isolates genetically distinct from this outbreak strain
and associated with other healthcare facilities and
surgeons. Although serious complications from laparoscopic sleeve gastrectomy in the United States are
uncommon (≈1%–2%) (31,32), >40% of case-patients
in our investigation required postoperative hospitalization in the United States, highlighting the severity
of infections. Active outreach to exposed persons accounted for one third of case-patients identified. Our
investigation underscores the potential for medical
tourism to introduce highly concerning pathogens
into the US healthcare system.

Several lines of epidemiologic and laboratory
findings in this investigation support a point source
outbreak linked to surgeon 1, a surgeon specializing in bariatric surgery who operated primarily at
facility A, although the exact source of pathogen
was not identified. VIM-CRPA infections appeared
to increase starting in September 2018 and decreased in March 2019 after travel agency A notified exposed clients and stopped referrals to facility
A. Clonal strains isolated from case-patients after
surgery performed by surgeon 1 across multiple
facilities, and infection control lapses at facility A
led us to hypothesize a persistently contaminated
mobile medical device; a laparoscope transported
between facilities with surgeon 1 was a plausible
outbreak source. P. aeruginosa is known to persistently colonize medical devices, including flexible
endoscopes (33,34); in Brazil, surgeons transporting their own laparoscopic equipment between
different hospitals were the suspected source of a
multifacility Mycobacterium spp. outbreak (35). Alternative explanations include a widespread persistently contaminated environmental or water source
at facility A or a persistently colonized healthcare
worker, such as surgeon 1.

Figure 2. Confirmed and probable cases of infection with Verona integron‒encoded, metallo-β-lactamase‒producing, carbapenemresistant Pseudomonas aeruginosa, by week of surgery, among US medical tourists undergoing elective invasive procedures in Tijuana,
Mexico, January 2018‒December 2019. Dark blue bars show cases associated with surgery performed at facility A by surgeon 1; light
green bars show cases associated with surgery at facilities D–H and J by surgeons other than surgeon 1; and light blue bars show
cases associated with facilities B, C, and I by surgeon 1; and dark green bar shows a case associated with surgeon 1 and an unknown
facility.1. A confirmed case was isolation of Verona integron‒encoded, metallo-β-lactamase‒producing, carbapenem-resistant P.
aeruginosa from a patient who had an elective invasive medical procedure in Mexico during January 2018–December 2019 and within
45 days before specimen collection. A probable case was isolation of carbapenem-resistant P. aeruginosa, with an isolate unavailable
for carbapenemase testing, from a patient who had an elective invasive medical procedure in Mexico during January 2018–December
2019 and within 45-days before specimen collection. No cases were identified from patients who underwent surgery before August 2018
(week 34). The peak of the outbreak encompassed epidemiologic weeks 2–5 (January 2019).
56
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Figure 3. Whole-genome sequencing analysis and selected epidemiologic data for 22 Verona-integron-encoded metallo-β-lactamaseproducing carbapenem-resistant Pseudomonas aeruginosa clinical isolates from US medical tourists who underwent surgery in Tijuana,
Mexico, August 2018–December 2019. Phylogenetic tree includes an outlier isolate from Arkansas. On the right, the first group of
8 columns indicates facilities (A, B,C, E, F, G, I, and unknown), and the second group of 4 columns indicates surgeons (1, 2, 3, and
unknown). Scale bar indicates nucleotide substitutions per site.

We also identified case-patients with VIMCRPA who were not epidemiologically linked to facility A or surgeon 1 and isolates that were genetically distinct from the outbreak cluster. These infections appeared to be sporadic. Although 2 of these
case-patients underwent surgery at the same facility,
their isolates were not more closely related to each
other than to those from case-patients who underwent surgery at other facilities, decreasing suspicion
for a second outbreak. Similar to most isolates linked
to procedures performed by surgeon 1, these sporadic cases belonged to ST111, which has been associated with epidemic spread of carbapenemases in
P. aeruginosa globally (36). Since July 2020, CDC has
received 6 additional reports of VIM-CRPA cases
among US residents who had undergone elective invasive medical procedures in Tijuana, none of whom
were reported to have a common procedure, facility
or surgeon; however, 1 case-patient was operated on
by surgeon 1. These recent infections underscore the
potential for US residents to acquire highly resistant
bacteria when receiving medical care abroad, even
in the absence of a recognized outbreak. In some
countries, MDR organisms rarely identified in the

United States may be more common, increasing the
potential for acquiring resistant organisms, regardless of quality of care. Persons considering medical tourism and US healthcare providers caring for
prospective or returned medical tourists should be
aware that standards for infection control, as well
as regulations and enforcement practices, vary by
country and facility (37). US public health authorities and healthcare providers might have limited access to information to inform recommendations for
follow-up care or testing for medical tourists.
In the United States, carbapenemases are rarely
the cause of carbapenem resistance in P. aeruginosa,
and few clinical laboratories perform carbapenemase
testing for CRPA. Despite increased carbapenemase
testing for CRPA through the Antibiotic Resistance
Laboratory Network, our investigation shows CPCRPA continues to be underdetected. Nearly 1 in 3
cases in this investigation represent CRPA clinical
isolates that were not tested for carbapenemases,
despite being highly resistant and identified from
patients who had medical histories of concern during a well-publicized outbreak (22). CP-CRPA are
overwhelmingly MDR and often XDR (38). Identi-
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Figure 4. Whole-genome sequencing analysis and selected epidemiologic data for 21 Verona-integron-encoded metallo-β-lactamaseproducing carbapenem-resistant Pseudomonas aeruginosa clinical isolates from US medical tourists who underwent surgery in Tijuana,
Mexico, August 2018–December 2019. Phylogenetic tree excludes an outlier isolate from Arkansas. On the right, the first group of
8 columns indicates facilities (A, B,C, E, F, G, I, and unknown), and the second group of 4 columns indicates surgeons (1, 2, 3, and
unknown). Scale bar indicates nucleotide substitutions per site.

fication of these antimicrobial susceptibility testing
phenotypes, especially in patients with a history of
healthcare outside the United States, should increase
suspicion for CP-CRPA.
Despite warnings from US public health agencies,
medical tourists continued to undergo surgery at facility A during January 1–March 1, 2019. Nearly 30% of
interviewed persons who had surgery were aware of

the outbreak or negative news stories associated with
facility A before their surgery; however, interviewed
persons might have made travel or surgery reservations and deposits before issuance of travel health notices, which could have influenced their decisions to
proceed with the procedure. Consistent with a 2015
survey of bariatric medical tourists from Canada,
we found primary motivations for bariatric medical

Table 3. Susceptibility of 10 Verona integron-encoded, metallo--lactamase‒producing, carbapenem-resistant Pseudomonas
aeruginosa isolates from US medical tourists traveling to Tijuana, Mexico, January 2018–December 2019*
MIC, g/mL
ID no.
AMK ATM FEP CAZ
CZA
C/T
CIP
CST
DOR GEN IPM LVX MEM
TZP
15
64
16 (I) 16 (I)
32
>16/4
>16/4
>8
1 (S)
>8
4 (S) >64
>8
>8
32/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
14
16 (S)
32
32
32
>16/4
>16/4
>8
1 (S)
4 (I)
16
>64
>8
8
64/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
22
64
16 (I) 16 (I)
32
>16/4
>16/4
>8
1 (S)
>8
4 (S) >64
>8
>8
64/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
1
64
16 (I) 16 (I)
32
>16/4
>16/4
>8
1 (S)
>8
4 (S) >64
>8
>8
64/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
3
64
16 (I) 16 (I)
32
>16/4
>16/4
>8
2 (S)
>8
2 (S) >64
>8
>8
64/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
5
64
16 (I) 16 (I)
32
>16/4
>16/4
>8
1 (S)
>8
2 (S) >64
>8
>8
32/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
9
32 (I) 16 (I) 16 (I)
32
>16/4
>16/4
>8
2 (S)
>8
2 (S) >64
>8
>8
32/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
8
32 (I) 16 (I) 16 (I)
32
>16/4
>16/4
>8
2 (S)
>8
2 (S) >64
>8
>8
32/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
10
32 (I) 16 (I) 16 (I)
32
>16/4
>16/4
>8
2 (S)
>8
2 (S) >64
>8
>8
32/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
13
32 (I) 16 (I) 16 (I)
32
>16/4
>16/4
>8
2 (S)
>8
4 (S) >64
>8
>8
32/4 (I)
(R)
(R)
(R)
(R)
(R)
(R)
(R)
(R)

TOB
>16
(R)
>16
(R)
>16
(R)
>16
(R)
>16
(R)
>16
(R)
>16
(R)
>16
(R)
>16
(R)
>16
(R)

*Isolates were tested against 15 antimicrobial drugs by using reference broth microdilution. All isolates were ST111, except for 14 which was a unique ST.
AMK, amikacin; ATM, aztreonam; C/T, ceftolozane/tazobactam; CAZ, ceftazidime; CIP, ciprofloxacin; CST, colistin; CZA, ceftazidime/avibactam; DOR,
doripenem; FEP, cefepime; GEN, gentamicin; I, intermediate; ID, identification; IPM, imipenem; LVX, levofloxacin; MEM, meropenem; R, resistant; S,
sensitive; ST, sequence; TOB, tobramycin; TZP, piperacillin/tazobactam.

58

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Carbapenemase-Producing Pseudomonas aeruginosa

tourism among interviewees included shorter wait
times and lower cost (39). A qualitative study from
Canada also showed that bariatric medical tourists
identified the Internet as a primary source of information for identifying providers and validating decisions
to engage in medical tourism (40). Difficulty reconciling conflicting information sources might have delayed the effect of the CDC travel warnings.
Our investigation had several limitations. Because of limited data from the outbreak facility, its
international setting, and lack of environmental cultures, we could not determine the outbreak source,
although several hypotheses were considered. Additional cases might have gone undetected for 2 reasons. First, CP-CRPA is underdetected because of
low suspicion of the potential for CRPA to harbor
carbapenemases and limited availability of testing for
carbapenemases. Second, active outreach was limited
in several ways: only referrals from travel agency A,
rather than all surgical patients at facility A, were
available to US public health authorities; we focused
efforts on persons who were at greatest risk for having
current or new-onset infections, but <50% of targeted
persons were reached. Because of high nonresponse
rates and underdetection of CP-CRPA, our calculated
attack rate during January–March 2019 is probably
a lower bound; however, additional patients could
have undergone surgery who were not included on
our list, thereby overestimating the attack rate. Third,
although transmission to household contacts of casepatients was not identified, this transmission was
not routinely assessed for all case-patients. Fourth,
persons interviewed might have been more likely to
have infections compared with other facility A patients and possibly differed in their motivations for
medical tourism and awareness of public health notifications, and might not be representative of all facility A patients or Tijuana bariatric medical tourists.
In this investigation, epidemiologic and molecular data link a single surgeon, performing surgeries
at multiple facilities, to a prolonged outbreak among
medical tourists. US patients and providers should be
aware of the risk for colonization and infection with
highly resistant pathogens not commonly encountered in the United States after medical tourism.
The Verona Integron-Encoded Metallo-β-Lactamase–
Producing Carbapenem-Resistant Pseudomonas aeruginosa
Medical Tourism Investigation Team: Kelly Oakeson,
Alessandro Rossi, Lori Smith (Utah Department of Health,
Salt Lake City, UT, USA); Rebecca Greeley (New Jersey
Department of Health, Trenton, NJ, USA); Sara McNamara
(Michigan Department of Health and Human Services,

Lansing, MI, USA); Kenya Murray (New York City
Department of Health and Human Services, New York,
NY, USA); Amanda Smith and Rebekah Carman
(Ohio Department of Health, Columbus, Ohio); Sam
Horowich-Scholefield (California Department of Public
Health, Sacramento, CA, USA); Kyle Schutz (Colorado
Department of Public Health and Environment, Denver,
CO, USA); Cara Bicking Kinsey and Julie Paoline
(Pennsylvania Department of Health, Harrisburg, PA,
USA); Nychie Dotson (Florida Department of Health,
Tallahassee, FL, USA); Anu Paranandi (Connecticut
Department of Public Health, Hartford, Connecticut);
Kimberly Spink (Alaska Department of Health and Social
Services, Juneau, AK, USA); Justin Blanding (Kansas
Department of Health and Environment, Topeka, KS,
USA); and Elizabeth Nazarian (Wadsworth Center, New
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Eﬀects of Nonpharmaceutical
COVID-19 Interventions
on Pediatric Hospitalizations
for Other Respiratory Virus
Infections, Hong Kong
Susan S. Chiu, Benjamin J. Cowling, J.S. Malik Peiris, Eunice L.Y. Chan, Wilfred H.S. Wong, Kwok Piu Lee

To determine the effects of nonpharmaceutical interventions (NPIs) for coronavirus disease on pediatric hospitalizations for infection with respiratory viruses other
than severe acute respiratory syndrome coronavirus 2,
we analyzed hospital data for 2017–2021. Compared
with 2017–2019, age-specific hospitalization rates associated with respiratory viruses greatly decreased in
2020, when NPIs were in place. Also when NPIs were in
place, rates of hospitalization decreased among children
of all ages for infection with influenza A and B viruses,
respiratory syncytial virus, adenovirus, parainfluenza viruses, human metapneumovirus, and rhinovirus/enterovirus. Regression models adjusted for age and seasonality indicated that hospitalization rates for acute febrile
illness/respiratory symptoms of any cause were reduced
by 76% and by 85%–99% for hospitalization for infection with these viruses. NPIs in Hong Kong were clearly
associated with reduced pediatric hospitalizations for
respiratory viruses; implementing NPIs and reopening
schools were associated with only a small increase in
hospitalizations for rhinovirus/enterovirus infections.

C

oronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was first detected in Wuhan, China,
in late 2019. The World Health Organization (WHO)
declared the outbreak to be a pandemic on March
12, 2020. In Hong Kong, where residents share the
collective trauma of the severe acute respiratory
syndrome outbreaks in 2003, masking was spontaneously and voluntarily adopted by residents in late
Author aﬃliations: The University of Hong Kong, Hong Kong,
China (S.S. Chiu, B.J. Cowling, J.S. Malik Peiris, E.L.Y. Chan,
W.H.S. Wong); Pamela Youde Nethersole Eastern Hospital,
Hong Kong (K. Piu Lee)
DOI: https://doi.org/10.3201/eid2801.211099
62

January 2020 when news of an outbreak of pneumonia with high illness and death rates in mainland
China reached Hong Kong. Primary and secondary school class suspension immediately followed.
Other measures of social distancing were also put
in place. Such nonpharmaceutical interventions
(NPIs) were associated with reduced transmission of
SARS-CoV-2 in Hong Kong (1).
The Hong Kong Special Administrative Region
is made up of Hong Kong Island, Kowloon Peninsula, the New Territories, and some sparsely populated outlying islands. The only 2 public hospitals
under the Hospital Authority on Hong Kong Island
are Pamela Youde Nethersole Eastern Hospital
(PYNEH) and Queen Mary Hospital (QMH), which
manage 71.1% of all pediatric admissions on the island (2). Since 2003, we have captured hospitalizations of children with confirmed virus infections in
these 2 hospitals and documented population-based
hospitalizations resulting from infections with respiratory pathogens in Hong Kong (3–7). Our objectives with this study were to document the effects
of NPIs on pediatric hospitalizations resulting from
respiratory virus infections in Hong Kong in the first
12 months of the COVID-19 pandemic and the additional effects of school closure when other NPIs
were implemented.
The study protocol was approved by the joint Institutional Review Board of the University of Hong
Kong and the Hospital Authority Hong Kong West
Cluster, as well as the Hospital Authority Hong Kong
East Cluster Research Ethics Committee. The need for
written consent was waived because testing for respiratory pathogens is standard and routine for all children admitted for an acute respiratory infection in the
2 study hospitals.
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Methods
Study Design

All children admitted to PYNEH and QMH with an
acute febrile illness or respiratory signs/symptoms
are tested by multiplex PCR for influenza A virus,
influenza B virus, respiratory syncytial virus (RSV),
adenovirus, parainfluenza virus types 1–4, human
metapneumovirus (HMPV), and rhinovirus/enterovirus. Because viral respiratory infections account for
>70% of acute febrile illnesses in children and because
very young children with influenza virus infections
may exhibit fever only, for the past 20 years these 2
hospitals have routinely tested children with an acute
febrile illness for respiratory viruses at the time of
admission. For the purpose of infection control, children with acute respiratory symptoms without fever
(e.g., asthma exacerbation) were also routinely tested
at admission. We captured the testing results of all
such patients from a computerized medical system of
the Hospital Authority, along with individual patient
data on age, sex, and date of admission. For comparison, we also captured information about admissions
for urinary tract infection (UTI).
Statistical Analyses

We estimated hospitalization rates overall and stratified them by virus and patient age group. We also estimated the proportion of children for whom a respiratory virus was detected by multiplex assay each year.
Estimated hospitalization rates and 95% CIs for each
age group were based on the Poisson distribution.
The numerator in each incidence rate was the number
of laboratory-confirmed admissions in that age group,
and the denominator was the estimated person-years
at risk each year (estimated from the population of
Hong Kong Island in that age group, according to
the latest census of 2016) (2). Census data for infants
<6 months of age were lacking, and we used as the
denominator half of the population <1 year of age,
assuming a constant birth rate over the year. We calculated age-specific population-based hospitalization
rates for each virus by using the reciprocal of the proportion of children served by the 2 hospitals (71.1%
in 2019). To adjust for a median incubation period of
these respiratory viruses, we used a lag time of 4 days
between school holidays/closures or reopening and
hospitalization. We excluded from analysis children
admitted in 2020 and 2021 for COVID-19 because a
substantial proportion of them had imported cases,
most of them identified during contact tracing, and
the patients were admitted for isolation purposes,
which was not the objective of our study.

We compared age-specific hospitalization rates
for respiratory viruses for the 12 months after implementation of NPIs at the end of January 2020 with
rates from the previous 3 years by using a Poisson
regression model and adjusting for age and seasonality. To explore the contribution of school closures
to reducing spread of respiratory viruses, we compared rates of hospitalization for acute febrile illness/
respiratory symptoms and the proportion of viral
infections detected during periods of school closure
in 2020 and 2021 with that during school reopening
under additional school-based infection control measures, accounting for the overall effect of NPIs during 2020–2021 and adjusting for age and seasonality.
In the analysis for the additional effects of school reopening, we excluded viruses for which <10 hospitalizations were recorded in the NPI period February
2020–January 2021.
Results
In Hong Kong, local schools close for the Chinese
New Year, and in 2020, the holiday started on January 22. After the first imported case from China was
detected on January 21, 2020, and with an increasing
number of imported cases, on January 26, the Hong
Kong government raised the Preparedness and Response Plan to emergency level and extended the
Chinese New Year holiday of secondary schools, primary schools, kindergartens, childcare centers, and
special schools; face-to-face instruction was not resumed until the end of May (https://www.info.gov.
hk/gia/general/202001/26/P2020012600087p.htm)
(Figure 1). Almost immediately after the government
announcement, the Hong Kong population nearly
universally and voluntarily wore surgical masks
when outside of their homes (1), although the government initially advised against this and only later
advocated mask use for persons with respiratory
signs/symptoms according to recommendations of
the World Health Organization and the US Centers
for Disease Control and Prevention. The public also
increased the practice of hand hygiene, and shops
and restaurants required temperature checks before
entry. Interventions implemented by the government
enforced at various times and to different extents
during the year included bans on public indoor or
outdoor gatherings of >4 persons, travel restrictions
limiting entry to Hong Kong residents only, mandatory quarantine for returnees, flexible work arrangements, and banning of in-restaurant dining to different extents. Other measures included cancelling
large-scale events and closing theme parks, leisure,
and cultural facilities (e.g., museums, sports centers,
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Figure 1. Acute hospitalization pediatric admissions for fever/respiratory symptoms at Pamela Youde Nethersole Eastern Hospital and
Queen Mary Hospital, Hong Kong Island, China, and timeline of major interventions implemented by the government in response to
COVID-19 in Hong Kong. COVID-19, coronavirus disease; WFH, work from home.

libraries). Religious services, concerts, conferences,
and local mass gatherings were also cancelled.
Annual hospitalizations of children for acute febrile illness/respiratory symptoms at PYNEH and
QMH were 5,400–6,000 during 2017–2019 but were
greatly reduced to 1,525 in 2020 (including 391 admissions in January before NPIs were implemented).
Adjusting for age and seasonality, we estimated
that rates of hospitalization for acute febrile illness/

respiratory symptoms declined by 75% overall (95%
CI 74%–77%). In addition, such admissions in 2020
were less likely to be associated with a respiratory
virus (Table 1). For comparison, admissions for UTI
were 146 in 2017, 162 in 2018, 133 in 2019, and 120
in 2020. Until January 2020, before implementation
of NPIs, 74.4% of hospitalizations for acute fever/respiratory symptoms were associated with a virus, but
a virus was detected in only 8.8% of similar patients

Table 1. Pediatric hospitalizations for acute febrile illness or respiratory symptoms caused by viruses other than severe acute
respiratory syndrome coronavirus 2 and numbers of infections detected, Pamela Youde Nethersole Eastern Hospital and Queen Mary
Hospital, Hong Kong Island, China*
No. laboratory-confirmed virus infections/no. hospitalizations for acute febrile illness or respiratory symptoms (%)
Month
2017, n = 6,010
2018, n = 5,445
2019, n = 5,44
2020, n = 1,525
2021, n = 89
Jan
349/509 (68.6)
457/613 (74.6)
514/646 (79.6)
291/391 (74.4)
19/89 (21.3)
Feb
269/424 (63.4)
377/528 (71.4)
259/351 (73.8)
46/136 (33.8)
NA
Mar
332/515 (64.5)
346/484 (71.5)
389/503 (77.3)
31/167 (18.6)
NA
Apr
351/521 (67.4)
229/375 (61.1)
327/452 (72.3)
12/137 (8.8)
NA
May
394/571 (69.0)
313/451 (69.4)
339/488 (69.5)
10/141 (7.1)
NA
Jun
456/608 (75.0)
271/417 (65.0)
378/540 (70.0)
13/88 (14.8)
NA
Jul
557/697 (79.9)
308/413 (74.6)
308/471 (65.4)
14/87 (16.1)
NA
Aug
280/397 (70.5)
190/332 (57.2)
195/356 (54.8)
10/89 (11.2)
NA
Sep
316/461 (68.5)
259/388 (66.8)
270/439 (61.5)
18/83 (21.7)
NA
Oct
293/464 (63.1)
330/464 (71.1)
267/433 (61.7)
13/91 (14.3)
NA
Nov
265/438 (60.5)
333/462 (72.1)
219/389 (56.3)
110/163 (67.5)
NA
Dec
264/405 (65.2)
396/518 (76.4)
227/375 (60.5)
26/85 (30.6)
NA
Median (range), %†
67.9 (60.1–79.9)
71.2 (57.2–76.4)
67.4 (54.8–79.6)
17.3 (7.1–74.4)
NA
*Respiratory viruses were influenza A virus, influenza B virus, respiratory syncytial Virus, adenovirus, parainfluenza virus types 1–4, human
metapneumovirus, enterovirus/rhinovirus. NA, not applicable.
†Kruskal-Wallis test demonstrated significant difference among different years (p<0.001), and Dunn post hoc test indicated a significant difference for only
2020 compared with previous years (p<0.05).
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hospitalized in April and 7.1% in May of that year. Almost no children were hospitalized for influenza A or
B virus infection after NPIs were put in place (Table 1;
Figure 2). Rates of influenza A pediatric hospitalizations had increased in February and March every preceding year, but in February and March 2020, pediatric hospitalizations for influenza A infection almost
disappeared. In January 2021, only 19 children were
admitted for acute febrile illness/respiratory symptoms, and influenza A was detected in 1, rhinovirus/
enterovirus in 5, and adenovirus in 13. In Hong Kong,
RSV infections usually led to hospitalization almost
year-round, but in 2020, hospitalizations for RSV
nearly disappeared. The rate of virus detection was
highest in November, when schools fully reopened;
virus detection was mainly rhinovirus/enterovirus.
Comparison of age-specific hospitalization rates
associated with each respiratory virus in the 4 years
studied showed that rates were greatly reduced in
2020 (Appendix, https://wwwnc.cdc.gov/EID/
article/28/1/21-1099-App1.pdf). In general, among
children with infection with any virus, hospitalization rates were higher among children <5 years of age
than among older children; however, hospitalization
rates were also reduced in 2020. Specifically, among
children <1 year of age, rates of reduction were 82%
for influenza virus A, 100% for influenza virus B, 93%

for RSV, 79% for adenovirus, 85% for parainfluenza
viruses, 86% for HMPV, and 84% for rhinovirus/enterovirus. A regression model adjusted for age and
seasonality showed that hospitalization rates for respiratory viruses declined by 85%–99% (Table 2).
When we further analyzed the difference in hospitalization rates during the period when schools were
reopened in 2020–2021 under school-based infection
control measures compared with the periods in 2020–
2021 when they were closed, we found an increased
rate of pediatric hospitalizations for rhinovirus/enterovirus only, not for other viruses.
Discussion
Our study documents a drastic reduction in hospitalizations for acute respiratory virus disease in children
and adolescents during a 12-month period when NPIs
were in place in Hong Kong at the beginning of the
COVID-19 pandemic. Using UTI hospitalizations as a
control, for which hospitalizations in 2020 were about
the same as in previous years, we cannot conclude
that the reduced hospitalizations for acute febrile illness/respiratory symptoms and respiratory viruses
in 2020 resulted from avoidance of public hospitals
during the COVID-19 pandemic. Infants <1 year of
age should be the least affected directly by school
closure and social distancing measures; however,

Figure 2. Pediatric hospitalizations for acute fever/respiratory symptoms and detection rates for respiratory viruses at Pamela Youde
Nethersole Eastern Hospital and Queen Mary Hospital, Hong Kong Island, China, 2017–2021.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022
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Table 2. Relative reductions in incidence rates of pediatric hospitalizations during period of NPI and incidence rate ratio during school
reopenings compared with school closure periods, Hong Kong Island, January 2017–January 2021*
Virus
Relative reduction, % (95% CI)†
Incidence rate ratio (95% CI)‡
Influenza A
99 (98–100)
NE
Influenza B
99 (97–100)
NE
Respiratory syncytial virus
98 (97–99)
NE
Adenovirus
85 (80–88)
1.27 (0.85–1.89)
Parainfluenza types 1–4
96 (95–97)
1.08 (0.85–1.69)
Human metapneumovirus
98 (95–99)
NE
Rhinovirus/enterovirus
87 (85–89)
1.72 (1.37–2.17)
*NE, not estimated because <10 hospitalizations with the given virus were recorded during the NPI period; NPI, nonpharmaceutical intervention.
†Estimated as 1 minus the incidence rate ratio in a Poisson regression model for virus-specific hospitalization rates, adjusted for age and calendar time,
comparing the period February 2020–January 2021 (NPI period) with January 2016–2020.
‡Estimated in a Poisson regression model for virus-specific hospitalization rates, comparing the period when schools were reopened with infection control
measures versus when they were closed during 2020–21, adjusted for the overall risk reduction during the NPI period as well as for age and calendar
time. An incidence rate ratio >1 indicates an increased rate during the school resumption period and vice versa.

hospitalization for respiratory viruses decreased by
79%–100% for this age group, illustrating the role of
household transmission of these respiratory viruses
from older siblings and adults.
Reduced infections during the COVID-19 pandemic have been reported around the world (8–13).
In France, where public health interventions for the
pandemic included school closures and national
lockdown, a >70% decrease was found for pediatric emergency department visits and admissions for
acute gastroenteritis, common colds, bronchiolitis,
and acute otitis media (8). Researchers reported a
>99% reduction of RSV cases detected at sentinel
laboratories in Belgium during the usual RSV season of 2020 (9). In winter 2020 in Western Australia,
detection of RSV infection in children decreased by
98% and influenza by 99.4%, despite reopening of
schools (10). The authors thought that international
and even national border restrictions might have
played a role by preventing external introductions
of these viruses; however, that analysis did not include hospital admission data and the report did not
mention the extent of mask use in the society and
in schools. In Australia, New Zealand, the United
States, Chile, and South Africa, which reported reduced detection of influenza and other respiratory
virus, NPI measures had included stay-at-home
orders or lockdowns (11–13). Hong Kong never implemented a full lockdown or stay-at-home order,
although avoiding crowding was recommended
to the public. A district where residents had to undergo mandatory testing implemented a mandatory
48-hour lockdown involving several blocks, but that
was on January 23, 2021, and had a negligible effect
on our findings. When the most stringent measures
were implemented, in addition to school closures,
the Hong Kong government closed its offices for
nonemergency services and encouraged other public
institutions and the private sector to adopt working
from home, which was followed to different extents.
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Shops and restaurants remained open, although inrestaurant dining after 6:00 pm was banned in July
and December 2020.
According to a study of the first 3 months of
2020 in Hong Kong, influenza transmission declined substantially after NPIs were instituted in
late January, from an estimated effective reproduction number of 1.28 (95% CI 1.26–1.30) before the
start of school closures to 0.72 (95% CI 0.70–0.74)
during the closure weeks (1). In our study, we
found that as NPIs were continued with varying
stringency at different times according to the number of local and imported cases of SARS-CoV-2
infections, reduced pediatric hospitalizations for
influenza persisted throughout the rest of the year
and into the first month of January 2021, and thus,
there was no influenza season during the winter of
2020–21. However, the drastic reduction in pediatric hospitalizations for acute viral respiratory infections was probably not attributed mostly to school
closure when other NPIs, including international
travel restrictions, were in place.
Before 2020, hospitalizations and virus detection
were lower during summer holidays compared with
other times of the school year, but they were still significantly higher than they were in 2020 with NPIs in
place, regardless of school closure. When other NPIs
were being used, mean rates of hospitalization for
most respiratory viruses were not further reduced
by school closure (Table 2). Hospitalization rates for
rhinovirus/enterovirus did, however, increase substantially, which could be associated with a loss of
population immunity during the long school closure
period (14). Resumption of school in 2020–21 was not
a complete return to prepandemic conditions because
students were required to wear face masks; schools
typically only resumed for half days; and temperature
checks, enhanced hand hygiene, and social distancing
measures were used in the classrooms (15). Rhinovirus can spread by fomites, and evidence indicates that
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surgical masks may not be very effective for blocking
rhinovirus transmission. Leung et al. recently showed
that surgical face masks effectively reduced detection
of influenza virus and coronaviruses, but not rhinovirus, in exhaled air (16). Nevertheless, the schoolbased infection control measures in the context of
other NPIs in the community appeared sufficient to
limit transmission of other respiratory viruses.
Our observation that school resumption did not
affect rates of hospitalization for infection with other
respiratory viruses, except rhinovirus, is consistent
with modeling studies of SARS-CoV-2 that predicted that school closures alone would prevent only
2%–4% of deaths, much less than other social distancing interventions (17). Fong et al. also demonstrated
absence of SARS-CoV-2 transmission in the school
setting from the 20 students, 5–17 years of age, who
had acquired SARS-CoV-2 infection from household
contacts or from unknown sources (15). On March
18, 2020, the UN Educational, Scientific and Cultural
Organization estimated that 107 countries had implemented national school closures in an effort to combat
COVID-19, affecting half the global student population (18). By mid-April 2020, a total of 192 countries
adopted national school closure policies, affecting
≈1.6 billion (>90%) of the world’s student population
(19). School closure during the COVID-19 pandemic
carries high social and economic costs across communities and has the most severe effect on the most vulnerable and disadvantaged populations (19,20). The
harms associated with school closure are profound
and far-reaching. Delineating the effect of school
closure on the mitigation of COVID-19 among other
concurrent NPIs has been attempted but is nearly impossible, and without such measures, no comparison
with baseline was possible. This study of hospitalization for other respiratory viruses with modes of transmission presumably similar to those of SARS-CoV-2
provides insight into the role of school closure in the
context of other NPIs and lends support for keeping
schools open with additional school-based infection
control measures in place during a pandemic when
other NPIs can be implemented in the community.
The wearing of face masks in Hong Kong was extraordinary. First, rapid and nearly universal masking was initiated by the public ahead of government
recommendations (1). Second, persons in Hong Kong
wore surgical masks outside the home regardless of
respiratory symptoms, which was not the initial government recommendation. The rate of mask use was
remarkably high in the population, including among
young children. A survey found that during the first
100 days of the COVID-19 outbreak, face mask use

was >95%–97% in all 18 Hong Kong administrative
districts (21). That study compared the incidence of
COVID-19 in Hong Kong with that in selected countries with a well-established healthcare system (e.g.,
Asia, Europe, and North America), where face mask
use was not universally adopted in the community,
and concluded that communitywide mask wearing may contribute to the control of COVID-19. In
our previous study that showed substantial influenza virus transmission in the first 3 months of the
COVID-19 pandemic in Hong Kong, 98.2% of respondents surveyed during mid-February and mid-March
reported wearing masks when going out (1).
Our first study limitation is that it was an observational study and that different NPIs overlapped
and changed repeatedly throughout the year in Hong
Kong, making it difficult to precisely attribute the exact effect of each intervention. In our discussion of the
effects of school closure and school resumption, we
had data only on pediatric hospitalizations and did
not study the effects of school closures or resumptions on infections and hospitalizations of adults. We
also did not have data on children with respiratory
viral infections who did not need hospitalization.
One strength of our study is that data were
drawn from a well-established system that captures
hospitalizations for acute respiratory infection for
which all patients have been routinely tested by PCR
since 2003, so there was no selection bias for testing.
There was also no data capture bias because data for
all children hospitalized with an acute respiratory
illness were captured throughout the years. Because
these 2 hospitals provide hospitalization for 71% of
the population on Hong Kong Island, we were able
to provide age-specific population-based estimates of
hospitalizations. In addition, Hong Kong usually has
prolonged RSV infection and influenza seasons, and
this 12-month study enabled us to document the lack
of viral respiratory diseases in 2020.
In conclusion, our study showed that measures
implemented at government and individual levels
to control COVID-19 in Hong Kong substantially reduced pediatric hospitalizations for other respiratory
viruses and that school closures were associated only
with further reduction of hospitalizations (except
for rhinovirus/enterovirus) when other NPIs were
implemented. The NPIs used in Hong Kong in 2020
would probably effectively control future pandemics
caused by respiratory viruses (e.g., influenza or coronaviruses) while vaccines were being developed, and
schools should be considered an essential service that
could be kept open with appropriate infection control
measures in place.
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Mask Eﬀectiveness for
Preventing Secondary Cases
of COVID-19, Johnson County,
Iowa, USA
Jacob Riley, Jamie M. Huntley, Jennifer A. Miller, Amelia L.B. Slaichert, Grant D. Brown

In September of 2020, the Iowa Department of Public
Health released guidance stating that persons exposed
to someone with coronavirus disease (COVID-19) need
not quarantine if the case-patient and the contact wore
face masks at the time of exposure. This guidance differed from that issued by the Centers for Disease Control and Prevention. To determine the best action, we
matched exposure information from COVID-19 case
investigations with reported test results and calculated
the secondary attack rates (SARs) after masked and unmasked exposures. Mask use by both parties reduced
the SAR by half, from 25.6% to 12.5%. Longer exposure
duration significantly increased SARs. Masks significantly reduced virus transmission when worn by both the
case-patient and the contact, but SARs for each group
were higher than anticipated. This finding suggests that
quarantine after COVID-19 exposure is beneficial even if
parties wore masks.

O

n September 29, 2020, the Iowa Department
of Public Health (IDPH) issued new guidance
for persons who had been in contact with someone
infected with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (hereafter called casepatients). This guidance recommended that when
both the case-patient and the contact were correctly
and consistently masked during an exposure, the
contact should perform symptom monitoring for 14
days instead of quarantining at home. This guidance
deviated substantially from that provided by the
Centers for Disease Control and Prevention (CDC),
which still recommended at-home quarantine after exposure to someone with coronavirus disease
(COVID-19), regardless of mask use. Johnson County
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USA (J. Riley, J.M. Huntley, J.A. Miller, A.L.B. Slaichert); University
of Iowa, Iowa City, Iowa, USA (G.D. Brown)
DOI: https://doi.org/10.3201/eid2801.211591

Public Health (JCPH) staff decided to follow IDPH
guidance but also supported any persons or organizations who chose to continue to follow the CDC
recommendation.
Although the IDPH change in guidance provided an opportunity to lessen the burden of the pandemic on Johnson County, we were concerned about
a potential increase in transmission rates. Because
data supporting this change in guidance were lacking, we designed a prospective cohort study to evaluate the potential risk for increased virus transmission by measuring the secondary attack rates (SARs)
of COVID-19 between persons exposed when both
parties were masked and those exposed when >1
person was unmasked.
The purpose of this study was to examine
how effective masks are at reducing transmission
of SARS-CoV-2 and, therefore, whether the new
IDPH recommendation for symptom monitoring
was appropriate. However, mask use is only 1 of
many factors that affect SARS-CoV-2 transmission.
While examining the available data, we identified
several additional risk factors of interest, including
symptom status, exposure setting, and exposure
duration. This information enabled us to examine
additional guidance relating to COVID-19, such as
early release from quarantine and the potential for
airborne transmission, to ensure that our recommendations did not increase the risk for transmission in the community.
After reviewing relevant literature (2–4), we hypothesized that mask use consistent with CDC guidance (5) would reduce the SAR for COVID-19 in
nonhousehold contacts from 10% to 5%. The study
proposal was evaluated according to internal ethics
review protocols, met the criteria for public health
practice (1), and was not required to undergo institutional review board review.
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Methods
In March of 2020, IDPH issued a mandatory reporting order that required medical providers to report
all COVID-19 test results and associated demographic information to IDPH each day. This information
was then provided to each county-level public health
department to enable case-patient investigation and
contact tracing of residents who tested positive for
COVID-19. We estimated that we would need a sample size of 1,200 contacts to detect a statistically significant difference in SARs between the 2 groups. We
began collecting data on case-patients and their associated contacts that were reported to JCPH on or after
October 20, 2020. By March 1, 2021, we had collected
exposure and outcome information for ≈1,000 contacts and began to perform analyses while continuing
to collect data for future calculations.
After being notified of new COVID-19 cases, we
initiated contact with each person who tested positive for COVID-19. During this first contact, JCPH
staff provided general isolation recommendations
and obtained permission to send a link, via email or
text message, to an online case investigation questionnaire that we had developed. This questionnaire
collected basic information about demographics and
households, details about symptoms, an overview of
activities in the days before becoming ill, and a list of
potentially exposed persons. The questionnaire was
available in English, Spanish, and French. Case-patients also had the option to forgo the questionnaire
and complete the investigation via phone interview,
with the aid of a translation service if necessary.
After case-patients completed the questionnaire,
we called each one to gather any additional information needed about their illness, to provide guidance
for isolation and quarantine of household contacts,
and to obtain a full list of close contacts. Close contacts were defined as persons who had been exposed
to someone with a laboratory-confirmed case of
COVID-19 during the case-patient’s infectious period
within 6 feet for >15 minutes within a 24-hour period
or who had experienced substantial direct exposure
to a case-patient. Direct exposure is a somewhat subjective criterion and was evaluated on a case-by-case
basis but could include exposures such as sharing
food or drink, kissing, or shouting face to face in close
proximity. In addition, on the basis of evidence of
airborne transmission (6), JCPH classified persons as
close contacts if they had spent >2 consecutive hours
in the same enclosed space as a case-patient.
If the case-patient identified any close contacts
during the case investigation, we asked for details about the exposure and contact: name, phone
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number, first and last date of exposure, whether the
case-patient was masked, whether the contact was
masked, if the case-patient was symptomatic at the
time of exposure, exposure setting (indoors/outdoors/direct exposure), and exposure duration (>2
hours vs. <2 hours). We obtained this information
from the case-patients because contacts were not
provided with specific information about their exposure because of privacy concerns. This limitation
also prevented us from collecting data about the type
of mask worn by a close contact because the case-patient could not be expected to have this information
and the contact would not know precisely when the
exposure occurred. The many face coverings worn
by Johnson County residents included 2-layer cloth
masks, disposable surgical masks, double-layer gaiters, and KN95 masks.
After obtaining a list of close contacts for a casepatient, JCPH staff called each identified close contact
to gather additional information and provide appropriate quarantine recommendations. Information collected included additional demographic and contact
information as well as information regarding the
development of signs/symptoms, date of symptom
onset, previous diagnosis of COVID-19, date of diagnostic test, COVID-19 vaccination history, and date(s)
of vaccine administration. Contacts were also advised
to undergo testing for COVID-19 during days 10–13
after their exposure or sooner if they experienced
symptoms.
Throughout the study, we compiled data from
the case-patient investigations and contact-tracing interviews into an internal database. We matched the
data in our system to testing data from the state reporting system for each identified close contact. Contacts were included in the study if they met any of the
criteria for a close contact; were exposed outside of a
household, healthcare, or long-term care setting; investigators obtained data on mask use during the exposure for both the case-patient and the contact; and
a laboratory-confirmed test result was collected 2–14
days after the date of exposure. We excluded from
analysis persons who did not meet these criteria.
We computed SARs with 95% CIs for several
individual risk factors, including combinations of
masking status of case-patient and contact, exposure
setting, whether the case-patient was symptomatic,
and exposure duration. Subsequently, we conducted
a multivariable logistic regression analysis by using
these risk factors to ensure that the individual factors
remained significant when combined. For the multivariable model, we combined case-patient and contact masking status into a score counting the number
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of persons masked (0, 1, or 2) because masking behaviors are highly correlated. Age was included as a
numeric variable. Statistical significance is reported at
a type 1 error rate of 0.05, and 95% CIs are reported.
Results
From October 23, 2020, through February 28, 2021,
we identified 969 nonhousehold contacts who met
inclusion criteria and for whom we were able to collect both exposure (mask usage) and outcome (test
result) data. These 969 contacts were associated with
431 cases. The average number of contacts per case
was 2.25 (range 1–13). Of these contacts, 3 had only
an inconclusive test result and were not included in
additional analyses. The age range of contacts was
0–90 years; median age was 18 years. The age distribution was skewed toward younger persons (0–18
years). Of the 966 contacts included in the analysis,
768 tested negative and 198 tested positive, resulting in an overall SAR of 20.5% (95% CI 18.1%–23.2%)
(Figure 1).
To determine the effectiveness of masks for reducing SARS-CoV-2 transmission, we compared calculated SARs when both parties were wearing masks
with SARs when >1 person was not wearing a mask
at the time of exposure (Table 1). Most contacts (590,
61%) were exposed when >1 person was not wearing a mask. Of these 590 persons, 439 tested negative
and 151 tested positive, leading to an SAR of 25.6%
(95% CI 22.3%–29.4%). The remainder of the contacts
(376, 39%) were exposed when both the case-patient
and the contact wore masks during the exposure. Of
these 376 persons, 329 tested negative and 47 tested
positive, resulting in an SAR of 12.5% (95% CI 9.6%–
16.3%). The sample sizes for subgroups of contacts
exposed when >1 person was not masked were much
smaller, but the SAR for contacts exposed when only
the case-patient was masked was 29.1% (95% CI

19.3%–43.9%) and when only the contact was masked
was 10% (95% CI 4.0%–25.3%).
To ensure that our calculations were representative of the entire study period and not affected by specific outbreak or superspreader events, we examined
the distribution of contacts over time (Figure 2). The
number of cases in November increased, resulting in
a corresponding increase in the number of contacts.
The proportion of contacts testing negative compared
with those testing positive remained roughly consistent throughout the study.
Because the age range of participants was skewed
toward younger persons, we also calculated SARs for
masked and unmasked exposures among school-age
children (5–18 years of age) to ensure that our results
were not affected by age distribution. Of the 966 contacts, 426 (44%) were within this age range. Of the 426
school-age children, 209 (49%) were exposed when >1
person was not masked; of those, 156 tested negative
and 53 tested positive, resulting in an SAR of 25.2%
(95% CI 20.1%–32.0%). A total of 217 (51%) schoolage children were exposed when both persons were
masked. Of those contacts, 191 tested negative and
26 tested positive, resulting in an SAR of 12% (95%
CI 8.4%–17.2%). These results are consistent with our
calculations for the entire study population.
To ensure that confounding was limited to the
extent possible, we analyzed additional variables
(Table 2). Overall SARs did not differ significantly
when the contact was exposed while the case-patient
was symptomatic (21.5%, 95% CI 18.1%–25.6%) compared with when the case-patient was not symptomatic (20.9%, 95% CI 17.4%–25.2%). In accordance with
JCPH guidance, duration of exposure was measured
as <2 hours or >2 consecutive hours. The SAR for exposures <2 hours was 13.5% (95% CI 9.6%–18.8%) and
for exposures >2 hours was 25.6% (95% CI 22.2%–
29.5%). SARs were lowest among those exposed while
Figure 1. Age distribution
of contacts in study of mask
effectiveness for preventing
secondary cases of coronavirus
disease, Johnson County,
Iowa, USA, October 23, 2020–
February 28, 2021.
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Table 1. Mask effectiveness for preventing secondary cases of coronavirus disease, Johnson County, Iowa, USA
Mask use, case-patient/contact
Negative
Positive
Secondary attack rate (95% CI), %
Overall
768
198
20.5 (18.1– 23.2)
Total unmasked*
439
151
25.6 (22.3–29.4)
Unmasked/unmasked
364
131
26.4 (22.9– 30.7)
Unmasked/masked
36
4
10.0 (4.0– 25.3)
Masked/unmasked
39
16
29.1 (19.3–43.9)
Masked/masked
329
47
12.5 (9.6–16.3)
Unknown
69
23
25 (17.5–35.6)
School-age, 5–18 y
Unmasked*
156
53
25.2 (20.1–32.0)
Masked/masked
191
26
12.0 (8.4–17.2)
*When >1 person was unmasked during exposure.

indoors (18%, 95% CI 15.1%–21.3%), followed by outdoors (25%, 95% CI 14.2%–44.0%), and highest among
those who had been directly exposed (35.7%, 95% CI
17.7%–72.1%) (Table 2). Exposures for many contacts
overlapped into multiple categories. The SAR for exposures that occurred in multiple settings was 25.8%
(95% CI 18.4%–36.1%).
On December 2, 2020, CDC issued guidance allowing early release from quarantine after 7 days
with a negative test result collected 5–7 days after
exposure or after 10 days without a test result for
those who were asymptomatic (7). Because this guidance changed during our study period, we sought to
examine the effects it might have on our results and
transmission within our community. Our data collection methods enabled us to calculate the time from exposure to test and evaluate this guidance in the population of Johnson County. Of 198 contacts who tested
positive, a total of 17 (8.6%) would have met criteria
for early release and subsequently tested positive: 6
(3%) after 7 days on the basis of a negative test result
and 11 (5.6%) after 10 days on the basis of absence of
symptoms (Figure 3). This finding is consistent with
the estimates provided by CDC guidance (7).
Other measured variables included vaccination
before exposure and previous illness. All 16 contacts
who reported >1 vaccination before exposure tested
negative. Three contacts reported a previous positive
test result; 2 had a previous positive test result with-

in 90 days and tested negative after their exposure,
whereas the remaining contact had a previous positive test result >180 days before exposure and again
tested positive.
Several, but not all, risk factors of interest resulted in substantial differences in secondary SARs. To
ensure that these factors remained significant in realworld settings, we performed a multivariable analysis. The multivariable results (Table 3) largely mirror
the bivariate comparisons. Mask use was significantly
associated with lower SARs (odds ratio [OR] 0.7, 95%
CI 0.57–0.84); longer exposure was associated with
higher SARs (OR 1.92, 95% CI 1.35–2.76); and age
was positively associated with SAR (OR for 10-year
increase 1.13, 95% CI 1.04–1.23). Indoor exposure was
not significantly associated with SAR (OR 0.69, 95%
CI 0.48–1.01), although it retained a negative nominal association. Variance inflation factors were examined, and the maximum value was 1.15, well below
the problematic threshold for multicollinearity.
Discussion
Our goal with this study was to evaluate the change
in quarantine guidance by examining the effectiveness of mask use for preventing transmission
of SARS-CoV-2 and determining whether a resultant reduction in transmission was great enough to
warrant symptom monitoring rather than quarantine of close contacts. The results from our analysis
Figure 2. Number of contacts
with test results during study
of mask effectiveness for
preventing secondary cases of
coronavirus disease, Johnson
County, Iowa, USA, October 23,
2020–February 28, 2021.
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Table 2. Additional variables for study of mask effectiveness for preventing secondary cases of coronavirus disease, Johnson County,
Iowa, USA
Variable
Negative
Positive
Secondary attack rate (95% CI), %
Case-patient
Symptomatic
365
100
21.5 (18.1–25.6)
Not symptomatic
340
90
20.9 (17.4–25.2)
Exposure duration, h
>2
413
142
25.6 (22.2–29.5)
<2
193
30
13.5 (9.6–18.8)
Exposure setting
Indoors
488
107
18 (15.1–21.3)
Outdoors
27
9
25 (14.2–44.0)
Direct exposure
9
5
35.7 (17.7–72.1)
Multiple settings
72
25
25.8 (18.4–36.1)

suggest that proper mask use is very effective for reducing transmission of SARS-CoV-2, lowering the
SAR among contacts by half. However, consistent
with a more recent study (8), SARs for both groups
were notably higher than originally anticipated. On
the basis of these findings, JCPH decided to recommend that persons follow CDC guidance after an exposure but also gave persons the option of following
the less restrictive IDPH guidance.
Although sample sizes for subgroups of the unmasked cohort were relatively small, the evidence
suggests that masks are more beneficial when worn
by the contact than by the case-patient. This finding
is further supported by the lack of a significant difference in SARs between contacts who had been exposed
to an actively symptomatic case-patient compared
with those exposed to a nonsymptomatic case-patient.
However, specific symptoms were not included in this
analysis. Transmission rates may be higher for persons
experiencing symptoms such as cough or fever than
for those experiencing symptoms such as headache
and fatigue. In addition, we made no differentiation
between asymptomatic and presymptomatic cases.

Duration of exposure was a significant predictor of SARS-CoV-2 transmission. JCPH recommends
quarantine for persons exposed to a case-patient
when indoors for >2 hours, regardless of distance,
because of the potential for airborne transmission.
Exposures lasting >2 hours were more than twice
as likely to result in a positive test result than were
exposures lasting <2 hours. We did not include distance as a measure in this study. We believed that
distance would not be reliably self-reported and
would probably not remain static for the duration of
exposure, making any meaningful analysis challenging. Without measuring distance, it is impossible to
quantify the number of contacts who were included
in the study because their indoor exposure had been
>2 hours but that had not been within 6 feet of the
case-patient for >15 minutes. Despite this limitation,
the difference in SARs between duration categories
supports the assertion that airborne transmission occurs (6) because inclusion of any contacts exposed
outside a 6-foot radius would otherwise decrease
the difference in SARs between the 2 exposure-duration groups.
Figure 3. Days from exposure
to coronavirus disease casepatient to testing of contact
for disease, Johnson County,
Iowa, USA, October 23, 2020–
February 28, 2021.
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Table 3. Multiple logistic regression for study of mask effectiveness for preventing secondary cases of coronavirus disease, Johnson
County, Iowa, USA
Parameter
Estimate
Odds ratio (95% CI)
p value
Intercept
−1.67
0.19 (0.11–0.32)
<0.001
Mask score
−0.36
0.70 (0.57–0.84)
<0.001
Exposure: indoors
−0.37
0.69 (0.48–1.01)
0.052
Case-patient symptomatic
0.25
1.28 (0.93–1.78)
0.131
Exposure >2 h
0.65
1.92 (1.35–2.76)
<0.001
Age, 0-y increase
0.13
1.13 (1.04–1.23)
0.003

When we analyzed SAR by exposure setting, as
expected the SAR was highest for contacts who had
been directly exposed. Unexpectedly, the SAR was
lower for persons who were exposed indoors than
those who were exposed outdoors, although this finding did not remain significant in the multivariable
analysis. This observed marginal association is potentially explained by several factors. Indoor exposures
may have been more likely when persons were following social distancing recommendations. Outdoor
exposures could have more often involved physical
activities, resulting in higher respiration rates, or coincided with less adherence to social distancing.
Although our results suggest that mask use may
not eliminate the need for quarantine, they indicate
only a minor risk for increased transmission when
adhering to shortened quarantine periods as outlined
in CDC guidance (7). Only 17 contacts who tested
positive would have met the criteria for early release,
potentially infecting others. Most (79.5%) of the study
population would benefit from a reduced quarantine without posing a risk to others. Because testing
was not standardized among contacts, any predictive
analysis would be unreliable, but the end result from
this change in guidance is a significant reduction in
burden to most contacts with only a slight increase in
risk for transmission within the community.
Among the limitations to this study is that many
persons could not be contacted or declined to cooperate with public health investigations. There are almost certainly substantial differences between casepatients and contacts that we were able to interview
and those who declined to provide information or
were unable to be reached. In addition, all of the data,
with the exception of test results, were self-reported
by either contacts or case-patients. Self-reported
data can be unreliable. During investigations, casepatients may have had an incentive to provide false
information to prevent friends, co-workers, or classmates from quarantining; or they may have demonstrated response bias by telling interviewers what
they thought we wanted to hear. Although bias cannot be ruled out, we believe that persons who cooperate with public health investigations are more likely
to provide accurate and honest information and to
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follow other public health guidance, such as social
distancing and mask use. However, these challenges
would bias our results toward the null, underestimating the benefit of mask use in the general population.
An additional limitation is related to generalizability. The population vaccination rate has risen
dramatically since the period under study; we did
not observe sufficient numbers of fully or partially
vaccinated contacts to claim with certainty how
masking policies would interact with changing population immunity. In addition, population immunity
will be affected should any variants that escape the
immune responses generated by >1 of the available
vaccines emerge.
Last, although we detected several associations
with SARs, the residual variability is substantial.
When evaluated under 5-fold cross-validation, neither the logistic regression model nor a random forest version was able to produce predictions that were
substantially above the no-information rate. This
finding indicates that although we can quantify elevated risk, the measured information is not sufficient
to predict transmission events on an individual level.
Nevertheless, we were able to measure a significant reduction in the rate of transmission when both
persons were masked, which has useful implications
for policy despite the continually shifting landscape
of immunity and behavior. Despite the substantial reduction in transmission attributable to masking, the
rate of transmission was still high when both parties
were masked, leading us to conclude that in the absence of substantial hardship, quarantine regardless
of mask use is generally preferred by public health
practitioners. In reality, however, after less restrictive guidance has been issued, it is difficult to revert
to recommendations that are more restrictive. This
study highlights the value of creating public health
guidance based on evidence rather than perception or
public opinion.
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Transmission Dynamics of
Large Coronavirus Disease
Outbreak in Homeless Shelter,
Chicago, Illinois, USA, 2020
Yi-Shin Chang, Stockton Mayer, Elizabeth S. Davis,
Evelyn Figueroa, Paul Leo, Patricia W. Finn,1 David L. Perkins1

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has the potential for rapid transmission
in congregate settings. We describe the multidisciplinary response to an outbreak of coronavirus disease
(COVID-19) in a large homeless shelter in Chicago, Illinois, USA. The response to the outbreak included 4
rounds of mass PCR testing of all staff and residents
and subsequent isolation of persons who tested positive for SARS-CoV-2. We further describe the dynamics
of the shelter outbreak by fitting a modified susceptibleexposed-infectious-recovered compartmental model
incorporating the widespread SARS-CoV-2 testing
and isolation measures implemented in this shelter.
Our model demonstrates that rapid transmission of
COVID-19 in the shelter occurred before the outbreak
was detected; rates of transmission declined after
widespread testing and isolation measures were put in
place. Overall, we demonstrate the feasibility of mass
PCR testing and isolation in congregate settings and
suggest the necessity of prompt response to suspected
COVID-19 outbreaks in homeless shelters.

T

he coronavirus disease (COVID-19) pandemic,
caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has disproportionately
affected persons living in congregate settings, including homeless shelters (1,2). People experiencing
homelessness are at increased risk for SARS-CoV-2
infection because of shared living spaces and difficulty maintaining physical distance and are at increased
risk for severe COVID-19 because of the high prevalence of underlying medical conditions (3,4).
Author aﬃliations: University of Illinois at Chicago, Chicago,
Illinois, USA (Y.-S. Chang, S. Mayer, E. Figueroa, P. Leo,
P.W. Finn, D.L. Perkins); Rush University Medical Center, Chicago
(E.S. Davis)
DOI: https://doi.org/10.3201/eid2801.210780
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Previous studies of COVID-19 in homeless shelters have reported testing results from 1 or 2 crosssectional time points of an outbreak (1,2), but data
are limited regarding the dynamics of SARS-CoV-2
transmission in homeless shelters. Community
transmission was documented in Chicago, Illinois,
USA, in early March (5), and a statewide stay-athome order was implemented on March 14, 2020.
During March–May 2020, many homeless shelters
in Chicago experienced COVID-19 outbreaks (4).
We describe an outbreak of COVID-19 in Chicago’s
largest homeless shelter, including the results of repeated rounds of SARS-CoV-2 reverse transcription
PCR (RT-PCR) testing. On the basis of these data, we
developed a compartmental mathematical model to
characterize the extent and temporal dynamics of
SARS-CoV-2 infection within this shelter.
Methods
Study Population and Setting

Pacific Garden Mission (PGM) in Chicago is the largest homeless shelter in the midwestern United States,
having a capacity for 950 residents. Most residents
(referred to as overnight residents) sleep at night in
large, gender-separated dormitories capable of accommodating <200 residents. During the day, these
residents leave the shelter or stay collectively in large
gender-separated day rooms before returning to sleep
in the same dormitories but with changed bed allocations. Before the statewide stay-at-home order, the
maximum length of stay for residents was 30 days. A
smaller number of residents (referred to as program
residents) sleep at night in smaller dormitories (ranging from 4 to 20 beds) and spend their days in the
dormitories, day room, accessing services, or outside
1
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the shelter; these residents can stay in the shelter for
up to 2 years depending on the services they are accessing. When the stay-at-home order was mandated,
>50 residents and staff left PGM. After the statewide
stay-at-home order, no residents were permitted to
leave or return to the shelter, except for a select few
in essential roles (e.g., employment in critical infrastructure). A total of 445 residents and staff remained
at PGM.
Origin of the Outbreak at PGM

On March 14, 2020, COVID-19 was diagnosed in a
female overnight resident in her 40s at an acute-care
hospital. A total of 9 other PGM residents subsequently became symptomatic and sought clinical care
in March; SARS-CoV-2 infection was confirmed in 10
persons by March 31. Of these, 7 were male overnight
residents, 2 were female overnight residents, and 1
was a male staff member.
Clinical and Public Health Investigation and Response

For the purposes of this analysis, the investigation
and response are divided into 4 phases (Figure 1). In
phase 1, during March 1–29, 2020, no routine symptom screening or SARS-CoV-2 testing was conducted
at PGM. Residents who sought care from staff after
experiencing COVID-19–related symptoms were taken to nearby acute-care hospitals for diagnostic testing and clinical care.
In phase 2, during March 30–April 4, 2020, infection control measures were enhanced, including

cleaning of frequently touched surfaces, improving
the availability of hand hygiene products (e.g., alcohol-based hand sanitizer), implementing physical distancing policies, and providing facemasks to all residents (sufficient masks for universal masking were
obtained by April 2). In addition, daily temperature
checks and symptom screens were introduced. Residents with possible COVID-19 symptoms (persons
under investigation [PUIs]) were isolated onsite. Consistent with the Centers for Disease Control and Prevention (CDC) definition at the time, residents were
determined to be PUIs if they had a measured fever
of >37.8C or reported a subjective fever, dry cough,
shortness of breath, myalgia, sore throat, headache,
fatigue, or close contact with a person who had confirmed SARS-CoV-2 infection.
In phase 3, during April 5–7, 2020, PUIs were
transferred for offsite isolation at a hotel with individual rooms. Newly symptomatic residents were transferred to the hotel, on average, 1 day after reporting
symptoms and were isolated onsite in the interim. Simultaneously, residents at high risk for severe disease
(because of age or underlying medical conditions, as
determined by an onsite physician) were also transferred offsite for protective housing in individual hotel rooms. A stricter shelter-in-place was instigated on
April 7, 2020; after this date, residents were strongly
discouraged from leaving, and residents who left for
any reason were not permitted to return.
Phase 4 was characterized by recurrent rounds
of widespread testing for SARS-CoV-2. During April

Figure 1. Summary timeline of COVID-19 outbreak and response at Pacific Garden Mission, a homeless shelter in Chicago, Illinois,
USA, 2020. P1, prescreening (March 14–March 30); P2, symptom screening (March 30–April 5) and temporary isolation; P3, hotel
opening with continued symptom screening (April 5–8); P4, mass RT-PCR testing rounds and isolation units (April 8–May 11).
COVID-19, coronavirus disease; P, phase; RT-PCR, reverse transcription PCR.
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8–10, 2020, healthcare workers from local academic
healthcare centers collected oronasopharyngeal swab
specimens from all consenting staff and residents. Testing was offered to all residents and staff who had not
previously tested positive for SARS-CoV-2. Specimens
were tested for SARS-CoV-2 by RT-PCR, and associated
clinical and epidemiologic information was collected
by using a standardized questionnaire as previously
described (4). On average, test results were returned 48
hours after specimen collection. Isolation units, staffed
by clinicians 24 hours a day and with capacity for 160
persons, were established onsite for residents who
tested positive for SARS-CoV-2. Isolation units were
equipped with a personal protective equipment (PPE)
station for medical personnel; staff and residents were
regularly trained in PPE use, and the PPE station was
regularly stocked with surgical and N95 masks, gloves,
and gowns. Further rounds of widespread testing were
conducted on April 18, April 28, and May 6. After each
round, residents were isolated as described previously.
Residents who became symptomatic between rounds of
testing but did not have a RT-PCR–confirmed diagnosis
continued to be transferred to the hotel.
Modeling Transmission Dynamics of COVID-19 at PGM

To characterize transmission dynamics, we adapted a classic propagation dynamics compartmental
model,
susceptible-exposed-infectious-recovered
(SEIR), to incorporate isolation and mass testing
measures (Appendix, https://wwwnc.cdc.gov/
EID/article/28/1/21-0780-App1.pdf). The SEIR
model classifies persons in a population into 4 compartments of susceptible, exposed), infected), and
recovered (or removed) and applies well to the relatively closed system of a homeless shelter, particularly after the stay-at-home order and the subsequent,
stricter shelter-in-place policy. Rate of transmission
is governed by 3 parameters: rate of transmission
between susceptible and infectious persons (β =
[ncontacts/infectious individual/d × probabilitytransmission given contact]),
the rate of conversion from exposed to infectious (σ
= 1/tincubation, tincubation = incubation period), and the
rate of recovery (ϒ = 1/tinfectious, tinfectious = duration
of infectiousness). A system of ordinary differential
equations determines the temporal progression of
persons within each compartment.
We adapted the SEIR compartmental model to
understand the dynamics of the PGM outbreak and
constructed a model consisting of 4 separate systems
of ordinary differential equations corresponding to
the 4 phases of outbreak response at PGM (Figure 2).
In each of these phases, we altered the corresponding
model parameters and compartments to represent
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relevant screening, testing, and isolation measures.
Our model introduces a compartment for isolation
units in phase 4 and a compartment for isolation
dorms (before the set-up of fully staffed, PPE-stocked
isolation units) in phases 2 and 3. Finally, the model
includes compartments for persons who were removed to the hotel or a hospital.
Model variables including β, incubation period,
infectious duration, RT-PCR–positive duration, asymptomatic percentage, and RT-PCR sensitivity were
fit to early testing data (March 14–April 7, 2020) from
symptomatic persons who sought care at the hospital,
number of persons admitted to the hospital, number
of persons moved to the hotel, and results of the 4
rounds of mass testing by using the limited memory
Broyden–Fletcher–Goldfarb–Shanno (L-BFGS) optimization algorithm in R (with native R function
optim) (6,7). We derived ranges of values for each
optimized variable from the literature (Table 1; Appendix). Basic reproduction number (R0), which is
calculated as β/ϒ in a basic SEIR model, was calculated as β0/[ϒap × [% asymptomatic] + [ϒsp × (% symptomatic)], where ϒap is the inverse of infectious duration for asymptomatic persons and ϒsp is the inverse
of infectious duration for symptomatic persons. The
number of persons in different compartments at various timepoints and model parameters (representing
transmission dynamics) were estimated from the fitted model (Appendix Table).
Results
Demographic and health information of residents
and staff members at PGM who had an RT-PCR test
performed any time during March 14–May 11, 2020,
were self-reported (Table 2). The demographic distribution of PGM residents is similar to that of a broader
survey of persons experiencing homelessness in Chicago (4); most are men (255/358, 71%) and non-Hispanic Black (219/344, 64%), and the median age is 56
years (interquartile range 45–61 years).
During phases 1, 2, and 3, SARS-CoV-2 infection
was confirmed in a total of 39 persons (35 residents
and 4 staff members) (Figure 3, panel A). Of those
39 positive cases, 26 were confirmed after universal
symptom screening was begun in the final week before mass testing.
The first round of widespread RT-PCR testing identified 166 (45%) of 366 persons who were
confirmed to be SARS-CoV-2–positive. Subsequent
rounds of testing yielded substantially lower rates of
positivity: 24 (11%) of 217 in round 2 (April 16), 23
(11%) of 181 in round 3 (April 28), and 1 (0.5%) of 183
in round 4 (May 6). A small percentage of residents
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Figure 2. Sequential compartmental models corresponding to the 4 phases of the coronavirus disease outbreak response at Pacific
Garden Mission, a homeless shelter in Chicago, Illinois, USA, 2020. A) Phase 1: prescreening (March 14–March 30); B) phase 2:
symptom screening (March 30 – April 5) and temporary isolation; C) phase 3: hotel opening with continued symptom screening (April
5–8); D) phase 4: mass reverse transcription PCR testing rounds and isolation units (April 8–May 11). Corresponding description of
compartments, systems of ordinary differential equations, and parameter descriptions are described in detail in the Appendix (https://
wwwnc.cdc.gov/EID/article/28/1/21-0780-App1.pdf). E, Exposed; hosp, hospital; I, infectious; isol, isolation; R, recovered; S, susceptible

declined testing (or were not tested for other reasons)
during each round; 8% (round 1), 6% (round 2), 1%
(round 3), and 1% (round 4) of residents who were eligible for testing declined. Of the 322 residents tested
during widespread testing rounds, 193 (60%) tested
positive at some point. Of the 62 staff members tested,
17 (27%) tested positive (Figure 3, panel B). Of all persons who tested positive, 87% reported no symptoms
at the time of testing.
Compartmental model trajectories are displayed
for susceptible, exposed, infectious, recovered, and
cumulatively infected persons over time (Figure 4).
The 95% CIs of the trajectories are displayed based
on model optimization across the 95% CI of initial
transmission rate (β0 = 0.60 [95% CI 0.45–0.74]). These
results demonstrate widespread transmission in the
early stages of the outbreak (phases 1–3); most cases
were undetected before shelterwide testing, even after
the implementation of screening measures in phase 2
(Appendix Figure 1). These results suggest that ≈350
persons were cumulatively infected, compared with
the 253 cases detected by RT-PCR during the outbreak. This discrepancy is driven predominantly by
persons who were infected (but whose illness was
undetected) early in the outbreak who stopped shedding virus before mass testing. Model fitting yielded

a R0 of 4.5 (95% CI 2.7–4.8) (Appendix). Dependent
model parameters are included (Table 3).
Discussion
In this study, we document a COVID-19 outbreak in
a large homeless shelter involving a high number of
residents; laboratory-confirmed SARS-CoV-2 infection was diagnosed in >50% of all residents and staff.
Our results suggest that many others were infected
before the availability of widespread testing, indicating that nearly all residents and staff were likely infected during this outbreak.
Our data represent comprehensive characterization of a COVID-19 outbreak and response in a large
homeless shelter and highlight the potential for high
transmission rates that could lead to rapid, exponential growth of COVID-19 outbreaks in closed, congregate settings. Our modeling results suggest that most
cases were undetected before widespread testing
(Figure 4; Appendix Figure 1), even after symptom
screening measures began. As a result, the cumulative number of infections detected by the end of the
outbreak was likely substantially underestimated.
Our modeling results yielded an R0 value of 4.5,
which is higher than R0 estimated from analyses of
early community spread (R0 estimates 1.4–3.9) (15,16).
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Table 1. Model parameters for fitting in study of transmission dynamics of coronavirus disease outbreak in homeless shelter, Chicago,
Illinois, USA, 2020*
Referenced
Dependent
Fitted
Range of
ranges for
Directly dependent Dependent model
model
variables
values fitted
Description of variable
fitting
model parameters
phases
compartments
β0
0–445
Initial β
NA
β, R0
1, 2, 3, 4
S, E
βf_pct_β0
0–1
Final β as percentage of
NA
β
1, 2, 3, 4
S, E
β0
k
0.01–2
Rate of transformation of
NA
β
1, 2, 3, 4
S, E
β
tTrans
1–50
Day where β reaches
NA
β
1, 2, 3, 4
S, E
halfway between β0 and
βf
Incubation
2.8–4.0
Time between E and I
(8)
σ
1, 2, 3, 4
E, Ia, Is
period
compartments
Asymptomatic
0.18–0.87
Asymptomatic
(9,10)
σs, σa, R0
1, 2, 3, 4
E, Ia, Is
percentage
percentage
Infectious
3–8
Infectious duration for
(11,12)
ϒsp, R0
1, 2, 3, 4
Is, R+s
period for
symptomatic persons
symptomatic
persons, d
Infectious
3–8
Infectious duration for
(11,12)
ϒap, R0
1, 2, 3, 4
Is, R+a
period for
asymptomatic persons
asymptomatic
persons, d
Period of RT16–35
Duration of RT-PCR–
(13,14)
ϒsn
1, 2, 3, 4
R+s, R–s
PCR–positivity
positivity of symptomatic
for
persons
symptomatic
persons, d
Period of RT3–35
Duration of RT-PCR–
(13,14)
ϒan
1, 2, 3, 4
R+a, R–a
PCR–positivity
positivity for
for
asymptomatic persons
asymptomatic
persons, d
α
0.01–1
Rate of detection of
NA
α
2, 3, 4
Is, Isolsoft, Hotel
symptomatic infectious
persons through
screening
λ0_pct_β
0–1
Rate of transmission
NA
λ0
2, 3
S, E
between persons in
Isolsoft and S
compartment, as a
percentage of β
λisol_pct_β
0–0.5
Rate of transmission
NA
λisol
4
S, E
between persons in
isolation units and S
compartment, as a
percentage of β
Isolation
14
Rate of return from
NA
ρ
2, 3, 4
Isol, R
duration, d
isolation units to R
compartment = 1/[14 d]†
RT-PCR
0.72–0.90
RT-PCR sensitivity
N.S. Padhye,
–
1 and 2,§ 4
sensitivity
unpub. data‡
ω0
0.05–1.0
Rate of hospital
NA
ω0
1
Is, Hosp
admission of Infectious
symptomatic persons
before screening
ω
0.05–1.0
Rate of hospital
NA
ω
2
Isolsoft, Hosp
admission of Isolsoft
symptomatic persons
during phase 2
*Details of optimization and calculation can be found in the Appendix (https://wwwnc.cdc.gov/EID/article/28/1/21-0780-App1.pdf). E, exposed; Ia,
infectious asymptomatic; Is, infectious symptomatic; NA, not applicable; R+, recovered PCT-positive; R–, recovered PCR-negative; RT-PCR, reverse
transcription PCR; R0, basic reproduction number; S, susceptible.
†Value not fitted.
‡https://www.medrxiv.org/content/10.1101/2020.04.24.20078949v2.
§Fitting based on hospital-based test results.
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Self-reported characteristics of Pacific Garden Mission staff and
residents, Chicago, Illinois, USA, 2020
Characteristic
No. (%)
All
429 (100)
Role
Resident
362 (83)
Staff member
67 (17)
Age group, y
20–29
22 (5)
30–39
40 (10)
40–49
81 (20)
50–59
144 (35)
60–69
109 (26)
>70
18 (4)
Sex
M
301 (70)
F
131 (30)
Other
1 (0)
Race and ethnicity
Non-Hispanic Black
266 (62)
Non-Hispanic White
92 (21)
Hispanic
48 (13)
Non-Hispanic Other
22 (5)
Smoking status
Current smoker
133 (33)
Former smoker
112 (28)
Nonsmoker
156 (39)
Medical history
Cardiovascular disease
85 (22)
Chronic lung disease
53 (13)
Diabetes mellitus
54 (14)
Neurologic disease
20 (5)
Chronic kidney disease
13 (3)
Immunocompromised
10 (3)
Chronic liver disease
7 (2)

This rate of transmission might be explained by the
difficulty of social distancing in homeless shelters, as
well as higher rates of medical conditions and older
age that could increase susceptibility to infection.

The rate of transmission is further exacerbated by the
high rate of undetected infection. In this study, 87%
of those with laboratory-confirmed SARS-CoV-2 infection reported no symptoms, similar to the proportion observed in other similar populations (2,4). This
low reporting rate might reflect the high prevalence
of background symptoms in persons experiencing
homelessness that could mask COVID-19–related
symptoms or could be related to distrust of healthcare providers (17,18). The consequence of this low
rate of symptom reporting is a low rate of detecting of
infection and transmission in the absence of shelterwide RT-PCR testing.
These modeling data are, however, subject to
limitations. Reported parameter estimates, including the duration of viral shedding, demonstrate high
population variance and are not necessarily normally
distributed (19). A study of 21 patients experiencing
mild illness demonstrated repeated negative RT-PCR
tests by 10 days after symptom onset (in 90% of the
patients) (20), and another study of 56 patients with
mild-to-moderate illness reported median duration
of viral RNA shedding of 24 days (14). Furthermore,
the underlying test data were limited by the availability of widespread testing; widespread testing of
congregate settings was not established in Chicago
until April 2020, and no widespread testing data were
available to characterize phase 1 of this outbreak. Our
model accounts for this early lack of testing and fits
compartmental trajectories across the entire time span
of the outbreak and uses known ranges for such parameters as infectious duration and RT-PCR–positive

Figure 3. Coronavirus disease
cases confirmed through
reverse transcription PCR
(RT-PCR) over time at Pacific
Garden Mission, a homeless
shelter in Chicago, Illinois,
USA, 2020. A) Hospital-based
positive tests before mass
testing (March 14–April 7,
2020). Number of positive
hospital-based RT-PCR
tests per day (bars) and
cumulatively (dashed line) are
displayed for the period before
mass testing. B) Results from
each of 4 rounds of mass
testing. Number of persons
who were previously positive
(and therefore not tested),
newly positive, negative, and
not tested for each round of
mass RT-PCR testing are displayed; percentage of tests returning positive (npositive/ntested) are displayed above. During mass testing, 166
positive cases were detected in the first round, 24 positive cases were detected in the second round, 23 positive cases were detected in
the third round, and 1 positive case was detected in the fourth round.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022
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Figure 4. Compartmental modeling
results of the coronavirus disease
outbreak at Pacific Garden
Mission, a homeless shelter in
Chicago, Illinois, USA, 2020. The
4 phases of the outbreak are
designated above the graph, and
time points corresponding to each
of the 4 rounds of mass testing
and isolation are indicated by
vertical dotted lines and vertical
dashed lines. The susceptible
compartment corresponds to
persons who are estimated to have
never been infected; exposed
persons have been infected but
are not yet infectious; infectious
includes persons in both Is and Ia;
recovered include the R+s, R+a, and
R– compartments; isolation unit/
removed persons tested positive
by reverse transcription PCR
and either left the shelter or were
moved to isolation units. The discontinuities in the isolation unit/removed, infectious, and recovered curves at each of the isolation time
points (dotted lines) represent persons who tested positive by reverse transcription PCR (those in the Is, Ia, R+s, and R+a compartments) at
the respective testing time point (dashed lines) being moved to the Isolation Unit compartment with each of the 4 rounds of mass testing.
The 95% CIs for the compartments represent maximum and minimum values for each trajectory when reperforming model optimization
with β0 (initial transmission rate) fixed over its 95% CI (0.45–0.74) derived from initial model optimization (β0 = 0.60). Corresponding
description of compartments, systems of ordinary differential equations, and parameter descriptions are described in detail in the Appendix
(https://wwwnc.cdc.gov/EID/article/28/1/21-0780-App1.pdf).

duration, but it inevitably simplifies some complexity of the context. This simplification, in addition to
the large number of fitted parameters, requires cautious interpretation of fitted parameter values. Other

limitations include the assumption of a closed system;
although the shelter did not allow residents to enter
or leave, some high-risk residents were preemptively
moved to the hotel, and some residents did inevitably

Table 3. Fitted model parameter values in study of transmission dynamics of coronavirus disease outbreak in homeless shelter,
Chicago, Illinois, USA, 2020*
Parameter
Fitted value
Description of parameter
β0
0.60
Initial β
βf_pct_β0
0.11
Final β as percentage of β0
k
2.0
Rate of transformation of β
tTrans
23
Day where β reaches halfway between β0 and βf
σs
0.098
Rate of transition from E to Is compartment = 1/(incubation period) × (% symptomatic)
σa
0.26
Rate of transition from E to Ia compartment = 1/(incubation period) × (% asymptomatic)
Asymptomatic
0.73
Asymptomatic percentage
percentage
ϒsp
0.15
Rate of transition from Is to Rs+ compartment = 1/(infectious period for symptomatic persons)
ϒap
0.13
Rate of transition from Ia to Ra+ compartment = 1/(infectious period for asymptomatic persons)
ϒsn
0.046
Rate of transition from Rs+ to R- compartment = 1/[(duration of RT-PCR–positivity) –
(infectious period)] for symptomatic persons
ϒan
0.12
Rate of transition from Ra+ to R- compartment = 1/[(duration of RT-PCR–positivity) –
(infectious period]) for asymptomatic persons
α
0.32
Rate of detection of I symptomatic persons through screening
λ0_pct_β
1
Rate of transmission between persons in Isolsoft and Susceptible compartment, as a
percentage of β
λisol_pct_β
1
Rate of transmission between persons in isolation units and Susceptible compartment, as a
percentage of β
ρ
1/14 d*
Rate of return from isolation units to Recovered compartment = 1/[14 d]†
PCR sensitivity
0.90
RT-PCR sensitivity
ω0
0.75
Rate of hospital admission of Infectious symptomatic persons before screening
ω
0.39
Rate of hospital admission of Isolsoft symptomatic persons during phase 2
*Details of optimization and calculation can be found in the Appendix (https://wwwnc.cdc.gov/EID/article/28/1/21-0780-App1.pdf). E, exposed; I,
infectious; RT-PCR, reverse transcription PCR.
†Value not fitted.
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leave the shelter. In addition, some staff left the shelter and returned, and the model further assumes random mixing of the shelter population (outside of isolation units).
Our data reiterate the potential for high rates
of SARS-CoV-2 transmission, which could result in
large COVID-19 outbreaks in congregate settings,
such as homeless shelters. Our data also reinforce
the CDC recommendation to perform facilitywide
RT-PCR testing and effective isolation in response
to cases of COVID-19 in homeless shelters (https://
www.cdc.gov/coronavirus/2019-ncov/community/homeless-shelters/testing.html). Isolating several hundred residents at PGM demonstrates the feasibility of establishing supported onsite isolation even
within shelter settings, although offsite supported
isolation centers have also been successfully used
for persons experiencing homelessness (https://
chhrge.org) (21,22). Establishing robust, proactive
infection prevention practices, as recommended by
CDC
(https://www.cdc.gov/coronavirus/2019ncov/community/homeless-shelters/plan-preparerespond.html), and responding rapidly with a comprehensive testing and isolation protocol are crucial
to keep persons residing in homeless shelters safe
from COVID-19.
This work was supported by funding from NIH
F30HD102093 and NIH R01HL138628.
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2 Reinfections and Recurrences
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Cristina Rodríguez-Grande, Luis Alcalá, Agustín Estévez, Pedro J. Sola-Campoy,
Sergio Buenestado-Serrano, Carolina Martínez-Laperche, Víctor Manuel de la Cueva,
Roberto Alonso, Cristina Andrés-Zayas, Javier Adán-Jiménez, Carmen Losada, Carla Rico-Luna,
Iñaki Comas, Fernando González-Candelas, Pilar Catalán, Patricia Muñoz, Laura Pérez-Lago,1
Darío García de Viedma,1 on behalf of the Gregorio Marañón Microbiology-ID COVID 19 Study Group2

Estimates of the burden of severe acute respiratory
syndrome coronavirus 2 reinfections are limited by the
scarcity of population-level studies incorporating genomic support. We conducted a systematic study of
reinfections in Madrid, Spain, supported by genomic viral analysis and host genetic analysis, to cleanse laboratory errors and to discriminate between reinfections
and recurrences involving the same strain. Among the
41,195 cases diagnosed (March 2020–March 2021), 93
(0.23%) had 2 positive reverse transcription PCR tests

S

(55–346 days apart). After eliminating cases with specimens not stored, of suboptimal sequence quality, or belonging to different persons, we obtained valid data from
22 cases. Of those, 4 (0.01%) cases were recurrences
involving the same strain; case-patients were 39–93
years of age, and 3 were immunosuppressed. Eighteen
(0.04%) cases were reinfections; patients were 19–84
years of age, and most had no relevant clinical history.
The second episode was more severe in 8 cases.

ince the first description of a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
reinfection on August 24, 2020, in a patient from
Hong Kong (1) who acquired a second infection
after having traveled to Europe, several reports
have described other individual reinfection cases
in different countries. These cases suggest the lack
of a common reinfection pattern, with a variety of

intervals between episodes, severity of episodes,
clinical history, etc (2–5).
Genomic viral analysis has been applied to determine within-host SARS-CoV-2 evolution in patients with persistent infection (6,7) but has not been
used in the same way to analyze coronavirus disease
(COVID-19) recurrences involving the same strain.
The scant available reports focus primarily on clinical
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descriptions (8,9), only some of which are supported
by detailed genomic analysis (10).
Although a reasonable number of studies have
analyzed individual COVID-19 recurrences in detail,
population-level studies addressing this issue more
systematically are lacking. We present a systematic
analysis of all COVID-19 recurrences diagnosed at
a tertiary hospital in Madrid, Spain (320,956 casepatients, 11.3% of the total Madrid population), over
a 12-month period. Our analysis was supported by
genomic viral analysis, cleansing of laboratory errors
by host genetic analysis, consideration of both reinfections and recurrences involving the same strain,
and integrating clinical features of the cases.
Materials and Methods
Patients and Methods

The study period was March 2020−March 2021. The
cases selected for study were required to have 2 sequential positive reverse transcription PCR (RT-PCR)
tests taken >45 days apart with >1 negative RT-PCR
between positive tests. When the interepisode interval
was >120 days and a different lineage was involved in
each episode, the negative RT-PCR between episodes
was not obligatory.
Specimens

The specimens corresponded to the remnants of nasopharyngeal swabs taken for diagnostic purposes.
Specimens were stored at −70°C until analysis.
Clinical Data

The baseline characteristics, clinical and laboratory
parameters at COVID-19 diagnosis, and outcomes of
patients were obtained from their electronic medical
records. The study was approved by the ethical research committee of Gregorio Marañón Hospital, Madrid (REF: MICRO.HGUGM.2020–042).
Diagnostic Tests
SARS-CoV-2 RT-PCRs and Serology

We extracted and purified viral RNA from 300 μL
of nasopharyngeal exudates with the KingFisher instrument (ThermoFisher Scientific, https://www.
thermofisher.com). This process was followed by RTPCR using the TaqPath COVID-19 CE-IVD RT-PCR
kit (ThermoFisher Scientific), which targets open
reading frame 1ab, nucleoprotein, and spike genes.
We performed serum antibody determinations
by specific quantitative detection of SARS-CoV-2
IgG by using a chemiluminescent microparticle
86

immunoassay on the ARCHITECT system (SARSCoV-2 IgG II Quant Reagent Kit; Abbott Laboratories, https://www.abbott.com).
Whole-Genome Sequencing

We used 11 μL of RNA as template for reverse
transcription using Invitrogen SuperScript IV reverse transcription and random hexamers (both
ThermoFisher Scientific). We performed wholegenome amplification of the coronavirus with an
Artic_nCov-2019_V3 panel of primers (Integrated
DNA Technologies, Inc., https://www.idtdna.com)
(https://artic.network/ncov-2019) and Q5 Hot Start
DNA polymerase (New England Biolabs, https://
www.neb.com). We prepared libraries by using
the Nextera DNA Flex Library Preparation Kit (Illumina, https://www.illumina.com), following the
manufacturer’s instructions.
Libraries were quantified with a Quantus Fluorometer (Promega, https://www.promega.com) before being pooled at equimolar concentrations (4 nM).
We then sequenced them in pools of <17 libraries on
the Miseq system (Illumina Inc.) with the MiSeq Reagent Micro kit version 2 (2×151 bp) or in pools of <96
libraries with the MiSeq Reagent (2×201 bp).
Sequences above the GISAID thresholds were
deposited at GISAID (https://www.gisaid.org; Appendix 1 Table, https://wwwnc.cdc.gov/EID/
article/28/1/21-1952-App1.xlsx). An in-house analysis pipeline was applied on the sequencing reads
(https://github.com/pedroscampoy/covid_multianalysis). In brief, the pipeline involves the following
4 steps: 1) removal of human reads with Kraken (11);
2) preprocessing and quality assessment of fastq files
using fastp version 0.20.1 (12) (arguments: –cut tail,
–cut-window-size, –cut-mean-quality, –max_len1, –
max_len2) and fastQC version 0.11.9 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc);
3) mapping with BWA version 0.7.17 (13) and variant calling using IVAR v1.2.3 (14), using the Wuhan-1 SARS-CoV-2 sequence (GenBank accession no.
NC_045512.2) as reference; and 4) calibration of occasional low coverage positions using joint variant
calling. When necessary, we analyzed informative
noncovered positions by standard Sanger sequencing
by using the corresponding flanking primers from the
ARTIC set.
Reinfections were considered when we detected
a higher than expected number of single-nucleotide
polymorphisms (SNPs) between the episodes (considering the standard estimation of 1 SNP/2 weeks)
or a distribution of SNPs between the episodes consistent with independent evolutionary paths (SNPs
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present in the first episode but absent in the second
episode and vice versa), or different variants or lineages involved in each episode or involvement in the
second episode of a strain or variant that was not circulating in the population when the patient had the
first episode. Recurrences were considered to involve
the same strain when 0–1 SNPs were identified between the sequences from each episode.
Short Tandem Repeat Analysis

For human identity testing, we applied short tandem
repeat (STR) PCR using the Mentype Chimera PCR
amplification kit (Biotype, https://www.biotype.de)
on the specimens used for SARS-CoV-2 genome sequencing. We examined 12 noncoding STR loci and
the gender-specific amelogenin locus, labeled with 3
different dyes (6-FAM, BTG, or BTY). The selected loci
had a very high rate of heterozygosity and balanced
allelic distribution (15). We performed PCR with 0.2–1
ng of genomic DNA using the Mentype Chimera PCR
amplification kit (Biotype), the GeneAmp PCR System
9700 Thermal Cycler, followed by capillary electropho-

resis on a Genetic Analyzer 3130xl (both ThermoFisher
Scientific), as recommended by the manufacturer.
Results
The criteria for selecting SARS-CoV-2–positive cases
for the study was 2 sequential positive RT-PCR tests
taken >45 days apart with >1 negative RT-PCRs between the positive tests. Of the 41,195 cases diagnosed
during the study period (March 2020–March 2021),
93 (0.23%) fulfilled these criteria, with positive specimens taken 55–346 days apart (Figure 1). We classified
these cases as re-positive. Two specimens had been
stored for each of 68 (73%) of the 93 re-positive cases,
and of these, 32 (34%) were suitable for sequencing
and comparison of sequences because cycle threshold (Ct) values for both positive specimens were <33
(Figure 1). The sequencing quality parameters of the
2 specimens were above the recommended threshold
for a robust SNP calling (>90% of the genome with
>30× coverage depth) in only 12 cases (29%). In another 17 cases, only 1 of the 2 specimens offered sequences of sufficient quality (Figure 1).

Figure 1. Flow diagram of the analysis and selection criteria for severe acute respiratory syndrome coronavirus 2 re-positive cases,
Madrid, Spain, March 2020–March 2021. Re-positive cases were those that had 2 sequential positive RT-PCR tests taken >45 days
apart with >1 negative RT-PCRs between the positive tests. Ct, cycle threshold; SNP, single-nucleotide polymorphism; STR, short
tandem repeat; VOC, variant of concern; VOI, variant of interest; WGS, whole-genome sequencing.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

87

RESEARCH
Recurrences Involving the Same Strain

After comparing the SNPs called in the sequences
from the sequential episodes of the 12 re-positive
cases, 4 (0.01% of total diagnosed cases) were classified as recurrences involving the same strain (Table 1)
(0–1 SNPs between them; 3 belonged to A.5 lineage
and 1 to Z.1 lineage [parental lineage: B.1.177.50]).
Time between episodes ranged from 55 to 114 days,
and Ct values for the second episode were consistent
with active infection (Ct 19–28). All had 1 negative result between the positive SARS-CoV-2 RT-PCR test,
and 1 also had a second intermediate negative test.
The 4 patients ranged from 39 to 93 years of age;
underlying conditions were 1 heart transplant, 1 bone
marrow transplant, 1 case of chronic renal insufficiency, and 1 case of obesity and high blood pressure
(Table 1). Of the patients with underlying conditions,
3 had a clinical history of some degree of chronic immunosuppression: case-patient 1 underwent a heart
transplant in June 2020 and was being treated with
prednisone and mycophenolate, case-patient 3 had
chronic kidney disease, and case-patient 4 underwent
a bone marrow transplant in 2019 and was receiving
treatment with sirolimus and ruxolitinib. Case-patient
2 had no known immunosuppression. Case-patients 1
and 4 seroconverted after the first SARS-CoV-2–positive episode (Table 1). Serologic testing was not available for case-patient 2, and case-patient 3 had a negative serologic result but was measured soon after the
primary infection. For the second SARS-CoV-2 infection, case-patients 1, 2, and 4 seroconverted; results of
serologic testing were not available for case-patient 3
(Table 1). In 2 cases, the second episode was milder in
severity. In another case, both episodes were asymptomatic; for the remaining case-patient, who had a
mild first episode, data were not available for the second infection. Two case-patients were asymptomatic

between the 2 episodes, and the other 2 experienced
asthenia and general malaise.
Reinfections

In 8 of the remaining re-positive cases, we identified 7–49 different SNPs between the sequences from
the 2 sequential positive specimens, which indicated
that they were reinfections (Table 2; Figure 1; Appendix 2 Figure, https://wwwnc.cdc.gov/EID/
article/28/1/21-1952-App2.pdf). In addition to the
standard approach to identifying reinfections (i.e.,
direct comparison of SNPs between SARS-CoV-2 sequences obtained in 2 sequential episodes), we also
followed an alternative approach (16) using a population-based integrated phylogenetic approach to demonstrate that the second episode involved a strain that
was not circulating in the population during the patient’s first episode. To apply this alternative strategy,
we needed sequencing data only from the second
episode of COVID-19. Therefore, we recovered the
9 cases from the second episode providing optimal
sequence coverage that had been ruled out for 1-to-1
SNP comparisons (Figure 1). We were also able to add
a further 8 cases with optimal sequences out of 10 cases with Ct values <33 in the second episode that had
previously been ruled out for comparative sequencing (Figure 1). In 14 cases, we identified SARS-CoV-2
variants (9 B.1.177 and 5 B.1.1.7) with dates of emergence in our population after these patients experienced their first episodes (Figure 2). The first description in Spain for B.1.177 was June 16, 2020 (hCoV-19/
Spain/IB-IBV-99010764/2020; GISAID accession no.
EPI_ISL_691664) and for B.1.1.7 was November 8,
2020 (hCoV-19/Spain/VC-IBV-98012610/2020; accession no. EPI_ISL_1060510). This information indicates that the variants involved in these patients’
second episodes were not circulating in Spain at the

Table 1. Patient data and characteristics for both episodes of SARS-CoV-2 infection in recurrences involving the same strain, Madrid,
Spain, March 2020–March 2021*
PCR Ct value–
Serologic results, SARS-CoV-2
Age, Underlying
PCR date,
N2 gene,
Interinfection Symptoms, 1st/2nd 1st/2nd episode variant, 2nd
Pt
y/sex conditions 1st/2nd episode 1st/2nd episode
period, d
episode†
(AU/mL)
episode
1
68/M
HT
2020 Aug
15/28
114
Asymptomatic/
+ (56.8)/+ (76.8)
Z.1
12/2020 Dec 4
asymptomatic
2
70/F
HBP,
2020 Mar
31/27
77
Bilateral
NA/+ (1,967.1)
A.5
obesity
25/2020 Jun 10
pneumonia/
dyspnoea
3
93/F HBP, CKD
2020 Apr
31/19
55
Diarrhea/NA
–/NA
A.5
17/2020 Jun 11
4
39/F
BMT
2020 Mar
17/27
101
Bilateral
+ (415.4)/+
A.5
10/2020 Jun 19
pneumonia/
(636.3)
diarrhea, fever
*BMT, bone marrow transplant; CKD, chronic kidney disease; HBP, high blood pressure; HT, heart transplant; N 2, nucleocapsid; NA, not available; Pt,
patient; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†The definition of the severity of the patients has been organized according to the following criteria: Mild—general malaise, cough, diarrhea, headache,
fever, anosmia, dysgeusia, myalgia, rhinorrhea; moderate—previous symptoms plus dyspnea, mild respiratory failure, or unilateral pneumonia, severe—
previous symptoms plus bilateral pneumonia.
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Table 2. SARS-CoV-2 variants and SNP distances involved in
reinfections identified by 1-to-1 whole-genome sequencing
comparison for patients in Madrid, Spain, March 2020–March
2021*
Patient
Specimen 1
Specimen 2
No. SNPs†
5
B
B.1.177
22
6
B.1.258
B.1.177
24
7
B.1.177
B.1.177
7
8
A
B.1.525
40
9
W.4
B.1.1.7
47
10
W.4
B.1.1.7
49
*The 2 reinfections not confirmed (short tandem repeat host analysis
revealed that the 2 sequential specimens belonged to different patients)
are not included. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; SNP, single-nucleotide polymorphism.
†Including insertions/deletions.

time of their first episodes and therefore correspond
to reinfections.
We subjected the 22 total reinfections assigned
according to the standard or alternative phylogenetic
approaches to a final validation to demonstrate that the
specimens in the first and second episodes belonged to
the same host and to rule out erroneous assignment of
reinfections as a result of incorrect labeling or handling
of samples. STR genetic analysis identified 2 pairs of
specimens with genetic differences, whereas STR analysis of 2 specimens from 2 cases did not yield interpretable results; we eliminated all 4 cases from the study,

leading to final validation of 18 reinfections (0.04% of
total diagnosed cases and 81.82% of initially suspected
reinfections by viral genomic analysis).
The positive specimens from the 18 reinfection
cases validated by host genetic analysis were taken
116–342 days apart. Of these 18 cases, 6 reinfections
involved the B.1.1.7 (Alpha) variant of concern, 1 involved the B.1.525 variant of interest, and the remaining 11 cases involved the B.1.177 variant (neither variant of concern nor variant of interest).
The age range for reinfected cases was 19 to 84
years of age. Most (13/18) had no relevant clinical
antecedents (Table 3), and of those with underlying
conditions, we highlight 1 renal transplant, 1 casepatient with asthma, 1 with chronic kidney disease,
and 1 with autoimmune disease. In those for whom
serologic data were available for the first and second
episodes, SARS-CoV-2 serologic test results were
positive in 2/9 first episode cases and 11/11 second
episode cases (Table 3). For the first episode, 6 casepatients were asymptomatic, 6 had mild symptoms,
6 were moderately symptomatic, and no cases were
severe. The second episode was mild in 11 cases, and
only 1 case-patient was asymptomatic. Comparing
the symptoms for the sequential episodes, the second
Figure 2. Global dating of
the first emergence of severe
acute respiratory syndrome
coronavirus 2 variants identified in
reinfections, Madrid, Spain, March
2020–March 2021, with available
sequences only for the second
specimen (patients 11–22). The
phylogeny includes the 3,339
genomes from Nextstrain (https://
nextstrain.org), extracted from
the Europe-focused subsampling,
through April 2021. Dates of
the first episodes of cases are
indicated with vertical lines.
Dates for global emergence for
the variants involved in their
second episodes (B.1.1.7 and
B.1.177) are indicated with an
arrow and correspond to their
first descriptions in Spain (as
documented in GISAID, https://
www.gisaid.org): for B.1.177,
June 16, 2020 (hCoV-19/
Spain/IB-IBV-99010764/2020,
accession no. EPI_ISL_691664)
and for B.1.1.7, November
8, 2020 (hCoV-19/Spain/VCIBV-98012610/2020, accession
no. EPI_ISL_1060510). Only
reinfection cases finally validated
by short tandem repeat host
analysis are included.
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episode was more severe in 8 cases (bilateral pneumonia occurred in 3 case-patients); symptoms were
milder in 1 case and equivalent to the first episode in
the remaining cases.
Discussion
Since the first description of a SARS-CoV-2 reinfection
(1), many reports have been published documenting
single cases of reinfection (2–5) and demonstrating

the wide variety of ages, clinical backgrounds, and
severity among episodes (17). According to the European Centre for Disease Prevention and Control
(ECDC), in the 12 European Union countries that reported cases, 1,887 likely reinfections in 2020 and 691
likely reinfections from January–February 2021 were
under investigation (18).
Despite the large number of reports communicating SARS-CoV-2 reinfections, they are rare, al-

Table 3. Patient data and characteristics for both episodes of SARS-CoV-2 infection in cases of reinfection, Madrid, Spain, March
2020–March 2021*
PCR date,
PCR Ct value–
Serologic results, SARS-CoV-2
Age,
Underlying
1st/2nd
N2 gene,
Interinfection Symptoms, 1st/2nd
1st/2nd episode variant, 2nd
Pt
y/sex
conditions
episode
1st/2nd episode
period, d
episode†
(AU/mL)
episode
5
54/F
None
2020 Mar 20/
32/24
298
Cough, myalgia,
+ (647.8)/+
B.1.177
2021 Jan 12
anosmia, dysgeusia,
(35,823.2)
dyspnea/ rhinorrhea,
headache, anosmia,
dysgeusia
6
67/M
HBP
2020 Mar 28/
19/18
299
Dyspnea, fever,
–/+ (>40,000)
B.1.177
2021 Jan 21
general malaise/fever,
mild respiratory failure
7
31/M
None
2020 Aug 1/
32/17
146
Asthenia/cough,
–/+ (336.4)
B.1.177
2020 Dec 25
rhinorrhea
8
18/M
CKD
2020 Mar 18/
21/19
342
Asymptomatic/
+ (473.8)/+
B.1.525
2021 Feb 23
rhinorrhea
(4,122.2)
9
50/M
None
2020 Oct 18/
32/20
116
Asymptomatic/ cough,
NA/NA
B.1.1.7
2021 Feb 11
asthenia, bilateral
pneumonia
10
23/M
None
2020 Aug 21/
26/28
201
Asymptomatic/ cough,
NA/NA
B.1.1.7
2021 Mar 10
rhinorrhea
11
19/F
None
2020 Sep 3/
NA/19
194
Asymptomatic/
NA/NA
B.1.1.7
2021 Mar 16
general unrest,
rhinorrhea, cough
12
54/F
Asthma,
2020 Apr 4/
30/22
140
Dyspnea, fever,
–/+ (14,307.4)
B.1.177
depression
2020 Aug 22
cough/bilateral
pneumonia
13
84/F
CKD, HBP,
2020 May 7/
NA/22
170
Asthenia, dyspnea/
–/+ (18,088.1)
B.1.177
RT
2020 Oct 24
bilateral pneumonia
14
42/F
None
2020 Apr 6/
NA/19
197
General
–/+ (212.9)
B.1.177
2020 Oct 20
malaise/cough
15
49/F
None
2020 Oct 18/
33/14
116
General malaise/
NA/NA
B.1.1.7
2021 Feb 11
myalgia, fever
16
20/F
None
2020 Sep 7/
27/19
151
Cough/ asymptomatic
NA/NA
B.1.1.7
2021 Feb 5
17
39/F
None
2020 Sep 15/
30/16
147
Dyspnea, fever/
NA/NA
B.1.1.7
2021 Feb 9
cough, dyspnea,
myalgia
18
29/F
None
2020 May 30/
39/23
238
Asymptomatic/
NA/+ (275.8)
B.1.177
2021 Jan 23
diarrhea, cough,
headache
19
47/F
None
2020 May 6/
36/32
140
Unilateral pneumonia/
NA/+‡
B.1.177
2020 Sep 23
fever, anosmia
20
55/F Autoimmune 2020 Mar 18/
33/26
313
Asymptomatic/
–/+ (1,345.4)
B.1.177
2021 Jan 25
general malaise
21
73/F
None
2020 Apr 12/
34/17
298
HBP/NA
NA/NA
B.1.177
2021 Feb 4
22
58/F
None
2020 Mar 26/
32/28
306
Headache/general
–/+ (56.4)
B.1.177
2021 Jan 26
malaise
*CKD, chronic kidney disease; HBP, high blood pressure; N2, nucleocapsid; NA, not available; pt, patient; RT, renal transplant; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.
†The definition of the severity of the patients has been organized according to the following criteria: Mild—general malaise, cough, diarrhea, headache,
fever, anosmia, dysgeusia, myalgia, rhinorrhea; moderate—previous symptoms plus dyspnea, mild respiratory failure, or unilateral pneumonia, severe—
previous symptoms plus bilateral pneumonia.
‡Test performed in another center; numeric data not available.
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though estimates of the true impact are limited by
the scarcity of larger population-level studies. A
nationwide study performed in Denmark (19) concluded that 0.65% of SARS-CoV-2–positive cases
during the first COVID-19 wave had a second positive test in the second wave, and that this percentage
increased to 3.27% in those with a negative result
in the first wave. These data allowed Hansen et al.
(19) to infer that protection against repeat infection
in those who had natural immunity from previous
SARS-CoV-2 infection was 80.5%, decreasing to
47.1% among persons >65 years of age.
Other studies have tried to go beyond the reporting of single cases by offering data on the frequency
of SARS-CoV-2 reinfections in different countries; results range from 0.14 to 2.11% (19–24). However, in all
these studies, the assignment of reinfections was supported only by sequential positive RT-PCR results,
which means that, strictly speaking, these re-positive
SARS-CoV-2 infections were considered suspected
reinfections (22) without determining whether they
were recurrences involving the same strain, reinfections, persistent cases, or testing errors (25). Assigning re-positive cases to 1 of the above categories is
only possible when whole sequencing data are also
included in the analysis.
The aim of our study was to overcome these limitations by enhancing the robustness of a systematic
study of all COVID-19 cases diagnosed in our population, with the added value of a refined genomic analysis and considering both viral genomic analysis and
host genetic analysis. This design makes it possible to
precisely assign recurrences involving the same strain
and reinfections and to cleanse test errors, in short of
being able to offer solid data on the actual burden
of these events in our population. Equivalent efforts
should be made to study the impact of these events in
other communities.
The percentage of re-positive cases we observed
before genomic analysis (0.23%) is similar to that
observed in other settings (26,27). To consider a case
re-positive, we established a threshold of 45 days between 2 SARS-CoV-2–positive RT-PCR tests with >1
intermediate negative RT-PCR result, although in 69
of our 93 re-positive cases (74.2%), the episodes were
>90 days apart.
Despite efforts to store specimens since the beginning of the pandemic, in 27% of the 93 re-positive cases, >1 of the 2 specimens were not available in our biobank, illustrating a main challenge of
documenting reinfections (17). In addition to loss of
cases, a second challenge was obtaining high-quality sequencing data, which was achieved in only one

third of the cases with available specimens. In our
experience processing recent specimens, the percentage of specimens with Ct values <33 that yielded suboptimal sequencing data was much lower
(7%–10%). This experience serves as a cautionary
warning of the potential deterioration of valuable
remaining diagnostic specimens, even at −80° C,
for future studies.
After comparative viral genomic analysis, identification of recurrences involving the same strain
accounted for a reduction of 18.2%, and host genetic
analysis a further 9.1% reduction (because specimens came from different persons), in the number
of re-positive cases that would otherwise have been
wrongly assigned as reinfections. On the basis of this
finding, we also eliminated from the study another
2 cases with suboptimal results in the host genetic
analysis, which did not enable us to draw conclusions. The dramatic increase in laboratory workload
during the successive waves of COVID-19 infection
likely led to mistakes in labeling samples or aliquoting. However, only a few studies that focused on
documenting SARS-CoV-2 reinfections considered
ruling out mislabeling of specimens by host genetic
analysis (2,28). Our data indicate that a proportion
of reinfections are more likely to be misassigned if
genomic rigor is applied only to viral analysis and
not to host analysis.
Of note, we used 2 approaches to assess reinfections. The first was the standard direct comparison
of SARS-CoV-2 sequences, which revealed 6 reinfections, all but 1 differing by >20 SNPs (above the
2 SNPs/month estimated for SARS-CoV-2 evolution). The remaining reinfection differed by 7 SNPs,
although the 7 differential SNPs were distributed
in 3 SNPs that were specific to the first episode and
not found in the second episode, and another 4
SNPs that were identified in the second episode but
not in the first episode. This distribution of SNPs
demonstrates that the second strain could not have
evolved from the first one, consistent with reinfection. After the standard 1-to-1 comparative approach to identify reinfections, we applied a second
alternative approach (16), based on a populationbased integrated phylogenetic approach, to demonstrate that the strain involved in the reinfection had
not yet emerged in our population at the time of the
patient’s first episode. This alternative approach,
in which we identified 12 additional reinfections,
supports the need to expand the criteria for assigning SARS-CoV-2 reinfections, as the ECDC (29) did
when it accepted the use of whole-genome sequencing to document reinfections by demonstrating
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that the strain involved in the reinfection was clustered with other strains circulating at the site of
exposure (29). Considering the difficulties of storing all remaining specimens during the pandemic
because of the high diagnostic workload, the alternative phylogenetic approach applied in this study
could pave the way for more extensive documentation of the actual magnitude of reinfections in different populations.
A systematic review (25) concluded that reinfections were more likely to correspond to re-positive
cases with a second positive RT-PCR >3 months after
the first episode. Our reinfection data are consistent
with this observation, because the time between episodes ranged from 116 to 346 days. Our data would fit
the recent definition of a reinfection case by the ECDC
(18), which establishes a 90-day threshold for reinfection to be considered.
The fact that most reported reinfections occurred
>3 months after the first episode suggests the progressive decline in antibodies after a first infection
plays a likely role. Unfortunately, in most studies,
serologic data for first infections are lacking, which
limits the documentation of this hypothesis. In our
study, only 2 of 9 cases for which serologic data were
available had positive SARS-CoV-2 serologic results,
whereas all 11 seroconverted after the reinfection
episode. Our data point to the lack of immune response mounted after the first infection being a more
likely explanation for reinfection than a progressive
decline in antibodies.
With respect to differences in severity between
the first and second episodes in SARS-CoV-2 reinfections, situations vary widely (17). In our study, the
second episode was generally more severe; we noted
6 asymptomatic, 6 mild, 6 moderate, and no severe
first episodes versus 1 asymptomatic, 11 mild, 2 moderate, and 3 severe second episodes.
Not all re-positive cases >3 months after first
infection should be assumed to correspond to
reinfection. In our study, of the 4 recurrences identified that involved the same strain, 2 also occurred
within this period, whereas the remaining 2 occurred 55 and 77 days after the first episode, beyond the threshold proposed as highly suggestive
of nonreinfections (25,30).
SARS-CoV-2 recurrences involving the same strain
have attracted much less attention than reinfections,
possibly because of the lack of genomic resolution in
most studies addressing reinfections with populationlevel values. Our data indicate that 18.2% of SARSCoV-2 re-positive cases corresponded to recurrences
involving the same strain, which would otherwise
92

have been mislabeled as reinfections if genomic viral
analysis had not been included. The second episode
was equivalent or milder in terms of severity. Of recurrences involving the same strain, 3 corresponded to
patients with some degree of immunosuppression (renal transplantation, bone marrow transplantation, and
chronic kidney disease). The very few cases of SARSCoV-2 recurrences involving the same strain reported
in other studies supported by genomic analysis also occurred in immunosuppressed patients (D.A. Molina, unpub. data, https://www.researchsquare.com/article/
rs-92286/v1; 8).
The robustness of our study’s systematic design
was coupled with the value of its methodological
refinement, which integrated genomic viral analysis and host genetic analysis. This design enabled
us to cleanse data by eliminating laboratory errors
and to offer precise data about the true burden and
clinical features of SARS-CoV-2 reinfections and recurrences involving the same strain. We performed
our analysis before the emergence of most SARSCoV-2 variants of concern. Therefore, this study
constitutes a valuable reference for forthcoming
comparative studies addressing the burden of reinfections and recurrences involving the same strain
in the context of new SARS-CoV-2 variants with
immune escape potential.
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in a wildlife species…and whether they can ﬁnd a solu�on before
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Risk Factors for SARS-CoV-2
Infection Among US Healthcare
Personnel, May–December 2020
Nora Chea, Cedric J. Brown, Taniece Eure, Rebecca Alkis Ramirez, Gregory Blazek, Austin R. Penna,
Ruoran Li, Christopher A. Czaja, Helen Johnston, Devra Barter, Betsy Feighner Miller, Kathleen Angell,
Kristen E. Marshall, Ashley Fell, Sara Lovett, Sarah Lim, Ruth Lynfield, Sarah Shrum Davis, Erin C. Phipps,
Marla Sievers, Ghinwa Dumyati, Cathleen Concannon, Kathryn McCullough, Amy Woods,
Sandhya Seshadri, Christopher Myers, Rebecca Pierce, Valerie L.S. Ocampo, Judith A. Guzman-Cottrill,
Gabriela Escutia, Monika Samper, Nicola D. Thompson, Shelley S. Magill, Cheri T. Grigg

To determine risk factors for coronavirus disease
(COVID-19) among US healthcare personnel (HCP),
we conducted a case–control analysis. We collected
data about activities outside the workplace and COVID-19 patient care activities from HCP with positive severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) test results (cases) and from HCP with
negative test results (controls) in healthcare facilities in
5 US states. We used conditional logistic regression to
calculate adjusted matched odds ratios and 95% CIs
for exposures. Among 345 cases and 622 controls, factors associated with risk were having close contact with
persons with COVID-19 outside the workplace, having
close contact with COVID-19 patients in the workplace,
and assisting COVID-19 patients with activities of daily living. Protecting HCP from COVID-19 may require
interventions that reduce their exposures outside the
workplace and improve their ability to more safely assist
COVID-19 patients with activities of daily living.

I

(SARS-CoV-2) infection has been a focus of national
and international response efforts. However, data on
COVID-19 patient care activities that increase risk for
SARS-CoV-2 infections among US HCP are limited.
To describe factors associated with SARS-CoV-2 infection among US HCP, the Centers for Disease Control and Prevention (CDC) collaborated with Emerging Infections Program (EIP) site staff (2) to conduct
a case–control analysis among HCP working in selected healthcare facilities. We assessed associations
between SARS-CoV-2 infection in HCP and a variety
of potential exposures: having close contact with persons with COVID-19 outside the workplace, having
close contact with COVID-19 patients in the workplace, performing COVID-19 patient care activities
including aerosol-generating procedures, and using
recommended personal protective equipment (PPE)
during those activities.

n the United States, ≈37 million cases of coronavirus disease (COVID-19) and >620,000 deaths
had been reported as of June 30, 2021 (1). Given the
critical role of healthcare personnel (HCP) in mitigating the COVID-19 pandemic, protecting them from
severe acute respiratory syndrome coronavirus 2

Methods

Author aﬃliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (N. Chea, C.J. Brown, T. Eure, R.A. Ramirez,
G. Blazek, A.R. Penna, R. Li, K.E. Marshall, N.D. Thompson,
S.S. Magill, C.T. Grigg); Chenega Professional & Technical
Services, LLC, Chesapeake, Virginia, USA (C.J. Brown, T. Eure);
Chenega Enterprise Systems & Solutions, LLC, Chesapeake
(G. Blazek); Colorado Department of Public Health and Environment,
Denver, Colorado, USA (C.A. Czaja, H. Johnston, D. Barter,
B.F. Miller, K. Angell, K.E. Marshall); Minnesota Department of

Health, St. Paul, Minnesota, USA (A. Fell, S. Lovett, S. Lim, R.
Lynfield); University of New Mexico, Albuquerque, New Mexico,
USA (S.S. Davis, E.C. Phipps); New Mexico Department of Health,
Santa Fe, New Mexico, USA (M. Sievers); University of Rochester
Medical Center, Rochester, New York, USA (G. Dumyati, C.
Concannon, K. McCullough, A. Woods, S. Seshadri, C. Myers);
Oregon Health Authority, Portland, Oregon, USA (R. Pierce,
V.L.S. Ocampo, J.A. Guzman-Cottrill, G. Escutia, M. Samper)

Healthcare Facilities and Personnel

Staff at EIP sites in 5 states (Colorado, Minnesota,
New Mexico, New York, and Oregon) recruited
a convenience sample of healthcare facilities and

DOI: https://doi.org/10.3201/eid2801.211803
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health systems to participate in the study. Eligible facilities included acute-care hospitals, nursing homes,
or other healthcare facilities (e.g., outpatient clinics,
urgent care clinics, or free-standing emergency departments). Healthcare personnel were defined as
persons serving in healthcare settings with the potential for direct or indirect exposure to patients or
infectious materials including body substances (e.g.,
blood, tissue, and specific body fluids); contaminated medical supplies, devices, and equipment;
contaminated environmental surfaces; and contaminated air (3). This activity was reviewed by CDC and
was conducted in compliance with applicable federal law and CDC policy (45 C.F.R. part 46.102(l)(2);
21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. §552a;
44 U.S.C. §3501 et seq.). CDC determined that the
project was a nonresearch activity and no institutional review board review was required. EIP sites
and participating facilities either deemed the project
to be a nonresearch activity or obtained institutional
review board approval.
Case and Control Definitions and Enrollment

We defined cases as HCP working in participating
healthcare facilities who had a positive SARS-CoV-2
PCR or antigen test (both of which are hereafter referred to as virus test) result from May 19, 2020,
through December 6, 2020. To identify cases, EIP site
staff obtained weekly lists of HCP with SARS-CoV-2
virus test results from participating healthcare facilities or state or local health departments. EIP site staff
attempted to contact all HCP on the weekly lists and
enroll all HCP meeting the case definition and agreeing to participate.
We defined controls as HCP who worked in participating healthcare facilities and had a negative
SARS-CoV-2 virus test result during the same period
used to define cases. To identify controls, EIP site staff
randomly selected HCP with negative SARS-CoV-2
virus test results from the weekly lists of HCP test
results provided by participating healthcare facilities
or state or local health departments. HCP who had
previously tested positive for SARS-CoV-2 were not
eligible to be included as controls. EIP staff contacted
randomly selected HCP and enrolled HCP who met
the control definition and agreed to participate.
We matched 2 controls to each case according to
the healthcare facility in which the HCP worked and
the week of collection of the SARS-CoV-2 virus test;
we excluded unmatched cases and controls. To minimize recall bias, we did not enroll HCP if >60 days
had elapsed since the specimen collection date for the
SARS-CoV-2 virus test.
96

Sample Size Calculation

The sample size estimate was based on the assumption that 50% of cases and controls would have had
known close contact with COVID-19 patients in the
workplace and that 15% of cases and 5% of controls
would have participated (performed or assisted) in
aerosol-generating procedures for COVID-19 patients. With a matched design and twice as many controls as cases, ≈200 cases and 400 controls would be
required to detect an odds ratio of 2 as statistically
significant with 80% power.
Data Collection and Exposures of Interest

From May 28 through December 20, 2020, trained EIP
staff conducted telephone interviews of HCP who
agreed to participate; they used a standardized questionnaire to collect information about demographics,
activities outside the workplace, detailed COVID-19
patient care activities including aerosol-generating
procedures, and PPE use during those activities in
the 14 days before specimen collection (asymptomatic HCP) or before COVID-19 symptom onset (symptomatic HCP). One case and 7 controls completed a
self-administered questionnaire online.
Our primary exposures of interest were having
close contact with persons with COVID-19 outside
the workplace, having close contact with COVID-19
patients in the workplace, participating in aerosolgenerating procedures for COVID-19 patients, performing selected COVID-19 patient care activities,
and wearing recommended PPE during COVID-19
patient care activities. We grouped COVID-19 patient care activities into the following categories:
assistance with activities of daily living (ADL; e.g.,
bathing, eating, toileting) or participating in restraining patients (hereafter, the phrase assisting with
ADL also includes participating in restraint); clinical procedures (e.g., phlebotomy, intravenous line
insertion, or a surgical procedure); nonprocedure
clinical care (e.g., checking vital signs or performing
a physical examination); environmental cleaning; respiratory care (e.g., nasal swabbing for SARS-CoV-2
testing, manipulating oxygen or ventilator tubing,
or providing tracheostomy care); or administrative
activities. Close contact was initially defined as being within ≈6 feet (≈2 m) of a person with SARSCoV-2 infection for at least a few minutes or having
unprotected direct contact with infectious secretions
or excretions from the patient (3). However, to align
with evolving guidance from CDC, we updated the
definition of close contact twice during the project
period (i.e., to specify a duration of 15 minutes and
to include participation in aerosol-generating pro-
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cedures regardless of duration) (4). Recommended
PPE for COVID-19 patient care included gloves,
gown, N95 respirator or powered air purifying respirator, and face shield or goggles. For this analysis,
we considered the following activities to be aerosolgenerating procedures according to CDC guidance:
airway suctioning, sputum induction, cardiopulmonary resuscitation, endotracheal intubation or extubation, noninvasive positive pressure ventilation,
bronchoscopy, and manual ventilation (5). We also
included the following as aerosol-generating procedures because of the lack of data to definitively rule
out potential aerosol generation: nebulizer administration, high-flow oxygen delivery, high-frequency
oscillatory ventilation, chest physiotherapy, minibronchoalveolar lavage, and breaking the ventilation circuit in a patient receiving invasive mechanical ventilation (6).
Data were collected and managed by using REDCap (Research Electronic Data Capture) (7,8), a secure, web-based software platform designed to support data capture for research studies. It provides an
intuitive interface for validated data capture, audit
trails for tracking data manipulation and export procedures, automated export procedures for seamless
data downloads to common statistical packages, and
procedures for data integration and interoperability
with external sources.
Statistical Analyses

We summarized HCP characteristics by using frequencies for categorical variables and medians
with interquartile ranges (IQRs) for continuous
variables. To determine the variables to include in
the multivariable conditional logistic regression
models, we used direct acyclic graphs (9). We created 2 separate models to include appropriate HCP
for the variables evaluated and calculated adjusted
matched odds ratios (amORs) and 95% CIs for exposure variables.
Model 1 evaluated whether close contact with
persons with COVID-19 outside the workplace or
close contact with COVID-19 patients in the workplace was associated with SARS-CoV-2 infection in
HCP. All cases and matched controls were included in the model, which was adjusted for HCP age,
race and ethnicity, healthcare roles, and underlying medical conditions. Model 2 evaluated whether
the following selected practices and activities in
the workplace were associated with SARS-CoV-2
infection in HCP: participating in aerosol-generating procedures, performing different categories of
COVID-19 patient care activities, or wearing rec-

ommended PPE during COVID-19 patient care activities. We included in model 2 only HCP who reported close contact with COVID-19 patients in the
workplace. In this model, because of the small numbers of cases and controls when matching by week,
we postmatched (10,11) by month of SARS-CoV-2
virus test specimen collection and controlled for
HCP age, race and ethnicity, healthcare roles, underlying medical conditions, and close contact with
persons with COVID-19 outside the workplace. To
determine adequate model fit, we assessed Akaike
information criteria and the presence of outliers,
influential observations, and collinearity. We used
SAS version 9.4 statistical software (https://www.
sas.com) for the analyses.
Results
The 25 participating healthcare facilities reported
33,644 HCP (3,416 cases and 30,228 controls) to EIP
sites. Among 3,416 cases, 1,172 (34.3%) were interviewed, 1,070 (31.3%) did not respond to contact attempts or declined participation, and 1,174 (34.4%)
were not interviewed because of other reasons (e.g.,
wrong telephone number or >60 days had elapsed
since the specimen collection date for the SARSCoV-2 virus test). Of the 1,172 cases who were interviewed, 345 (29.4%) were included in the case–
control analysis on the basis of having >1 matched
control and complete SARS-CoV-2 virus test data.
Among 30,228 controls, 2,251 (7.4%) were selected
to be contacted for an interview. Of these 2,251 HCP,
687 (30.5%) were interviewed, 1,174 (52.2%) did not
respond to contact attempts or declined participation, and 390 (17.3%) were not interviewed because
of other reasons. Among the 687 controls who were
interviewed, 622 (90.5%) were included on the basis
of having 1 matched case and complete SARS-CoV-2
virus test data. The median time from SARS-CoV-2
virus test specimen collection date to interview was
8 days (IQR 6–12) for cases and 16 days (IQR 10–26)
for controls.
Characteristics of Cases and Controls

Among the 967 HCP, 701 (72.5%) reported working
in a hospital. Among the 345 cases, median age was
35 (IQR 28–47) years; 268 (77.7%) were female, 194
(56.2%) were White non-Hispanic, 96 (27.8%) were
registered nurses, 127 (36.8%) reported close contact
with persons with COVID-19 outside the workplace,
and 113 (32.8%) reported close contact with COVID-19 patients in the workplace in the 14 days before illness onset or SARS-CoV-2 virus test specimen
collection (Appendix Table 1, https://wwwnc.cdc.
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gov/EID/article/28/1/21-1803-App1.pdf). Approximately two thirds of cases and controls reported close
contact with family members with COVID-19. Higher
percentages of cases than controls identified themselves as being Hispanic or Latino, being <30 years
of age, being administrative personnel, and having
close contact with persons with COVID-19 outside
the workplace (Appendix Tables 1–3). Obesity was
more frequently reported by cases. The frequency
of other underlying medical conditions was similar
among cases and controls (Appendix Table 4).

Close Contact with Persons with COVID-19 Outside the
Workplace and COVID-19 Patients in the Workplace

According to the model 1 analysis, cases were significantly more likely than controls to report close
contact with persons with COVID-19 outside the
workplace (amOR 6.2, 95% CI 4.1–9.4; p<0.001)
or close contact with COVID-19 patients in the
workplace (amOR 1.6, 95% CI 1.1–2.3; p = 0.02),
after controlling for HCP age, race and ethnicity,
healthcare roles, and underlying medical conditions (Table 1).

Table 1. Multivariable conditional logistic regression model to identify characteristics, activities, and practices associated with SARSCoV-2 infection among US healthcare personnel (model 1)*
No. (%)
Cases,
Controls,
amOR
Characteristic
n = 345
n = 622
(95% CI)†
p value
Close contact with persons with COVID-19 outside the workplace‡
No, unknown, or not reported§
218 (63.2)
560 (90)
Referent
Yes
127 (36.8)
62 (10.0)
6.2 (4.1–9.4)
<0.001
Close contact with COVID-19 patients in the workplace‡¶
No, unknown, or not reported
232 (67.2)
398 (68.3)
Referent
Yes
113 (32.8)
197 (31.7)
1.6 (1.1–2.3)
0.02
Age#
<30 y
107 (31.0)
143 (23.0)
Referent
≥30 y
238 (69.0)
473 (76.1)
0.7 (0.5–1.0)
0.04
Any underlying medical condition(s)**
No
112 (32.5)
222 (35.7)
Referent
Yes
233 (67.5)
400 (64.3)
1.3 (0.9–1.8)
0.12
Race and ethnicity††
White, non-Hispanic
194 (56.2)
406 (65.3)
Referent
Hispanic or Latino
86 (24.9)
106 (17.0)
1.7 (1.1–2.6)
0.02
Black, non-Hispanic
25 (7.2)
28 (4.5)
1.7 (0.9–3.2)
0.12
Asian, non-Hispanic
17 (4.9)
29 (4.7)
1.2 (0.6–2.5)
0.56
Other or multiple races, non-Hispanic, or race or ethnicity not reported
23 (6.8)
53 (8.5)
0.9 (0.5–1.8)
0.81
Healthcare role
Registered nurse
96 (27.8)
201 (32.3)
Referent
Administrative personnel
47 (13.6)
50 (8.0)
1.8 (1.1–3.2)
0.04
Physician
20 (5.8)
63 (10.1)
0.9 (0.5–1.7)
0.73
Nursing assistant or patient care technician
24 (7.0)
36 (5.8)
1.1 (0.6–2.2)
0.78
Medical assistant
16 (4.6)
23 (3.7)
1.1 (0.5–2.5)
0.88
Other role anticipated to have substantial patient contact‡‡
58 (16.8)
107 (17.2)
0.9 (0.6–1.5)
0.83
Other role anticipated to have moderate patient contact§§
51 (14.8)
77 (12.4)
1.1 (0.7–1.9)
0.70
Other role anticipated to have minimal patient contact¶¶
24 (7.0)
36 (5.8)
1.4 (0.7–2.7)
0.32
Other role with undefined level of patient contact
9 (2.6)
29 (4.7)
0.6 (0.2–1.4)
0.25

*amOR, adjusted matched odds ratio; COVID-19, coronavirus disease; IQR, interquartile range; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
†Model included 967 healthcare personnel: 345 cases and 622 controls. Among these, there were 71 pairs of 1 case and 1 control, 271 clusters of 1 case
and 2 controls, and 3 clusters of 1 case and 3 controls.
‡In the 14 d before illness onset or SARS-CoV-2 virus test specimen collection date.
§15 cases and 14 controls reported that they did not know if they had close contact with persons with COVID-19 outside the workplace; data were
missing for 1 control.
¶15 cases and 27 controls reported that they did not know if they had close contact with COVID-19 patients in the workplace; data were missing for 1
control.
#Age was not reported for 6 controls; these healthcare personnel were grouped as <30 y.
**Asthma, rhinitis, chronic obstructive pulmonary disease or other chronic lung diseases, hypertension or heart conditions, diabetes mellitus, chronic
kidney disease or hemodialysis, autoimmune or rheumatologic disease, active cancer, solid organ or hematopoietic stem cell transplant, other
immunosuppressing conditions, chronic liver disease, pregnancy, current or recent smoking (i.e., within a year of SARS-CoV-2 virus test specimen
collection date), and obesity or severe obesity with body mass index >30.
††Race was not reported for 16 cases and 27 controls; ethnicity was missing for 14 cases and 24 controls.
‡‡Dental healthcare provider, emergency medical services personnel, licensed practical nurse, nurse practitioner, occupational therapist, other nurse,
physician assistant, physical therapist or assistant, phlebotomist, respiratory therapist, radiology technician, speech-language pathologist, and surgical,
medical, or emergency technician.
§§Nonphysician behavioral health provider, chaplain, care coordinator, dietician, environmental services personnel, food services personnel, patient
transport personnel, research personnel, social worker, or student.
¶¶Facilities maintenance personnel, medical equipment technician, laboratory personnel, or pharmacist. Detailed healthcare roles and area of the facility
in which HCP worked are available in Appendix Tables 2 and 3 (https://wwwnc.cdc.gov/EID/article/28/1/21-1803-App1.pdf).
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Table 2. Multivariable conditional logistic regression model to identify activities and practices associated with SARS-CoV-2 infection
among US healthcare personnel who reported caring for COVID-19 patients in the workplace (model 2)*
No. (%)
Cases, n =
Controls, n
amOR (95%
Characteristic
105
= 169
CI)†
p value
Participated in AGP
No, unknown, or missing
72 (68.6)
123 (72.8)
Referent
Yes
33 (31.4)
47 (27.8)
0.9 (0.4–2.0)
0.84
Wore recommended personal protective equipment all the time during non-AGP COVID-19 patient care
No, unknown, or missing
67 (63.8)
110 (65.1)
Referent
Yes
38 (36.2)
59 (34.9)
0.9 (0.5–2.0)
0.88
Assisted COVID-19 patients with activities of daily living
No
31 (29.5)
79 (46.8)
Referent
Yes
74 (70.5)
90 (53.2)
4.7 (1.7–12.7)
0.003
Provided nonprocedure clinical care to COVID-19 patients
No
19 (18.1)
35 (20.7)
Referent
Yes
86 (81.9)
134 (79.3)
0.9 (0.3–2.6)
0.88
Performed procedures on COVID-19 patients
No
56 (53.3)
84 (49.7)
Referent
Yes
49 (46.7)
85 (50.3)
0.6 (0.3–1.4)
0.25
Performed environmental cleaning activities in COVID-19 patient care area
No
53 (50.5)
100 (59.2)
Referent
Yes
52 (49.5)
69 (40.8)
1.2 (0.5–2.8)
0.69
Provided respiratory care to COVID-19 patients
No
51 (48.6)
88 (52.1)
Referent
Yes
54 (51.4)
81 (47.9)
0.8 (0.3–2.0)
0.70
Performed administrative activities with COVID-19 patients
No
94 (89.5)
149 (88.2)
Referent
Yes
11 (10.5)
20 (11.8)
0.9 (0.3–3.2)
0.90
Close contact with persons with COVID-19 outside the workplace
No, unknown, or missing
86 (81.9)
160 (94.7)
Referent
Yes
19 (18.1)
9 (5.3)
4.9 (1.7–13.9)
0.003
Healthcare role
Registered nurse
39 (37.1)
69 (40.8)
Referent
Administrative personnel
3 (2.9)
6 (3.6)
2.6 (0.3–24.8)
0.40
Nursing assistant or patient care technician
10 (9.5)
16 (9.5)
0.4 (0.1–1.6)
0.22
Physician
4 (3.8)
23 (13.6)
0.6 (0.1–3.7)
0.60
Medical assistant
3 (2.9)
4 (2.4)
1.7 (0.2–12.5)
0.60
Other role anticipated to have substantial patient contact
36 (34.3)
35 (20.7)
2.6 (1.1–6.5)
0.04
Other role anticipated to have moderate patient contact
6 (5.7)
10 (5.9)
1.3 (0.2–7.9)
0.75
Other role anticipated to have minimal patient contact
2 (1.9)
2 (1.2)
4.1 (0.2–78.4)
0.35
Other role with undefined level of patient contact
2 (1.9)
4 (2.4)
0.7 (0.1–6.6)
0.73
Race and ethnicity
White, non-Hispanic
63 (60.0)
102 (60.4)
Referent
Hispanic or Latino
31 (29.5)
34 (20.1)
2.1 (0.9–4.8)
0.07
Asian, non-Hispanic
4 (3.8)
8 (4.7)
0.8 (0.2–3.8)
0.83
Black, non-Hispanic
3 (2.9)
6 (3.6)
0.7 (0.1–4.4)
0.73
Other or multiple races, non-Hispanic or race or ethnicity not reported
4 (3.8)
19 (11.2)
0.29 (0.1–1.2)
0.09
Any underlying condition(s)
No
26 (24.8)
62 (36.7)
Referent
Yes
79 (75.2)
107 (63.3)
2.5 (1.2–5.1)
0.013
Age, y‡
<30
67 (63.8)
127 (75.2)
Referent
>30
38 (36.2)
42 (24.8)
0.5 (0.2–0.9)
0.036
*AGP, aerosol-generating procedures; amOR, adjusted matched odds ratio; COVID-19, coronavirus disease.
†Model included 274 HCP (105 cases and 169 controls). HCP were postmatched into 47 clusters, each cluster with >1 case and >1 control, and the
largest cluster with 10 cases and 20 controls.
‡Age was not reported for 3 controls; these HCP were grouped as <30 y.

Characteristics of HCP Reporting Close Contact with
Patients with COVID-19 in the Workplace

Among the 310 HCP who reported close contact
with COVID-19 patients in the workplace, cases and
controls reported performing similar patient care activities, except a higher percentage of cases (69.9%)
than controls (54.3%) reported assisting COVID-19

patients with their ADL (Appendix Table 5). Of the
87 (28.4%) HCP who participated in aerosol-generating procedures, the proportion of cases and controls
who reported wearing all recommended PPE all the
time varied by the type of aerosol-generating procedure. Of note, the percentages of cases who reported
wearing all recommended PPE all the time during
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common aerosol-generating procedures such as noninvasive positive pressure ventilation, manual ventilation, nebulization administration, or high-flow
oxygen delivery were lower than the percentages of
controls who reported the same (Appendix Table 5).
COVID-19 Patient Care Activities and PPE Use

According to the model 2 analysis, 274 (88.4%) of
310 HCP who reported close contact with COVID-19
patients in the workplace were postmatched. After
controlling for HCP age, race and ethnicity, healthcare roles, underlying medical conditions, and close
contact with persons with COVID-19 outside the
workplace, cases were significantly more likely than
controls to report assisting COVID-19 patients with
their ADL (amOR 4.7, 95% CI 1.7–12.7; p = 0.003);
however, no differences in aerosol-generating procedure participation (amOR 0.9, 95% CI 0.4–2.0; p =
0.84) or wearing recommended PPE all the time during COVID-19 patient care activities (amOR 0.9, 95%
CI 0.5–2.0; p = 0.88) were identified among cases and
controls (Table 2).
Discussion
Our analysis included 967 US HCP from 21 healthcare facilities in 5 US states and used data from interviews conducted before widespread availability
of COVID-19 vaccines. After controlling for demographic characteristics, healthcare roles, and underlying medical conditions, we found that compared
with matched controls, odds for cases were 6.2-fold
higher for reporting close contact with persons with
COVID-19 outside the workplace; 1.6-fold higher
for reporting close contact with COVID-19 patients
in the workplace; and, among HCP who reported
close contact with COVID-19 patients in the workplace, 4.7-fold higher for assisting COVID-19 patients with their ADL.
The greater odds of cases reporting close contact
with persons with COVID-19 outside the workplace
is consistent with findings of multiple studies, such
as studies by Lentz et al., which included >1,600 HCP
from 67 countries, and by Jacob et al., which included >24,000 HCP from 4 large healthcare systems in
3 US states (12–20). Our analysis also showed that
most cases reported close contact with family members with COVID-19. This finding underscores the
value of interventions aimed at mitigating community transmission of SARS-CoV-2, particularly among
racial and ethnic minority groups that have been disproportionately affected by COVID-19 (21,22).
Some studies have not identified an association
between SARS-CoV-2 infection in HCP and close
100

contact with COVID-19 patients in the workplace
(13–18). Our analysis, however, showed that assisting COVID-19 patients with ADL was independently
associated with being an HCP case. HCP might be
less likely to adhere to infection prevention measures
during patient care activities that are not perceived
to be high risk compared with activities such as aerosol-generating procedures. In addition, during periods of PPE shortages, healthcare facilities may have
reserved selected PPE, such as N95 respirators, for
HCP in certain roles or those participating in aerosolgenerating procedures, restricting the availability of
some protective equipment for use when performing other patient care tasks perceived to be less risky.
Continued reinforcement of recommended infection
prevention measures in healthcare settings, especially
during activities that require prolonged close contact
with COVID-19 patients, is needed. Future studies
may better describe COVID-19 patient care activities
that pose the greatest risk to HCP and are most amenable to interventions.
In a scientific brief dated May 7, 2020, CDC described the 3 modes of SARS-CoV-2 transmission:
“1) inhalation of very fine respiratory droplets and
aerosol particles, 2) deposition of respiratory droplets and particles on exposed mucous membranes
in the mouth, nose, or eye by direct splashes and
sprays, and 3) touching mucous membranes with
hands that have been soiled either directly by virus-containing respiratory fluids or indirectly by
touching surfaces with virus on them” (23). Based
on experience with SARS-CoV-1, there have been
concerns that risk for infection may be higher for
HCP who participate in aerosol-generating procedures than those who do not because of the proximity and time spent with patients and the large
quantity of aerosol particles generated during such
procedures (24). We did not detect a difference in
reported aerosol-generating procedure participation between cases and controls, which is consistent with results reported by Lentz et al. (12). This
lack of association may be explained by HCP use of
effective infection prevention measures (25–28) implemented since the start of the pandemic, including use of recommended PPE. It should be noted
that our analysis included a broader definition of
aerosol-generating procedure than CDC and World
Health Organization guidance (27,28). Recent studies showed that some aerosol-generating procedures included in public health guidance, such as
intubation and extubation, generated negligible
amounts of aerosols if performed on asymptomatic
patients in controlled settings (29,30).
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Assessing the effect of PPE use on SARS-CoV-2
transmission is challenging, especially when reported
use is based on HCP recall rather than observation.
HCP may have reported having used recommended
PPE all the time even when they had not, knowing
that this was the socially desirable response. Such reporting bias might explain why we did not observe
a protective effect of wearing recommended PPE all
the time for HCP engaged in COVID-19 patient care
activities, a finding that has been reported by others
(31). Other potential explanations for the lack of association between PPE use and COVID-19 case status
among HCP include the small numbers of cases and
controls in our analysis, limiting our ability to detect
statistically significant differences; HCP participation in multiple patient care activities that may have
placed them at risk, including aerosol-generating
procedures; and the inability to assess whether PPE
was used correctly. Other prevention measures, such
as use of source control for patients and performing
activities in airborne infection isolation rooms, may
have masked the effect of PPE use on transmission of
SARS-CoV-2 to HCP (27).
The first limitation of our study is that testing
practices and test types may have varied among participating facilities. The exact accuracy of the tests
used was unknown and was not accounted for in
our analysis. A small number of cases and controls
could have been misclassified on the basis of falsepositive or false-negative results. A second limitation
is that although the minimum target sample size was
achieved, the percentages of HCP who reported close
contact with COVID-19 patients in the workplace
were lower than those used for the sample size calculation, limiting our ability to detect significant differences in workplace exposures between cases and
controls. Third, we included a convenience sample of
healthcare facilities at 5 EIP sites, and most participating facilities were acute-care hospitals. In addition,
although controls were randomly selected to be contacted for interview, the cases and controls who responded to contact attempts and agreed to participate
might not be representative of all US HCP and, therefore, results may not be generalizable to all US HCP.
Fourth, differential exposure misclassification may
have resulted from the time that elapsed between
HCP SARS-CoV-2 virus test specimen collection and
the interview. The time from SARS-CoV-2 virus test
specimen collection to interview was longer for controls than for cases. In addition, cases may have been
more likely than controls to remember close contact
with persons with COVID-19, resulting in recall bias.
Fifth, our analysis included practices and activities

conducted by HCP before COVID-19 vaccines were
available and before detection of the Delta variant.
Because of evolving infection prevention and control
guidance, testing practices, vaccine availability, and
SARS-CoV-2 variant emergence, the risk factors identified in this analysis should be interpreted in the context of current guidance and knowledge.
In conclusion, according to data gathered from
HCP interviews conducted before widespread availability of COVID-19 vaccines, HCP cases reported more frequent close contact with persons with
COVID-19 outside the workplace and COVID-19 patients in the workplace than did HCP controls. These
findings suggest that in addition to vaccination and
healthcare infection prevention and control measures, protecting HCP requires interventions that reduce HCP exposures to SARS-CoV-2 in their communities. Among HCP who provided care for COVID-19
patients, cases reported more frequently assisting
COVID-19 patients with ADL than did controls. Protecting HCP may require interventions that reduce
COVID-19 exposures outside the workplace and improve HCP’s ability to assist COVID-19 patients with
ADL more safely. Infection control training programs
and measures specifically focused on protecting HCP
may be particularly useful for reducing SARS-CoV-2
transmission in healthcare facilities.
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High-Level Quinolone-Resistant
Haemophilus haemolyticus
in Pediatric Patient with No
History of Quinolone Exposure
Emi Tanaka,1 Yuji Hirai,1 Takeaki Wajima, Yu Ishida, Yoshiaki Kawamura, Hidemasa Nakaminami

The prevalence of antimicrobial resistance among
Haemophilus spp. is a critical concern, but high-level
quinolone-resistant strains had not been isolated from
children. We isolated high-level quinolone-resistant
H. haemolyticus from the suction sputum of a 9-yearold patient. The patient had received home medical
care with mechanical ventilation for 2 years and had
not been exposed to any quinolones for >3 years. The
H. haemolyticus strain we isolated, 2019-19, shared
biochemical features with H. influenzae. However,
whole-genome analysis found this strain was closer
to H. haemolyticus. Phylogenetic and mass spectrometry analyses indicated that strain 2019-19 was
in the same cluster as H. haemolyticus. Comparison
of quinolone resistance–determining regions showed
strain 2019-19 possessed various amino acid substitutions, including those associated with quinolone
resistance. This report highlights the existence of
high-level quinolone-resistant Haemophilus species
that have been isolated from both adults and children.

T

he genus Haemophilus includes 9 bacterial species that cause infections only among humans:
H. influenzae, H. aegyptius, H. haemolyticus, H. parainfluenzae, H. parahaemolyticus, H. paraphrohaemolyticus,
H. pittmaniae, H. sputorum, and H. ducreyi (1). Among
them, H. influenzae is a notable causative pathogen
of respiratory infections and otitis media in children
(2–4). H. haemolyticus, which is genetically similar to
H. influenzae and coexists with H. influenzae in the upper respiratory tract (1,5), is considered a commensal
Author aﬃliations: Tokyo University of Pharmacy and Life Sciences, Tokyo, Japan (E. Tanaka, T. Wajima, H. Nakaminami); Meijo
University, Nagoya, Japan (E. Tanaka, T. Wajima); Tokyo Medical
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Aichi Gakuin University, Nagoya, Japan (Y. Kawamura)
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bacterium, and its pathogenicity has not been widely
examined. However, some previous studies have
reported that H. haemolyticus can be misidentified as
H. influenzae in the clinical setting (6–8).
β-lactams and quinolones are commonly used
to treat infections caused by both H. influenzae and
H. haemolyticus. Recently, an increase in H. influenzae strains with reduced susceptibility to quinolones has been reported (9–11). Moreover, highlevel resistant strains (MIC for levofloxacin ≥8 μg/
mL) of H. influenzae have also emerged (12–15) but
have been isolated only from adult case-patients
(11,12). Recent nationwide surveillance in Japan
indicated that quinolone-resistant H. influenzae had
not been isolated among pediatric patients (16). Although low-susceptibility strains of H. haemolyticus
have emerged, a high-level resistance strain had
not been isolated from a pediatric patient (17). We
isolated the H. haemolyticus strain 2019-19, which
showed high-level resistance to quinolones, from a
pediatric patient in an acute care hospital in Tokyo,
Japan, and analyzed the features of the strain and
case background of the patient.
Materials and Methods
Patient Characteristics

A 9-year-old girl with severe motor and intellectual
disabilities, hypothyroidism, and chronic respiratory disease was hospitalized for hypoxic ischemic
encephalopathy in the Tokyo University of Hachioji Medical Centre (Tokyo, Japan). The patient
had been under mechanical ventilation related to
tracheostomy since she was 7 years of age and had
not been administered any quinolones for >3 years
before hospitalization. Because the patient had a
1
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fever with increased sputum production after 3
days of hospitalization, we obtained a suction sputum culture and administered ampicillin/sulbactam intravenously to her for 1 week. The patient
was discharged because her fever resolved after 5
days of hospitalization.
Bacterial Isolation and Culture Conditions

We isolated H. haemolyticus (strain identification
2019-19) from the suction sputum and identified
it as quinolone-resistant H. influenzae by routine
laboratory testing using a MicroScan WalkAway
system (Siemens, https://www.siemens.com). Because quinolone-resistant H. influenzae had never
been isolated from a pediatric patient, we performed a detailed susceptibility test for 2019-19
by the broth microdilution method. For controls
in the biochemical test, we used H. influenzae GTC
14202T (DSM 4690T) and H. haemolyticus GTC 15009T
(NCTC 10659T) type strains purchased from Gifu
University (https://www.gifu-u.ac.jp). In addition, we used H. influenzae ATCC 49247 and Rd as
quality control strains for antimicrobial susceptibility testing. We cultured the isolates overnight on
chocolate agar at 37°C in a 5% CO2 atmosphere and
stored them in 10% skim milk at −80°C until use.
This study was approved by the research ethics
committees at the Tokyo University of Pharmacy
and Life Sciences (case no. 16-12).
Antimicrobial Susceptibility Test

We measured MICs by broth microdilution method
as described by the Clinical and Laboratory Standards Institute (18). As tested agents, we used ampicillin, amoxicillin, clavulanic acid, cefotaxime,
meropenem, clarithromycin, azithromycin, levofloxacin, tosufloxacin, and moxifloxacin. In addition,
we used PAβN (Phe-Arg β-naphthylamide dihydrochloride; Sigma-Aldrich; https://www.sigmaaldrich.com) and reserpine (Sigma-Aldrich) as efflux
pump inhibitors. We set antimicrobial-susceptible
breakpoints according to Clinical and Laboratory
Standard Institute criteria (18).
Genomic Analysis

We extracted genomic DNA using a Wizard Genomic
DNA purification kit (Promega, https://www.promega.com) and sequenced it using GridION (Oxford
Nanopore Technologies, https://nanoporetech.com)
and DNB Seq-G400 (MGI Tech, https://en.mgi-tech.
com) according to manufacturer instructions. We assembled the sequenced data with Unicycler version
0.4.7 (https://github.com/rrwick/Unicycler) with

default parameters, assessed the quality of the genome
using CheckM, version 1.0.12 (https://github.com/
Ecogenomics/CheckM), and annotated the assembled
genome sequence using DDBJ’s DFAST Fast Annotation and Submission Tool; https://dfast.nig.ac.jp).
The obtained and annotated sequence data were registered in the DDBJ database under DDBJ/EMBL/
GenBank accession number AP024093.
Because the genome sequence of the type strain
was not available, we used H. haemolyticus NCTC
10839, along with H. influenzae ATCC 33391T, to compare the entire genomes with strain 2019-19, using
Easyfig version 2.2.2 (19). We calculated the average
nucleotide identity (ANIb) algorithm using BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi)
with
JSpeciesWS (20) and digital DNA-DNA hybridization
(dDDH) using the type strain genome server (21). In
addition, we estimated the presence of CRISPR sequences and cas genes in the genome using the CRISPRfinder program (22).
Phylogenetic Analysis of Typical Genes

We illustrated a phylogenetic dendrogram using
typical genes (16S rDNA sequence, adk, pgi, recA, infB,
gyrA, gyrB, parC, parE, and ftsI) with Clustal Omega
alignment and the neighbor-joining method of JukesCantor using Geneious Prime 2019 (Biomatters,
https://www.geneious.com). We selected the 16S
rDNA sequence, adk, pgi, recA, and infB because they
were used in a previous classification study (1,23). In
addition, we used gyrA, gyrB, parC, parE, and ftsI as
antimicrobial-targeting genes. We used nucleotide
sequences of Escherichia coli ATCC 11775T as an outgroup.
Biochemical Test

We used an API NH kit (bioMérieux, https://www.
biomerieux.com) to assay biochemical characteristics,
prepare bacterial cultures, and interpret the results
according to manufacturer protocols. We evaluated
use of the V factor, X factor, and several nutrients using Haemophilus ID Quad with growth factors agar
(BD Biosciences, https://www.bdbiosciences.com).
We cultured the agar plates overnight at various temperatures (4°C, 16°C, 25°C, 37°C, and 42°C).
Mass Spectrometry

We prepared samples by ethanol/formic acid extraction. One loop of bacteria was suspended in 300 μL
distilled water and 900 μL of ethanol was added into
the suspension. After centrifuging and discarding the
supernatant, we mixed 20 μL each of 70% formic acid
and acetonitrile. Next, we applied 1 μL of supernatant
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on the target plate and mixed it with 1 μL HCCA
matrix (Bruker, https://www.bruker.com). We obtained the spectrum using a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS
Bruker autoflex maX and analyzed the phylogenetic
tree using MALDI Biotyper Compass Explorer version 4.1.60 (Bruker).

Amino Acid Substitutions of GyrA, GyrB, ParC, and ParE

We estimated amino acid substitutions of DNA gyrase and topoisomerase IV from the nucleotide sequences of gyrA, gyrB, parC, and parE. We compared
the substitutions with H. haemolyticus CCUG 12834T or
ATCC 33390T (DDBJ/EMBJ/GenBank accession no.
LYCK01000011, LYCK01000013, or JTLY01000001),
Figure. Genomic analysis of
Haemophilus haemolyticus strain
2019-19 from a 9-year-old girl
in Japan. A) Circular map of
the whole-genome sequence.
The outermost circle shows
the number of nucleotides, the
second circle shows coding
sequences on the plus strand,
and the third circle shows coding
sequences on the minus strand.
The innermost circle represents
the G+C skew (%) and second
innermost circle, G+C content
(%); green zones show the
locations of gyrA and parC,
and blue and light blue zones
show CRISPR-Cas–associated
genes. Map drawn using
Artemis DNA Plotter (Wellcome
Sanger institute, Hinxton, UK).
G+C, guanine + cytosine. B, C)
Comparison between the whole
genomes of 2019-19 and H.
haemolyticus NCTC 10839 (B)
and H. influenzae ATCC 33391T
(C), created using Easyfig version
2.2.2 (19). Red indicates matches
in the same direction; blue
indicates inverted matches; white
areas indicate nonmatches.
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Table 1. Comparison of biochemical characteristics of
Haemophilus haemolyticus strain 2019-19 from a 9-year-old girl
in Japan and reference species*
GTC
GTC
Characteristics
2019-19
14202T
15009T
V-factor requirement
+
+
+
X-factor requirement
+
+
+
Indole production
+
+
Urease
+
+
+
Lipase
–
–
–
Ornithine decarboxylase
–
–
–
Alkaline phosphatase
+
+
+
Proline arylamidase
–
–
–
β-galactisidase
–
–
–
γ‐glutamyltransferase
–
–
–
Acid source
D-glucose
+
+
+
D-fructose
+
+
+
Maltose
–
–
+
Sucrose
–
–
–
Growth temperature
4°C
–
–
–
16°C
–
–
–
25°C
–
W
–
37°C
++
++
++
42°C
–
–
–
CO2 enhances growth
–
–
–
Hemolysis
–
–
+
*W, weak; –, negative; + positive.

NCTC 10839 (LS483458), M19346 (CP031243), and
M28486 (CP031238).
Results
Genomic Analysis

To further characterize the 2019-19 strain in detail,
we determined the whole-genome sequence by next
generation sequencing (Figure). The genome size was
1,895,310 bp, comprising 1,764 protein-coding sequences, 19 rRNAs, 57 tRNA, and a CRISPR sequence
(Figure panel A). Comparing the whole-genome sequence of 2019-19 with that of H. influenzae ATCC
33391T resulted in a dDDH score of 43.4% (95% CI
40.9%–46.0%) and ANIb score of 90.90%, suggesting
an extremely low similarity. In contrast, although
we observed a large inversion, we found 2019-19
Table 2. Antimicrobial susceptibility of Haemophilus
haemolyticus strain 2019-19 from a 9-year-old girl in Japan
Agent
MIC, μg/mL
Decision†
Ampicillin
0.25
S
Amoxicillin/clavulanic acid
0.125
S
Cefotaxime
<0.063
S
Meropenem
<0.063
S
Clarithromycin
4
S
Azithromycin
0.5
S
Levofloxacin
16
NS
Tosufloxacin
≥64
ND
Moxifloxacin
64
NS
*S, susceptible; ND, not determined; NS, nonsusceptible
†Decided by Clinical Laboratory and Standards Institute criteria (18).

comparatively strongly related to H. haemolyticus
NCTC 10839 (Figure, panels B, C). The identity scores
for 2019-19 with H. haemolyticus type strain ATCC
33390T were 64.1% (95% CI 61.2%–66.9%) for dDDH
and 95.38% for ANIb, suggesting great similarity. To
further clarify the genetic classification, we performed
phylogenetic analyses using typical species housekeeping genes (16S DNA sequence, adk, pgi, recA, infB)
and antimicrobial targeting genes (gyrA, gyrB, parC,
parE, and ftsI) (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/28/1/21-0248-App1.pdf).
In
all phylogenetic trees using these genes, 2019-19 was
classified in the same cluster as H. haemolyticus. In addition, 2019-19 contained a CRISPR sequence but not
an IgA protease, which is a putative marker for distinguishing it from H. influenzae (data not shown) (8).
Biochemical Tests

Because we identified this strain as H. influenzae by
routine laboratory testing, we also investigated the
biochemical characteristics of 2019-19 (Table 1). In
comparison with the type strains of both H. haemolyticus and H. influenzae, all biochemical results completely matched with H. influenzae. In addition, we
identified species on the basis of these results using
Apiweb (bioMérieux), which indicated that 2019-19
had 99.9% identity with H. influenzae. According to
the method for H. influenzae described elsewhere,
2019-19 was determined to be biotype II (1).
Mass Spectrometry

MALDI-TOF mass spectrometry analysis is one of
the most reliable methods for identifying bacterial
species (24,25). The bacterial protein profile was assayed to identify the bacterial species of 2019-19 using
this method. In comparison with the database using
MALDI Biotyper Compass Explorer version 4.1.60,
2019-19 matched with H. haemolyticus CCUG 12834T
with a score 2.21 and was identified as H. haemolyticus.
Furthermore, in a phylogenetic dendrogram drawn
with representative type strains of Haemophilus spp.
(Appendix Figure 2), 2019-19 was located close to the
H. haemolyticus type strain ATCC 33390T.
Quinolone Resistance Mechanisms

Antimicrobial susceptibility testing of strain 2019-19
showed high MIC values (16 to ≥64 μg/mL) to levofloxacin, tosufloxacin, and moxifloxacin and susceptibility to antimicrobial agents including penicillins, cephems, and macrolides, but not to quinolones
(Table 2). We investigated amino acid substitutions in
quinolone-targeting proteins (GyrA, GyrB, ParC, and
ParE) by comparing the sequences of H. haemolyticus
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CCUG 12834T or ATCC 33390T, NCTC10839, M19346,
and M28486 (Table 3; Appendix Figure 3). The results
revealed that 2019-19 had various amino acid substitutions in GyrA, GyrB, ParC, and ParE, including
amino acid substitutions (Ser84Leu, Asp88Tyr in gyrA
and Ser84Arg in parC) relevant to reducing susceptibility to quinolones (13,17). We measured the MICs of
quinolones in the presence of the efflux pump inhibitors reserpine and PAβN to determine whether the efflux system affected quinolone resistance. There was
no substantial difference in the presence or absence of
inhibitors. To investigate the origin of this strain, we
compared quinolone target genes among Haemophilus
spp.; however, we obtained no evidence of recombination (data not shown).
Discussion
We analyzed high-level quinolone-resistant H. haemolyticus strain 2019-19 isolated from a pediatric patient in an acute care hospital in Japan. The patient
had several coexisting diseases and had been under
tracheotomy for 2 years but had not been exposed to
quinolone for the previous >3 years.
Comparative genome analysis, phylogenetic
analysis using typical genes, and MALDI-TOF mass
spectrometry analysis indicated that 2019-19 classified into the H. haemolyticus cluster rather than H.
influenzae. Absence of IgA protease supported these
results (8). In addition, this strain contained CRISPR
sequences. Comparing genome sequences in the database, all H. haemolyticus contained CRISPR but H.
influenzae sequences did not, which might support
that this strain was H. haemolyticus. In contrast, 201919 shared biochemical features with H. influenzae. The
biotype of 2019-19, biotype II, is the predominant type
among H. influenzae and comparatively rare among
H. haemolyticus (17,26,27), making it a notable feature
of H. haemolyticus 2019-19. Previous studies reported
that clinical isolates identified as H. influenzae occasionally included H. haemolyticus without hemolysis
(6–8). The biochemical features of 2019-19 likely contributed to this misidentification. Genomic analysis
showed 2019-19 contained a large inversion compared with other H. haemolyticus strains; however, the
relationship of this inversion with biochemical features was not determined. Bacterial species defined
by whole-genome sequence similarity have been reported to be ≈95%–96% ANIb (28) or 70% DDH (29).
Although we tentatively identified 2019-19 as H. haemolyticus, these definitions and our ANIb and dDDH
values suggest that this strain is a novel subspecies
or species. The classification data for Haemophilus
spp. are inadequate compared with those of other
108

Table 3. Amino acid substitutions in quinolone target protein of
Haemophilus haemolyticus strain 2019-19 from a 9-year-old girl
in Japan*
GyrA
GyrB
ParC
ParE
S84L
A567T
S84R
P439S
D88Y
N631S
S138T
L502F
H212Y
A725V
V214I
D596N
T251S
V270I
A599S
D740E
D442N
S784N
M591I
A641E
*Compared with H. haemolyticus CCUG 12834T or ATCC 33390T,
NCTC10839, M19346, and M28486

pathogens and species may need to be reclassified
after additional genome and biochemical data are accumulated. Our findings can help improve the accuracy of classification and 2019-19 may be designated a
novel subspecies or species in the future (6,30).
H. haemolyticus 2019-19 showed high-level quinolone-resistance and multiple amino acid substitutions in quinolone-targeting proteins, which are
known to contribute to high-level quinolone resistance (12–14,17,31). In addition, quinolone-resistant
H. parainfluenzae has been reported (32,33) in Taiwan
and Europe and these isolates showed various amino acid substitutions in quinolone target genes, like
those observed in 2019-19. Frequent use of quinolone
can contribute to the emergence of resistant strains,
and although this patient had not been exposed to
any quinolones during the previous >3 years, she had
frequently stayed in medical facilities and other antimicrobial agents had been used to treat her multiple
coexisting diseases. Moreover, quinolones have been
used for pediatric patients in Japan and the frequency
of low-susceptibility strains of H. influenzae has been
increasing (9,10,34). There may be selective pressure
not only in hospitals but also in communities. In fact,
2019-19 contained a large inversion in the genome
and partially differed from H. haemolyticus, suggesting substantial genetic recombination and rearrangement for this strain.
Among the study’s limitations, we analyzed
only 1 high-level quinolone-resistant H. haemolyticus
and its prevalence in both community and clinical
settings remains unclear. In addition, there was no
evidence about whether 2019-19 is a causative pathogen or commensal strain. However, the presence of
high-level antimicrobial-resistant Haemophilus spp. in
children should be noted, because even commensal
bacteria can cause lethal infections in immunocompromised hosts.
The reasons why high-level quinolone-resistant
Haemophilus spp. had not been isolated from children
are unclear. A previous report suggested that quinolones have not been used to treat pediatric infections
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(11). In addition, because H. influenzae is a commensal
nasopharyngeal bacteria for most children (35), quinolone-resistant strains may be outcompeted by other
commensal bacteria. The adaptability of quinoloneresistant strains should be further analyzed.
In conclusion, our findings reveal the existence
of high-level quinolone-resistant Haemophilus spp.
strains in children. Horizontal gene transfer between
H. influenzae and H. haemolyticus has been observed
(36,37), and high-level quinolone-resistant H. influenzae may also emerge. Therefore, the presence of highlevel resistance strains should be considered when
quinolones are used to treat children.
This work was partially supported by Sasakawa
Scientific Research (grant no. 2020-4001) from the Japan
Science Society (E.T.) and Nagai Memorial Research
Scholarship (no. N-202604) from the Pharmaceutical
Society of Japan (E.T.).
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Genomic changes in Mycoplasma pneumoniae caused
by adaptation to environmental or ecologic pressures are
poorly understood. We collected M. pneumoniae from
children who had confirmed pneumonia in Taiwan during
2017–2020. We used whole-genome sequencing to compare these isolates with a worldwide collection of current
and historical clinical strains for characterizing population
structures. A phylogenetic tree for 284 strains showed that
all sequenced strains consisted of 5 clades: T1–1 (sequence
type [ST]1), T1–2 (mainly ST3), T1–3 (ST17), T2–1 (mainly
ST2), and T2–2 (mainly ST14). We identified a putative
recombination block containing 6 genes (MPN366‒371).
Macrolide resistance involving 23S rRNA mutations was
detected for each clade. Clonal expansion of macrolide resistance occurred mostly within subtype 1 strains, of which
clade T1–2 showed the highest recombination rate and genome diversity. Functional characterization of recombined
regions provided clarification of the biologic role of these
recombination events in the evolution of M. pneumoniae.

M

ycoplasma pneumoniae, a major pathogen causing community-acquired pneumonia, has a reduced genome of ≈800 kb, which has been relatively
stable over time and geographic distance (1). Widespread use of macrolides has driven an increase and
spread of macrolide-resistant M. pneumoniae in several countries, including Taiwan (2–4). High numbers of repetitive DNA elements (RepMPs), designated RepMP1, RepMP2/3, RepMP4, and RepMP5,
comprise ≈8% of the M. pneumoniae genome and play
essential roles in survival niches of M. pneumoniae by
engaging in recombination events to generate sur-
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face antigen diversity (5). Epidemiologic data show
that epidemic peaks of M. pneumoniae occur every
3–7 years, as indicated by 3 outbreaks in 2011–2012,
2014–2015, and 2015–2016 in Japan and Europe (6,7).
Genotype shifts from 1 P1 adhesin subtype to another occurred repeatedly at an interval of 10 years (7).
The relationship between epidemic periodicity
and genotype shifts is unclear. P1 adhesin causes antigenic variation between clinical strains as a result
of homologous recombination between RepMP2/3
and RepMP4 domains located within their open
reading frames and at repetitive DNA elements at
other sites in the bacterial genome (8). However, P1
adhesin type is not always the determinant factor
for cyclic outbreaks because cocirculation of both P1
subtypes and multiple variants in endemic and epidemic settings has been documented (9). Given the
existence of multiple copies of specific RepMPs dispersed across chromosomes, whether other genetic
regions showing recombination diversity involved
in M. pneumoniae circulation remains unclear.
To study how the M. pneumoniae lineage has
evolved as it has spread, we characterized the genomes of 99 M. pneumoniae strains isolated in Taiwan,
together with a global collection of 185 M. pneumoniae
genomes deposited in public databases. At the same
time, we sought to identify major putative recombination hot spots on a genome wide scale to comprehensively understand the significance of recombination on the evolutionary dynamics of M. pneumoniae.
Materials and Methods
Isolation of M. pneumoniae

We prospectively enrolled children <18 years of
age who were hospitalized because of clinical and
radiographic pneumonia during April 2017–January 2020 at Chang Gung Memorial Hospital Lin Kou
Branch (Taoyuan, Taiwan), Chang Gung Memorial
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Hospital Kaohsiung Branch (Kaohsiung, Taiwan), and
Saint Paul’s Hospital (Taoyuan, Taiwan). We obtained
written informed consent from patients or their parents. Throat swab specimens were then collected by
pediatricians who used sterile swabs (FLOQSwabs;
Copan, https://www.copanusa.com). All throat swab
specimens were sent to a laboratory at the Chang Gung
Memorial Hospital Lin Kou Branch. We inoculated
throat swab specimens into SP4 medium and observed
spherical M. pneumoniae colonies by using microscopy.
This study protocol was approved by the research ethics committee of Chang Gung Memorial Hospital, Taiwan (approval nos. 201900420A3 and 202000687B0).

aligned sequences of genes by using ClustalW2 (13)
and converted protein and DNA multiple sequence
alignments into codon alignments by using PAL2NAL
(14). We used the output data file to estimate synonymous and nonsynonymous substitution rates (Ka/Ks)
in different branches of the phylogenetic tree by using
a branch-specific algorithm in the codeml program
from PAML version 4.8 (15), for which we provide
additional details (Appendix 2, https://wwwnc.cdc.
gov/EID/article/28/1/21-0497-App2.pdf). We used
M129 as a reference genome to describe the location of
RepMPs based on the NCBI annotation file.

Whole-Genome Sequencing

We used whole-genome alignments to construct a
phylogenetic tree by using RAxML (https://cme.hits.org/exelixis/software.html) with the GTRCAT
model. We performed root-to-tip regression analysis
by using TempEst version 1.5.3 (16). To estimate the
phylodynamics of M. pneumoniae, we performed temporal analysis using the BEAST version 1.10.4 software package (17). We used a strict clock exponential
model and a Hasegawa–Kishono–Yano nucleotide
substitution model with a discretized gamma distribution to measure rate heterogeneity across sites. We
summarized tree data to generate a maximum clade
credibility tree by using TreeAnnotator (https://
beast.community/treeannotator#user-interface) and
visualized it by using FigTree version 1.4.4 (1).

We obtained whole-genome sequencing (WGS) data
for 99 clinical isolates. We cultured M. pneumoniae
in 75-cm2 tissue culture flasks (Techno Plastic Products AG, https://www.tpp.ch) containing 10 mL of
SP4 medium for 96 hours at 37°C. We extracted M.
pneumoniae genomic DNA directly from cultures by
using the QIAamp DNA Mini Kit (QIAGEN, https://
www.qiagen.com), and prepared libraries for WGS
by using NEBNext Ultra II DNA Library Prep Kits (Illumina, https://www.illumina.com).
Prediction of Recombination Sites by
Phylogenetic Analysis

We combined 185 isolates that had available WGS
data, downloaded from the RefSeq database of the
National Center for Biotechnology Information
(NCBI; https://www.ncbi.nlm.nih.gov), and our
assembled 99 clinical isolates (Appendix 1 Table,
https://wwwnc.cdc.gov/EID/article/28/1/210497-App1.xlsx). We used all 284 M. pneumoniae isolates to analyze homologous recombination and genetic diversity as described (10).
Clade-Specific Recombination Gene Sequence Analysis

We used Gubbins (https://sanger-pathogens.
github.io/gubbins) to identify areas that were
likely introduced by homologous recombination involving M. pneumoniae clades. We scored each gene
with the number of predicted recombination events
in each clade, and used R version 3.6.3 (R Foundation
for Statistical Computing, https://cran.r-project.org)
to draw a heatmap by using the pheatmap package.
Estimation of Synonymous and Nonsynonymous
Substitution Rates

We annotated 284 M. pneumoniae by using Prokka
version 1.14.6 (11) and identified core genes by using
Roary version 3.13.0 (12) with default settings. We
112

Tip-Dating Analysis

Population Structure Analysis

We used PLINK version 1.9 (18) to generate a binary output from the vcf file. We performed population structure inference by using ADMIXTURE
version 1.3.0 (19).
Results
Genotype Distribution

From the NCBI database, we collected M. pneumoniae
strains from China (n = 23), Japan (n = 70), South Korea (n = 30), the United States (n = 29), the United
Kingdom (n = 4), Denmark (n = 3), Spain (n = 1),
France (n = 15), Germany (n = 2), Guatemala (n =
1), Egypt (n = 2), Kenya (n = 3), and Tunisia (n = 2)
obtained during 1944–2016 (Figure). These strains included P1 subtype 1 sequence type (ST) 3, prevalent
worldwide; P1 subtype 2 ST2 from Japan, the United
States, and countries in Europe; P1 subtype 1 ST1
from the United States, South Korea, China, and Tunisia; P1 subtype 1 ST17 from South Korea; P1 subtype 2 ST7 from Japan; and P1 subtype 2 ST14 from
South Korea, Japan, France, and the United States.
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Figure. Genotype and origin of Mycoplasma pneumoniae genome data compared in study of global genome diversity and
recombination. Pie charts indicate number of isolates in indicated countries. Detailed information regarding each sample is provided in
Appendix 1 Table 1 (https://wwwnc.cdc.gov/EID/article/28/1/21-0497-App1.xlsx). MLST, multilocus sequence typing; ST, sequence type.

We observed macrolide resistance with the A2063G
mutation among ST3 strains from China, South Korea,
Japan, and France; ST1 strains from China; ST7 strains
from Japan; and ST14 strains from South Korea and
Japan. A total of 99 strains from Taiwan collected during 2017–2020 consisted of P1 subtype 1 ST3 (n = 60,
60.6%), P1 subtype 1 S17 (n = 31, 31.3%), P1 subtype
2 ST14 (n = 7, 7.1%), and P1 subtype 2 ST2 (n = 1, 1%).
Macrolide resistance with A2063G was also observed
in ST3 (n = 59), ST17 (n = 14), and ST14 (n = 3). A2063T
was observed in ST17 (n = 10), A2064G in ST3 (n = 1).
Recombination Landscape

We inferred genomic regions identified by Gubbins as
having densities of single-nucleotide variants (SNVs)
that were different from background SNV densities
in the core genome to be homologous recombination
events. By examining all 284 M. pneumoniae genomes
in this study, we detected 108 putative recombination
blocks (Appendix 2 Figure 1, panel A) spanning an
average of 1.3 kb/recombination event (95% CI 0.9–
1.7 kb) and covering an average of 10 kb/isolate (1.3%
of the genome).
Phylogenetic analysis using core genome singlenucleotide polymorphisms (SNPs) identified 5 clades
linked to multilocus sequence typing structures and
associated with P1 subtypes, which resembled previous findings (1,7,20). Clade T1–1 consisted of ST1;
clade T1–2 consisted of ST3, ST19, ST20, and ST30;
clade T1–3 consisted of ST17; clade T2–1 consisted of

ST2, ST4, ST7, and ST16; clade T2–2 consisted of ST2,
ST14, ST15, and ST33. Clades T1–1, T1–2, and T1–3
belonged to P1 subtype 1, and clades T2–1 and T2–2
belonged to P1 subtype 2.
With regard to switching from subtype 1 to
subtype 2, two regions of SNPs were predicted to
have arisen by homologous recombination: first,
183717–186553 bp sequence coordinates containing
P1 adhesin (MPN141) for T2–1 and 183381–187741
bp for T2–2; and second, 437080–443621 bp sequence coordinates containing hypothetical proteins
(MPN366–367), RepMP1, DUF16 domain-containing
protein (MPN368), lipoprotein (MPN369), putative
adhesin (MPN370), and MPN371 for both clades
T2–1 and T2–2. Among strains of subtype 1, clade
T1–2 had 3 regions of SNPs predicted to have arisen
by homologous recombination: first 34,0697–340757
bp sequence coordinates containing prrB (MPN285);
second, 493781–493791 bp sequence coordinates
containing adhesin (MPN409); and third, 570767–
570790 bp sequence coordinates containing adhesin
(MPN468) (Appendix 1 Table 2; Appendix 2 Figure
1, panel A).
The MPN409 recombined region was more frequently detected in most macrolide-resistant clade
T1–2 strains than in macrolide-susceptible clade T1–2
strains. We ran Gubbins independently for subtype 2
(88 isolates) based on the core genome sequence alignment involving M. pneumoniae subtype 2 reference
strain FH (GenBank accession no. CP010546.1). Among
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strains of subtype 2, only 1 recombination hotspot was
predicted: 179477–183466 bp sequence coordinates
containing P1 adhesin (equal to MPN141 of M129)
(Appendix 1 Table 2; Appendix 2 Figure 1, panel B).
We estimated 2 measures of the recombination
rate in the core genome alignment by using Gubbins
ρ/θ and r/m ratios (Table). We provide boxplots of
putative recombination statistics for M. pneumoniae
clades (Appendix 2 Figure 2). ρ/θ estimates the relative
frequency of occurrence of recombination and mutation in the history of the clade. The overall ρ/θ ratio for
each clade ranged from 0 (clade T2–1) to 0.03 (clade
T1–2), indicating that putative recombination events
have occurred less frequently than vertically inherited
mutations in all 5 clades, and lower than in most microbes. The r/m index assesses the relative effect of
recombination and mutation on genetic diversification
of the clade. Predicted recombination occurred more
frequently in clade T1–2, for which the r/m rate was
4–13 times higher than for the other 4 clades.
Clade-Specific Gene Recombination

We defined clade-specific genes involved in these putative recombination events by clustering of genes by
recombination frequency in each clade (Appendix 2
Figure 3, panel A). These data can guide identification
of multiple genes under different selective pressures
in each clade. A set of 8 genes (MPN141, MPN142,
MPN366, MNP368, MPN369, MPN370, MPN_RS02085,
and MPN_RS02055) appeared to increase the recombination frequency in M. pneumoniae subtype 2, and extensive DNA repetitive elements are located in each of these
genes. MPN366, MPN368, MPN369, and MPN370 were
under even greater selective pressure than MPN141
and MPN142 (Appendix 2 Figure 3, panel A).
We investigated adhesin P1 sequence variation by
calculating homology with the reference M129 strain
DNA sequence (Appendix 2 Figure 3, panel B). Two
variable regions provided most variation between
M. pneumoniae subtypes 1 and 2, and were located at
≈3000 bp and ≈1000 bp within MPN141. In contrast,
these 2 regions were highly conserved within clades
T1–1, T1–2, and T1–3. For subtype 2, clade T2–2 had
less conserved sequence than clade T2–1.

Two additional regions of nucleotide sequence
differed among strains belonging to clade T2–2 compared with M129. Sequence analysis of the P1 gene
showed divergent sequences from 5 clades at position 2000 bp, which might be an AGT trinucleotide
variable-number tandem repeat (21).
Genome Diversity within Subclades

To clarify this potentially confounding within–clade
mutation, we analyzed the genetic diversity of the collection by estimating the nonsynonymous to synonymous (Ka/Ks) mutation ratio. We assessed divergence
along the genome between clades by determining
synonymous substitution rates, a near-neutral indicator of genetic divergence. Data showed that different
genomic regions had higher divergence among those
5 clades. Clade T2–1 had more divergent regions than
clade T2–2, and clade T2–2 had higher Ks values in
less divergent regions. The genomic divergence pattern of clade T1–2 was observed across the genome.
This result indicated that clade T1–2 was the most divergent in M. pneumoniae subtype 1, and the genome
of clade T1–3 was stable without evidence of divergence (Appendix 2 Figure 4, panel A). We also identified numerous diverse regions located near RepMP
elements across the genome. We further investigated
the function of these genomic regions that showed
higher divergence. From a global perspective, numerous positions are located in genes that are annotated
as adhesin and MgPa (mgp) operon of M. genitalium
coding for proteins (Appendix 2 Figure 4, panel B).
Positive Selection Detection Involving
Orthologous Genes

To track genomic evolutionary footprints, we used
codeml analysis to test genes for evidence of positive selection. We detected 42 genes as being under
positive selection by using likelihood ratio tests (Appendix 1 Table 3). Of these positively selected genes,
21 were core orthologous loci present among all 284
genomes investigated. To determine the relationship
of genes with certain evolutionary features, we classified these genes into different functional categories
by using clusters of orthologous groups of proteins

Table. Putative recombination statistics for Mycoplasma pneumoniae clades for study of global genome diversity and recombination*
No. SNPs inside No. SNPs outside No. recombination
Clade No. strains
Total SNPs
recombination
recombination
blocks
r/m
ρ/θ
T1–1
17
10.29 ± 23.44
5.65 ± 20.62
4.65 ± 6.78
0.18 ± 0.53
0.03 ± 0.14
0.01 ± 0.02
T1–2
146
9.78 ± 12.41
1.76 ± 4.06
8.02 ± 10.88
0.24 ± 0.55
0.25 ± 0.91
0.03 ± 0.12
T1–3
33
3.00 ± 5.70
0.18 ± 1.04
2.82 ± 5.53
0.03 ± 0.17
0.04 ± 0.21
0.01 ± 0.03
T2–2
46
14.46 ± 13.65
0.33 ± 1.71
14.13 ± 13.28
0.04 ± 0.21
0.02 ± 0.07
0 ± 0.01
T2–1
42
12.93 ± 16.71
1.98 ± 5.13
10.95 ± 12.59
0.26 ± 0.63
0.07 ± 0.17
0.01 ± 0.02
*Values are mean ± SD. r/m assesses the relative effect of recombination and mutation on genetic diversification of the clade. ρ/θ estimates the relative
frequency of occurrence of recombination and mutation in the history of the clade. SNP, single-nucleotide polymorphism.
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annotation. There are a large number of genes in the
functional categories translation, ribosomal structure, and biogenesis and cell wall/membrane/envelope biogenesis. The cell wall/membrane/envelope
biogenesis category includes membrane-associated
genes under positive selection, consistent with observations for other bacterial species (22). The translation, ribosomal structure, and biogenesis category,
including ribosomal biogenesis genes, might be correlated with drug resistance.
Evolution Timeline

We calculated the temporal history of M. pneumoniae
by using Bayesian evolutionary analysis sampling
trees to place the most recent common ancestor in
≈1300 (95% highest posterior density 1230–1392) by
exponential growth analysis (Appendix 2 Figure 5).
The maximum clade credibility tree also showed 2
distinct clades that are consistent with the 2 subtypes
for P1 gene variation. This analysis suggested that
the 2 subtypes might have diverged at approximately
the same time as the most recent common ancestor
arose. The evolutionary divergence time estimates for
subtypes 1 and 2 for the 5 clades were from 1800 to
1900 (subtype 1, 1823–1865; subtype 2, 1811–1855). M.
pneumoniae subtypes 1 and 2 spread rapidly within 20
years (through the year 2000).
Population Structures and Sequences

Genetic history can be established by examining the
patterns of shared genetic variation between >2 populations. Admixture proportion inference is an algorithm used to infer the proportions of ancestry from
each source population based on shared genetic drift.
These proportions can produce visual summaries that
identify a population structure. We used ADMIXTURE to fit a model which the genome is composed of
sites from K = 2 to K = 10 (K = n, where n is the number
of ancestral generations) for ancestral populations. We
provide ADMIXTURE analysis with estimated proportions of 7 ancestral populations (Appendix 2 Figure 6).
We provide unsupervised models assuming K = 4 and K = 7 ancestral clusters (Appendix 2
Figure 6, panel A). At K = 7, it is difficult to discern
the major contributors to each clade, which is
likely to result in a disrupted relationship between
clades T2–1 and T1–1 and other clades. Because
each column represents 1 isolate, we show data for
admixed strains observed particularly in clades T1–2
and T2–2, reflecting the divergence of the 2 clades
(Appendix 2 Figure 6, panel A).
To further clarify the genetic track, we mapped
populations to geographic region (Appendix 2 Figure

6, panel B). Each pie chart shows the mean composition of 7 populations in each region. The distribution shows genetic diversity related to geography.
Thus, M. pneumoniae has the potential to be transmitted efficiently and spread regionally from Europe to
America, and subsequently emerge rapidly in Asia.
Genome sequences generated during this study were
deposited into the NCBI BioProject database (accession no. PRJNA699672).
Discussion
According to our predictions, M. pneumoniae, a major cause of atypical bacterial pneumonia described
in the 1930s, might have originated in Europe, and
has existed for >200 years. Our analysis showed that
M. pneumoniae genome evolution by recombination
varies by clade, as well as recombined regions dependent on clades. In addition to the well-known
P1gene locus, there are recombined regions focused
around surface protein genes, which are believed to
be targets of natural selection and are involved in
affecting M. pneumoniae population structures. Adherence to cells of the respiratory tract is considered
a prerequisite for colonization and pathogenesis by
M. pneumoniae, which adhere to host target cells by
a polar structure known as the attachment organelle (23). On the surface of this organelle, P1 and 2
accessory proteins P40/P90 form a transmembrane
adhesion complex, which is directly involved in receptor binding (23).
Our clinical and epidemiologic information for
M. pneumoniae is based primarily on typing of the
P1 gene. Two major P1 genotype strains (1 and 2)
represent evolutionarily divergent clades. In Japan,
genotype shifts between P1 subtypes 1 and 2 driven
by the human immune system repeatedly occurred
at 10-year intervals with transitionary 2–3 years intervals during the past 40 years, including a recent
shift from P1 subtype 1 in the 2000s to subtype 2
in the later 2010s (7). In this study, by comparing
subtype strains 1 and 2, we identified a new predicted recombination block located on MPN366–
371. Apart from MPN366 and MPN367, which were
predicted as pseudogenes, MPN369 lipoprotein
and MPN370 are predicted to be expressed as cellsurface proteins.
Theoretically, the increase in frequency of recombination involving these regions might be caused by
selective advantages offered by divergent sequences
introduced by putative recombination events. The
biologic role of putative recombination events in
MPN366–371 is worthy of further investigation. These
loci might be associated with antigenic variation and
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adherence to promote the persistent circulation of M.
pneumoniae lineages in human populations.
RecA, single-stranded DNA-binding protein, RecU,
RuvA, and RuvB are enzymes responsible for DNA recombination in M. pneumoniae based on sequence homology analysis (24). Sluijter et al. found that subtype
1 strains harbor a nonsense protein–truncating codon in
the recU gene. This gene is fully expressed in subtype 2
strains, but there is no detectable enzyme activity under
various conditions (24). Given that there are more P1
subtype variants among strains of subtype 2 compared
with strains of subtype 1 determined from epidemiologic data (25), RecU in subtype 2 strains might show
enzyme activity under >1 cofactors (24).
We also found predicted recombination hot spots
only in regions flanking the P1 gene but not in other
genomic regions among strains of subtype 2. Among
strains of subtype 1, we found hot spots in 3 non-P1
gene regions in clade T1–2 (MPN285, MPN409, and
MPN468), despite no recombination events involving
the P1 gene region. These 3 genes were predicted to
express the type I restriction enzyme EcoKI-specificity protein, adhesin, and adhesin P1 family proteins,
respectively. Clade T1–2 showed the highest apparent
recombination rate compared with the other clades.
The protein machinery required for DNA repeat sequence rearrangement might differ by clade, which
would account for the observed dissimilar recombination kinetics involving repetitive genetic elements.
Since 2010, macrolide-resistant M. pneumoniae have
caused several epidemics in Asia. Macrolide resistance
involving point mutations in 23S rRNA occurred in
each clade. However, in countries that had high rates of
macrolide resistance, clonal expansion of ST3 was seen
most commonly (2). Clade T1–2 (ST3 strains), which
appeared during 1960, has predominantly circulated
in Europe, the United States, and Asia. Our analysis
showed that clade T1–2 had the highest Ks value and
greatest genome diversity, which should be associated
with the reason why it became an epidemiologically
successful genome worldwide even under the selective pressure exerted by macrolide overuse.
Overall, homologous recombination played only
a minor role in shaping diversity within M. pneumoniae, based on the low ratio of r/m, estimated to
be 0.05. However, the highest r/m ratio of clade T1–2
indicated that probable recombination between genetic repetitive elements across chromosomes makes
greater contributions to clonal diversification in clade
T1–2. Our phylogenetic analysis indicated an additional clade T1–3 (ST17 strains) compared with those
obtained in a study in South Korea conducted by Lee
et al. (1). ST17 is another smaller macrolide-resistant
116

clone that spread in Taiwan (4). It is hypothesized that
predominance of macrolide-resistant M. pneumoniae in
subtype 1 is associated with macrolide overuse when
subtype 1 is circulating (7). During 2017, subtype 2 replaced subtype 1 as the dominant subtype and had decreased macrolide resistance in Japan (7), but increased
macrolide resistance was detected in China (26). It is
imperative to continuously monitor spread and evolution of macrolide-resistant subtype 2 strains to obtain
additional perspectives on macrolide resistance.
Although this study demonstrates the need for
WGS for studying genetic diversity, the first limitation is
that the sample size of the genome sequence for studying evolution of M. pneumoniae was small. Second, populations of M. pneumoniae can be found worldwide, but
only 284 isolates were sequenced in our study, which
represented only a few countries and lacked global representation, geographic distribution, and evolutionary
spread between regions. Third, we predicted recombination events by using Gubbins, which identified loci
containing elevated densities of base substitutions while
concurrently constructing a phylogeny based on putative point mutations outside these regions. Homologous recombination identified in our study might be a
hotspot of SNV occurrence by natural mechanisms. Because detection of recombination is challenging, these
results only predict the possibility of recombination by
using tools. However, these regions have the potential
to undergo recombination events.
In summary, this study comprehensively demonstrated detailed insights into the recombination
dynamics within M. pneumoniae. Further delineation
of the role of homologous recombination in the virulence and adaptation of M. pneumoniae to modern environments will provide useful information for public health issues.
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Invasive Multidrug-Resistant
emm93.0 Streptococcus pyogenes
Strain Harboring a Novel
Genomic Island, Israel, 2017–2019
Merav Ron, Tal Brosh-Nissimov, Zinaida Korenman, Orit Treygerman, Orli Sagi, Lea Valinsky, Assaf Rokney

Invasive group A Streptococcus (iGAS) infections have
increased in Israel since 2016 as successful lineages
have emerged. We report the emergence and outbreak
of a multidrug-resistant S. pyogenes emm93.0, sequence type 10, among iGAS infections in Israel since
2017. This type has been observed very rarely in other
countries. During this period, emm93.0 was the cause
of 116 infections in Israel and became the leading type
during 2018. Most of the infections were from bacteremia
(75%), and most patients were male (76%). We observed
infections across Israel, mainly in adults. Of note, we observed multidrug resistance for clindamycin, tetracycline,
and trimethoprim/sulfamethoxazole. Whole-genome sequencing confirmed clonality among geographically disseminated isolates. The local emm93.0 sequence type
10 clone contained a novel genomic island harboring the
resistance genes lsa(E), lnu(B), and ant (6)-Ia aph(3′)-III.
Further phenotypic and genomic studies are required to
determine the prevalence of this resistance element in
other iGAS types.

S

treptococcus pyogenes is a major cause of community-acquired and nosocomial infections linked
with illness and death worldwide (1,2). Group A
Streptococcus (GAS) species cause a variety of infections, including pharyngitis, skin and soft tissue infections (SSTI), severe invasive infections, bacteremia, and toxic shock syndrome (3, 4). Acquisition of
GAS is mainly attributed to person-to-person transmission by respiratory droplets or skin contact; in
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addition, inoculated food can spread the infection,
resulting in outbreaks (5,6).
Surveillance programs and prevention guidelines
focus on systemic GAS infection, which is defined as
a statutory notifiable disease in many countries (5).
Active laboratory-based surveillance based on molecular characterization of invasive isolates is essential
for outbreak detection and public health response.
However, laboratory surveillance data indicate that
most invasive cases in industrialized countries occur
sporadically and are not part of outbreak clusters (5).
In Israel, iGAS is a notifiable disease; all invasive isolates are analyzed at the national reference laboratory
at the Ministry of Health (Jerusalem, Israel).
The emm typing scheme is a primary tool for surveillance, outbreak detection, and for the study of the
population structure on the basis of the sequencing of
the emm gene (7). Specific emm types and M proteins
(M1, M3) have been linked with invasive infections.
Several studies show that emm types are significantly
more diverse in developing countries than in developed countries (5).
Susceptibility testing is essential for successful
outbreak control. Although β-lactams are the preferred antimicrobial drug treatment for GAS infections, macrolides, lincosamides, and streptogramins
are useful for treating patients with β-lactam allergy,
and for overcoming treatment failure in patients
treated with penicillin. Recommendations for treating severe invasive cases include adding clindamycin
or linezolid, which suppress toxin production (8,9).
Several reports highlight the emergence of successful clones associated with acquired antimicrobial resistance (10–12). Clindamycin resistance is rarely reported and is associated with specific lineages (13,14).
We describe the epidemiology of invasive GAS
(iGAS) in Israel during 2014–2019. We report the
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emergence and ongoing outbreak of a multidrugresistant (MDR) S. pyogenes emm93.0 that caused 116
iGAS cases during 2016–2019 in Israel. The unique
epidemiologic dynamics of the outbreak clone, as
well as in-depth whole-genome sequence analysis,
were the focus of our investigation.
Materials and Methods
Strain Typing and Susceptibility Testing

In Israel, all S. pyogenes strains isolated from normally
sterile sites are referred to the national Streptococcus
reference center as part of routine surveillance. All isolates are cultured on blood agar base plates (HyLabs,
https://www.hylabs.co.il) or in Todd-Hewitt broth
at 37°C. We conducted a survey of 66 noninvasive
GAS strains from throat and ear samples received
from 3 medical centers to detect carriage of emm93.0.
We subjected all S. pyogenes isolates to Lancefield
grouping (15) and to emm typing in accordance with
the guidelines stated by the US Centers for Disease
Control and Prevention (CDC; https://www2.cdc.
gov/vaccines/biotech/strepblast.asp).
We determined the antibiotic susceptibility of
emm93.0 strains by broth microdilution using Sensititer (TREK Diagnostic Systems, https://www.trekds.
com) with STP6F antimicrobial susceptibility test
(AST) plates containing 20 antimicrobial drugs, according to the manufacturer’s instructions. We used
Sensititre Vizion (Thermo Fisher, https://www.thermofisher.com) for manual reading of growth. We interpreted MIC according to Clinical and Laboratory
Standards Institute (CLSI) 2019 guidelines except
for trimethoprim/sulfamethoxazole, for which CLSI
breakpoints were unavailable; therefore, we used
the epidemiologic cutoff value, 0.5 μg/mL, from the
European Committee on Antimicrobial Susceptibility Testing (https://www.eucast.org/clinical_breakpoints).
Whole-Genome Sequencing Analysis

Of 116 emm93.0 strains, we subjected 26 (22.4%), representing different isolation dates and geographic locations, to whole-genome sequencing (Appendix 1 Table
2,
https://wwwnc.cdc.gov/EID/article/28/1/210733-App1.xlsx). We performed DNA extraction using the QIAsymphony SP system and the QIAsymphony DNA mini kit (QIAGEN, https://www.
qiagen.com) according to the manufacturer’s recommendations. We lysed culture pellets in a 180 µL
enzymatic lysis buffer (20 mM Tris-Cl pH 8.0 (VWR
Amresco, https://us.vwr.com), 2 mM sodium EDTA
(VWR Amresco), 1.2% Triton X-100 (Sigma-Aldrich,

https://www.sigmaaldrich.com) and lysozyme 20
mg/mL (Sigma-Aldrich). We incubated cell suspension for 30 min at 37°C, then treated with proteinase
K and buffer AL (QIAGEN). We subjected silica beads
in lysing matrix B bulk (MP Biomedicals, https://
www.mpbio.com), in a volume equivalent to 150 μL,
to the TissueLyser II (QIAGEN) for 2 cycles of 30 Hz
for 30 s. We transferred supernatants to the QIAsymphony SP system.
We sequenced Nextera XT DNA Libraries (Illumina, https://www.illumina.com) on MiSeq (Illumina), using a read length of 250 bp paired-end at >100×
coverage. We analyzed reads by the BioNumerics
version 7.6.3 (Applied Maths, https://www.appliedmaths.com). We generated de novo assemblies using
SPAdes version 3.7.1 (https://github.com/ablab/
spades/tree/spades_3.7.1). To determine clonality of
the outbreak strains, we mapped reads (Appendix 1
Table 2) against a reference strain (IST003) using the
bowtie algorithm. We used the BioNumerics Gene
Extraction tool (Applied Maths) to search the assemblies for sequences of antimicrobial resistance genes
and virulence factors, in accordance with published
gene sequences (Appendix 1 Table 3) (16). To identify
the genetic basis for antimicrobial resistance, we analyzed the genomes using the Pathosystems Resource
Integration Center (PATRIC) version 3.6.6 (17). We
obtained visualizations for comparison of IST001,
IST003, and GAS2887HUB (Sequence Read Archive
[SRA] accession no. ERR2880947) putative prophage
insertion site using the Easyfig program (18). We used
Fisher exact test for statistical analysis and comparison of categorical variables between groups.
Results
Epidemiology of iGAS

During 2014–2019, a total of 2,947 iGAS isolates were
analyzed at the Streptococcus reference laboratory
(Figure 1, panel A). The most common source of iGAS
was blood (51.3%), followed by wounds (21.7%). The
incidence of iGAS was 40–70 cases/100,000 population/year. We observed an increasing trend in incidence during 2016–2019 (Figure 1, panel A). A total of 180 emm types were identified; the 10 leading
types were emm1.0 (n = 307, 10.4%), emm106.0 (n =
215, 7.3%), emm89.0 (n = 189, 6.4%), emm75.0 (n = 136,
4.6%), emm112.2 (n = 123, 4.2%), emm93.0 (n = 116,
3.9%), emm12.0 (n = 104, 3.5%), emm22.0 (n = 102, 3.5%),
emm4.0 (n = 90, 3.0%), and emm87.0 (n = 84, 2.8%). The
predominant type in Israel was the globally reported
emm1.0 that caused 9.7%–11.4% of iGAS cases per
year; it ranked first or second in each year (19). The
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top 10 emm types of each year accounted for 52%–60%
of total iGAS cases (Appendix 1 Table 1). Among the
10 leading emm types, some remained stable throughout the studied period, with few exceptions (Figure
1; Appendix 1 Table 1). The 180 emm types identified

during 2014–2019 were clustered into 38 emm acceptable clusters (20). The top 10 emm clusters accounted
for >86% of total cases; they were E4 (N = 590, 20%),
E6 (N = 343, 11.6%), A-C3 (N = 333, 11.3%), E3 (N =
287, 9.7%), E2 (E = 257, 8.7%), D4 (E = 247, 8.4%), E1
Figure 1. Incidence of emm types and
clusters among 2,947 iGAS cases in
Israel during 2014–2019 and potential
vaccine coverage. A) Ten most
common emm types, by incidence
per 100,000 population for each year.
Each color bar section represents 1
of the top 10 emm types; gray bar
sections represent all other emm
types. Dashed line represents the
percentage of top 10 emm types from
total cases each year. B) Ten most
common emm clusters, by incidence
per 100,000 population for each year.
All emm types were assigned to
emm clusters. Each color bar section
represents a top 10 emm cluster; gray
bar sections represent other emm
clusters. Dashed line represents the
percentage of potential coverage
of 26-valent vaccine for each year;
dotted line represents the percentage
of potential coverage of 30-valent
vaccine for each year. iGAS, invasive
group A Streptococcus.
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(N = 152, 5.2%), A-C4 (N = 117, 4%), A-C5 (N = 114,
3.9%), and M6 clade Y (N = 104, 3.5%) (Figure 1, panel
B). The largest emm cluster, E4, peaked in 2019. It represented <20% of iGAS cases, and included mainly
types emm89.0, emm112.2, and emm22.0. Cluster D4
was rarely detected during 2014–2016 (28 cases), but
peaked in 2017–2019 (219 cases). The predominant
types among cluster D4 were emm93.0 (47%), emm53.3
(24.7%), and emm33.0 (20.2%).
The potential coverage of multivalent vaccines
was low in Israel compared with other industrialized
countries (21). The yearly predicted coverage of the
26-valent S. pyogenes vaccine was 36.7%–44.6% of the
invasive strains, and 40.7% for the entire period. The
yearly predicted coverage of the 30-valent S. pyogenes
vaccine was 51%–59.2% of invasive strains, and 53.7%
for the entire period (Figure 1, panel B).
During 2016–2019, a total of 2,263 iGAS cases were
distributed almost evenly between sexes (48.2% male,
51.8% female). However, differences in sex of patients
were noticeable in several emm types (Figure 2). Most
patients (77%) with emm93.0 were male; emm106.0 and
emm112.2 had significantly higher incidence (p<0.05)

in male patients (Figure 2). In contrast, emm89.0 and
emm9.0 were significantly more prevalent (p<0.05) in female patients (Figure 2). Most iGAS cases (72.2%) were
reported in adults >17 years of age, and the most affected age group was >64 years of age (28.7%) (Figure 3).
emm93.0 Emergence and Outbreak

Our surveillance data highlight the emergence of
emm93.0 during 2016, followed by an ongoing outbreak across Israel of this rarely reported type. After
a single case in April 2016, emm93.0 emerged during
2017 and caused 4.3% of cases, 9.8% of cases in 2018,
and 4.9% of cases in 2019. A total of 116 emm93.0 invasive GAS cases were diagnosed during April 2016–
December 2019; cases peaked in October in 2017–2019
(Figure 4). The isolates were recovered mainly from
blood (76% of total cases) and wound specimens.
Thirteen (52%) of the isolates were from blood and
11 (44%) from wounds in 2017. In 2018, bacteremia
cases yielded 51 (86%) isolates (Figure 4). Of note, in a
survey of 66 throat and ear samples from the community, emm93.0 was not detected among noninvasive
cases (Appendix 1 Table 4). Most emm93.0 cases were
Figure 2. Ratio of male to
female case-patients with
invasive group A Streptococcus
(N = 2,263) for selected emm
types in Israel, 2016–2019.
Asterisks (*) indicate significant
results (p<0.05). Double
asterisks (**) indicate significant
results with Fisher exact test
statistic value <0.00001.
Numbers below emm types
indicate number of strains.
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μg/mL), and trimethoprim/sulfamethoxazole (MIC
>4 μg/mL). All outbreak isolates were susceptible
to azithromycin, cefepime, cefotaxime, ceftriaxone,
chloramphenicol, daptomycin, ertapenem, erythromycin, levofloxacin, linezolid, meropenem, moxifloxacin, penicillin, and vancomycin. The earliestreported emm93.0 isolate identified in Israel, IST001,
was resistant to tetracycline (MIC >8 μg/mL) and trimethoprim/sulfamethoxazole (MIC >4 μg/mL) but
susceptible to clindamycin (MIC ≤0.12 μg/mL) and
all other antimicrobial drugs tested.
Whole-Genome Sequencing Analysis

Figure 3. Age distribution among total invasive group A
Streptococcus case-patients (N = 2,258) and emm93.0 case-patients
(N = 116,of which 113 were of known age) Israel, 2016–2019.

among adult patients from age groups 39–64 years
(31%) and >64 years of age (51%), versus 20% of total
iGAS cases from patients 39–64 years of age and 29%
from those >64 years of age (Figure 3).
We noted the geographic distribution of 106/116
(91.4%) emm93.0 cases (Figure 5). The earliest reported case of emm93.0 in Israel was in a patient from
Judea and Samaria district. During 2017–2019, cases
were reported from 17 medical centers and disseminated across Israel. The outbreak clone (82% of total
emm93.0 cases) was distributed mainly in 3/7 districts
of Israel: South, Tel-Aviv, and Center (Figure 5).
Antimicrobial Resistance

The outbreak clones were notably resistant to
clindamycin (MIC >1 μg/mL), tetracycline (MIC >8

We investigated a sample of 26 isolates (22.4%) by
whole-genome sequencing to confirm clonality and
characterize the emerging type (Appendix 1 Table
3). We used the first known isolate from the southern district of Israel (IST003) as a reference sequence.
Sequence mapping confirmed clonality of the outbreak strains isolated during 2017–2019, identifying <11 single-nucleotide polymorphism (SNPs).
SNPs were accumulated during the outbreak years:
<4 SNPs in 2017, <6 SNPs in 2018, and <11 SNPs in
2019 compared with the reference strain. We determined that IST001, the first emm93.0 isolate isolated
in 2016, was not part of the outbreak from its high
number of SNPs (>350 SNPs). SNPs were distributed
throughout the genome; we observed 5 areas with
dense SNPs (Appendix 1 Table 5; Appendix 2 Figure
1, https://wwwnc.cdc.gov/EID/article/28/1/210733-App2.pdf), which rules out the option of a
single recombination event. We performed BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) analysis

Figure 4. Epidemiologic curve of invasive group A Streptococcus emm93.0 type cases, Israel, April 2016–December 2019. Bar color
indicates specimen source and whether the strains in the sample were analyzed by WGS. Other category includes sterile body fluid or
vaginal swab specimen. WGS, whole-genome sequencing.
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Figure 5. Demographic dispersal of invasive group A Streptococcus (iGAS) emm93.0 type cases by year, Israel. Colors indicate specimen
source; other indicates sterile bodily fluids. Dot size is proportional to the number of cases. A) 2016, 1 case of emm93.0. B) 2017, 24/25
emm93.0 cases. C) 2018, 54/59 emm93.0 cases. D) 2019, 27/31 emm93.0 type of 31 cases./

to map and identify the genes located in these areas. Among those genes were genes coding for proteins with various functions such as metabolism and
biosynthesis (LacA, LacB, GatA, GatB, GatC, FabK,
CodY) and transport (PTS lactose transporters, ABC
transporters, ECF transporters); proteins involved in
DNA replication, recombination, transcription and
translation (MutL, RecG, XRE family, MarR family,
ribosomal proteins S9, L13); toxins (holin-like, type

II toxin-antitoxin system); and several proteins with
unknown functions (Appendix 1 Table 5).
We extracted sequences of 7 housekeeping genes
(gki, gtr, murI, mutS, recP, xpt, ypiL) from the assemblies
and submitted them to PubMLST (https://pubmlst.
org) to determine the sequence type (ST) of the strains.
All strains were ST10 and had the allelic profile 2-2-9-132-14-2. ST10 was reported in only 12 strains in pubMLST
from tropical and subtropical regions, associated with 7

Figure 6. Minimum spanning tree of invasive group A Streptococcus emm93.0 type from Israel, 2016–2019, and global strains (Spain
and Kenya). Tree is based on whole-genome multilocus sequence typing comparison of selected emm93.0 strains and global strains with
logarithmic scaling. Node color represents the country origin of the sample. Nodes are labeled by sample number key for those from this
outbreak; those from Spain and Kenya are labeled by Sequence Read Archive accession number (Appendix 1 Table 2, https://wwwnc.
cdc.gov/EID/article/28/1/21-0733-App1.xlsx). Numbers on branches indicate the number of allelic differences between those 2 strains.
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rare emm types, 93, 70, 80, 98, 108, 121, and 142. To further analyze the strains, we conducted whole-genome
multilocus sequence typing (wgMLST) analysis using
the BioNumerics S. pyogenes scheme (Applied Maths).
Among the outbreak strains, we detected <9 allelic differences (Figure 6). We compared the Israel strains to
globally available sequences of emm93.0 and detected 20
allelic differences from GAS2887HUB (SRA accession
no. ERR2880947) a strain reported in Spain (22), and 153
allelic differences from an isolate from Kenya, K40810
(SRA accession no. ERR227074) (23).
Antimicrobial-Resistance Genes and Genes
Contributing To Virulence

We used PATRIC version 3.6.6 Specialty Genes
Search tool to identify antimicrobial resistance genes
in the genome of the resistant S. pyogenes emm93.0
isolate. We compared the search results of a resistant strain, IST003, to the sensitive strain, IST001; the
genes found only in the resistant strain were ant(6)-I,
aph(3′)-III lnu(B), and lsa(E). In addition, tet(M) was
found in both strains. No amino acid replacement
was found in PBP2x (24). To identify gene arrangement and their genomic environment, we searched
gene sequences in de novo assembled genomes using
BioNumerics platform tools. Using BLAST, we defined a genomic island 56,821-bp long, at IST003 positions 1427343–1484164. This region was identical to a
genomic island harboring lsa(E), lnu(B), and a defective prophage in S. pyogenes emm93.0 strain, previously described in Spain (22). In the United States, the lsa/
lnu type determinants are extremely rare in invasive
GAS, but are not uncommon among invasive group B
Streptococcus (21,25). The genomic island presumably
integrated into the rlmD gene (Figure 7).

Among the SAg genes, we found speB, speG,
speM and smeZ in all outbreak strains; we detected
slo as well. The first emm93.0 clone, isolated in Israel
(IST001) has a different pattern of genes: speB, speC,
speG, speH, speI, speM, smeZ, slo, and tetM (Appendix
1 Table 3; Appendix 2 Figure 2).
Discussion
We observed an increase in incidence of iGAS in Israel
from 2014 to 2019 (40–70 cases/100,000 population).
The iGAS population in Israel displayed high genetic
diversity. Global data reflect limited diversity in industrialized countries, and higher diversity in developing countries. The consistently high iGAS diversity
in Israel, an industrialized country, is noteworthy and
concerning. The potential coverage of multivalent
emm-type–specific vaccines is expected to be limited
in Israel compared with vaccine coverage in Europe
and the United States. In Israel the strain types included in the protein-based 26-valent vaccines cover
40.7% of cases and in the 30-valent vaccines, 53.7% of
cases, compared with 79% coverage by the 26-valent
vaccines and 91% of cases by the 30-valent vaccines in
the United States (26).
The molecular surveillance of all iGAS cases
reflects trends and fluctuations. The leading strain
type in Israel during 2014–2019 was emm1.0, similar
to global reports. Of note, emm93.0 has never been
detected in the ongoing molecular surveillance of
iGAS initiated in 2003. This type was not detected
in a sample of noninvasive GAS, and the source
and reservoir of this clone are currently unknown.
Because cluster D was found to be associated with
impetigo and skin infections (27,28), it could be related to skin carriage. In the United States, outbreak

Figure 7. Schematic comparison of the integration site of the prophage carrying antimicrobial resistance genes for 2 invasive group A
Streptococcus emm93.0 type strains from Israel and 1 from Spain. Arrows indicate gene arrangement in the presumed insertion site of
the prophage, the rlmD gene (purple). The prophage contains gene sequences of antibiotic resistance related genes (ant(6)Ia, aph(3’)
IIIa, lsaE and lnuB), phage related genes and other non-Streptococcus genes. The gray regions indicate 80%–100% sequence identity.
124

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Invasive MDR S. pyogenes emm93.0, Israel

clusters were associated with increasingly more invasive GAS (emm types 49, 82, and 92) (21).
The emm93.0 type has been reported very rarely in
other countries. In Spain, a single case of iGAS in 2009
was caused by an MDR emm93.0 isolate carrying a defective prophage (22). Most characterized S. pyogenes
exotoxins, deoxyribonucleases, or DNases are carried
by prophages, which contribute to its virulence, immune evasion, and bacterial DNA degradation (29).
We compared the Israel outbreak’s WGS profile with
the case in Spain and report a resemblance, with 20 allelic differences identified by wgMLST. These differences were scattered in different genomic regions and
not likely due to a single recombination event. The reported resistance phenotype and genotype of the Spain
isolate were identical to those of the outbreak cluster in
Israel. The prevalence of this type in Spain is currently
unknown. A study of GAS in New Caledonia reported
18 isolates of emm93 among 318 cases (5.6%) from 2012
(30); a single invasive case was reported, but subtype
and antimicrobial susceptibility were not reported.
The emergence and outbreak of an MDR clone
among iGAS cases is concerning in 2 ways. First, many
patients with SSTI and a history of β-lactam allergy receive empiric treatment with clindamycin, but results
of antimicrobial susceptibility testing are unknown for
many of these patients because cultures from SSTIs are
not commonly positive. Second, patients with invasive
streptococcal infections and hemodynamic instability
are commonly treated with clindamycin to inhibit toxin production. If iGAS clones with clindamycin resistance become prevalent, a different empiric approach
might be considered, such as the use of linezolid.
The emerging emm93.0 type is not covered by the
multivalent vaccines under development. The high
genetic similarity of the Israel outbreak clone to a
single case from Spain from 2009 may indicate an epidemiologic link and global transmission. Systematic
molecular surveillance of iGAS is essential for detection of local and global emerging clones and for evidence-based vaccine development and distribution.
Acknowledgments
The laboratory work of this study was performed at the
Public Health Laboratory, Jerusalem, Israel, and supported
by the Israel Ministry of Health. We thank Amichai Ron
for his assistance with generating Figures 5 and 7.

References
1.
2.
3.
4.
5.

6.

7.
8.

9.

10.

11.

12.

13.

14.

15.

About the Author
Dr. Ron is head of the National Streptococcus Reference
Laboratory at the Ministry of Health, Israel. Her interests
include genomic epidemiology and infectious diseases.

16.

Ralph AP, Carapetis JR. Group A streptococcal diseases
and their global burden. Curr Top Microbiol Immunol.
2013;368:1–27.
Carapetis JR, Steer AC, Mulholland EK, Weber M. The global
burden of group A streptococcal diseases. Lancet Infect Dis.
2005;5:685–94. https://doi.org/10.1016/S1473-3099(05)70267-X
Barnett TC, Bowen AC, Carapetis JR. The fall and rise
of group A Streptococcus diseases. Epidemiol Infect.
2019;147:e4. https://doi.org/10.1017/S0950268818002285
Henningham A, Barnett TC, Maamary PG, Walker MJ.
Pathogenesis of group A streptococcal infections. Discov
Med. 2012;13:329–42.
Efstratiou A, Lamagni T. Epidemiology of Streptococcus
pyogenes. In: Ferretti JJ, Stevens DL, Fischetti VA, editors.
Streptococcus pyogenes: basic biology to clinical manifestations. Oklahoma City (OK): University of Oklahoma Health
Sciences Center; 2016.
Kemble SK, Westbrook A, Lynfield R, Bogard A,
Koktavy N, Gall K, et al. Foodborne outbreak of group A
Streptococcus pharyngitis associated with a high school
dance team banquet—Minnesota, 2012. Clin Infect Dis.
2013;57:648–54. https://doi.org/10.1093/cid/cit359
Smeesters PR, Botteaux A. The emm-cluster typing system.
Methods Mol Biol. 2020;2136:25–31. https://doi.org/10.1007/
978-1-0716-0467-0_3
Diep BA, Equils O, Huang DB, Gladue R. Linezolid effects
on bacterial toxin production and host immune response:
review of the evidence. Curr Ther Res Clin Exp. 2012;73:86–
102. https://doi.org/10.1016/j.curtheres.2012.04.002
Zimbelman J, Palmer A, Todd J. Improved outcome of
clindamycin compared with beta-lactam antibiotic treatment
for invasive Streptococcus pyogenes infection. Pediatr Infect
Dis J. 1999;18:1096–100. https://doi.org/10.1097/
00006454-199912000-00014
Oppegaard O, Skrede S, Mylvaganam H, Kittang BR.
Emerging threat of antimicrobial resistance in β-hemolytic
streptococci. Front Microbiol. 2020;11:797. https://doi.org/
10.3389/fmicb.2020.00797
Tsai WC, Shen CF, Lin YL, Shen FC, Tsai PJ, Wang SY,
et al. Emergence of macrolide-resistant Streptococcus pyogenes
emm12 in southern Taiwan from 2000 to 2019. J Microbiol
Immunol Infect. 2020 Sep 12 [Epub ahead of print].
https://doi.org/10.1016/j.jmii.2020.08.019.
Brouwer S, Barnett TC, Ly D, Kasper KJ, De Oliveira DMP,
Rivera-Hernandez T, et al. Prophage exotoxins enhance
colonization fitness in epidemic scarlet fever-causing
Streptococcus pyogenes. Nat Commun. 2020;11:5018.
https://doi.org/10.1038/s41467-020-18700-5
Pesola AK, Sihvonen R, Lindholm L, Patari-Sampo A.
Clindamycin resistant emm33 Streptococcus pyogenes
emerged among invasive infections in Helsinki metropolitan
area, Finland, 2012 to 2013. Euro Surveill. 2015;20:21117.
Richter SS, Heilmann KP, Beekmann SE, Miller NJ,
Miller AL, Rice CL, et al. Macrolide-resistant
Streptococcus pyogenes in the United States, 2002–2003.
Clin Infect Dis. 2005;41:599–608. https://doi.org/10.1086/
432473
Lancefield RC. The antigenic complex of Streptococcus haemolyticus: I. Demonstration of a type-specific substance in
extracts of Streptococcus haemolyticus. J Exp Med. 1928;
47:91–103. https://doi.org/10.1084/jem.47.1.91
Turner CE, Holden MTG, Blane B, Horner C, Peacock SJ,
Sriskandan S. The emergence of successful Streptococcus
pyogenes lineages through convergent pathways of
capsule loss and recombination directing high toxin

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

125

RESEARCH
expression. MBio. 2019;10:e02521-19. https://doi.org/
10.1128/mBio.02521-19
17. Wattam AR, Abraham D, Dalay O, Disz TL, Driscoll T,
Gabbard JL, et al. PATRIC, the bacterial bioinformatics
database and analysis resource. Nucleic Acids Res.
2014;42(D1):D581–91. https://doi.org/10.1093/nar/gkt1099
18. Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome
comparison visualizer. Bioinformatics. 2011;27:1009–10.
https://doi.org/10.1093/bioinformatics/btr039
19. Nir-Paz R, Korenman Z, Ron M, Michael-Gayego A,
Cohen-Poradosu R, Valinsky L, et al. Streptococcus pyogenes
emm and T types within a decade, 1996–2005: implications
for epidemiology and future vaccines. Epidemiol Infect.
2010;138:53–60. https://doi.org/10.1017/S0950268809002805
20. Sanderson-Smith M, De Oliveira DM, Guglielmini J,
McMillan DJ, Vu T, Holien JK, et al.; M Protein Study Group.
A systematic and functional classification of Streptococcus
pyogenes that serves as a new tool for molecular typing and
vaccine development. J Infect Dis. 2014;210:1325–38.
https://doi.org/10.1093/infdis/jiu260
21. Li Y, Rivers J, Mathis S, Li Z, Velusamy S, Nanduri SA, et al.
Genomic surveillance of Streptococcus pyogenes strains
causing invasive disease, United States, 2016–2017.
Front Microbiol. 2020;11:1547. https://doi.org/10.3389/
fmicb.2020.01547
22. Berbel D, Càmara J, García E, Tubau F, Guérin F, Giard JC, et
al. A novel genomic island harbouring lsa(E) and lnu(B) genes
and a defective prophage in a Streptococcus pyogenes isolate
resistant to lincosamide, streptogramin A and pleuromutilin
antibiotics. Int J Antimicrob Agents. 2019;54:647–51. https://
doi.org/10.1016/j.ijantimicag.2019.08.019
23. Seale AC, Davies MR, Anampiu K, Morpeth SC, Nyongesa S,
Mwarumba S, et al. Invasive group A Streptococcus infection
among children, rural Kenya. Emerg Infect Dis. 2016;22:224–
32. https://doi.org/10.3201/eid2202.151358
24. Musser JM, Beres SB, Zhu L, Olsen RJ, Vuopio J,
Hyyryläinen HL, et al. Reduced in vitro susceptibility of

126

25.

26.

27.

28.
29.

30.

Streptococcus pyogenes to β-lactam antibiotics associated with
mutations in the pbp2x gene is geographically
widespread. J Clin Microbiol. 2020;58:
e01993-19. https://doi.org/10.1128/JCM.01993-19
McGee L, Chochua S, Li Z, Mathis S, Rivers J, Metcalf B,
et al. Multistate, population-based distributions of candidate
vaccine targets, clonal complexes, and resistance features of
invasive group B streptococci within the United
States, 2015–2017. Clin Infect Dis. 2021;72:1004–13.
https://doi.org/10.1093/cid/ciaa151
Gherardi G, Vitali LA, Creti R. Prevalent emm types among
invasive GAS in Europe and North America since year 2000.
Front Public Health. 2018;6:59. https://doi.org/10.3389/
fpubh.2018.00059
Bessen DE, Carapetis JR, Beall B, Katz R, Hibble M,
Currie BJ, et al. Contrasting molecular epidemiology of
group A streptococci causing tropical and nontropical
infections of the skin and throat. J Infect Dis. 2000;182:1109–
16. https://doi.org/10.1086/315842
Bessen DE. Tissue tropisms in group A Streptococcus.
Curr Opin Infect Dis. 2016;29:295–303. https://doi.org/
10.1097/QCO.0000000000000262
Jespersen MG, Lacey JA, Tong SYC, Davies MR. Global
genomic epidemiology of Streptococcus pyogenes.
Infect Genet Evol. 2020;86:104609. https://doi.org/10.1016/
j.meegid.2020.104609
Baroux N, D’Ortenzio E, Amédéo N, Baker C,
Ali Alsuwayyid B, Dupont-Rouzeyrol M, et al. The
emm-cluster typing system for group A Streptococcus
identifies epidemiologic similarities across the Pacific
region. Clin Infect Dis. 2014;59:e84–92. https://doi.org/
10.1093/cid/ciu490

Address for correspondence: Assaf Rokney, Ministry of Health,
Central Laboratories, Eliav 9, Jerusalem 91342, Israel; email:
assaf.rokney@moh.gov.il

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Serotype Replacement after
Introduction of 10-Valent and
13-Valent Pneumococcal Conjugate
Vaccines in 10 Countries, Europe
Germaine Hanquet, Pavla Krizova, Tina Dalby, Shamez N. Ladhani, J. Pekka Nuorti, Kostas Danis,
Jolita Mereckiene, Mirjam J. Knol, Brita A. Winje, Pilar Ciruela, Sara de Miguel, Maria Eugenia Portillo,
Laura MacDonald, Eva Morfeldt, Jana Kozakova, Palle Valentiner-Branth, Norman K. Fry,
Hanna Rinta-Kokko, Emmanuelle Varon, Mary Corcoran, Arie van der Ende, Didrik F. Vestrheim,
Carmen Munoz-Almagro, Juan-Carlos Sanz, Jesus Castilla, Andrew Smith, Birgitta Henriques-Normark,
Edoardo Colzani, Lucia Pastore-Celentano, Camelia Savulescu, and the SpIDnet group1

We evaluated invasive pneumococcal disease (IPD) during
8 years of infant pneumococcal conjugate vaccine (PCV)
programs using 10-valent (PCV10) and 13-valent (PCV13)
vaccines in 10 countries in Europe. IPD incidence declined
during 2011–2014 but increased during 2015–2018 in all
age groups. From the 7-valent PCV period to 2018, IPD incidence declined by 42% in children <5 years of age, 32%
in persons 5–64 years of age, and 7% in persons >65 years
of age; non-PCV13 serotype incidence increased by 111%,

S

63%, and 84%, respectively, for these groups. Trends were
similar in countries using PCV13 or PCV10, despite different serotype distribution.Serotypes included in the 15valent PCV represented one third of cases and those in the
20-valent PCVs two thirds of cases in children <5 years of
age and in persons >65 years of age in 2018. Non-PCV13
serotype increases reduced the overall effect of childhood
PCV10/PCV13 programs on IPD. New vaccines providing
broader serotype protection are needed.

tarting in 2010–2011, most countries in Europe
progressively replaced the 7-valent pneumococcal
conjugate vaccines (PCV7) in the infant immunization
schedule with the 10-valent (PCV10) vaccine, 13-valent (PCV13) vaccine, or both (Figure 1) (1). Programs

using these vaccines have substantially reduced the
burden of invasive pneumococcal disease (IPD)
caused by vaccine serotypes in children and in unvaccinated adults through indirect (herd) protection
(2–4). However, concomitant year-to-year increases
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Figure 1. Overall incidence rates of invasive pneumococcal disease
(pooled) per year, by age group in 13 SpIDnet (Streptococcus
pneumoniae Invasive Disease network) sites, Europe.

of IPD incidence caused by nonvaccine serotypes
have also been reported in children and adults in most
European Union (EU) countries, which have restricted the overall benefits of the infant program on the
overall IPD incidence (3–6). These rises are primarily
attributable to vaccine introduction; however, other
factors, such as natural trends in IPD caused by individual serotypes, might also play a role (7–10). In addition, in some countries, such as the United States, no
increase in non-PCV13 serotype disease after PCV13
implementation in 2010 has been observed (11). Several hypotheses have been proposed to explain such
differences, but none have been verified (8,12).
Given the limited success of past and current
PCVs on the extent of IPD in many countries, several
questions need to be answered to inform policymakers. In particular, IPD burden in older adults remains
very high, and whether this group should receive
pneumococcal conjugate or polysaccharide vaccine is
unclear. PCV13 is authorized in older adults, but the
PCV13 serotype group covers a limited and decreasing proportion of IPD cases in this group because of
the indirect effect of childhood PCV10/PCV13 programs on PCV13 serotype incidence (1,3). The pneumococcal polysaccharide 23-valent vaccine (PPV23)
covers 12 of the PCV13 serotypes and 11 additional
non-PCV13 serotypes, which were responsible for
72% of IPD cases in EU countries in 2017 across all age
groups (1). However, its efficacy against pneumococcal disease, including pneumonia, and its duration of
protection remain controversial (13,14). New highervalent conjugate vaccines containing 15 (PCV15) and
20 (PCV20) serotypes (15,16) have been approved,
but the proportion of cases these could prevent and
its evolution over time is poorly documented.
128

SpIDnet (Streptococcus pneumoniae Invasive Disease network) was established in 2012, ideated and
funded by the European Centre for Disease Prevention and Control to assess the effect of pneumococcal
conjugate vaccination on IPD in the EU (3,4). SpIDnet
collected IPD data from 13 sites across 10 countries:
the Czech Republic, Denmark, England, Finland,
France, Ireland, the Netherlands, Norway, Scotland,
Sweden, and Spain (the Madrid, Catalonia, and Navarra regions). PCV13, PCV10, or both were introduced in these sites during 2010–2011 (Table 1).
In this study, we estimate the overall effect (direct and indirect) of the childhood PCV10/PCV13
program on IPD across 13 sites in Europe during the
first 8 years of the program. We also describe trends
in serotypes included in current and future vaccines,
by age group, to support decision-making on pneumococcal vaccination policies.
Materials and Methods
Using surveillance data provided by SpIDnet sites,
we estimated the overall effect of the childhood
PCV10/PCV13 program by comparing IPD incidence
before and after vaccine introduction, as described
elsewhere (3,4,17,18). We describe the main features
in this section.
Data Sources

We conducted enhanced population-based IPD surveillance in the 13 sites by using a common protocol
to ensure comparable approaches for data collection
and analysis (17). Reporting of IPD cases, referral of
strains, or both were mandatory in 10 sites and voluntary in 3 sites. The serotype responsible for IPD
was determined at national and regional reference
laboratories as described elsewhere (3,4). We collected data from all surveillance sites on laboratoryconfirmed IPD cases (European Centre for Disease
Prevention and Control 2012 definition) (19) by calendar year during PCV7 and PCV10/PCV13 periods. We classified serotypes into vaccine categories
(Table 2). The study was embedded in IPD routine
surveillance at individual sites and conducted according to local ethics regulations. Data reported by
sites were anonymized.
Data Analysis

For each site, we accounted for missing serotype data
by assuming the same serotype distribution in cases
with and without serotype information, by year and
age group. For 3 sites in which a change in surveillance sensitivity over the surveillance period was reported (Czech Republic, Denmark, and France), we
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Table 1. PCV program uptake and history in 13 SpIDnet sites according to national and ECDC reports, Europe, 2011–2018*
Vaccination of
Introduction of
persons >65 y
PCV10 or
Introduction of
in 2018 (uptake
PCV13 and
childhood
on all, 2015– No PCV7 y
Site
PCV7
schedule
2011 2012 2013 2014 2015 2016 2017 2018
2018)
included
CZ
Not universal, Universal PCV10 81% 80% 77% 74% 71% 68% 67% 64% PCV13 (low) +
1
recommended
and PCV13 in
PPV23
and used in
2010 (equal
2009
shares), 3+1
doses
DK
2007, universal Universal PCV13 89% 90% 91% 91% 91% 94% 96% 96% PCV13 (6%) +
3
in 2010, 2+1
PPV23 (11%)
doses
EN
2006, universal Universal PCV13 94% 94% 94% 94% 94% 94% 93% 93%
PPV23 (70%)
3
in 2010, 2+1
doses
FI
Not introduced Universal PCV10 90% 94% 94% 95% 96% 96% 96% 94% Groups at risk:
0†
in 2010, 2+1
PCV13 (12%) +
doses
PPV23 (2%)
FR
2003 for
Universal PCV13 94% 94% 95% 94% 95% 96% 95% 98% Groups at risk:
6
children at risk,
in 2010, 2+1
PCV13 (4%) +
2006 for all <2 y
doses
PPV23 (7%)
IE
2008, universal Universal PCV13 90% 93% 93% 92% 93% 91% 90% 93% PPV23 (36%),
2
in 2010, 2+1
PCV13 in
doses
groups at risk
NL
2006, universal Universal PCV10 95% 95% 95% 94% 94% 94% 93% 93% Groups at risk:
5
in 2011, 2+1
PPV23 (PPV23
doses
for all in 2020)
NO
2006, universal Universal PCV13 93% 93% 93% 93% 93% 94% 92% 93%
PPV23 (15%)
5
in 2011, 2+1
doses
SC
2006, universal Universal PCV13 94% 95% 96% 96% 95% 95% 95% 95%
PPV23 (68%)
3
in 2010, 2+1
doses
SE
2009, universal Universal PCV10 98% 98% 97% 97% 97% 97% 97% 97% Groups at risk:
1
and PCV13 in
PPV23
2010 (equal
shares), 2+1
doses
CAT 2001 for groups
PCV13
PPV23 (60%)
4
50% 50% 50% 50% 73% 73% 82% 93%
at high risk and
recommended
recommended
since 2010,
for all‡
universal since
2016, 3+1
doses§
MAD 2006, universal Universal PCV13 100% 92% 77% 77% 99% 99% 92% 96% PCV13¶ (since
3
in 2010,
2018, 9%) +
interrupted in
PPV23 (71%)
2012–2014, 2+1
doses
NAV 2001 for groups
PCV13
70% 73% 75% 78% 81% 88% 88% 81%
PPV23 (57%)
5
at high risk and
recommended
recommended
since 2010,
for all‡
universal since
2016, 3+1
doses§

*Green denotes universal PCV10 and PCV13; dark blue denotes universal PCV13; light blue denotes PCV13 recommended (not universal); orange
denotes universal PCV10. CAT, Catalonia; CZ, Czech Republic; DK, Denmark; ECDC, European Centre for Disease Prevention and Control; EN,
England; FI, Finland; FR, France; IE, Ireland; MAD, Madrid; NAV, Navarra; NL, the Netherlands; NOR, Norway; PCV, pneumococcal conjugate vaccine;
PCV7, 7-valent pneumococcal conjugate vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13, 13-valent pneumococcal conjugate
vaccine; PPV23, 23-valent pneumococcal polysaccharide vaccine; SC, Scotland; SE, Sweden; SpIDnet, Streptococcus pneumoniae Invasive Disease
network.
†Because PCV7 was not used, the years 2005–2008 have been used as pre-PCV10/PCV13 years.
‡Recommended by pediatricians and not funded; uptake 50%.
§PCV13 used almost exclusively; the PCV10 uptake in children <2 years of age was minimal (<1% in NAV and <5% in CAT).
¶PCV13 recommended in 2016 and 2017 for those 60 years of age, and since 2018 for all persons >60 years of age.
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Table 2. Categories of pneumococcal serotypes according to vaccine serotypes*
Category
Serotypes included
PCV7
4, 6B, 9V, 14, 18C, 19F, and 23F
PCV10 non-7 (in PCV10 and not PCV7)
1, 5, and 7F
PCV13 non-10 (in PCV13 and not PCV10)
3, 6A, and 19A
Non-PCV10
Any serotype not in PCV10
Non-PCV13
Any serotype not in PCV13
PPV23 non-PCV13 (in PPV23 and not PCV13)
2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F, and 33F
Nonvaccine (not in PCV13 or PPV23)
Any serotype not in PCV13 and not in PPV23
New vaccines
PCV15 non-13 (in PCV15 and not PCV13)
22F and 33F
PCV20 non-13 (in PCV20 and not PCV13)
8, 10A, 11A, 12F, 15B, 22F and 33F

*PCV, pneumococcal conjugate vaccine; PCV7, 7-valent pneumococcal conjugate vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13,
13-valent pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal polysaccharide vaccine.

adjusted the number of reported cases to the sensitivity for each period, as described elsewhere (20,21).
We computed annual incidence rates by age
group (<5, 5–64, and >65 years) and incidence rate ratios (IRR) per site, overall and by serotype category,
and by age group. We compared the IPD incidence
rate during the childhood PCV10/PCV13 program
(2011–2018) to the average incidence rate during the
PCV7 period, which varied across sites (Table 1), and
to the years 2005–2008 for Finland, where PCV7 was
not introduced. We performed sensitivity analyses by
using the 2009 incidence rate.
We computed pooled IRR and 95% CI, overall and
by serotype category, by using random effects metaanalysis, because we assumed that the actual indirect
effect could vary across sites (22). In the <5 years and
>65 years age groups, we calculated IRR by pooling
sites with similar program characteristics in terms of
PCV history and uptake (Table 1). We compared the
6 sites with a universal PCV13 program during the
study period, the 3 sites in Spain (in which a universal
PCV13 program was delayed or interrupted during
the study period), and the 4 sites using PCV10 (with
or without PCV13). We also compared the 9 sites with
high vaccine uptake (>90% in all years during 2012–
2018) and the 4 sites with moderate uptake (50%–89%
in >1 year during 2012–2018; uptake in Madrid was
96% in 2018 but 77% in 2013–2014 because of program
interruption). Finally, we compared the 9 sites with a
long PCV7 immunization period (>3 years) and the 4
sites with short (<3 years) or no PCV7 immunization
period, which included 3 sites using PCV10.
We assessed statistical heterogeneity by estimating the between-study variance by using 𝜏2 (23).
Heterogeneity between sites was considered low if
𝜏2<0.2, fairly reasonable for 𝜏2 0.2–0.5, and fairly high
for 𝜏2 >0.5 and <1.0 (2). The PCV10/PCV13 overall effect was expressed as percentage change in incidence
([IRR–1] × 100).
We computed the percentage of each serotype
group covered by the current and future PCV, per
130

year, on the basis of serotype-specific data provided by
a subset of sites (12 sites for the <5 years age group,
10 sites for the >65 years age group; Sweden was excluded in both age groups, and Finland and France
were excluded for the >65 years age group). We analyzed separately serotype 3 distribution because it is
unknown whether these vaccines protect against serotype 3 (24). Proportions were compared by using the
χ2 test and a p value <0.05 was considered significant.
Statistical analyses were performed by using Stata version 15.1 (StataCorp, https://www.stata.com).
Results
A total of 17,302 cases were reported in 2018, including 964 in children <5 years of age, 6,928 in persons
5–64 years of age, and 9,410 in persons >65 years of
age. In the <5 years age group, 81% of IPD isolates
were serotyped; 90% of IPD isolates were serotyped
in the 5–64 years age group; and 91% of IPD isolates
were serotyped for cases in persons >65 years of age,
excluding France (20). (In France, the incidence and
serotype distribution are reported through 2 different
systems without case reconciliation. In 2018, Norway
had a very low serotyping rate, ranging from 40% to
47% per age group).
Change in IPD Incidence, Pooled Analysis of All Sites

IPD incidence varied across sites, age groups, and over
time (Table 3; Figure 1; Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/28/1/21-0734-App1.
pdf). In 2018, rates per 100,000 population were highest in persons >65 years of age (pooled incidence
28.5), lowest in persons 5–64 years of age (pooled incidence 5.3), and ranged from 4.6 to 29.1 in children
<5 years of age (pooled incidence 9.9). The pooled incidence in each age group gradually declined to reach
a minimum in 2014 and increased during 2015–2018
(Figure 1).
In the <5 years age group, an initial 49% decline
in overall IPD incidence between the PCV7 period
and 2014 was followed by a 17% increase during
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2015–2018 compared with 2014, which resulted in a
net 42% decline between the PCV7 period and 2018
(Table 4; Figure 1). Over the same period, PCV7 vaccine serotype IPD declined by 88%, PCV10 non-7 vaccine serotype IPD (serotypes in PCV10 and not PCV7)
declined by 95%, and PCV13 non-10 vaccine serotype
IPD declined by 46%, whereas serotype 3 fluctuated
and returned to PCV7 values in 2018. Non-PCV13
IPD increased gradually until 2018, when it exceeded
by 111% the PCV7 period incidence.
Among persons 5–64 years of age, an initial 34%
decline in overall IPD incidence between the PCV7

period and 2014 was followed by an 18% increase
during 2015–2018, resulting in a net 22% decline between the PCV7 period and 2018 (Table 4; Figure 1).
Over the same period, IPD incidence caused by PCV7
and PCV7 non-10 serotypes declined by 83%–93%,
whereas PCV13 non-10 serotype incidence declined
until 2014 and then increased in 2017–2018, parallel
to an increase in serotype 3, and returned to levels
similar to the PCV7 period. IPD incidence due to nonPCV13 serotypes increased progressively during the
PCV10/PCV13 period to 63% above the PCV7 period
incidence level in 2018.

Table 3. Population size by age group and site in 2018 and IPD incidence rates per PCV10/PCV13 year during 2011–2018 by age
group and site, SpIDnet multicenter study, Europe*
Annual incidence rate
Sites
Population, 2018
2011
2012
2013
2014
2015
2016
2017
2018
In children <5 y
CZ
567,172
4.2
2.6
5.1
4.7
4.0
2.4
2.9
4.6
DK
300,798
10.1
11.6
11.2
11.7
7.5
8.1
9.6
5.7
EN
3,515,430
9.5
6.6
7.1
7.7
8.6
8.5
7.8
8.2
FI
267,686
23.8
10.5
10.9
9.0
7.8
11.5
10.8
12.8
FR
2,655,339
13.5
10.7
8.4
7.1
9.4
9.5
9.2
10.0
IE
319,296
11.5
11.8
10.7
10.2
9.7
11.8
12.6
15.0
NL
217,025
7.8
4.8
3.1
7.1
6.8
5.0
7.3
7.4
NO
294,863
9.1
6.1
8.3
6.1
6.2
8.5
4.6
6.8
SC
276,862
12.1
11.5
12.2
8.9
16.1
14.8
14.9
15.2
SE
604,498
7.1
4.7
5.7
5.8
3.9
5.7
4.7
6.8
CAT
359,195
41.7
38.0
25.2
24.5
30.3
26.4
25.7
28.4
MAD
320,026
23.3
16.6
16.1
15.8
18.7
17.2
18.7
17.6
NAV
30,958
20.1
14.3
28.7
33.7
42.6
24.9
28.6
29.1
All
9,729,148
12.6
9.7
8.9
8.5
9.7
9.6
9.2
9.9
In persons 5–64 y
CZ
7,996,011
2.9
2.3
2.7
2.0
2.6
1.8
2.4
2.5
DK
4,364,329
9.7
8.6
9.1
5.9
6.5
6.3
6.5
6.1
EN
44,769,133
5.1
4.6
4.2
4.2
5.3
5.8
5.6
5.5
FI
4,045,396
9.9
9.2
9.1
7.9
9.0
9.1
8.7
8.3
FR
35,961,594
6.1
5.0
4.3
3.6
3.7
3.9
4.0
4.2
IE
3,864,357
4.0
3.5
3.7
3.9
3.9
4.1
4.4
5.1
NL
3,268,467
8.6
8.2
8.2
6.7
7.7
7.0
7.1
7.5
NO
4,114,508
8.2
7.2
7.3
6.5
4.8
4.8
5.3
5.2
SC
4,135,124
6.0
5.1
6.4
4.6
6.7
8.0
7.3
6.8
SE
7,589,976
8.3
7.9
6.9
5.6
6.8
6.1
6.4
6.8
CAT
5,767,319
7.3
7.5
6.7
5.9
6.4
6.0
7.1
7.2
MAD
5,066,849
4.3
3.5
3.3
3.8
4.4
4.2
5.1
5.5
NAV
489,838
4.5
5.3
3.3
5.6
7.4
4.7
4.8
5.5
All
131,432,901
6.0
5.3
4.9
4.4
5.0
5.1
5.2
5.3
In persons >65 y
CZ
2,086,617
8.0
8.2
10.2
8.3
9.9
8.3
11.7
12.5
DK
1,116,063
57.8
56.2
47.5
45.0
51.1
44.0
44.7
49.7
EN
10,831,246
23.0
22.4
21.4
21.4
26.3
29.6
30.1
29.3
FI
1,192,077
30.3
33.6
30.2
32.5
38.0
36.1
37.2
32.9
FR
9,813,812
29.2
26.5
22.0
18.4
19.8
21.7
22.2
20.9
IE
673,362
30.1
32.2
30.1
28.6
31.2
30.1
31.9
39.4
NL
809,073
51.5
53.0
53.4
42.9
53.5
50.7
46.7
52.9
NO
897,368
51.3
42.6
38.8
38.3
37.4
44.1
37.8
38.0
SC
1,026,114
24.4
25.7
30.1
22.8
31.8
34.0
37.0
28.8
SE
2,035,711
41.6
45.5
42.1
38.8
41.1
43.7
42.6
41.7
CAT
1,417,311
27.2
32.1
34.5
29.0
33.0
31.0
34.4
37.5
MAD
1,154,255
18.9
19.1
17.9
22.6
23.5
24.5
26.6
23.9
NAV
126,482
29.2
29.5
22.2
20.6
24.7
28.5
36.1
25.3
All
33,179,491
28.3
27.7
25.6
23.6
27.0
28.5
29.1
28.5

*CAT, Catalonia; CZ, Czech Republic; DK, Denmark; EN, England; FI, Finland; FR, France; IE, Ireland; IPD, invasive pneumococcal disease; MAD,
Madrid; NAV, Navarra; NL, the Netherlands; NOR, Norway; PCV, pneumococcal conjugate vaccine; SC, Scotland; SE, Sweden; SpIDnet, Streptococcus
pneumoniae Invasive Disease network.
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Table 4. IPD incidence per PCV10/PCV13 year during 2011–2018 compared with the PCV7 period by age group in the 13 sites of
SpIDnet multicenter study, Europe*
Incidence rate ratio (95% CI)
Serotype group
2011
2012
2013
2014
2015
2016
2017
2018
In children <5 y
All types
0.70
0.52
0.53
0.51
0.54
0.54
0.54
0.58
(0.6–0.79) (0.43–0.63) (0.45–0.62) (0.43–0.60) (0.44–0.66) (0.45–0.64) (0.44–0.65) (0.49–0.70)
PCV7
0.22
0.18
0.13
0.11
0.11
0.09
0.10
0.12
(0.12–0.40) (0.11–0.29) (0.07–0.23) (0.05–0.23) (0.06–0.23) (0.04–0.20) (0.05–0.20) (0.07–0.22)
PCV10–non-7†
0.59
0.36
0.22
0.13
0.07
0.05
0.03
0.05
(0.48–0.74) (0.26–0.48) (0.13–0.36) (0.07–0.24) (0.04–0.11) (0.03–0.11) (0.02–0.06) (0.02–0.12)
Non-PCV10
1.09
0.91
1.06
1.08
1.18
1.21
1.21
1.34
(0.89–1.34) (0.74–1.11) (0.85–1.33) (0.87–1.34) (0.98–1.43) (0.98–1.49) (0.98–1.48) (1.07–1.68)
PCV13–non-10‡
0.77
0.40
0.45
0.37
0.35
0.50
0.47
0.54
(0.61–0.98) (0.27–0.61) (0.31–0.67) (0.23–0.58) (0.21–0.60) (0.32–0.78) (0.30–0.73) (0.32–0.93)
Serotype 3
0.97
0.58
0.80
0.60
0.64
1.02
1.01
1.03
(0.71–1.33) (0.34–0.99) (0.57–1.11) (0.40–0.89) (0.44–0.92) (0.74–1.40) (0.73–1.39) (0.67–1.58)
Non-PCV13
1.39
1.47
1.63
1.76
2.03
1.93
1.93
2.11
(1.05–1.85) (1.15–1.88) (1.28–2.09) (1.40–2.21) (1.65–2.50) (1.52–2.44) (1.54–2.43) (1.68–2.65)
In persons 5–64 y
All types
0.87
0.78
0.76
0.66
0.75
0.72
0.76
0.78
(0.79–0.96) (0.71–0.85) (0.69–0.84) (0.61–0.71) (0.67–0.84) (0.63–0.83) (0.69–0.85) (0.71–0.87)
PCV7
0.45
0.28
0.25
0.16
0.17
0.14
0.15
0.17
(0.32–0.62) (0.20–0.42) (0.17–0.37) (0.10–0.24) (0.11–0.24) (0.11–0.20) (0.10–0.23) (0.12–0.24)
PCV10–non-7†
0.83
0.61
0.54
0.34
0.22
0.12
0.09
0.07
(0.70–1.00) (0.49–0.76) (0.42–0.69) (0.27–0.44) (0.15–0.32) (0.08–0.18) (0.06–0.13) (0.04–0.11)
PCV13–non-10‡
1.10
0.92
0.95
0.77
0.90
0.89
0.99
1.06
(1.01–1.19) (0.79–1.07) (0.77–1.19) (0.59–0.99) (0.67–1.19) (0.65–1.22) (0.72–1.36) (0.80–1.41)
Serotype 3§
1.03
1.03
1.10
0.90
1.03
1.06
1.19
1.28–1.01–
(0.90–1.17) (0.86–1.22) (0.86–1.42) (0.73–1.10) (0.86–1.22) (0.80–1.40) (0.92–1.54)
1.63)
Non-PCV13
1.04
1.14
1.17
1.21
1.48
1.59
1.61
1.63
(0.91–1.19) (1.02–1.28) (1.05–1.31) (1.08–1.35) (1.28–1.71) (1.37–1.85) (1.41–1.84) (1.42–1.88)
In persons >65 y
All types
0.86
0.87
0.84
0.78
0.89
0.90
0.94
0.93
(0.81–0.92) (0.82–0.92) (0.78–0.90) (0.71–0.85) (0.79–1.00) (0.80–1.00) (0.83–1.07) (0.82–1.05)
PCV7
0.37
0.29
0.24
0.19
0.17
0.15
0.17
0.14
(0.29–0.47) (0.20–0.41) (0.16–0.34) (0.13–0.27) (0.11–0.26) (0.10–0.22) (0.11–0.24) (0.09–0.20)
PCV10–non-7†
0.90
0.81
0.56
0.44
0.27
0.16
0.08
0.09
(0.77–1.06) (0.67–0.98) (0.46–0.68) (0.34–0.58) (0.19–0.39) (0.11–0.23) (0.05–0.12) (0.06–0.14)
PCV13–non-10‡
1.02
0.89
0.87
0.73
0.87
0.88
0.95
0.97
(0.93–1.12) (0.79–1.00) (0.71–1.07) (0.58–0.92) (0.68–1.11) (0.71–1.10) (0.75–1.20) (0.73–1.29)
Serotype 3
0.99
0.93
0.99
0.93
1.11
1.22
1.28
1.32
(0.87–1.12) (0.82–1.05) (0.82–1.21) (0.72–1.19) (0.89–1.37) (1.05–1.42) (1.08–1.50) (1.05–1.66)
Non-PCV13
1.20
1.40
1.44
1.44
1.74
1.81
1.88
1.84
(1.09–1.34) (1.30–1.51) (1.33–1.54) (1.34–1.55) (1.58–1.90) (1.61–2.03) (1.68–2.11) (1.69–2.00)
PPV23–
1.14
1.25
1.30
1.30
1.63
1.75
1.83
1.76
non-PCV13¶
(0.97–1.35) (1.12–1.41) (1.17–1.44) (1.20–1.41) (1.50–1.76) (1.54–1.99) (1.65–2.03) (1.61–1.92)
Nonvaccine#
1.31
1.65
1.71
1.67
1.97
1.97
2.03
2.13
(1.11–1.54) (1.40–1.95) (1.43–2.05) (1.39–2.01) (1.65–2.36) (1.66–2.35) (1.63–2.54) (1.81–2.50)
*See Table 1 for PCV7 period. IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; PCV7, 7-valent pneumococcal conjugate
vaccine; PCV10, 10-valent pneumococcal conjugate vaccine; PCV13: 13-valent pneumococcal conjugate vaccine; PPV23, 23-valent pneumococcal
polysaccharide vaccine; SpIDnet, Streptococcus pneumoniae Invasive Disease network.
†Serotypes 1, 5, and 7F.
‡Serotypes 3, 6A, and 19A.
§12 sites (all sites except Sweden).
¶Serotypes 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F, and 33F.
#Serotypes not in PPV23 and not in PCV13.

In persons >65 years of age, overall IPD incidence
declined by 22% between the PCV7 period and 2014
and increased by 19% during 2015–2018, returning to
a level close to the PCV7 period incidence (−7%; Table
4; Figure 1). IPD incidence due to PCV7 and PCV10
non-7 serotypes declined by 86%–91% between the
PCV7 period and 2018. The incidence of PCV13 non10 serotypes initially declined until 2014, and then increased during 2015–2018 (parallel to a 44% increase
132

in serotype 3) to return to a level close to the PCV7 period. The non-PCV13 IPD incidence increased gradually to exceed the PCV7 period incidence by 84% in
2018 and increased in each site by 38%–155%.
Changes in IPD Incidence According to PCV
Program Characteristics

Overall, IPD incidence in children <5 years of age decreased between the PCV7 period and 2018 by 33%
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(95% CI 12%–50%) in the sites with universal PCV13,
54% (95% CI 44%–61%) in the sites in Spain, and 46%
(95% CI 25%–61%) in sites using PCV10 (Appendix
Figure 2, panel A). In persons >65 years of age, the
change in overall IPD incidence ranged from –13% to
+2% (Appendix Figure 3, panel A). PCV10 non-7 serotype incidence declined by 80%–98% in both age and
vaccine policy groups. PCV13 non-10 serotype incidence initially declined in the universal PCV13 and
Spain sites until 2014 and fluctuated in PCV10 sites.
It increased in all age and vaccine groups from 2015
onwards. In children <5 years of age, this change resulted in a 63%–69% decline in the 2 groups of PCV13
sites and a 49% increase in the sites using PCV10
between the PCV7 period and 2018. In persons >65
years of age, this resulted in a 26%–30% decline in the
2 groups of PCV13 sites and a 78% increase in the sites
using PCV10 between the PCV7 period and 2018. In
the same period, serotype 3 increased in all PCV and
age groups, in particular in sites using PCV10 (+51%
in children <5 years of age and +66% in persons >65
years of age), except in children <5 years of age in universal PCV13 sites (–22%; Appendix Figure 2, panel
A, and Figure 3, panel A). Non-PCV13 incidence also
rose in each vaccine policy and age group.
Changes in overall IPD incidence were similar
in sites with high or moderate uptake; incidence declined by 39%–50% in children (Appendix Figure 2,
panel B) and no major change in IPD incidence occurred among persons >65 years of age (–12% to
8%; Appendix Figure 3, panel B). Changes in IPD
incidence caused by vaccine serotype groups were
similar across the levels of uptake, except for PCV7
serotypes, which decreased more in high-uptake sites
than moderate-uptake sites and serotype 3 in children
<5 years of age, which decreased in high-uptake sites
and increased in moderate-uptake sites. Increases in
non-PCV13 IPD incidence ranged from 81% to 85%
in persons >65 years of age; in children, it increased
more in high-uptake sites than moderate-uptake sites
(223% vs. 56%; 95% CIs do not overlap).
Changes in overall IPD incidence were similar between sites with long and short duration of the PCV7
vaccination program (Appendix Figure 2, panel C,
and Figure 3, panel C). Changes in vaccine serotype
incidence also indicated similar patterns between the
2 groups, except for PCV13 non-10 serotype incidence,
which decreased in long-duration sites and increased
in short-duration sites. Serotype 3 incidence fluctuated
in long-duration sites and rose by ≈70% in short-duration sites. In children, the increase in non-PCV13 serotype IPD was greater in short-duration sites than longduration sites (214% vs. 93%; 95% CIs do not overlap).

Heterogeneity Testing

In pooled analyses of the 13 sites, 𝜏2 was <0.5 in all
analyses except for 2 in children <5 years of age and 1
in persons >65 years of age. In the analyses by vaccine
policy group, 𝜏2 was <0.5 in 89% of analyses in children <5 years of age and 99% of analyses in persons
>65 years of age, and 𝜏2 was >0.5 in the remaining
11% and 1% analyses (392 analyses per age group).
Burden of Serotypes Covered by Current and HigherValent Vaccines

This analysis included 4,083 IPD cases in children <5
years of age and 21,250 cases in persons >65 years of
age. The percentage of serotypes included in PCV13,
PCV15, and PCV20 declined significantly (p<0.001)
over the study period. In children <5 years of age,
serotypes included in PCV13 represented 42% of 539
cases in 2012, those in PCV15 represented 53% of cases, and those in PCV20 represented 72% of cases. In
2018, for the same age group, PCV13 serotypes represented 23% of 609 IPD cases, PCV15 serotypes 32% of
cases, and PCV20 serotypes 63% of cases. In persons
≥65 years of age, serotypes included in these vaccines
accounted for 45% (PCV13), 57% (PCV15), and 75%
(PCV20) of 2,003 cases in 2012 and 26% (PCV13), 36%
(PCV15), and 65% (PCV20) of 2,481 cases in 2018. The
percentage of IPD due to PCV20 nonPCV-13 serotypes increased from 30% to 41% in children <5 years
of age and from 30% to 38% in persons >65 years of
age (p<0.001). In 2018, the most frequent PCV20 non13 serotypes were serotype 8 (7% of all IPD in children <5 years and 17% in persons >65 years), 10A and
12F in children <5 years (7% each) and 22F in persons
>65 years (7%). The major contributor to the PCV20
non-13 increase was serotype 8 (3% of IPD cases in
2012 in children <5 years and 8% of IPD cases in 2012
in persons >65 years). The proportion of non-PCV20
serotype cases increased over time, from 28% in 2012
to 35% in 2018 in children <5 years and 27% in 2012
to 37% in 2018 in persons >65 years (p<0.002). The
main non-PCV20 serotypes in 2018 were 23B (21% of
non-PCV20), 24F (20%), and 15A (10%) in children <5
years and 9N (17%), 15A (9%), and 23A (8%) in persons >65 years.
Serotype 3 represented 9% of all cases and ranked
as the most frequent serotype causing IPD in children
<5 years; in persons >65 years, it represented 13% of
all cases and ranked as the second most frequent serotype causing IPD. Excluding serotype 3 from the
analysis, in 2018, PCV13 serotype represented 14%
of IPD in children <5 years and 13% in persons >65
years, PCV15 represented 23% of IPD in both children
<5 years and persons >65 years, and PCV20 serotype
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represented 54% of IPD in children <5 years and 51%
of IPD in persons >65 years. PPV23 covered 73% of
IPD cases in persons >65 years in 2018 or 60% if serotype 3 is excluded.
In 2018, proportions of serotypes included in
PCV13, PCV15, and PCV20 were greater in sites using
PCV10 than those using PCV13. In children <5 years,
these percentages accounted for 43% (PCV13), 52%
(PCV15) and 69% (PCV20) of 124 IPD cases in sites using PCV10 compared to 15% (PCV13), 26% (PCV15)
and 63% (PCV20) of 363 IPD cases in PCV13 universal
sites (Figure 2; p<0.001 except for PCV20, p = 0.18).
In sites using PCV10, serotypes included in PCV15
and not in PCV10 amounted to 48% of cases; serotypes included in PCV20 and not PCV10 amounted
to 65% of cases. In persons >65 years, PCV13 serotype
proportions amounted to 36% of 664 cases in sites using PCV10 and 20% of 1,138 cases in PCV13 universal
sites; PCV15 serotype proportions amounted to 46%
of 664 cases in sites using PCV10 and 31% of 1,138
cases in PCV13 universal sites. PCV20 serotype proportions amounted to 73% of 664 cases in sites using
PCV10 and 62% of 1,138 cases in PCV13 universal
sites (Figure 3; p<0.001).
Discussion
This study of 13 sites in Europe enabled us to estimate
the overall effect of 8 years of the childhood PCV10
and PCV13 program on IPD in the age groups targeted directly and indirectly by vaccination. The results
demonstrate an initial PCV effect on overall IPD incidence in all age groups during the first 4 years of the

PCV10/PCV13 program; incidence declined by 22%–
49% between the PCV7 period and 2014. This decline
was followed, however, by an increase in incidence
during 2015–2018, thereby reducing the benefits of
PCV10/PCV13, especially among older adults. This
reversing trend can be explained by a saturation of
the PCV effect on vaccine serotype (PCV10/PCV13)
incidence (i.e., no further decrease) alongside a gradual increase in non-PCV13 incidence and an increase
in PCV13–non-10 incidence in more recent years.
The increase in non-PCV13 IPD incidence over
time was observed in all analyses and ranged from
63% to 111% by age group between the PCV7 period and 2018. The greatest proportional increase in
non-PCV13 incidence was observed in children, particularly in the sites with high PCV10/PCV13 uptake
(+223% vs. +56% in sites with moderate uptake). This
increase is likely due to a combination of vaccine-induced serotype replacement in carriage and disease
(25–27) and secular trends in individual serotypes,
but disentangling the 2 is difficult (7,10,26,27). Consequently, the overall effect of the current PCVs on
overall IPD is diminishing in many EU settings, especially after 2014 (6,8,25,28).
In contrast to Europe and elsewhere, the Centers for Disease Control and Prevention Active
Bacterial Core surveillance reported consistently
stable rates of non-PCV13 serotype IPD in young
children and older persons after childhood PCV13
introduction, even when vaccine uptake was very
high (8,11). Several hypotheses have been proposed
to explain this divergence (8,12,29). Of note, some
Figure 2. Percentage of cases
of invasive pneumococcal
disease caused by serotypes
covered by PCV10, PCV13,
PCV15, PCV20, and serotype
3 in children <5 years of age by
vaccine policy, in 13 SpIDnet
(Streptococcus pneumoniae
Invasive Disease network)
sites, Europe. A) Sites with
universal PCV13 program; B)
sites in Spain; C) sites using
PCV10. Serotypes 19A/6A are
included in PCV13 but not in
PCV10 (in addition to serotype
3). PCV, pneumococcal
conjugate vaccine.

134

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Serotype Replacement after Pneumococcal Vaccines

Figure 3. Percentage of cases of
invasive pneumococcal disease
caused by serotypes covered by
PCV10, PCV13, PCV15, PCV20,
and serotype 3 in persons >65
years of age by vaccine policy,
in 13 SpIDnet (Streptococcus
pneumoniae Invasive Disease
network) sites, Europe. A) Sites
with universal PCV13 program;
B) sites in Spain; C) sites using
PCV10. Serotypes 19A/6A are
included in PCV13 but not in
PCV10 (in addition to serotype 3).
PCV, pneumococcal conjugate
vaccine; PPV, pneumococcal
polysaccharide vaccine.

similar serotypes are emerging in IPD in both regions (i.e., serotypes 8, 9N, and 15A), but their contribution to overall IPD differs (8).
A key finding of our study is that both PCV13
and PCV10 programs appear to result in a similar
change of overall IPD incidence after 8 years of universal implementation (–33% for PCV13 and –46% for
PCV10 in children and –13% for PCV13 to –3% for
PCV10 in older adults), albeit with different serotype
distribution of IPD cases. In particular, during the last
years of the study (2015–2018), PCV13 non-10 IPD incidence increased in all vaccine policy and age groups
because of an increase of serotype 3 in most groups,
together with an increase in serotype 19A in PCV10
sites (data not shown). Serotype 3 remains a major
cause of disease in both age groups, ranking first or
second serotype in 2018, and its severity and associated high case-fatality rates, especially in older adults,
raises concern (30,31). Genomic analyses in England
and Wales suggested that a shift in clade distributions among invasive serotype isolates has led to the
expansion of clade II since 2014, representing 50% of
serotype 3 IPD isolates in 2018, which could account
for the recent reemergence of this serotype (32). Increases in serotype 19A in PCV10 countries are also
worrisome because this serotype is highly invasive
and has been associated with high rates of antibiotic
resistance (33,34).
In our study, the higher increase in non-PCV13
IPD incidence among children in the 8 sites with
higher PCV uptake suggests a dose-response mechanism between uptake and nonvaccine rises. However,

other factors, such as local differences in serotype dynamics, PCV used, vaccination schedule, timing, or
uptake, might also play a role; of note, 3 of 4 sites with
moderate uptake were in Spain.
Our study also provides evidence of a powerful
and rapid indirect effect of the childhood PCV10/
PCV13 vaccination in older adults, most of whom
did not receive PCV13. Of note, changes in vaccine
serotype IPD in older adults follow the same pattern
of serotype changes in children with very limited delay but at a lower magnitude. As several other studies (25,35–37) have demonstrated, our study suggests
that the maximum effect of PCV10/PCV13 has been
reached; further declines in overall and vaccine-serotype IPD are unlikely to occur in countries with a high
vaccine uptake and a mature PCV program.
The emergence of >2 new higher-valent PCVs is
reassuring. In 2018, the serotypes in PCV15 covered
around one third of IPD cases, and PCV20 covered
around two thirds of IPD cases. Whether these 2 vaccines protect against serotype 3 IPD, however, remains to be established. Among the PCV20 non-13
serotypes, 4 serotypes ranked in the 5 top serotypes
in children and older adults in 2018: serotype 8 in
both age groups, 10A and 12F in children, and 22F in
adults. Rises in serotype 8 have also been observed
elsewhere (1,25,30,35,38). The proportion of nonPCV20 cases represented more than a third of all IPD
cases in 2018 and have increased substantially since
2012. Of the top non-PCV20 serotypes in 2018 (23A,
23B, 24F, 15A, and 9N), only 9N is included in PPV23.
Serotype 24F also ranked high in Italy and Germany
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during 2014–2016 (5,26). Including these serotypes in
future vaccines might be beneficial, although highervalency PCVs are likely to have only temporary benefit because of serotype replacement (5,10,37). Alternative strategies that provide serotype-independent
protection, such as vaccines using antigens common
to all serotypes, are desperately needed.
Our study’s first limitation is that methods comparing incidence before and after the start of a new
vaccine program are prone to biases, whereby changes in other factors over time, such as surveillance
methodologies, other health interventions, and secular trends of individual serotypes, might be attributed
to the vaccination program (18). We partly addressed
this limitation by adjusting for surveillance sensitivity and missing serotype data. Second, our network
presents heterogeneity across sites because of differences in healthcare practices and vaccination policies
(including duration of PCV7 use). We attempted to
address this heterogeneity by using random effects
meta-analysis and performing analysis stratified by
PCV program characteristics. We assumed that these
differences across sites would be constant over time,
limiting their influence on relative measures of effect
such as the IRR. Moreover, the τ2 values suggest limited statistical heterogeneity.
Our results suggest that the benefits of childhood
PCV10/PCV13 programs on IPD incidence might
level off after 8 years of vaccination. The gradual increase in nonvaccine serotype incidence countered
the decrease in vaccine serotypes in recent years. Our
results indicate that PCV15 serotypes could add 10%
coverage of IPD cases, and PCV20 serotypes could
add 30%–38% coverage of IPD cases compared with
PCV13. On the basis of current evidence, however,
protection at population level might be short-lived,
and vaccines providing serotype-independent protection are urgently needed. Impact studies across
multiple countries with different vaccines and
schedules are critical for assessing long-term effects.
In addition, studies to learn more about the mechanisms leading to the rise of some serotypes, such as
3, 19A, and 8, are required, especially incorporating
genetic tools.
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New Sequence Types and
Antimicrobial Drug–Resistant
Strains of Streptococcus suis in
Diseased Pigs, Italy, 2017–2019
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Streptococcus suis is a pathogen associated with severe
diseases in pigs and humans. Human infections have
a zoonotic origin in pigs. To assess circulating strains,
we characterized the serotypes, sequence types, and
antimicrobial susceptibility of 78 S. suis isolates from
diseased farmed pigs in Italy during 2017–2019. Almost
60% of infections were caused by serotypes 1/2 and 9.
All but 1 of the serotype 2 and 1/2 isolates were confined to a single cluster, and serotype 9 isolates were distributed along the phylogenetic tree. Besides sequence
type (ST) 1, the serotype 2 cluster included ST7, which
caused severe human infections in China in 1998 and
2005. A large proportion of serotype 9 isolates, assigned
to ST123, were resistant to penicillin. The emergence of
this clone threatens the successful treatment of S. suis
infection. Characterizing S. suis isolates from pigs will
promote earlier detection of emerging clones.

S

treptococcus suis is a major pathogen in pigs and
an emerging zoonotic agent (1–4). This bacterium
is a natural inhabitant of the upper respiratory tract
of pigs and is endemic to all pig-production countries. In pigs, S. suis causes meningitis, septicemia,
polyserositis, arthritis, and endocarditis, mainly during the postweaning period; it is a source of concern
for farmers because of potential economic losses and
its effects on the welfare of infected pigs (2). Human
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Italy (D. Vio)
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infection is acquired through occupational contact or
ingestion of undercooked pork-derived products and
is associated with meningitis, endocarditis, septicemia, deafness, and death (5).
S. suis is a heterogeneous species. Until 2005, S.
suis was divided into 35 serotypes (1–34 and 1/2),
based on capsular polysaccharides, but 6 serotypes
were recently reclassified as belonging to other
Streptococcus species, leaving 29 currently recognized S. suis serotypes (6,7). Most S. suis infections
in humans and pigs are caused by serotype 2, but
the predominant serotypes causing invasive disease
in pigs vary according to time and region (8). In
some countries in Europe, serotype 9 has emerged
as the leading cause of invasive diseases in pigs (2,8–
10); prevalence of this serotype has also recently
increased in China (5).
Since 2002, the introduction of a standard multilocus sequence typing (MLST) scheme has improved
the description of the epidemiology of S. suis infection (8). Sequence types (STs), determined by MLST,
are also better predictors of the pathogenicity of a
particular isolate than are serotypes (11). Among serotype 2 isolates from pigs, ST1, a highly successful
clone associated with most human infections globally, is prevalent in Europe (8). Another sequence
type of serotype 2, ST7, was responsible for major S.
suis epidemics among humans in 1998 and 2005 in
China (12). Serotypes other than 2 are less frequently
responsible for human infections (8). Of note, despite
the increased frequency of pig infections caused by
serotype 9, the first human case of serotype 9 infection was documented in Thailand in 2015 (13). That
strain was assigned to ST16, an emerging sequence
type known for its increased virulence potential and
predominance in invasive S. suis infections in pigs in
the Netherlands (14).
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On-farm management options for controlling S.
suis infections include improving environmental conditions (e.g., providing correct temperature, providing correct air humidity, and reducing overcrowding
and pig mixing) (15). The control of viral infections,
particularly porcine reproductive and respiratory virus, is also essential because they are well-known predisposing factors for the disease (16). Another tool for
protecting against infection is vaccination, but available vaccines are based on bacterins and provide only
nonheterologous protection (17). Thus, in many countries in Europe, including Italy, control of S. suis infections in pigs is based mainly on antimicrobial treatment (18). S. suis is generally susceptible to β-lactams,
the main class of antimicrobials administered to control the infection on pig farms. Conversely, S. suis is
almost always resistant to tetracycline; macrolidelincosamide-streptogramin B; and, less frequently,
aminoglycosides, chloramphenicol, vancomycin, and
linezolid (15). In S. suis, genes encoding antimicrobial
resistance (AMR) are often carried on mobile genetic
elements that can be transferred to other members of
the genus, including human pathogens (4,19). Thus,
S. suis can be considered a public health concern because of its zoonotic potential (a leading cause of antimicrobial drug use in pig farming) and a reservoir of
AMR genes (4,19).
Information about circulating strains is lacking in
many countries, including Italy, which is one of the
most prominent pig-production countries in Europe
(8). We characterized the serotypes, sequence types,
and antimicrobial susceptibility of 78 S. suis isolates
from infected pigs in Italy. By providing updated
epidemiologic information about S. suis infection, we
aim to drive the use of autogenous vaccines, reduce
antibiotic consumption, and protect animal health.
We also assessed presence of S. suis clones with zoonotic potential.
Materials and Methods
Bacterial Isolates

We investigated isolates collected from pigs with clinical S. suis infection on pig farms in northern/central
Italy during 2017–2019. To avoid redundancy, we included only 1 isolate per year and farm. A total of 78
S. suis isolates were collected from piglets with meningitis (49), pericarditis (1), arthritis (3), septicemia (17),
and pneumonia (8) (Appendix 1, https://wwwnc.cdc.
gov/EID/article/28/1/21-0816-App1.xlsx).
The samples were cultured on 5% sheep blood
agar (Biolife Italiana Srl, http://www.biolifeit.com)
at 5% CO2, 37°C, for 24–48 h. We used matrix-assist140

ed laser desorption/ionization time-of-flight mass
spectrometry (Bruker Daltonics GmbH, https://
www.bruker.com) and PCR to confirmed selected
suspected α-hemolytic colonies as belonging to the
S. suis species (20).
Serotyping and Virulence Genotyping

We identified serotype and virulence-associated
genes by using PCR (Appendix 2 Table 1, https://
wwwnc.cdc.gov/EID/article/28/1/21-0816-App2.
pdf). To discriminate between different variants of
mrp, we used whole-genome sequencing (21–23).
Antimicrobial Susceptibility Testing

We assessed MICs by using a commercially prepared
microtiter MIC panel (BOP06F, Sensititre; Trek Diagnostic Systems Inc., https://www.thermofisher.com)
according to the manufacturer’s instructions and by
using Streptococcus pneumoniae ATCC 49619 as a quality control strain. We interpreted MIC results by using
the breakpoints recommended by the Clinical Laboratory Standards Institute (24) for swine respiratory
S. suis. The interpretative criteria for trimethoprim/
sulfamethoxazole and clindamycin were those recommended for human S. pneumoniae (25).
Whole-Genome Sequencing

We prepared genomic DNA from all 78 S. suis isolates.
We extracted pure cultures from 1 mL of logarithmicphase broth cultures by using QIAamp DNA Mini Kit
(QIAGEN, https://www.qiagen.com) according to
the manufacturer’s instructions and then quantified
the DNA by using the Qubit fluorometer (Thermo
Fisher Scientific, https://www.thermofisher.com).
We prepared the libraries by using the Nextera XT Library Prep kit (Illumina Inc., https://www.illumina.
com) and then loaded them onto an Illumina NextSeq 500/550 Mid Output Reagent Cartridge version
2 kit (300 cycles) and sequenced them on an Illumina
NextSeq 500 platform to generate 150-bp paired-end
reads.
Sequence Analyses

Raw data were checked for quality, trimmed by using Trimmomatic version 0.36 (26), and assembled
by using SPAdes genome assembler version 3.11.1
(27). To determine distinct sequence types, we performed MLST. The allele sequences and profiles were
obtained from the S. suis MLST database (https://
pubmlst.org/ssuis). We uploaded sequences for new
MLST allele variations to the same database for assignment of allele identification and then uploaded
final allele combinations for assignment of new
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MLSTs. We submitted the raw sequencing data to
the National Center for Biotechnology Information
Sequence Read Archive repository (BioProject PRJNA717238, Biosample SUB9357225; accession nos.
SAMN18490763–SAMN18490790).
To identify potential clonal complexes and founders, we performed global optimal eBURST (http://
www.phyloviz.net/goeburst analysis). The entire S.
suis MLST database was displayed as a single goeBURST diagram by setting the double-locus variants
level and the group definition to 0 of 7 shared alleles.
We conducted minimum core-genome sequence typing in silico (28).
We annotated genomes by using Prokka (https://
github.com) and constructed a maximum-likelihood
phylogenetic tree, based on the final alignment of core
genome from Roary analysis, by using FastTree 2.1.11
(29). Manual annotation of the tree was performed in
iTOL (v.5.7) (30). We identified AMR genes by using
ABRicate (https://github.com) against the following
databases: AMRFinderPlus, CARD, RESfinder, ARGANNOT (31–34).
To research putative virulence genes, we created
a database containing 91 previously described genes
(2,3) (Appendix 2 Table 1) and searched by using
BLASTN version 2.5.0+ (35). According to O’Dea et
al., (17), only genes with >95% coverage and >99%
identity were considered present. We investigated
the null hypothesis of a random distribution of the

number of virulence factors among the different sequence types and excluded sequence types represented by a small set of isolates (<3), resulting in 8 sequence
types and 65 isolates. To show the distribution of the
putative virulence genes across the sequence types,
we selected the putative virulence genes that were
present in <90% or in >10% of isolates. After checking
the normality of the data by using the Shapiro-Wilk
normality test, we performed Kruskal-Wallis ranksum testing, followed by pairwise comparisons using
the Dunn test for multiple comparisons of independent samples. To investigate the distribution of genes
encoding putative virulence factors, we constructed
a heat map based on the distance metric “euclidean”
and complete linkage method. We performed all
analyses in R (36).
Results
Molecular Serotyping, Virulence Genotyping, and MLST

We identified 13 serotypes: 1, 2, 1/2, 3, 4, 5, 7, 8, 9,
10, 15, 19, and 23. The most prevalent were serotypes
9, accounting for 34.6% (n = 27) of isolates, and 1/2,
accounting for 25.6% (n = 20) of isolates. These serotypes were followed by 10 (n = 7, 9.0%), 2 (n = 7,
9.0%), and 7 (n = 6, 7.7%) (Table 1).
MLST analysis revealed that 59 (75.6%) isolates
belonged to 9 sequence types (ST1, ST7, ST11, ST16,
ST28, ST29, ST94, ST108, and ST123) in the S. suis

Table 1. Combination of putative virulence genes among sequence types and minimum core genome groups of Streptococcus suis
from diseased pigs, Italy, 2017–2019*
No. isolates/total no. isolates for
Sequence type
MCG group
Serotype
Virulence profile
each sequence type (%)
ST1
1
2
mrpEU/sly/epf
3/17 (17.6)
ST1
1
1/2
mrpEU/sly/epf
14/17 (82.4)
ST7
1
1/2
mrpEU /sly/epf
6/9 (66.6)
ST7
1
2
mrpEU /sly/epf
3/9 (33.3)
ST11
N
1
mrp/sly/epf
2/2 (100)
ST16
1
9
mrp*/sly
3/3 (100)
ST28
4
2
mrpNA1/sly
1/1 (100)
ST29
4
7
mrp*
3/6 (50)
mrpNA1
3/6 (50)
ST94
3
4
mrpNA1/sly
2/3 (66.7)
NA1
9
mrp /sly
1/3 (33.3)
ST108
3
23
mrpNA1/sly
1/1 (100)
ST123
3
9
mrpNA1/sly
17/17 (100)
ST1540
N
9
3/3 (100)
ST1541
1
9
1/1 (100)
ST1542
N
3
1/1 (100)
ST1543
3
4
mrpNA1/sly
1/1 (100)
ST1544
3
4
mrpNA1/sly
1/2 (50)
5
mrpNA1/sly
1/2 (50)
ST1545
1
8
mrp*
1/1 (100)
ST1546
1
8
mrp/sly
1/1 (100)
ST1547
1
10
7/7 (100)
ST1548
N
15
sly
1/1 (100)
ST1549
N
19
1/1 (100)
*Dashes indicate absence of putative virulence genes according to PCR. mrp* is the mrp variant (22). MCG, minimum core genome; N, not groupable;
ST, sequence type.
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MLST database, and 10 new sequence types were
identified as ST1540–1549 (ID2702-ID2711; https://
pubmlst.org/organisms/streptococcus-suis). Most
were singletons, except for ST1547 (n = 7, all serotype 10), ST1540 (n = 3, serotype 9), and ST1544 (n =
2, serotypes 4 and 5). With 17 isolates each, the predominant STs were ST1 and ST123, which accounted
for 43% of all isolates. All isolates belonging to ST29
were serotype 7, and all isolates belonging to ST11
were serotype 1.
AMR Phenotypes and Genotypes

A total of 7 (9.0%) S. suis isolates were resistant to antimicrobial drugs, usually tetracycline (6/7) (Table 2).
Most (48/78, 61.5%) isolates were resistant to 2 antimicrobials, generally (45/48) clindamycin and tetracycline. Of the 78 isolates, 23 (29.5%) were resistant
to >3 antimicrobials and were classified as multiresistant. Multiresistance was detected in 4/17 (23%) ST1,
1/9 (11%) ST7, and 12/17 (71%) ST123 isolates. Of 17
ST123 isolates, 14 (82%) were resistant to penicillin
(Tables 1, 3; Figure 1).
Phylogenetic Analyses

A total of 1,156 genes, corresponding to 19.88% of
the pangenome (Appendix 2), comprised the core
genome. Phylogenetic analysis of the collected isolates showed 4 major clusters and 2 singletons. The
first cluster was composed of serotypes 1, 1/2, and
2 isolates and was characterized by low heterogeneity, even though these isolates originated from
different regions and body sites. We found no relationship among the 4 isolates of the second cluster,
belonging to serotypes 8 and 9. Cluster 3 recognized
2 sister groups: the first group comprised serotypes
9, 15, and 19; the second group included serotype 10
isolates. The serotype SS10 isolates were derived from
7 outbreaks of meningitis, 6 of which occurred in the

Piedmont region of northern Italy in 2018. The fourth
cluster included the highest number of isolates from
our collection, belonging to 6 serotypes. We found no
correlations with geographic location, year, or site of
origin for members of this cluster. All penicillin-resistant SS9 isolates were grouped within this cluster
(Figure 1). goeBurst analysis (http://www.phyloviz.
net/goeburst) showed 5 major clusters. ST1543 and
ST1544 were related to the ST94 subgroup, ST1546 to
the ST1521 subgroup, and ST1545 to clonal complex
(CC) 1; the other sequence types occurred as singletons (Appendix 2 Figure 1).
Putative Virulence Genes

When we investigated the distribution of putative
virulence genes in a subset of 65 isolates belonging to
8 sequence types (ST1, ST7, ST16, ST29, ST94, ST123,
ST1540, and ST1547), we found 61 putative virulence
genes in >10% and <90% of the isolates and included them in the heat map. Putative virulence genes
were not randomly distributed across the 8 sequence
types (p<0.001 by Kruskal-Wallis test; Figure 2). The
number of putative virulence genes in ST1 and ST7
isolates did not differ. The number of putative virulence genes in ST1 and ST7 isolates differed from the
number in ST123, ST29, ST1540, and ST1547 (p<0.05
by Dunn test). A block of 38 putative virulence genes
was characteristic of ST1 and ST7 isolates. This block
included genes encoding components of the cell wall,
proteases, and molecules related to adhesion (cps2E,
cps2F, cps2C, neuB, fbps, sbp2, pgdA, dppIV, igaP, ssnA,
srtF, and gnd) and putative virulence genes involved
in the regulation of metabolic pathways (ccpA, lspA,
ssu1889, revS, virA, guaB, sodA, adcR, purA, nadR, stp,
stk, vapE, lysS, Ssads, fhs, apuA, aroK, flps, proA, scrB, ofs,
prtP, gtfA, perR, and fur). Virulence genes harbored by
the 89-kb pathogenicity island, including SalK/SalR
and tetM, were not found in ST7 isolates. ST123 was

Table 2. Distribution of MICs among 78 Streptococcus suis isolates from diseased pigs, Italy, 2017–2019*
No. (%) isolates by MIC, g/mL
Antibiotic molecule 0.12
0.25
0.5
1
2
4
8
16
32
64
128
Penicillin G
49 (63) 7 (9)
5 (6) 14 (18) 3 (4)
Ampicillin
73 (94) 2 (3)
3 (4)
Enrofloxacin
1 (1) 17 (22) 57 (73) 2 (3)
1 (1)
Tetracycline
1 (1)
3 (4)
1 (1)
73 (94)
Florfenicol
1 (1)
3 (4) 40 (51) 32 (41)
2 (3)
TMP/SXT
67 (86) 11 (14)
Clindamycin†
8 (10)
4 (5)
4 (5) 10 (13) 50 (64)
Tylosin†
15 (19)
61 (78)
Neomicin†
22 (28) 27 (35) 15 (19) 7 (9)
5 (6)
Gentamicin†
12 (15) 39 (50) 17 (22) 6 (8)
2 (3)
Sulfadimethoxine†
19 (24)

256

512

57 (73)

*Gray shading indicates range of values actually tested for each antibiotic. Black vertical bars indicate threshold values for clinical resistance, according to
the Clinical and Laboratory Standards Institute (https://clsi.org). TMP/SXT, trimethoprim/sulfamethoxazole.
†Two isolates were not identified.
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Table 3. Antimicrobial resistance genes identified in the 78 Streptococcus suis isolates from diseased pigs, Italy, 2017–2019, by
sequence type
Sequence type
Antimicrobial resistance genes
ST1 ST123 ST1547 ST29
ST7 ST16 ST94 ST1540 Other* Total
ermb, tet(O)
11
15
3
3
8
3
1
2
46
tet(O)
1
4
1
6
None
1
1
3
5
Cv ermb, tet(O), dfr(F)
5
5
aac6-aph2, ant6-ia, aph3-iiia, spw, ermb, tet(40),
3
1
4
tet(W), tet(O), tet(O/W/32/O), tet (W/N/N)
tet(M)
1
1
ermb, tet(M)
1
1
ermb, tet(W), tet (O/W/32/O), tet(W/N/N)
1
1
ant6ia,aadE, ermb, tet(O)
1
1
aac6-aph2
1
1
ant6ia, aph3-iiia, spw, cat
1
1
ant6ia, aph3-iiia, apmA, ermb. optrA, tet(40), spw
1
1
aac6-aph2, ermb, tet(O)
1
1
ant6-ia, aadE, ermb, tet(W), tet(O), tet(O/W/32/O),
1
1
tet(W/N/N)
ant6-ia,aadE, ermb, tet(40), tet(O), tet(O/32/O)
1
1
ant6-ia, spw, lnuB, lsaE, tet(O)
1
1
aac-aph2, aad(6), spw, ermb, erm(47), lnuB, lsaE,
1
1
tet(40), tet(T)
Total
17
17
7
6
9
3
3
3
13
78
*Sequence types (STs) represented by <3 isolates.

characterized by the presence of another group of 12
putative virulence genes related to adhesion (murM)
or involved in metabolic pathways (htpsC, ppc, troA,
pyrF, nox, purD, msmK, gloA, rgg, and yhbU_2, lysM)
(Appendix 2 Figure 3).
Discussion
Among 78 S. suis isolates from diseased pigs in Italy,
we identified the major serotypes associated with S.
suis infections as serotypes 9 and SS1/2, responsible
for almost 60% of cases. Previous studies in Italy
have shown a predominance of serotype 2 infections,
which were a minority in our study (1,37). Until 2020,
PCR testing for serotyping did not differentiate serotype 2 from serotype 1/2, and many studies reported
these 2 serotypes as belonging to the same category.
However, such distinction is relevant because serotype 1/2 is associated with pig infections; however,
different from serotype 2, its role as a zoonotic agent
is still uncertain (38). With this study, we confirmed
increased serotype 9 infections at pig farms, which
has already been described for other countries in
Europe (10). The proportion of isolates belonging
to serotype 7, the third most common serotype, remained more or less stable compared with data from
2000, thus confirming the trend observed in Germany
(7,37). We also detected serotypes 10 and 15 in our
collection. These serotypes have not previously been
detected in Italy but have been identified in Spain
and the United Kingdom (37). Given the variability
of serotypes and the low prevalence of serotype 2
observed in our study, complete characterization of

isolates is essential for the successful implementation
of autogenous vaccines. Indeed, autogenous vaccines
are well-established tools for preventing serotype 2
infections, but data about their efficacy for other serotypes, including 1/2, are still lacking (16).
All serotype 2 and 1/2 isolates, except 1, were
confined to a single cluster of the phylogenetic tree.
This cluster was composed of ST1 and, unexpectedly, ST7, which is a subgroup founder related to CC1.
The number of putative virulence factors was higher
in ST7 and ST1 isolates than in other STs in our collection, which was expected, because ST1 is the predominant sequence type associated with invasive infections in pigs in Europe. Cases of S. suis infection
in humans in Italy are sporadic and are caused by
serotype 2, ST1 (1,39). ST7, which differs from ST1 at
a single locus, has not been detected in pigs in Europe (8). However, ST7 isolates are prevalent among
diseased pigs in China (40–42). The epidemic strain
ST7, which is characterized by the presence of an 89kb pathogenicity island, the insertion of a 128-kb ICE
(integrative and conjugative element)–phage tandem
mobile genetic element, is responsible for the 2 largest
outbreaks of human S. suis infection, which occurred
in 1998 and 2005 (42). The ST7 isolates from our study
lacked the virulence genes harbored by the 89-kb
pathogenicity island; thus, their zoonotic potential
may be lower than that of the ST7 epidemic strain in
China. Moreover, they did not cluster with the newly
described lineage III of ST7 (Appendix 2 Tables 2–4,
Figure 2) (43). Further analysis is necessary to explain
the presence of ST7 in Italy. New S. suis strains may
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be imported by living animals or traveling humans,
or they may have been derived from an early mixing
of pig breeds, as previously hypothesized (3,40).
All serotype 7 isolates belonged to ST29, grouped in
cluster 4, and had 2 mrp gene variants. The same characteristics were described for serotype 7 ST29 isolates
from recent severe outbreaks among piglets in Germany and Austria (18). Thus, ST29 has been suggested as
an emerging virulent sequence type in Europe (18).
In contrast to the serotype 2 and 1/2 isolates, serotype 9 isolates were distributed among different clusters in the phylogenetic tree, grouping with isolates
belonging to other serotypes. High heterogeneity has
been reported for serotype 9 (11,44). Three isolates
from our collection were typed as serotype 9 ST16,
a dominant clone in diseased pigs from the Nether-

lands (3). Although most cases in humans have been
attributed to ST1 isolates, ST16 has recently been associated with cases of S. suis infection in humans in
Thailand (13). It has been suggested that the zoonotic
and virulence potential may be higher for ST16 than
for other strains. In our study, the ST16 subgroup was
related to CC1, harbored mrp and sly genes, and was
close to ST1 and ST7 in the phylogenetic tree, in accordance with the results reported by Zheng et al. (10).
The presence of ST16 in Italy suggests the need for
monitoring and typing S. suis from diseased pigs and
infected humans in a One Health scenario.
A large proportion of serotype 9 isolates were assigned to ST123 and grouped into cluster 4 in the phylogenetic tree. This sequence type was prevalent in
our collection and was found in 5 regions of Italy and

Figure 1. Circular phylogenetic tree containing 78 Streptococcus suis isolates from diseased pigs, Italy, 2017–2019. The tree was
inferred by using the iTOL interactive user interface (https://itol.embl.de). Shading over tip labels indicates sequence types. The
serotypes of each isolate are also shown. The antimicrobial-resistant molecules are annotated by colors and shapes. Scale bar indicates
substitutions per site. CLI, clindamycin; ENR, enrofloxacin; FFC, florfenicol; PEN, penicillin; ST, sequence type; TET, tetracycline; TMP/
SXT, trimethoprim/sulfamethoxazole.
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in pigs from different production companies. Most
ST123 isolates were resistant to penicillin. ST123 was
reported in Spain in 2009 (9). As already observed in
Spain, the ST123 isolates from our study were related
to the ST94 subgroup and were characterized by the
presence of sly and mrpNA1 genes (10).
The number of live pigs imported into Italy has
increased over the past 10 years, almost doubling
from 2013 to 2018 (http://www.anas.it). Pigs are imported from other countries in Europe, predominantly the Netherlands, Denmark, and Germany, and, to a
lesser extent, from Spain and countries in eastern Europe. Imported live pigs can be carriers of new S. suis
clones, which may then be transferred to other animals at the receiving farm (11). The differences in the
S. suis population in our study compared with those
in previous studies may result from this intensive exchange of live pigs between Italy and other countries
in Europe.
We confirmed widespread resistance to tetracycline and clindamycin, as previously reported for S.
suis isolates globally. Resistance to tetracycline was
mainly associated with the presence of tetO and, to a
lesser extent, other tet genes, including tetM and the
mosaic gene tet (O/W/32/O), which was first described
in S. suis isolates in Italy (1). Resistance to clindamycin was coupled with high MICs for tylosin and the
diffuse presence of ermB, suggesting a macrolide/lincosamide/streptogramin B profile. Resistance to florfenicol was detected in 2 multiresistant isolates. This
type of resistance is emerging in S. suis species (45).
One of the florfenicol-resistant isolates was positive
for optrA, an oxazolidinone/phenicol resistance determinant carried by mobile genetic elements. optrA
in S. suis isolates from China has been previously described and is frequently detected in Enterococcus isolates from pig farms in Italy (46,47). The high levels of
AMR and the detection of emerging drug-resistance
determinants are a consequence of selective pressure
caused by antibiotic overuse. Despite the declining
trend in antibiotic consumption, the use of antibiotics
in veterinary medicine is still more frequent in Italy
than in other countries in Europe (48).
We observed a high level of resistance to penicillin; ≈1 in 5 isolates showed reduced susceptibility
to this antimicrobial. This finding contrasts with previous observations from other countries in Europe
(15,49). Resistance to ampicillin was not observed,
thus confirming the hypothesis of incomplete crossresistance between these 2 antimicrobials (49). Resistance to penicillin was mostly detected in serotype 9
isolates and was particularly frequent in ST123 isolates. Blume et al. (9) suggested that the spread of S.

Figure 2. Distribution of the putative virulence genes detected
among different sequence types of Streptococcus suis isolates
from diseased pigs, Italy, 2017–2019. Box tops and bottoms
indicate interquartile ranges, horizontal lines within boxes indicate
means, whiskers indicate 95% CIs, and dots indicate outliers. ST,
sequence type.

suis serotype 9 is favored by the selective advantage
conferred by the absence of heterologous immunity
induced by the dominant serotype 2 clone (9). Our
data suggest that penicillin resistance may also be a
driver of the expansion of S. suis serotype 9.
The emergence of a penicillin-resistant clone
among the S. suis population threatens the successful
treatment of S. suis infections in pigs. Penicillin resistance in S. suis may favor the prescription of critical
classes of antimicrobial drugs, which should be limited in veterinary medicine. Penicillin resistance in a
zoonotic agent raises concerns about hampering the
treatment of infections.
In conclusion, our study highlights the value of
characterizing S. suis isolates from pigs for monitoring trends in AMR and enabling early detection of
emerging clones. In addition, our data strongly suggest the need for preventive strategies to limit the
spread of penicillin-resistant S. suis among pig populations in Italy.
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Coronavirus Disease Case
Deﬁnitions, Diagnostic Testing
Criteria, and Surveillance in
25 Countries with Highest
Reported Case Counts
Amitabh B. Suthar,1 Sara Schubert,1 Julie Garon, Alexia Couture, Amy M. Brown, Sana Charania

We compared case definitions for suspected, probable,
and confirmed coronavirus disease (COVID-19), as well
as diagnostic testing criteria, used in the 25 countries
with the highest reported case counts as of October 1,
2020. Of the identified countries, 56% followed World
Health Organization (WHO) recommendations for using
a combination of clinical and epidemiologic criteria as
part of the suspected case definition. A total of 75% of
identified countries followed WHO recommendations on
using clinical, epidemiologic, and diagnostic criteria for
probable cases; 72% followed WHO recommendations
to use PCR testing to confirm COVID-19. Finally, 64% of
countries used testing eligibility criteria at least as permissive as WHO. We observed marked heterogeneity in testing eligibility requirements and in how countries define a
COVID-19 case. This heterogeneity affects the ability to
compare case counts, transmission, and vaccine effectiveness, as well as estimates derived from case surveillance data across countries.

N

ovel infectious pathogens can pose major challenges to global health and security. Tracking the geography, demographics, and suspected
mode of transmission of these pathogens by using
a standardized case definition remains the foundation for infectious disease surveillance (1). Severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2), the virus that causes coronavirus disease
(COVID-19), was first characterized in December
2019 (2). By January 2020, the first national case
definition was developed (3) and the World Health
Organization (WHO) declared a public health emergency of international concern (4). WHO’s interim
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guidance for global COVID-19 surveillance, released
on January 31, 2020, provided a hierarchy of confirmed, probable, and suspected case definitions (5).
This guidance encouraged the use of all available
clinical, epidemiologic, and laboratory evidence for
case classification purposes and noted that countries
might need to adapt these definitions to their unique
epidemiologic situations. Recommendations for
testing suspected cases and widespread testing on
the basis of transmission intensity, number of cases,
and available resources were included.
Both WHO and national case definitions have
evolved as knowledge about COVID-19 etiology and
the myriad of ways the disease manifests after infection has grown (5–7). Early on, surveillance emphasized a travel history to Wuhan, China, where the
initial outbreak occurred, and a narrowly defined set
of symptoms. However, the virus rapidly spread to
other provinces in China and then internationally,
and reports of patients who experienced new symptoms or remained asymptomatic increased (8). Confirming a COVID-19 cas relies on diagnostic testing;
therefore, testing capacity has played a vital role in
COVID-19 surveillance efforts. The types of tests available have expanded to include molecular and antigen
tests to detect the presence of the SARS-CoV-2 virus
and serologic tests to detect antibodies produced from
previous SARS-CoV-2 infection (9,10). However, the
availability of these tests and the resources needed to
collect, handle, and process clinical specimens have
varied widely across nations (11). Shortages of test
kits and reagents and lack of laboratory capacity have
forced officials in many locations to make difficult decisions about testing eligibility (12).
1
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Differences in testing eligibility criteria and case
definitions pose a challenge not only to detecting
the actual number of cases within countries, but also
to understanding the global burden of disease and
adequately responding to pandemics. Global guidelines have been developed for testing eligibility criteria and case definitions but are usually reviewed
at a national level and are subject to adaptation on
the basis of laboratory and health system considerations. Earlier evaluations of global COVID-19 case
definitions do not reflect the latest changes to national case definitions and testing eligibility criteria
and do not target the full range of countries with the
highest number of reported COVID-19 cases (13–15).
We analyzed national COVID-19 case definitions
from the 25 countries with the largest number of reported COVID-19 cases as of October 1, 2020 (collectively representing ≈85% of the global cases at
that time), and the specific criteria used to determine
eligibility for diagnostic testing. We also determined
the implications of intercountry differences on ongoing efforts to understand global disease burden and
control the pandemic.
Methods
Design

We identified the 25 countries with the highest
number of reported COVID-19 cases from WHO
COVID-19 cumulative case counts as of October 1,
2020 (16). We extracted surveillance case definitions
and official testing policies from official government
Web sites for the respective countries. If definitions
were not available on government Web sites, we extracted definitions from personal communication with
Centers for Disease Control and Prevention field staff.
To find these data, we searched government
Web sites using these keywords: case definition,
suspect case, confirmed case, COVID-19, case criteria, surveillance, testing criteria, guidelines, laboratory, reverse transcription PCR (RT-PCR), and asymptomatic. All surveillance definitions and testing
criteria were verified current as of January 1, 2021.
Several official policies were not available in English. For these documents, we used Google Translate
(https://translate.google.com) to identify definitions and testing policies.
Data Management and Analysis

To compare case definitions across countries, we classified the components of each definition into 3 parts:
diagnostic components including a laboratory test or
radiographic imagery; clinical signs and symptoms,

such as cough, fever, and severe acute respiratory infection; and epidemiologic criteria, including travel to
a high-burden region or contact with a confirmed or
suspected case. For each country’s testing policy, we
reviewed which persons were eligible for diagnostic
testing. Countries were classified as testing asymptomatic persons without any additional criteria; testing asymptomatic persons with some epidemiologic
criteria, such as contact with a confirmed case; or recommending testing exclusively for symptomatic persons. These analyses were based solely on diagnostic
testing eligibility criteria and did not consider exceptions, such as testing asymptomatic persons before
travel, asymptomatic testing through the private sector, or local-level mass testing. Exceptions to national
testing policies varied on a local level and frequently
changed, which made data difficult to procure and
unreliable. We compared elements of national case
definitions and testing criteria against global norms
from WHO.
Source Assessment

To assess sources, we extracted information on their
origin (government source or personal communication)
and timeliness (date of publication). We compiled the
date of publication and presumed implementation of
each country’s most recent case definition as verified
on January 1, 2021 (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/28/1/21-1082-App1.pdf). Publication dates range from March 27, 2020, to December
18, 2020, for case definitions and July 6, 2020, to January
1, 2021, for testing policies.
Results
Suspected Case Definitions

We identified suspected case definitions in 24 (96%)
of 25 countries (Table 1; Appendix Tables 2,3). Although Israel does not have an official suspected case
definition, persons are considered suspected on the
basis of contact with confirmed cases, which is determined by digital surveillance of cellphones. We interpreted Israel’s suspected contact determined by cellphones to be an epidemiologic criterion. The 3 most
common criteria in suspected case definitions were
fever (reported in 92% of countries), cough (reported
in 84% of countries), and labored breathing (reported
in 84% of countries). In 7 countries (28%), other criteria were used in addition to common criteria (Table
1). The WHO suspected case definition relies on clinical symptoms, including the 3 most common, and
epidemiologic criteria. A total of 14 (56%) countries
followed this guidance broadly by using clinical and
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Table 1. Selected suspected case definition criteria across 25 countries with the highest COVID-19 case counts, current as of January
1, 2021*
Clinical symptoms
Diagnostic
Loss of
testing/laboratory
Labored
Muscle taste or
Epidemiologic
Country
evidence†
Cough Fever SARI breathing Headache
pain
smell
Diarrhea
criteria, any
WHO definition
X
X
X
X
X
X
X
X
(reference)
Argentina
X
X
X
X
X
X
X
X
X
Bangladesh‡
X
X
X
X
X
X
X
X
Brazil
X
X
X
X
X
X
X
Chile
X
X
X
X
X
X
X
X
X
Colombia
X
X
X
X
X
X
X
X
X
France§¶
X
X
X
X
X
X
X
Germany§¶
X
X
X
X
X
X
X
India#
X
X
X
X
X
Indonesia
X
X
X
X
Iran
X
X
X
Iraq‡
X
X
X
X
X
X
X
X
Israel**
X
Italy§¶
X
X
X
X
X
X
X
Mexico
X
X
X
X
X
X
Pakistan#
X
X
X
X
X
Peru
X
X
X
X
X
Philippines‡
X
X
X
X
X
X
X
X
Russia
X
X
X
X
X
X
Saudi Arabia
X
X
X
X
X
X
X
X
South Africa
X
X
X
X
X
X
X
X
Spain
X
X
X
X
X
X
X
X
Turkey
X
X
X
X
X
X
X
X
X
Ukraine
X
X
X
X
X
United Kingdom¶
X
X
X
United States
X
No. (%) countries
2 (8)
21 (84)
23
16
21 (84)
15 (60)
14 (56) 14 (56)
15 (60)
16 (64)
including
(92)
(64)
criterion††

*Complete data are available in Appendix Table 3 (https://wwwnc.cdc.gov/EID/article/28/1/21-1082-App1.pdf). X indicates the criterion was sufficient for,
or a potential component of, the suspected case definition requirement(s). COVID-19, coronavirus disease; SARI, severe acute respiratory infection;
WHO, World Health Organization.
†See suspected case definition for applicable country (Appendix Table 2).
‡World Health Organization definition (updated August 2020).
§European Centre for Disease Prevention and Control definition.
¶These countries consider these definitions as possible not suspected cases; because of the comparability between possible and suspected, we treated
these definitions as a suspected definition.
#World Health Organization definition (updated March 2020).
**Israel does not have an official suspect case definition; persons are considered suspected on the basis of contact with confirmed cases determined by
digital surveillance of cellphones.
††Denominator is 24 countries with suspected case definition.

epidemiologic criteria, 10 (40%) countries required
clinical symptoms alone for the suspected case definition, and 2 countries (8%) also incorporated diagnostic testing. The United States relies on laboratory
evidence, including antibody or antigen positivity,
without any clinical symptoms or epidemiologic criteria, whereas Colombia primarily relies on epidemiologic criteria and clinical symptoms but includes
laboratory and radiologic tests as part of their definition to assist with diagnoses (17,18).
Probable Case Definitions

We identified probable case definitions in 16 (64%)
of 25 countries (Table 2; Appendix Tables 4,5). The
remaining 9 (36%) countries chose not to use a probable case definition and instead use only suspected
150

and confirmed case definitions. The WHO probable
case definition includes criteria from all 3 categories:
diagnostic testing (chest imaging), clinical symptoms, and epidemiologic criteria. Of the 16 countries,
12 (75%) were consistent with WHO and included
criteria from all 3 categories. The number of required
criteria across countries was heterogeneous. The 3
most common criteria in probable case definitions
were fever (reported in 94% of 16 countries), labored
breathing (reported in 88% of 16 countries), and confirmed contact with a probable or confirmed case (reported in 81% of 16 countries). Fourteen (88%) countries included diagnostic testing for the probable
case definition, 15 (94%) included clinical symptoms
in their definitions, and 14 (88%) included epidemiologic criteria.
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Confirmed Case Definitions

We identified confirmed case definitions in all 25
countries (100%) (Table 3; Appendix Tables 6,7). All
confirmed case definitions required diagnostic testing. A total of 18 (72%) countries were consistent with
WHO’s recommendations and specified RT-PCR tests
in their case definition. Of these countries, 10 (40%)
also included antigen or antibody tests in their definition. In 7 (28%) countries, the type of diagnostic test
was not specified. Reference to the suspected case
definition within the confirmed case definition was
included in 7 (28%) of countries. Of these, Mexico,
Saudi Arabia, and Turkey required that a person meet
the suspected case definition in addition to diagnostic testing criteria. In addition to confirming cases on
the basis of diagnostic testing, 6 (24%) countries confirmed cases exclusively on the basis of loss of taste or
smell (anosmia or ageusia). Overall, 8 countries (32%)
included clinical symptoms as part of their confirmed
case definition.

Testing Eligibility Criteria

We identified testing criteria in all 25 countries (100%)
(Appendix Table 8). Of those, 8 (32%) countries had
no symptom requirements for testing, 8 (32%) had no
symptom requirements for testing but required epidemiologic criteria (i.e., exposure to a confirmed or
probable case), and 9 (36%) countries required symptoms. Of the 8 countries requiring epidemiologic criteria, 5 (63%) also allowed testing for asymptomatic
healthcare workers (Appendix Table 8). Policies from
Saudi Arabia and the United Kingdom specified not
to test asymptomatic persons but included an exception for healthcare workers (Appendix Table 8). WHO
recommends testing asymptomatic persons who have
had contact with a confirmed case; 64% of countries
used eligibility criteria at least as permissive as WHO.
Source Assessment

We found 92% of case definitions on government
Web sites, and 72% were published or included in

Table 2. Selected probable case definition criteria across 25 countries with the highest COVID-19 case counts, current as of January
1, 2021*
Diagnostic testing
Clinical symptoms
Epidemiologic criteria
Loss of
Inconcl. Antigen Radiograph
Labored taste or
Travel
Confirmed
Country
test
test
imaging
Cough Fever SARI breathing
smell
history Hosp.
contact
WHO definition
X
X
X
X
X
X
X
X
X
(reference)
Argentina
Bangladesh†
X
X
X
X
X
X
X
X
X
Brazil
Chile
X
X
X
X
X
X
X
X
X
X
Colombia
X
X
X
X
X
X
X
France‡
X
X
X
X
X
X
Germany‡
X
X
X
X
X
X
India§
X
X
X
X
X
X
X
X
Indonesia
X
X
X
Iran
X
X
X
X
X
X
Iraq†
X
X
X
X
X
X
X
X
X
Israel
Italy‡
X
X
X
X
X
X
Mexico
Pakistan§
X
X
X
X
X
X
X
X
Peru
Philippines†
X
X
X
X
X
X
X
X
X
Russia
X
X
X
X
X
X
X
Saudi Arabia
South Africa
Spain
X
X
X
X
X
X
X
Turkey
Ukraine
X
United Kingdom
United States
X
X
X
X
X
X
X
X
No. (%) countries
6 (38)
2 (13)
10 (63)
13 (81)
15
11
14 (88)
12 (75)
8 (50) 6 (38)
13 (81)
including criterion¶
(94)
(69)
*Complete data are available in Appendix Table 5 (https://wwwnc.cdc.gov/EID/article/28/1/21-1082-App1.pdf); full probable case definitions are shown in
Appendix Table 4. X indicates the criterion was sufficient for, or a potential component of, the probable case definition requirement(s). COVID-19,
coronavirus disease; hosp., hospitalized; inconcl., inconclusive; SARI, severe acute respiratory infection; WHO, World Health Organization.
†World Health Organization definition (updated August 2020).
‡European Centre for Disease Prevention and Control definition.
§World Health Organization definition (updated March 2020).
¶Denominator is 16 countries with probable case definition.
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Table 3. Selected confirmed case definition criteria across 25 countries with the highest COVID-19 case counts, current as of January
1, 2021*
Diagnostic testing
Clinical symptoms
Epidemiologic criteria
Meet
Loss of
PCR
Antigen
Ab
Positive Radiograph
suspected
taste or
Travel
Confirmed
Country
test
test
test test (NS)
imaging
case definition
smell
history Hosp.
contact
WHO definition
X
(reference)
Argentina
X
X
X
X
X
Bangladesh†
X
Brazil
X
X
X
X
X
X
Chile
X
X
X
X
Colombia
X
X
France‡
X
X
Germany‡
X
X
India†
X
Indonesia
X
Iran
X
Iraq†
X
Israel
X
Italy‡
X
X
Mexico
X
X
X
X
Pakistan †
X
Peru
X
X
X
X
X
X
Philippines†
X
X
Russia
X
X
X
Saudi Arabia
X
X
X
X
X
South Africa
X
Spain
X
X
X
X
Turkey
X
X
X
X
X
X
Ukraine
X
United Kingdom
X
United States
X
No. (%) countries§
18 (72) 10 (40) 2 (8)
7 (28)
1 (4)
7 (28)
6 (24)
3 (12) 4 (16)
6 (24)

*Complete data are available in Appendix Table 7 (https://wwwnc.cdc.gov/EID/article/28/1/21-1082-App1.pdf); X indicates the criterion was sufficient for,
or a potential component of, the confirmed case definition requirement(s). Full confirmed case definitions can be found in Appendix Table 6. Ab, antibody;
hosp., hospitalized; NS, not specified; WHO, World Health Organization.
†World Health Organization definition (confirmed case definition did not change between March 2020 and August 2020 update).
‡European Centre for Disease Prevention and Control definition.
§Denominator is 25 countries with confirmed case definitions.

documents published after the most recent WHO
definition was published (August 7, 2020) (Appendix Table 1). India and Pakistan used the previous
WHO definition (dated March 2020); we could not
confirm that these countries updated their definition on the basis of the newest WHO definitions.
We could not locate definitions on government Web
sites for Israel, Iraq, and Iran; for these countries, we
obtained definitions from personnel involved in the
country’s COVID-19 response. Of 25 countries, 23
(92%) had an official government source for diagnostic testing criteria. In total, 88% of testing criteria
were published after September 1, 2020. The policies
for Philippines, Brazil, and Pakistan were updated
in July and August 2020.
Discussion
All iterations of WHO’s global COVID-19 surveillance guidance state that countries might need to
adapt case definitions to their specific circumstances
(5–7,19). Beginning with the March 20, 2020, version,
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WHO also encouraged countries to publish their
adapted versions online and in periodic situation reports (6,7). Nearly all countries (92%) in this analysis
chose to deviate from WHO case definitions; 92% of
countries posted their case definition on a government Web site. Suspected and confirmed case classifications were found for nearly all countries, but
36% excluded the probable case classification. In
addition, we observed substantial variation among
testing criteria used in national case definitions. Although WHO reserved the use of laboratory testing
for confirmed cases only, 2 (8%) countries included
laboratory evidence for suspected cases and 14 (88%)
for probable cases; 32% included nonlaboratory criteria for confirmed cases. Laboratory evidence in some
countries was not restricted to RT-PCR and included
increasingly available antigen and antibody tests.
Testing eligibility criteria also differed widely; many
countries either excluded asymptomatic persons
from routine testing (36%) or only included them under certain conditions (32%).
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Differences in case definitions and testing eligibility can affect efforts to monitor disease trends
and determine the impact and effectiveness of vaccines across countries and over different periods.
As knowledge of a novel disease increases, the sensitivity and specificity of the case definition changes
over time, ultimately affecting the number of cases
identified (20). For example, during the 2002–2003
severe acute respiratory syndrome outbreak, several iterations of case definitions in the Netherlands
diverged from the more sensitive and less specific
WHO case definition. When all cases were reevaluated, 21 cases were classified as suspected and 2 as
probable according to the latest WHO case definition,
as opposed to 9 suspected and zero probable cases
according to the Netherlands case definitions (21). As
the COVID-19 pandemic emerged in China, a February 12, 2020, change to the case definition to include
clinically diagnosed mild cases resulted in identification of >15,000 cases (22). A study of successive case
definitions in China, each with gradually increasing
sensitivity, also yielded higher detection of cases
(15). During January 15–March 3, 2020, the National
Health Commission of China used 7 versions of the
case definition for COVID-19; the study estimates
that the proportion of cases detected increased by 7
times after the first change, 3 times from change 2 to
4, and 4 times after change 5. The authors estimated
that if the fifth version of the case definition had been
applied throughout the outbreak, 4.2 times more confirmed cases would have been identified in China by
February 20, 2020 (232,000 vs. 55,508). A more recent
study benefitting from the availability of the complete genome sequence for SARS-CoV-2 and access
to respiratory specimens collected early for retrospective analysis perhaps best demonstrates the effect of a restrictive case definition (23). Those authors
identified multiple early cases of SARS-CoV-2 infection in Nottingham, UK, that, despite demonstrating
symptoms consistent with COVID-19, did not meet
case definition criteria used for diagnostic testing referral in place at the time because of lack of travel
history or contact with an infected person. Genomic
sequencing of these undetected cases revealed that
most were acquired locally by community spread
before widespread mitigation measures were adopted. These findings suggest that countries that
used less sensitive case definitions, particularly at the
start of the pandemic, might have grossly underestimated the true burden of disease, which affected
decisions about the need for and timing of infection
control measures. Changes in case definitions, both
across and within countries, might also need to be

considered when analyzing an epidemic curve for
COVID-19 or other novel diseases.
The wide variation we found in suspected and
probable case criteria and the complete omission of
the probable case classification in some nations is of
particular interest. WHO indicated that suspected
and probable case definitions were revised to reflect increased knowledge of the clinical spectrum of
COVID-19 signs and symptoms, especially the most
common and predictive. These updates informed
global and national surveillance because some
symptoms have limited predictive value for surveillance purposes despite their frequent inclusion in
case identification procedures (24–27). In its August
7, 2020, guidance, WHO delineated recommendations for handling each case classification. These
recommendations included investigating suspected
and probable cases for the presence of SARS-CoV-2
by using available laboratory tests, conducting contact tracing with persons with eligible exposure to
probable and confirmed cases, and providing specific types of notifications within 24 hours of identifying probable and confirmed cases (8). This guidance
also included a new request for countries to include
counts of probable cases and confirmed cases in
weekly aggregate reports.
WHO case definition guidance does not explicitly
state a type of test for diagnostic confirmatory testing but references laboratory guidance that recommend nucleic acid amplification tests (NAATs), such
as RT-PCR (28). Many countries might not have considered the laboratory guidance and used the WHO
confirmed case definition verbatim. Indeed, we found
that 7 countries did not specify a type of test for confirmatory testing. Results indicating some countries’
use of alternatives to NAAT as laboratory evidence is
another key finding. Antigen tests, particularly pointof-care tests, have been promoted as a tool for early
detection and preventing asymptomatic spread (10).
However, their sensitivity is generally lower than
NAATs, leading to false negatives (29). Antibody
tests have typically been recommended as a surveillance assay rather than a standalone diagnostic tool
(12,30). Despite the limitations of NAAT alternatives,
their increasing availability in many areas and benefits such as lower overall cost, simplified logistics and
supply chain management, and faster turnaround of
results for rapid versions could explain their integration in some confirmed case definitions.
In all 25 countries, confirmed cases relied on diagnostic testing. Characterizing differences in eligibility
for diagnostic testing across countries helps determine whether different persons are being diagnosed
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and designated as a confirmed case. For example, a
country that requires symptoms and epidemiologic transmission to be eligible for diagnostic testing
might have fewer cases detected than if they permitted testing to all persons in a country regardless of
clinical or epidemiologic criteria. Early testing strategies targeted segments of the population believed to
be at greatest risk for exposure to SARS-CoV-2. For
example, national testing policy in Australia emphasized defining and targeting high-risk settings, such
as residential care facilities or correctional facilities
(31). In May 2020, the European Centre for Disease
Prevention and Control expanded the pool of persons
eligible for laboratory testing, resources permitting,
to include asymptomatic persons in healthcare settings and long-term care facilities to identify potential
sources of infection and protect vulnerable persons
(14). WHO recommendations for laboratory testing
also evolved over time and acknowledged that testing
priorities would depend on intensity of transmission,
number of cases, and laboratory capacity. On June 25,
2021, WHO released updated guidance that called
on member states to create a national testing strategy that adapts to these changes and to implement
public health actions that break transmission chains
(32). Specific strategies for different SARS-CoV-2
transmission scenarios might include testing more
persons than those who meet the latest suspected
and probable case definitions, such as patients with
unexpected clinical manifestations, asymptomatic
contacts, and samples from existing sentinel surveillance sites. In addition, the guidance includes alternative testing strategies when laboratory capacity is low
or overstretched.
Because of the large proportion of asymptomatic
or mildly symptomatic COVID-19 cases, detecting
both symptomatic and asymptomatic cases is necessary to ensure accurate case counts (33). Including
asymptomatic cases also affects key epidemiologic
metrics, such as incidence and case-fatality ratio. Although expansive testing criteria would increase the
likelihood of detecting asymptomatic infections, this
benefit should be weighed against the effect tracing
and testing these eligible persons would have on the
public health system (31). For example, broadening
testing eligibility criteria might overload the healthcare system with persons who have low probability of
infection or disease progression. Furthermore, many
settings might not have adequate resources to test all
eligible persons (33). Although WHO provides harmonious global testing criteria and case definitions,
our findings suggest heterogeneity in how these aspects were adapted; it might be necessary to account
154

for these deviations when comparing and collating
COVID-19 case counts across countries.
The first limitation of our study is that, although
the included studies represented ≈85% of reported
cases globally, case definitions in the countries making up the remaining 15% of cases might differ. In
addition, we chose to include the 25 countries with
the highest number of reported cases, which might
not represent the countries with the highest number
of infections. Including countries on the basis of new
infections from population-based serosurveillance
or other sources merits future research. Second, although we identified suspected case definitions, confirmed case definitions, and testing criteria for most
countries, we identified probable case definitions in
only 16. This difference could be because of the lack of
a probable case definition or its lack of availability in
the public domain; regardless, the results of the probable case definition analyses might be less generalizable than the others. Third, we used Google Translate
to translate definitions not in English in lieu of direct
translation by native or bilingual speakers. Previous
studies have used Google Translate for health-related
text, including an analysis of national health agency
mask guidance across multiple countries and regions
during the COVID-19 pandemic (34). One study specifically compared the agreement between translations of abstracted data from published clinical trials
between native speakers and Google Translate for 9
different languages and determined that agreement
ranged from 85% to 97% (35). In our study, translation errors could have occurred for some languages
and thus created discrepancies between the original
policy intent and our interpretation of the translation.
Fourth, our scope was limited to confirmed, probable,
and suspected case definitions; other classifications,
such as persons under investigation, might merit
further research. Fifth, after extraction and analyses
were completed, additional issues relating to case
surveillance have emerged. These issues include cases
amongst vaccinated persons, criteria for distinguishing a new case from an existing case (i.e., reinfection
cases), as well as variants (17,36–39). Although these
issues were not part of national case surveillance
definitions, case surveillance amongst vaccinated
persons can help inform stakeholders of changes in
vaccine effectiveness, reinfection surveillance might
provide further information on naturally acquired
and vaccine-acquired immunity, whereas genomic
surveillance could provide further insights on circulating strains. All three elements are vital to comprehensive national surveillance of COVID-19. Sixth,
given the large number of possibilities, we chose not
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to list every permutation of laboratory, clinical, and
epidemiologic criteria for WHO and national suspected, probable, and confirmed case definitions. Finally, despite our analysis of each government’s policies, these policies might not be implemented equally
in various settings and could change over time. To
continue to build on the implications of this study,
further research should determine the programmatic
implications of less sensitive case definitions, such as
whether misclassifying cases leads to outbreaks and
onward population transmission.
Case surveillance remains the foundation for
national COVID-19 surveillance and plays a vital
role in ongoing situational awareness, clarifying the
impact and effectiveness of vaccines and informing
other public health and social measures. We observed
marked heterogeneity in testing eligibility requirements among countries and how countries define
COVID-19 cases. Specifically, we observed heterogeneity in eligible clinical symptoms for suspected case
definitions, laboratory and diagnostic requirements
for probable case definitions, and eligible laboratory
assays for confirmed case definitions. Testing eligibility criteria varied from being restricted to populations
with exposure and symptoms to all populations being
eligible, regardless of exposure and symptoms. Collectively, these issues suggest that efforts to compare
and collate COVID-19 case counts across countries
require careful interpretation. Improved harmonization of case definitions across countries prospectively
for COVID-19, and for other novel infectious diseases
that might emerge, warrants consideration.
This article was preprinted at https://www.medrxiv.org/
content/10.1101/2021.05.11.257047v1.

About the Author
Dr. Suthar is an epidemiologist in the Center for Global
Health, Centers for Disease Control and Prevention. His
research interests include infectious disease control, health
system design, and digitization within the health sector.
Ms. Schubert is a health scientist in the National Center on
Birth Defects and Developmental Disabilities, Centers for
Disease Control and Prevention. Her research interests
include COVID-19 and other infectious disease
surveillance and the spatial components of disease.
References
1.

Suthar AB, Allen LG, Cifuentes S, Dye C, Nagata JM.
Lessons learnt from implementation of the International
Health Regulations: a systematic review. Bull World
Health Organ. 2018;96:110–121E. https://doi.org/10.2471/
BLT.16.189100

2. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al.;
China Novel Coronavirus Investigating and Research Team.
A novel coronavirus from patients with pneumonia in China,
2019. N Engl J Med. 2020;382:727–33. https://doi.org/
10.1056/NEJMoa2001017
3. National Health Commission of the People’s Republic
of China. Update on the novel coronavirus pneumonia
outbreak [cited 2020 Dec 13]. http://www.nhc.gov.cn/xcs/
yqtb/list_gzbd.shtml
4. World Health Organization. Statement on the second
meeting of the International Health Regulations (2005)
Emergency Committee regarding the outbreak of novel
coronavirus (2019-nCoV) [cited 2020 Dec 13]. https://www.
who.int/news/item/30-01-2020-statement-on-the-secondmeeting-of-the-international-health-regulations-(2005)emergency-committee-regarding-the-outbreak-of-novelcoronavirus-(2019-ncov)
5. World Health Organization. Global surveillance for human
infection with novel coronavirus (2019-nCoV): interim
guidance, 31 January 2020 [cited 2020 Dec 13]. https://apps.
who.int/iris/handle/10665/330857
6. World Health Organization. Global surveillance for
COVID-19 caused by human infection with COVID-19
virus: interim guidance, 20 March 2020 [cited 2020 Dec 13].
https://apps.who.int/iris/handle/10665/331506
7. World Health Organization. Public health surveillance for
COVID-19: interim guidance, 7 August 2020 [cited 2020 Dec
13]. https://apps.who.int/iris/handle/10665/333752
8. Koh D, Cunningham AC. Counting coronavirus disease 2019
(COVID-19) cases: case definitions, screened populations and
testing techniques matter. Ann Acad Med Singap. 2020;49:161–
5. https://doi.org/10.47102/annals-acadmedsg.202038
9. Centers for Disease Control and Prevention. Overview of
testing for SARS-CoV-2 (COVID-19) [cited 2021 Jan 29].
https://www.cdc.gov/coronavirus/2019-ncov/hcp/
testing-overview.html
10. Mina MJ, Parker R, Larremore DB. Rethinking Covid-19
test sensitivity—a strategy for containment. N Engl J Med.
2020;383:e120. https://doi.org/10.1056/NEJMp2025631
11. Gilbert M, Pullano G, Pinotti F, Valdano E, Poletto C,
Boëlle P-Y, et al. Preparedness and vulnerability of African
countries against importations of COVID-19: a modelling
study. Lancet. 2020;395:871–7. https://doi.org/10.1016/
S0140-6736(20)30411-6
12. Cheng MP, Papenburg J, Desjardins M, Kanjilal S, Quach C,
Libman M, et al. Diagnostic testing for severe acute respiratory
syndrome-related coronavirus 2: a narrative review. Ann Intern
Med. 2020;172:726–34. https://doi.org/10.7326/M20-1301
13. Atsawarungruangkit A, Yuan J, Kodama T, Cheng MT,
Mansouri M, Han B, et al. Evolving global and national
criteria for identifying a suspected case of COVID-19. J Int
Med Res. 2020;48:300060520938943. https://doi.org/
10.1177/0300060520938943
14. Peralta-Santos A. Assessment of COVID-19 surveillance
case definitions and data reporting in the European
Union. July 2020 [cited 2020 Dec 13]. https://www.europarl.
europa.eu/RegData/etudes/BRIE/2020/652725/
IPOL_BRI(2020)652725_EN.pdf
15. Tsang TK, Wu P, Lin Y, Lau EHY, Leung GM, Cowling BJ.
Effect of changing case definitions for COVID-19 on the
epidemic curve and transmission parameters in mainland
China: a modelling study. Lancet Public Health. 2020;5:
e289–96. https://doi.org/10.1016/S2468-2667(20)30089-X
16. World Health Organization. WHO coronavirus
disease (COVID-19) dashboard [cited 2021 Jan 29].
https://covid19.who.int

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

155

RESEARCH
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

156

Centers for Disease Control and Prevention. Coronavirus
disease 2019 (COVID-19) 2020 interim case definition,
approved August 5, 2020 [cited 2020 Oct 13].
https://ndc.services.cdc.gov/case-definitions/coronavirusdisease-2019-2020-08-05
Ministry of Health and Social Protection, Government of
Colombia. Optimization of testing, tracking and isolation
program for the monitoring and follow-up of COVID-19
cases and contacts in Colombia [in Spanish]. 2020 Oct 19
[cited 2020 Nov 30]. https://www.minsalud.gov.co/
Normatividad_Nuevo/Decreto%201374%20de%202020.pdf
World Health Organization. Global surveillance for
COVID-19 disease caused by human infection with novel
coronavirus (COVID-19): interim guidance, 27 February
2020 [cited 2020 Dec 13]. https://apps.who.int/iris/
handle/10665/331231
Teutsch SM. Considerations in planning a surveillance
system. In: Lee LM, Teutsch SM, Thacker SB, St. Louis, ME,
editors. Principles and practice of public health surveillance,
3rd ed. Oxford: Oxford University Press; 2010. p. 18–30.
Timen A, van Doornum GJJ, Schutten M, Conyn-van
Spaendonck MA, van der Meer JW, Osterhaus AD, et al.
Public health implications of using various case definitions in
The Netherlands during the worldwide SARS outbreak. Clin
Microbiol Infect. 2006;12:1214–20. https://doi.org/10.1111/
j.1469-0691.2006.01552.x
Wu P, Hao X, Lau EHY, Wong JY, Leung KSM, Wu JT,
et al. Real-time tentative assessment of the epidemiological
characteristics of novel coronavirus infections in Wuhan,
China, as at 22 January 2020. Euro Surveill. 2020;25.
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000044
Chappell JG, Tsoleridis T, Clark G, Berry L, Holmes N,
Moore C, et al.; on behalf of The Cog-Uk Consortium.
Retrospective screening of routine respiratory samples revealed undetected community transmission and missed
intervention opportunities for SARS-CoV-2 in the United
Kingdom. J Gen Virol. 2021;102:001595 https://doi.org/
10.1099/jgv.0.001595
Dawson P, Rabold EM, Laws RL, Conners EE, Gharpure R,
Yin S, et al. Loss of taste and smell as distinguishing
symptoms of coronavirus disease 2019. Clin Infect Dis.
2021;72:682–5. https://doi.org/10.1093/cid/ciaa799
Haehner A, Draf J, Dräger S, de With K, Hummel T.
Predictive value of sudden olfactory loss in the diagnosis of
COVID-19. ORL J Otorhinolaryngol Relat Spec. 2020;82:175–
80. https://doi.org/10.1159/000509143
Roland LT, Gurrola JG II, Loftus PA, Cheung SW, Chang JL.
Smell and taste symptom-based predictive model for
COVID-19 diagnosis. Int Forum Allergy Rhinol. 2020;10:832–
8. https://doi.org/10.1002/alr.22602
Yamamoto-Moreno JA, Pineda-Aguilar C, Ruiz-Pérez S,
Gortarez-Quintana GL, Ruiz-Dorado MA. Effectiveness of
COVID-19 case definition in identifying SARS-CoV-2
infection in northern Mexico. Popul Med. 2020;2:1–8.
https://doi.org/10.18332/popmed/127470
World Health Organization. Laboratory testing for 2019
novel coronavirus (2019-nCoV) in suspected human

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

cases. 2020 [cited 2020 Dec 18]. https://www.who.int/
publications/i/item/10665-331501
Centers for Disease Control and Prevention. Information for
laboratories about coronavirus (COVID-19). 2020 [cited 2020
Dec 18]. https://www.cdc.gov/coronavirus/2019-ncov/
lab/resources/antigen-tests-guidelines.html
Krajewski R, Gołębiowska J, Makuch S, Mazur G,
Agrawal S. Update on serologic testing in COVID-19. Clin
Chim Acta. 2020;510:746–50. https://doi.org/10.1016/
j.cca.2020.09.015
McArthur L, Sakthivel D, Ataide R, Chan F, Richards JS,
Narh CA. Review of burden, clinical definitions, and
management of COVID-19 cases. Am J Trop Med Hyg.
2020;103:625–38. https://doi.org/10.4269/ajtmh.20-0564
World Health Organization. Recommendations for national
SARS-CoV-2 testing strategies and diagnostic capacities:
interim guidance, 25 June 2021 [cited 2021 Aug 29].
https://apps.who.int/iris/handle/10665/342002
Hanson KE, Caliendo AM, Arias CA, Englund JA, Lee MJ,
Loeb M, et al. Infectious Diseases Society of America
guidelines on the diagnosis of COVID-19. Clin Infect Dis.
2020 Jun 16 [Epub ahead of print]. https://doi.org/10.1093/
cid/ciaa760
Laestadius L, Wang Y, Ben Taleb Z, Kalan ME, Cho Y,
Manganello J. Online national health agency mask
guidance for the public in light of COVID-19: content
analysis. JMIR Public Health Surveill. 2020;6:e19501.
https://doi.org/10.2196/19501
Jackson JL, Kuriyama A, Anton A, Choi A, Fournier JP,
Geier AK, et al. The accuracy of Google Translate for
abstracting data from non-English-language trials for
systematic reviews. Ann Intern Med. 2019;171:677–9.
https://doi.org/10.7326/M19-0891
Pan American Health Organization/World Health
Organization. Interim guidelines for detecting cases of
reinfection by SARS-CoV-2 [cited 2020 Dec 18].
https://www.paho.org/en/documents/interim-guidelinesdetecting-cases-reinfection-sars-cov-2
European Centre for Disease Prevention and Control.
Reinfection with SARS-CoV: considerations for public health
response, 21 September 2020 [cited 2020 Dec 18]. https://www.
ecdc.europa.eu/sites/default/files/documents/Re-infectionand-viral-shedding-threat-assessment-brief.pdf
World Health Organization. Guidance for surveillance of
SARS-CoV-2 variants [cited 2021 Oct 18]. https://www.who.
int/publications/i/item/WHO_2019-nCoV_surveillance_
variants
World Health Organization. Guidance on conducting
vaccine effectiveness evaluations in the setting of new
SARS-CoV-2 variants [cited 2021 Oct 18]. https://www.who.
int/publications/i/item/WHO-2019-nCoV-vaccine_
effectiveness-variants-2021.1

Address for correspondence: Amitabh Bipin Suthar, Centers for
Disease Control and Prevention, 1600 Clifton Rd NE, Mailstop
US1-2, Atlanta, GA 30329-4027, USA; email: icf4@cdc.gov

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Eﬀect of Hepatitis E Virus RNA
Universal Blood Donor Screening,
Catalonia, Spain, 2017‒2020
Marta Bes, Maria I. Costafreda, Mar Riveiro-Barciela, Maria Piron,
Angie Rico, Josep Quer, Lluis Puig, Silvia Sauleda

Hepatitis E virus (HEV) is the major cause of acute
viral hepatitis in several countries in Europe. HEV is
acquired mainly by consumption of contaminated pork
but can also be transmitted through blood transfusion.
HEV infection is usually self-limited but can become
persistent in immunocompromised persons. During
the first 30 months of HEV RNA universal screening
of blood donations in Catalonia, Spain, we identified
151 HEV RNA–positive donations (1/4,341 blood donations). Most infected donors reported consumption
of pates and sausages, and 58% were negative for
HEV IgM and IgG. All HEV isolates belonged to genotype 3. All infected donors spontaneously resolved the
infection, and no neurologic symptoms and reinfections were observed after 1 year of follow-up. Since
the implementation of HEV RNA universal screening,
no new cases of transfusion-transmitted HEV infection
were reported. Our data indicate HEV screening of
blood donations provides safer blood for all recipients,
especially for immunosuppressed persons.

H

epatitis E virus (HEV; family Hepeviridae, genus Orthohepevirus) (1) is an RNA virus that
causes acute viral hepatitis in humans. Five HEV genotypes are known to infect humans. Genotypes 1 and
2 are transmitted by the fecal–oral route and cause
large waterborne outbreaks in developing countries.
Genotype 3 and 4 cause zoonotic infections transmitted from infected animals, such as pigs, deers, and
wild boars, to humans. Transmission usually occurs
through consumption of raw or inadequately cooked
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processed pork meat (2,3). HEV genotype 7 has been
identified mainly in camels but also an immunocompromised transplant patient (4). Several cases of
transfusion-transmitted HEV infections have been
reported; these infections might cause chronic hepatitis in immunosuppressed recipients (5) and were not
prevented by pathogen-reduction methods (6).
In Europe, most acute HEV infections are caused
by genotype 3 (7). Although these infections are usually asymptomatic in immunocompetent persons,
HEV infection poses a particular risk to persons who
have compromised immune systems because they
might have persistent infection develop, with rapid
progression to cirrhosis, decompensation, and death
(8). Moreover, HEV genotype 3 infection has been
related to several extrahepatic manifestations, such
as Guillain-Barré syndrome, inflammatory polyradiculopathy, bilateral brachial neuritis, encephalitis,
ataxia/proximal myopathy, and necrotizing myositis (8). There is no proven treatment for chronic HEV
infection, although ribavirin therapy or reduction of
immunosuppression have been successful in achieving HEV RNA clearance (9).
A major systematic study assessing HEV transmission through blood transfusion was conducted in
England during 2012–2013 (10). The study reported
that 42% of recipients who received HEV RNA–contaminated blood components showed evidence of
infection, and progression to a chronic infection was
demonstrated in 50% of HEV-infected immunosuppressed recipients. The study also observed a direct
correlation between HEV viral load and plasma
transfused volume (HEV RNA infusion dose), and
the capability to induce transfusion-transmitted HEV
infection (10).
Moreover, a tertiary hospital in Catalonia, Spain,
reported 2 cases in immunocompetent patients who
had acute hepatitis E resulting from HEV transmitted by erythrocyte concentrate or cryosupernatant
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plasma (11,12). The HEV infection resolved spontaneously (11) or after ribavirin therapy (12).
HEV RNA screening of blood donations has been
in place for the last few years in the Netherlands,
some blood banks in Germany, Ireland, the United
Kingdom, France, Catalonia, and Japan (13). However, there is no international consensus on sensitivity
required for HEV RNA. Therefore, blood banks have
chosen to implement either individual or pool testing. Furthermore, HEV RNA screening is exceptional
with respect to other screening markers in blood donations, for which a positive result (i.e., confirmed
HIV antibodies, hepatitis B virus surface antigen, or
hepatitis C virus antibodies) permanently defers the
donor. HEV RNA–positive blood donors are deferred
for 6 months in Catalonia.
We report the results of routine screening for
HEV RNA in Catalonia during November 2017–April
2020. We aimed to determine the prevalence of HEV
among blood donors in Catalonia and to describe epidemiology and progression of HEV acute infection in
immunocompetent and asymptomatic blood donors.
Methods
Screening and Characterization of Donor Samples

During November 1, 2017–April 30, 2020, we tested
655,523 blood donations, plasma samples, and platelet
apheresis samples in Catalonia for HEV RNA by using
the Procleix HEV assay (Grifols Diagnostic Solutions
Inc., https://www.diagnostic.grifols.com/en/home)
in pools of 16 samples (95% of limit of detection 176
IU/mL in individual donor when tested in pools of 16
samples). We analyzed individually all samples in reactive pools by using the same assay (95% of limit detection 11 IU/mL in individual samples) and selected
HEV RNA–containing blood components.
We assessed HEV RNA confirmation and viral
load by using an in-house quantitative reverse transcription PCR (RT-PCR) for the open reading frame
3 region adapted from Slot et al. (14). The lower limit
of detection (95% cutoff value) was 7.5 IU/mL for a
9.6-mL plasma volume and 45 IU/mL for a 1.6-mL
plasma volume. We calculated HEV viral loads by
using a calibration curve based on the first World
Health Organization International Standard for HEV
RNA (PEI code 6329/10; https://www.pei.de). We
performed HEV serologic testing by using Mikrogen
IgM and IgG Detection Assays (https://www.mikrogen.de) and biochemical analysis (levels of direct
bilirubin, total bilirubin, aspartate aminotransferase,
alanine aminotransferase, and γ-glutamyltransferase)
for all HEV RNA–positive donations.
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Archived Samples

Some donors might have had a previous (archived)
blood donation within 6 months before HEV RNA
identification. We retested these archived plasma
samples by using the HEV RNA Procleix HEV assay
for individual samples.
Follow-up of HEV–Infected Donors

We collected age, sex, postal code, and country of
birth for all HEV RNA–positive donors. All donors
received a notification to follow-up on their HEV
infection at the blood bank in 1 month. HEV RNA
tested individually, HEV IgG and IgM, and biochemical parameters were reanalyzed for the follow-up
sample. At the time of follow-up, donors completed
a questionnaire evaluating symptoms of acute hepatitis, meat consumption, type of meat products (sausages, pates), type of dwelling (apartment, house, and
farm), wastewater system (mains sewer, septic tank),
and travel history outside Catalonia 2 months before
blood donation.
In addition, donors who were still HEV RNA reactive at follow-up received the opportunity to visit
a clinician at the liver unit of Vall d’Hebron Hospital
between 2 and 6 months after HEV RNA detection in
the blood bank. The clinician evaluated the hepatic
and extrahepatic symptoms related to acute HEV
infection, and another serum sample was obtained
to determine the presence of HEV RNA, HEV IgG
and IgM, and the biochemical parameters. If otherwise qualified, donors were reinstated for donation 6
months after the last HEV RNA–positive result.
Genotyping

We amplified a major fragment of reading frame 2
(nt positions 5145–7127) by using a nested reverse
transcription nested RT-PCR. We performed reverse
transcription and the first PCR by using the SuperScript III One-Step RT-PCR System with Platinum
Taq DNA Polymerase (Invitrogen, https://www.
thermofisher.com) and 0.35 nmol/L of each primer
(forward: 5′-CCGACAGAATTGATTTCGTCGGC-3′
and reverse: 5′-ACTCCCGRGTYTTACCYACCTT-3′).
We performed a nested PCR by using Platinum Taq
DNA Polymerase (Invitrogen), 0.32 nmol/L of each
primer (forward: 5′-TCGTCTCAGCCAATGGCGAGCC-3′ and reverse: 5′-CASARAANGTCTTNGARTACTGCT-3′), and 30 cycles of standard PCR
conditions. We loaded amplicons onto a 2% agarose
gel, subjected the amplicons to electrophoresis, and
purified specific bands by using the QIAquick Gel
Extraction Kit (QIAGEN, https://www.qiagen.com).
We sequenced purified material by using the Sanger
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method and a 3130xL Genetic Analyzer System (Applied Biosystems, https://www.thermofisher.com).
Ethics

We obtained signed consent for blood donation
from each donor at the time of donation. Donors
who accepted the follow-up at the Liver Unit of Vall
d’Hebron Hospital (Barcelona, Spain) signed an additional research informed consent. The Clinical Research Institutional Review Board of Vall d’Hebron
University Hospital in Barcelona approved the study
(PR[BST]351/2017).
Statistical Analysis

Prevalence was expressed as percentages and 95% CIs.
Quantitative variables were expressed as means, medians, and SDs. We compared percentages by using the
χ2 test. p values <0.05 were considered significant.
Results
Prevalence of HEV Acute Infections in Blood Donors

During November 1, 2017–April 30, 2020, we
screened 655,523 blood donations HEV RNA in pools
of 16 samples. All reactive pools were resolved to an

individual reactive donation, which was confirmed
by quantitative RT-PCR. During the 30-month period,
we selected 151 HEV RNA–positive donations representing an overall prevalence of 1 case/4,341 donations (95% CI 1 case/3,703 donations–1 case/5,004
donations). The prevalence of HEV RNA–positive
donations according to month of detection during the
2.5 years of the study fluctuated, and no seasonality
of HEV cases was observed (Figure 1, panel A).
Demographic Data for HEV RNA–Positive Donors

Most (62.9%) donors with acute HEV infection were
men; mean age ± SD was 41.5 ± 12.9 years, and 92.7%
were born in Spain (Table 1). A significantly higher proportion of men were infected than women
(95/346,592 vs. 56/308,931; p = 0.0168). Although
HEV RNA was detected in all donor age groups, the
highest rate was observed in persons 56–65 years of
age (Figure 1, panel B).
HEV-infected blood donors were evenly distributed by province: 107 donors in Barcelona, 18 in Tarragona, 14 in Girona, and 12 in Lleida (Figure 2, panel
A). The prevalence of HEV RNA per 10,000 donations
varied from 1.78 in Girona to 2.67 in Lleida (Figure 2,
panel B).
Figure 1. Rate of HEV RNA–
positive donations, Catalonia,
Spain, November 2017–April 2020.
A) All donations; B) by age group
during the same period. HEV,
hepatitis E virus.
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Table 1. Characteristics for 151 HEV RNA‒positive blood
donors, Catalonia, Spain*
Characteristic
Value
Sex
M
95 (62.9)
F
56 (37.1)
Mean ± SD age, y
41.5 ± 12.9
Country of birth
Spain
140 (92.7)
Argentina
4 (2.6)
Uruguay
2 (1.3)
Romania
2 (1.3)
Germany
1 (0.7)
Portugal
1 (0.7)
France
1 (0.7)
Median viral load, IU/mL (range)
503 (40–999,340)
HEV IgM/IgG
HEV IgM positive
63 (42.0)
HEV IgG positive
45 (30.0)
Biochemical parameters
Bilirubin >1.1 mg/dL
4 (2.6)
AST >80 U/L
10 (6.6)
ALT >80 U/L
15 (9.9)
24 (15.9)
-glutamyltransferase > 55 U/L
*Values are no. (%) unless indicated otherwise. ALT, alanine
aminotransferase; AST, aspartate aminotransferase; HEV, hepatitis E
virus.

Virologic Parameters for HEV RNA–Positive Donors

The median viral load was 503 IU/mL (range
40–999,340 IU/mL) (Table 1). All HEV isolates
that were successfully genotyped (91, 60.9%)
belonged to genotype 3. Phylogenetic analysis showed that most (73, 80.2%) isolates clustered with HEV subgenotype 3f, whereas 18
(19.8%) isolates clustered with subgenotype 3c

(Figure 3). Two isolates were 100% homologous
and obtained from members of the same family
who were probably infected simultaneously and
from the same source inoculum.
Serologic and Biochemical Parameters for HEV
RNA–Positive Donors

At the time of donation, 63 (42%) of HEV RNA–
positive donors were positive for HEV IgM and 45
(30%) were positive for HEV IgG/IgM (Table 1). Increased levels of bilirubin were found in 4 (2.6%) of
these HEV-infected donors, increased levels of alanine aminotransferase in 10 (6.6%), and increased
levels of aspartate aminotransferase (AST) in 15
(9.9%). Twenty-four donors also had increased levels of γ-glutamyltransferase at the time of donation
(Table 1).
Clinical Symptoms and Donor Risk Factors for
HEV Infection

A total of 111 (73.5%) HEV RNA–positive donors
completed the questionnaire with information
about clinical symptoms, diet, type of housing, and
travel history to determine possible routes of HEV
acquisition. Only 2 donors reported symptoms of
acute hepatitis, such as pain/aches or abdominal
pain. However, 24.3% of HEV RNA donors reported general unrest and 15.3% reported dark urine or
light stools during 1 or 2 weeks before or after donation (Table 2).

Figure 2. Geographic distribution of HEV-infected blood donors, Catalonia, Spain, November 2017–April 2020. A) All donations (n = 151).
B) HEV RNA detection rate (per 10,000 analyzed blood donations), by province (Barcelona, Girona, Lleida, and Tarragona). Maps were
created by using Tableau Software (https://www.tableau.com). HEV, hepatitis E virus.
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One HEV RNA–positive donor was vegetarian,
and no risk factor could be associated with HEV infection. However, most HEV-infected donors consumed
undercooked meat, especially pork (42.3%); liver pate
or sausages (65.6%); or shellfish, especially mollusks
(63%), 2 months before blood donation. Moreover,
50% of them reported consuming nonbottled water.

In addition, 2 HEV RNA–positive donors consumed
game meat 1 month before blood donation.
Regarding travel history, 26 HEV-infected donors
traveled outside Spain in the 2-month period before
blood donation. Moreover, 11 persons visited farms
2 months before blood donation, and 20 persons lived
on a farm or in a rural area.

Figure 3. Phylogenetic analysis of HEV isolates from HEV-positive blood donors identified, Catalonia, Spain, November 2017–April
2020 (n = 91). Evolutionary relationships of taxa. Evolutionary history was inferred by using the neighbor-joining method. Sequence
analysis was performed by using MEGA 7 software (https://www.megasoftware.net) and HEV reference sequences described in Smith
et al. (15), and additional HEV sequences from GenBank (labeled by accession number). Evolutionary distances were computed by
using the maximum composite likelihood method, and the phylogenetic tree was constructed by using the neighbor-joining method.
Colored dots indicate the HEV reference sequences used in the analysis (blue, HEV genotype 1; purple, HEV genotype 2; green, HEV
genotype 3; gray, HEV genotype 4). Scale bar indicates nucleotide substitutions per site. HEV, hepatitis E virus.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022
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Table 2. Clinical characteristics and risk factors for HEV infection reported by HEV RNA‒positive donors, Catalonia, Spain*
Characteristic
No. (%) responses, n = 111
Symptoms or clinical signs
Symptom of acute hepatitis: aches, nausea, abdominal pain, vomiting
2 (1.8)
General unrest
27 (24.3)
Dark urine or light stool
17 (15.3)
Information on diet: eating habits related with HEV acquisition
Vegetarian or vegan
1 (0.9)
Usual consumption of undercooked meat
47 (42.3)
Consumption of liver pate or sausages in last 2 months†
63 (65.6)
Consumption of seafood in last 2 months
70 (63.0)
Consumption of nonbottled water†
51 (53.1)
Consumption of bushmeat
2 (1.8)
Visited a farm within 2 months before donation
11 (9.9)
Lived in rural areas or on farms
20 (18)
Traveled outside Spain within 2 months before donation
26 (23.4)
*HEV, hepatitis E virus.
†96 HEV RNA‒positive donors responded to these questions.

HEV RNA–Positive Blood Donor Follow-up

During the first month after RNA detection, 127 HEV
RNA–positive donors attended follow-up appointments at a blood bank (Table 3). At this time, HEV
IgM was found in 75% and IgG in 78% of retested
donors; 37% had undetectable HEV RNA. All HEV
RNA–positive donors with altered levels of transaminases or bilirubin at the time of donation had levels
that returned to standard levels at 1-month followup, while 16 HEV RNA–positive donors with who
had standard bilirubin or transaminase levels at the
time of donation had increased bilirubin or transaminase levels at 1-month follow-up.
A physician at the Liver Unit of Vall d’Hebron
Hospital reevaluated 29 persons who had detectable HEV RNA or altered bilirubin/transaminase
levels at the 1-month follow-up. At this point, all
persons had shown seroconversion to HEV IgM (28
also to HEV IgG), 24.1% were still HEV RNA positive, only 1 person had an increased bilirubin level,
and all persons had standard levels of transaminases. Despite 2 patients who had mild weakness
when raising an arm, an electromyography ruled
out proximal myopathy. The remaining persons
did not have signs of acute hepatitis E or any extrahepatic manifestation.

In this cohort of HEV RNA–positive blood donors, the maximum duration of detection of RNA
was 71 days after blood donation. Long-term followup (6 months to >1 year) showed that none of the
HEV RNA–positive donors showed development of
chronic HEV infection, and 79% continued to be HEV
IgM positive 6 months after the HEV RNA–positive
donation. All these donors remained HEV IgG positive, and none were reinfected with HEV.
Thirty archived samples obtained during the 6
months before the HEV RNA–positive donor identification were analyzed by HEV RNA in individual
sample (95% limit of detection 11 IU/mL). Twenty-nine samples were HEV RNA negative in individual sample testing, but 1 archived sample was
positive. This sample corresponded to a platelet
apheresis that had been collected, tested negative
in minipools of 16 samples, and transfused. The viral load was ≈40 IU/mL. In this instance, the hospital that had received the HEV RNA–contaminated
platelet apheresis was informed of potential risks
and advised to take appropriate action. The physician informed the blood bank center that no signs
of acute hepatitis E were observed, and 3 months
after the transfusion, the recipient was negative for
HEV RNA and HEV IgG/IgM.

Table 3. Follow-up of HEV RNA positive blood donors, Catalonia, Spain*
Characteristic
Baseline
1-month follow-up 2-month follow-up
No. persons
151
127
29
Interval between tests, d (range)
NA
20 (8–61)
53 (36–90)
HEV RNA positive
151 (100.0)
80 (63.0)
7 (24.1)
HEV IgM positive
63 (42.0)
95 (74.8)
29 (100.0)
HEV IgG positive
45 (43.0)
99 (78.0)
28 (96.6)
Biochemical parameters
Bilirubin >1.1 mg/dL
4 (2.6)
4 (3.1)
1 (3.4)
AST >80 U/L
10 (6.6)
6 (4.7)
0
ALT >80 U/L
15 (9.9)
12 (10.2)
0
24 (15.9)
18 (15.7)
3 (10.3)
-glutamyltransferase > 55 U/L

6-month follow-up
38
242 (110–364)
0
30 (78.9)
38 (100.0)

>1 year follow-up
20
534 (371–945)
0
12 (60.0)
18 (90.0)

NA
NA
NA
NA

NA
NA
NA

*Values are no. (%) unless indicated otherwise. ALT, alanine aminotransferase; AST, aspartate aminotransferase; HEV, hepatitis E virus; NA, not
applicable.
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Posttransfusion HEV Infection Surveillance

The Catalonia blood bank provides all blood components (plasma, platelets, and erythrocyte concentrates) to all hospitals in Catalonia. Half of blood component recipients are immunocompromised patients.
Because we implemented the HEV RNA universal
screening in minipools of 16 samples during November 2017, no new cases of transfusion-transmitted
hepatitis E have been reported in Catalonia.
Discussion
In Spain, universal screening of blood donations for
HEV is not mandatory. During 2013, the prevalence
of HEV RNA in blood donations in Catalonia was 1
case/3,333 donations, tested individually, whereas
HEV IgG seroprevalence was 20% (16). Another
study conducted in south-central Spain during 2017–
2018 showed a similar prevalence of HEV infection
among blood donors (1 case/2,828 donations) (17).
Furthermore, 2 cases of HEV transfusion-transmitted
infection by supernatant of cryoprecipitate and erythrocyte concentrate were documented in Catalonia
during 2015 and 2017 (11,12). The most comprehensive study in transfusion-transmitted HEV infection
was conducted in the United Kingdom and showed
an HEV transfusion-transmitted rate of 42% (10). Taking into account all these results, the blood bank of
Catalonia implemented universal HEV RNA screening in pools of 16 samples during November 2017.
HEV RNA screening of 653,800 blood donations
during 2017–2020 showed a high prevalence of HEV
infection in Catalonia. We detected 151 HEV RNA–
positive donations, corresponding to a prevalence
of 1 case/4,341 donations, which is consistent with
the prevalence reported in the same cohort during
2013, although in this study, HEV RNA was detected
in individual samples (16). This proportion of HEVinfected donors is similar to those reported by Canada (1 case/4,615 donations) and many countries in
Europe, including England (1 case/2,848 donations
1 case/4,781 donations), Ireland (1 case/4,745 donations), Austria (1 case/5,369 donations), and Belgium
(1 case/5,448 donations) (13,17–20). Although we observed lower prevalence than Germany (1 case/1,241
donations), France (1 case/1,317 donations), and the
Netherlands (1 case/1,987 donations) (21–23), the results cannot be compared directly because different
pool size and methods have been used. The United
Kingdom, the Netherlands, and Ireland have implemented universal HEV screening, whereas other
countries, such as Germany and France, have implemented selective HEV RNA screening for use in highrisk patients. Currently, only 2 of 17 blood regional

establishments in Spain have implemented universal
HEV RNA screening: the blood bank of Asturias in
northern Spain (implemented during 2020) and the
blood bank in Catalonia. Our results indicate that
Spain should be considered an area of medium to
high endemicity for HEV, comparable with the rest of
Europe, and universal or selective screening for HEV
RNA should be carefully considered.
HEV-infected donors were distributed around
Catalonia, and no outbreaks were observed. The highest HEV RNA prevalence among donors in Catalonia was observed in the 56–65 year-old persons (2.85
cases/10,000 donations), in contrast to what was previously reported in England and Ireland, where the
highest incidence was seen in young donors (18–24
years of age) (13,19).
As in the United Kingdom, HEV RNA–positive
donors in Catalonia are deferred for 6 months (19). In
the immunocompetent population, the course of HEV
is usually asymptomatic, with an estimated manifestation index of 13% (22). In our study, 15 of 151 HEVpositive blood donors showed moderate and transient
increases of alanine aminotransferase levels, although
none had hepatic or extrahepatic manifestations either
at the time of donation or at 6-month follow-up. In our
study, HEV RNA clearance in infected donors was
achieved after a maximum of 71 days, similar to what
was observed in another study in Spain (17). None of
the infected donors showed development of chronic
HEV infection, and none were reinfected at follow-up.
These observations are in concordance with the clinical guidelines by which spontaneous viral clearance in
immunocompetent subjects typically occurs in the first
3 months of infection, and infection persisting beyond
this period is recommended to be considered a chronic
infection (24). A total of 58% of HEV RNA–positive donors were seronegative at the time of donation, which
contributes to transmission because the antibody status of the donor could be a determinant in preventing
HEV transfusion transmission (10). Finally, HEV IgM
was detected 1 year after the HEV exposure in immunocompetent persons, indicating that this detection
is not a good clinical biomarker of acute HEV infection and that nucleic acid amplification testing (NAT)
should be performed (25).
Our study also demonstrates the diversity of
HEV strains circulating in Catalonia. On the basis
of phylogenetic analysis of 91 HEV isolates, we determined that all infections were caused by HEV
genotype 3 and showed the dominance of subgenotype 3f variants (80%). Genotype 3 virus causes zoonotic infections in pigs, wild boars, and deer. It is
clear that most HEV infections are acquired in Spain
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because only 33% of donors reported travel abroad in
the 2-month period before donation (26).
We identified consumption of undercooked meat
or pork-derived foods (liver pate or sausages) in 42%
and 66% of HEV-infected donors, respectively. A
study analyzed the presence of HEV RNA in different organs and tissues of 45 apparently healthy pigs
from 9 slaughterhouses in Spain (27). The findings of
this study indicate that pig liver pate and sausages
could be the route of HEV infection. In addition, 63%
of HEV RNA–positive donors reported seafood consumption during the 2 months before donation. A recent study conducted in Galicia (northwestern Spain)
analyzed 168 shellfish samples from this region, and
HEV RNA was detected in 41 (24.4%) samples, although all isolates belonged to subgenotype 3e (28).
In our study, none of HEV-infected donors had subgenotype 3e, suggesting that shellfish consumption
was not a probable route for HEV transmission in our
population. Finally, half of HEV-infected donors reported consumption of nonbottled water. Although
HEV strains belonging to genotype 3 were frequently
detected at low concentrations in urban sewage and
biosolids or sewage containing swine feces, they were
not detected in the river water samples or drinking
water treatment plants studied in Spain (29,30). In addition, 2 persons reported consumption of game meat
(wild boar) shortly before donation. Because previous
studies detected HEV RNA subgenotypes 3f and 3c
in wild boars from Catalonia (25), they were the most
probable route of HEV acquisition for these 2 cases.
We detected only 1 donation that was missed by
initial screening of minipools containing 16 samples.
This donation had low viral load (<40 IU/mL) and
did not cause a transfusion-transmitted HEV infection in the recipient. A previous study estimated that
the infectious dose is ≈20,000 IU of HEV RNA (10,21).
For our case, because the apheresis platelet donation
had a volume of 300 mL of plasma, the recipient received 12,000 IU of HEV RNA, which might not be
sufficient to induce an HEV infection. As a limitation
of this study, although no additional transfusiontransmitted HEV infections have been reported in
Catalonia since implementation of HEV NAT in blood
donations, it is difficult to quantify the number of infections that have been prevented by NAT screening
because HEV infections are often underdiagnosed.
In conclusion, 151 HEV infected donors have
been detected during 2.5 years of HEV RNA universal screening strategy in Catalonia (minipools of 16
samples), and no cases of HEV-transfusion-transmitted infection have been reported in our region. Moreover, most HEV-infected donors were asymptomatic,
164

none showed development of chronic HEV infection,
and no HEV reinfection was observed. Our data support the suggestion that HEV RNA screening of blood
donations provides safer blood for all recipients, especially for immunosuppressed patients.
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Streptococcus pneumoniae
Serotypes Associated with Death,
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The Streptococcus pneumoniae polysaccharide capsule plays a role in disease severity. We assessed the
association of serotype with case-fatality ratio (CFR) in
invasive pneumococcal disease (IPD) and meningitis in
South Africa, 2012–2018 (vaccine era), using multivariable logistic regression by manual backward elimination.
The most common serotypes causing IPD were 8 and
19A. In patients <15 years of age, serotypes associated
with increased CFR in IPD, compared with serotype 8
and controlling for confounding factors, were 11A, 13,
19F, 15A, and 6A. None of these serotypes were associated with increased CFR in meningitis. Among IPD
patients >15 years of age, serotype 15B/C was associated with increased CFR. Among meningitis patients
of all ages, serotype 1 was associated with increased
CFR. PCV13 serotypes 1, 3, 6A, 19A, and 19F should
be monitored, and serotypes 8, 12F, 15A, and 15B/C
should be considered for inclusion in vaccines to reduce
deaths caused by S. pneumoniae.

S

treptococcus pneumoniae is a leading cause of bacterial pneumonia and invasive pneumococcal disease (IPD), including meningitis, worldwide. These
diseases especially affect the young, the elderly, and
the immunocompromised (1). The pneumococcal
capsular polysaccharide is a primary virulence factor used to classify the bacteria into >100 different
serotypes; it is the basis of pneumococcal conjugate
vaccines (PCVs).
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Continued surveillance and choice of serotypes
to include in future vaccination remains key to effective prevention strategies. PCV13, containing 13
different serotypes (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 19A,
19F, 18C, and 23F), is the most commonly used pneumococcal vaccine; clinical trials are ongoing for new
vaccines (2–5). Choosing which serotypes to include
in vaccination strategies is important because serotype prevalence varies geographically, introduction
of PCVs has changed serotype prevalence (6–8), and
some serotypes are more common or are associated
with more severe disease than other serotypes. In
South Africa, before PCVs were introduced, the most
commonly occurring serotypes in adults and adolescents >15 years of age were 1, 19A, 4, and 3; serotypes
1 and 19F were associated with death (9). The association between serotype and disease outcome has also
been shown in other epidemiologic studies (10–14) as
well as in vivo models (15,16). Serotypes repeatedly
associated with elevated case-fatality ratio (CFR) in
various countries are 3, 6B, 9N, 11A, 16F, 19F, and
19A in adults (14) and 19F, 6A, and 3 in children (17).
South Africa introduced the 7-valent PCV (PCV7)
into the country’s expanded program on immunization in 2009. In 2011, PCV7 was replaced by PCV13
(10). The current national vaccine program in South
Africa recommends 3 doses of the PCV13 vaccine at 6
weeks, 14 weeks, and 9 months of age.
In this study, we aimed to determine which serotypes are associated with increased CFR in IPD and
meningitis patients in the vaccine era in South Africa.
We conducted the analysis for all IPD and for a subset
of meningitis patients and in all ages as well as in 2
age groups of <15 and >15 years. Our aims were to
identify possible differences of serotypes associated
with death in children and adults and between total
1

These authors contributed equally to this article.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

S. pneumoniae Serotypes Associated with Death

IPD and meningitis and to compare the results with
published data from the prevaccine era.
The Human Research Ethics Committee (Medical)
of University of Witwatersrand (Johannesburg, South
Africa) and relevant university and provincial ethics
committees approved the GERMS-SA surveillance
study (clearance nos. M140159, M081117, M021042,
M180101). The Kantonale Ethikkommission Bern approved analysis of encoded South African patient
data in Switzerland (project ID 2018–01172).
Methods

was negative or the serotype was not distinguishable
within a group of serotypes. IPD was defined if S.
pneumoniae was cultured from a patient sample of a
normally sterile site (e.g., cerebrospinal fluid [CSF],
blood, joint, or pleural fluid) or if the sample tested
positive for S. pneumoniae by PCR. We defined a case
as a meningitis case if the attending doctor diagnosed
meningitis, regardless of the specimen (CSF, blood,
or other) that was taken. We excluded repeat isolates
from the same patient within 21 days of positive result. We used in-hospital death within 30 days of IPD
episode as the measure for death outcome.

IPD Surveillance

Statistical Analysis

We conducted IPD surveillance through GERMS-SA
(https://www.nicd.ac.za/germs), an active laboratory-based surveillance program in South Africa for
which information on bacterial and fungal pathogens
including S. pneumoniae is collected. Specimens with
laboratory-confirmed IPD from both the public and
private sector are sent to the National Institute for
Communicable Diseases (NICD) in Johannesburg as
part of the GERMS-SA program. Demographic information is collected for all GERMS-SA cases. For 28
enhanced surveillance sites across South Africa, additional clinical information is collected on IPD patients, including outcome and HIV status, which we
used for this study.
We performed pneumococcal serotyping by
Quellung reaction using specific antiserum (Statens
Serum Institute, https://en.ssi.dk). We determined
serotype of nonviable isolates by PCR where possible.
Serotype 15B and 15C are reported as 15B/C because
of reported reversible switching between them (18).
Study Population and Case Definition

We included all IPD cases from enhanced surveillance
sites from the GERMS-SA program during January 1,
2012–December 31, 2018, for which age, in-hospital
outcome, and serotype information were available
(Figure 1). We categorized 7 age groups: <1 year,
1–4 years, 5–14 years, 15–24 years, 25–44 years, 45–64
years, and >64 years. Of all IPD cases with serotype
information available, we excluded cases if the patient was infected with >1 serotype or if the serotype
was not in the currently available pneumococcal conjugate vaccines (PCV) or the 23-valent polysaccharide
vaccine (PPSV23) and made up <1% of isolates from
cases. We also excluded cases if the serotype could
not be distinguished because initial rapid antigen
test confirming the presence of pneumococcal antigen was performed at initial laboratory but culture
was negative and a PCR assay to identify serotype

We used a multivariable logistic regression by manual backward elimination. In a first step, we assessed
the effect of age, HIV status, sex, province, race, year,
diagnosis, and underlying medical condition using
a univariate model. We included all significant variables (p<0.2) in the multivariable logistic regression.
In the multivariable model, we dropped nonsignificant factors (p>0.05) with manual backward elimination. We conducted statistical analysis using Stata
version 16.0 (StataCorp, https://www.stata.com).
We performed all statistical tests with all IPD cases.
We analyzed nonmeningitis IPD cases (nmIPD) as
a supplementary analysis. We used only meningitis
cases in our primary analysis because meningitis has
a distinct clinical manifestation; the separate analysis
enabled us to learn if the serotypes associated with
CFR in all IPD cases are also those present in meningitis cases. In addition, we performed all analysis
with all ages and also with age groups <15 years and
>15 years because these age groups are often described in literature; we separated by age group for
easier comparison to previous studies. We considered
results in the final model significant for p<0.01 after
Bonferroni correction. To compare CFR between serotypes, we chose serotype 8 as the reference because it
was the most commonly occurring serotype in all IPD
cases (507/4,272, 11.9%). Each of the other serotypes
accounted for <10% of total isolates.
Results
A total of 18,646 IPD patients were reported to the
GERMS-SA surveillance program during 2012–2018
(Figure 1). Of these, 6,865 (36.8%) patients were enrolled in the GERMS-SA enhanced surveillance program and 6,247 (91.0%) of them had available outcome
information. Of patients with outcome information,
6,228 (99.97%) had age information. Samples from
5,103 (81.9%) with known age were serotyped; of those,
4,906 (96.1%) yielded a valid serotype by Quellung
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or were positive for one of the 38 serotypes included
in the multiplex PCR. Of those with valid serotypes,
4,656 (94.9%) had distinguishable serotype data. Of
the distinguishable serotype cases, 4,272 (91.8%) cases

Figure 1. Flow diagram of cases included in the analysis of patients
with IPD in South Africa, 2012–2018. Asterisk (*) indicates that
cases were not typed for 1 of the following reasons: the case was
identified by the laboratory information system data audits, n = 651;
the sample was positive for pneumococcal antigen detection but
nonviable upon culture, n = 14; the isolate was not received and
thus serotyping not possible, n = 379; or sample was nonviable
and PCR negative, n = 81. Dagger (†) indicates that samples for
which Quellung did not yield a valid result were prepared for PCR
confirmation and serotyping if PCR positive. If the multiplex PCR
was negative for all 38 detectable serotypes, then the sample was
excluded from analysis. IPD, invasive pneumococcal disease.
168

had serotypes included in the PCV-13 vaccine or serotypes that comprised >1% of all cases. The cases
used in this study made up 22.9% of overall IPD cases
(4,272/18,646). The most represented age group was
25–44 years (40.7%) (Table 1; Appendix 1 Figure 1,
https://wwwnc.cdc.gov/EID/article/28/1/21-0956App1.pdf), which was similar to that of all cases, for
which the most represented age group was also 25–44
years (Appendix 2 Table 1, https://wwwnc.cdc.gov/
EID/article/28/1/21-0956-App1.xlsx). Of those with
known sex, 51.2% were female, was similar to the
distribution of sex of all cases (51.2% female of those
with known sex) (Appendix 2 Table 1). Of those with
known HIV status, 67.0% were HIV positive (Table 2;
Appendix 1 Figure 2).
When we considered all IPD cases and all ages,
the most common serotype identified was serotype
8 (11.9%), followed by 19A (8.9%), 12F (8.8%), and 3
(6.8%) (Table 2; Figure 2, panel A). This serotype distribution was similar to that of all 18,646 IPD cases
from all GERMS-SA sites, in which the most common
serotype identified was also serotype 8 (7.2%), followed by 12F (6.1%), 19A (6.0%), and 3 (4.2%) (Appendix 1 Figure 3; Appendix 2 Table 1). When considering all IPD cases and all ages, we found serotype 1,
6A, 19A, and 12F to decrease in total number of isolates over time period of study (Figure 2, panel B). In
patients <15 years of age, the most common serotype
was serotype 8 (14.0%), followed by serotype 1 (7.3%),
19A (6.7%), and 19F (6.3%) (Table 2; Figure 2, panel
A). Serotypes 12F, 3, 1, and 6A consistently decreased
over time of study in this age group (Appendix 1 Figure 4). In patients >15 years of age, the most common
serotype was also serotype 8 (11.1%), followed by
12F (9.7%), 19A (9.6%), and 3 (7.9%) (Table 2; Figure
2, panel A). In this age group, we found serotype 1
to consistently decrease over the time period of the
study (Appendix 1 Figure 5). The overall CFR was
32.1% when considering all IPD cases. In patients <15
years of age, CFR was 22.1%, and in those >15 years
of age, CFR was 35.5% (Tables 1, 2). Serotypes with
the highest CFR in all IPD cases were 6A (44.6%), 11A
(43.8%), and 22F (40.5%). In IPD patients <15 years,
the serotypes with the highest CFR were serotype 11A
(64.3%), 22F (50.0%), and 13 (40.0%) (Figure 3). In IPD
patients >15 years of age, serotypes with the highest
CFR were 5 (50.0%), 6A (48.3%), 15B/C (47.5%), and
19F (43.1%) (Figure 4). In nmIPD patients of all ages,
the most common serotype was 19A, followed by 8
and 3 (Appendix 1 Figure 6). The serotype with the
highest CFR in nmIPD in all ages was serotype 11A
(44.4%), followed by 10A (36.9%) and 6A and 19F
(both 35.4%) (Appendix 2 Table 2).
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Table 1. Demographic characteristics of patients with invasive pneumococcal disease, South Africa, 2012–2018*
No. (%) patients
Variable
Total IPD cases, N = 4,272
Total <15 y, n = 1,095
Total >15 y, n = 3,177
Year of specimen collection
2012
792 (18.5)
237 (21.6)
555 (17.5)
2013
679 (15.99)
193 (17.6)
486 (15.3)
2014
601 (14.1)
194 (17.7)
407 (12.8)
2015
603 (14.1)
138 (12.6)
465 (14.6)
2016
585 (13.7)
136 (12.4)
449 (14.1)
2017
553 (12.9)
106 (9.7)
447 (14.1)
2018
459 (10.7)
91 (8.3)
368 (11.6)
Province
Eastern Cape
272 (6.4)
55 (5.0)
217 (6.8)
Free State
221 (5.2)
83 (7.6)
138 (4.3)
Gauteng
1,636 (38.3)
417 (38.1)
1,219 (38.4)
KwaZulu-Natal
685 (16.0)
180 (16.4)
505 (15.9)
Limpopo
76 (1.8)
20 (1.9)
56 (1.8)
Mpumalanga
172 (4.0)
33 (3.0)
139 (4.4)
Northern Cape
214 (5.0)
36 (3.3)
178 (5.6)
North West
119 (2.8)
26 (2.4)
93 (2.9)
Western Cape
877 (20.5)
245 (22.4)
632 (19.9)
Sex
F
2,184/4,267 (51.2)
505/1,093 (46.2)
1,679/3,174 (52.9)
M
2,083/4,267 (48.8)
588/1,093 (53.8)
1,495/3,174 (47.1)
Unknown
5/4,272 (0.1)
2/1,095 (0.2)
3/1,095 (0.1)
Positive HIV status
2,325/3,468 (67.0)
318/905 (35.1)
2,007/2,563 (78.3)
Age group
<1 y
504 (11.8)
504 (46.0)
NA
1–4 y
319 (7.5)
319 (29.1)
NA
5–14 y
272 (6.4)
272 (24.8)
NA
15–24 y
282 (6.6)
NA
282 (8.9)
25–44 y
1,738 (40.7)
NA
1738 (54.7)
45–64 y
917 (21.5)
NA
917 (28.9)
>65 y
240 (5.6)
NA
240 (7.6)
Race
Black
3,452/4,160 (83.0)
939/1,066 (88.1)
2,513/3,094 (81.2)
All others
708/4,160 (17.0)
127/1,066 (11.9)
581/3,094 (18.8)
*Data from GERMS-SA (https://www.nicd.ac.za/germs) enhanced surveillance sites. NA, not applicable.

When we analyzed only meningitis cases but considered all ages, we found that serotype 6A (61.9%)
had the highest CFR, followed by 16F (59.0%) and
19A (58.0%). Serotype 6A also had the highest CFR
when restricted to meningitis patients <15 years of
age (71.4%) (Figure 5). In meningitis patients >15
years of age, serotype 1 had the highest CFR (62.6%)
(Figure 6).
Multivariable Analysis of In-Hospital Outcome in IPD

On multivariable analysis, we found that in-hospital
death was more likely when patients were infected
with serotypes 6A (OR 2.1, 95% CI 1.3–3.4) or 19F
(OR 1.9, 95% CI 1.2–2.9) compared with serotype
8. (Appendix 2 Table 3). Other factors significantly
associated with in-hospital death on multivariable
analysis were positive HIV infection (OR 1.3, 95%
CI 1.1–1.6), meningitis (OR 2.6, 95% CI 2.2–3.0),
and age. Compared with patients 5–14 years of age,
those at greatest risk were <1 year of age (OR 3.3,
95% CI 2.0–5.5), 45–64 years (OR 5.6, 95% CI 3.5–
8.9), and those >65 years (OR 8.6, 95% CI 4.8–15.4)

(Appendix 2 Table 3). In nmIPD multivariable analysis, serotypes significantly associated with death
compared with serotype 8 were 19F, 10A, and 23F
(Appendix 2 Table 2).
When restricting analysis to patients <15 years
of age, we found that those infected with the following serotypes were associated with increased
in-hospital death compared with serotype 8: 11A
(OR 11.1, 95% CI 3.3–37.8), 13 (OR 4.3, 95% CI 1.5–
12.0), 19F (OR 3.5, 95% CI 1.7–7.1), 6A (OR 3.2, 95%
CI 1.4–7.5), and 15A (OR 3.3, 95% CI 1.6–6.9) (Tables
3, 4). Other factors significantly associated with inhospital death on multivariable analysis were age
(<1 year, OR 3.1 [95% CI 1.9–5.1] vs. 5–14 years),
meningitis (OR 1.8, 95% CI 1.3–2.6), and province
(Table 3). In the nmIPD multivariable analysis of
patients <15 years of age, compared with serotype
8, serotype 11A was significantly associated with
death (Appendix 2 Table 4).
When we restricted analysis to patients >15 years
of age we found that, compared with serotype 8, those
infected with serotype 15B/C (OR 2.1, 95% CI 1.2–3.7)
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were more likely to die (Table 4). Other factors significantly associated with in-hospital death were sex
(male, OR 1.3, 95% CI 1.1–1.6), increasing age (45–64
years, OR 2.0, 95% CI 1.4–2.9; >65 years, OR 3.1, 95%
CI 1.8–5.2; vs. 15–24 years), and meningitis (OR 2.8,
95% CI 2.3–3.4) (Table 4). In the nmIPD multivariable
analysis of patients >15 years, no serotypes were significantly associated with death when compared with
serotype 8 (Appendix 2 Table 4).

Multivariable Analysis of In-Hospital Outcome
in Pneumococcal Meningitis

Multivariable analysis indicated that meningitis patients infected with serotype 1 were more likely to die
(OR 2.3, 95% CI 1.2–4.1) than those infected with serotype 8 (Appendix 2 Table 3). Other factors significantly
associated with increased in-hospital death were positive HIV status (OR 3.2, 95% CI 2.2–4.6), underlying
medical condition (OR 1.6, 95% CI 1.1–2.1), and age.

Table 2. Clinical characteristics of patients with invasive pneumococcal disease, South Africa, 2012–2018*
No. (%) patients
Variable
Total IPD cases, N = 4,272
Total <15 y, n = 1,095
Serotype†
4
223 (5.2)
15 (1.4)
6B
64 (1.5)
30 (2.7)
9V
41 (1.0)
10 (0.9)
14
77 (1.8)
23 (2.1)
18C
48 (1.1)
11 (1.0)
19F
178 (4.2)
69 (6.3)
23F
136 (3.2)
57 (5.2)
1
282 (6.6)
80 (7.3)
3
290 (6.8)
39 (3.6)
5
28 (0.7)
14 (1.3)
6A
121 (2.8)
34 (3.1)
7F
81 (1.9)
2 (0.2)
19A
379 (8.9)
73 (6.7)
2
2 (0.1)
0
8
507 (11.9)
153 (14.0)
9N
127 (3.0)
15 (1.4)
10A
121 (2.8)
37 (3.4)
11A
48 (1.1)
14 (1.3)
12F
375 (8.8)
68 (6.2)
15B/C
146 (3.4)
66 (6.0)
17F
113 (2.7)
26 (2.4)
20
19 (0.4)
6 (0.6)
22F
111 (2.6)
12 (1.1)
33F
17 (0.4)
6 (0.6)
16F
178 (4.2)
57 (5.2)
15A
154 (3.6)
50 (4.6)
13
91 (2.1)
20 (1.8)
7C
86 (2.0)
27 (2.5)
35B
105 (2.5)
53 (4.8)
23A
80 (1.9)
18 (1.6)
6C
44 (1.0)
10 (0.9)
Specimen
CSF
1,223 (28.6)
328 (30.0)
Blood
2,728 (63.9)
697 (63.7)
Other
321 (7.5)
70 (6.4)
Diagnosis
Bacteremia without focus
319 (7.5)
94 (8.6)
Lower respiratory tract infection
2,352 (55.1)
551 (50.3)
Meningitis‡
4,439 (33.7)
400 (36.5)
Other
162 (3.6)
50 (4.6)
In-hospital outcome
Died
1,369 (32.1)
242 (22.1)
Underlying conditions§
1,352 (31.7)
428 (39.1)

Total >15 y, n = 3,177
208 (6.6)
34 (1.1)
31 (1.0)
54 (1.7)
37 (1.2)
109 (3.4)
79 (2.5)
202 (6.4)
251 (7.9)
14 (0.4)
87 (2.8)
79 (2.5)
306 (9.6)
2 (0.1)
354 (11.1)
112 (3.5)
84 (2.6)
34 (1.1)
307 (9.7)
80 (2.5)
87 (2.7)
13 (0.4)
99 (3.1)
11 (0.4)
121 (3.8)
104 (3.3)
71 (2.2)
59 (1.7)
52 (1.6)
62 (2.0)
34 (1.1)
895 (28.2)
2,031 (63.9)
251 (7.9)
225 (7.1)
1,801 (56.7)
1,039 (32.7)
112 (3.5)
1,127 (35.5)
924 (29.1)

*Data from GERMS-SA (https://www.nicd.ac.za/germs) enhanced surveillance sites.
†Serotypes appear in order of vaccine. The first 7 are in the PCV7 vaccine, the first 13 are in the PCV13 vaccine, the first 23 in the PPSV23 vaccine, and
the rest are not included in a current vaccine.
‡Meningitis cases include those diagnosed with meningitis and those with both meningitis and lower respiratory tract infections.
§Predisposing conditions defined as any one or more of the following: burns, chronic lung disease (including asthma, chronic obstructive pulmonary
disorder, cystic fibrosis), chronic liver disease, chronic renal disease, cardiac conditions (including valvular disease and heart failure), stroke,
neuromuscular diseases, cerebral palsy, metabolic diseases (including diabetes mellitus), head injury, surgery, cerebrospinal fluid leaks, ventricular
shunts, cochlear implants, primary immunodeficiency conditions, complement deficiency, immunosuppression treatment (steroids/chemo/cancer
treatment),protein-energy malnutrition, functional or anatomic asplenia (including sickle cell disease), malignancy, organ transplant, chromosomal
conditions (including Down syndrome), prematurity and aplastic anemia.
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Figure 2. Number of isolates per serotype in invasive pneumococcal disease patients in South Africa, 2012–2018. A) Total number of
isolates; serotype 8 was the most commonly isolated (507, 12%). Black dots indicate most common serotypes in patients <15 years of
age; arrowheads indicate most common serotypes in patients >15 years of age. B) Number of isolates per serotype per year of the 4 most
common serotypes in the prevaccine era (1, 19A, 3, and 4) (9), the 4 most common in the vaccine era (8, 19A, 12F, and 3), and 6A and
19F. The 7-valent pneumococcal conjugate vaccine was introduced in 2009, 13-valent in 2011.
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Figure 3. In-hospital outcome per serotype of IPD patients <15 years of age, South Africa, 2012–2018. Numbers above bars
indicate number of cases per serotype. Asterisk (*) indicates serotypes significantly associated with increased in-hospital death upon
multivariable analysis compared to serotype 8. IPD, invasive pneumococcal disease.

Figure 4 In-hospital outcome per serotype of IPD patients >15 years of age, South Africa, 2012–2018. Numbers above bars indicate
number of cases per serotype. Asterisk (*) indicates serotypes significantly associated with increased in-hospital death upon
multivariable analysis compared to serotype 8. IPD, invasive pneumococcal disease.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022
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Compared with patients 5–14 years of age, those at
greatest risk were patients <1 year (OR 4.7, 95% CI 2.2–
10.3), 1–4 years (OR 4.3, 95% CI 1.9–10.0), and 45–64
years (OR 7.0 95%, CI 3.4–14.4) (Appendix 2 Table 3).
When we restricted meningitis cases to patients
<15 or >15 years of age, we did not find any serotypes
significantly associated with increased in-hospital
death compared with serotype 8 (Figure 5; Appendix 2
Table 5). Other factors significantly associated with increased odds for in-hospital death in patients <15 years
of age were province, positive HIV status (OR 3.1, 95%
CI 1.5–6.3), and age (<1 year, OR 5.0, 95% CI 1.9–12.9;
1–4 years, OR 5.4, 95% CI 2.0–14.4) (Appendix 2 Table
5). Other factors significantly associated with increased
CFR in meningitis patients >15 years were sex (male,
OR 1.6, 95% CI 1.2–2.2), positive HIV status (OR 3.5,
95% CI 2.2–5.6), and underlying medical condition (OR
1.7, 95% CI 1.2–2.6) (Appendix 2 Table 5).
Discussion
Nine years after PCV7 introduction and 5 years after
PCV13 introduction in South Africa, the non-PCV13
serotype 8 is the most common serotype found in IPD
patients followed by 19A, 12F, and 3. Serotype 1, a
PCV13 serotype decreasing in total number over the
study period, was associated with higher CFR than
serotype 8 in analysis of meningitis cases including
all ages. Serotype 6A was associated with higher CFR
in the analysis of IPD for all ages, in particular in IPD
cases of patients <15 years of age. In patients >15
years of age, we found that serotype 6A decreased
in 2012 and 2013 but then stabilized until study end.
Serogroup 15 non-PCV13 serotypes 15A and 15B/C
were also associated with higher CFR than serotype 8.
Other factors that we found were independently associated with death in >2 analyses were HIV status,
age, meningitis infection, year, and province.
Serotypes associated with death in the prevaccine era (2003–2008) in South Africa in patients >15
years of age included serotypes 1 and 19F in IPD
patients but no particular serotype in meningitis
patients (19). Serotype 1, which is a PCV13 but not
a PCV7 serotype, was associated with death in our
analysis of meningitis cases of all ages in the vaccine era. Serotype 1 is associated with outbreaks of
meningitis (20,21). In studies from mainly prevaccine years (1990–2009) (22,23), and particularly in
a meta-analysis including studies from 1928–2010
(24), the risk for death from serotype 1 was found
to be lower than that for other serotypes. In the prevaccine era, serotype 1 has been associated with
a high invasive disease potential (25,26) (studies
from France, Alaska, and Iceland) and noted to be
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one of the most common IPD serotypes globally in
children <5 years of age (27). These studies cover
different time periods and geographic locations than
ours; distinct serotype 1 lineages circulating in South
Africa, as described in du Plessis et al. (28), could
explain the differences we found in association with
death. Similar to a previous study of serotype 1 epidemiology in South Africa in 2003–2013 (29), we notice a continued decline of overall numbers of serotype 1 IPD cases in patients >15 years of age. The
characteristics of serotype 1 pneumococci lineages
and our results suggest that even though numbers
are decreasing overall, this serotype should be monitored locally and globally in the future and the association of specific lineages with death and with
meningitis should be analyzed.
Vaccines continue to play a crucial role in protection against pneumococcal disease. On the basis
of our results in South Africa, we recommend protecting against the PCV13 serotypes 3, 6A, 19F, and
19A, as well as serotype 1, and monitoring the nonPCV13 serotype 12F for its effects on pneumococcal
disease. Serotype 6A in particular was associated
with death in analysis of IPD of all ages and of IPD
in patients <15 years of age. Serotype 19F was associated with death in IPD patients in the vaccine
era as well as in the prevaccine era (19); a component of both the PCV13 and PCV7 vaccines, serotype 19F seems to be associated with more severe
disease both in our study and in previous studies
(14,24,30). Serotype 19A was the second most common serotype in IPD in both the prevaccine and the
vaccine era; it is included in the PCV13 but not in
the PCV7 vaccine and was noted to be one of the
most important replacement serotypes in the United
States in children <5 years of age (31). Serotype 3
(a PCV13 but not PCV7 serotype) and serotype 12F
(a non-PCV serotype) were both among the 4 most
common serotypes overall in our IPD study population; the total number of deaths was ≈100 for each.
Although we did not find either serotype 3 or 12F
independently associated with death in our analysis, the total numbers lead us to suggest monitoring
these serotypes in the future.
Although serotype 1 was the most common serotype in the prevaccine era in South Africa (19), we
found serotype 8 to be the most common in the current
vaccine era. This finding in South Africa is similar to a
recent report from Europe, North America, and Australia (32) and also a study summarizing serotypes
globally (33). Including this serotype in new vaccine
formulas could therefore reduce overall IPD cases.
Serogroup 15 should be considered in new vaccine
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Figure 5. In-hospital outcome per serotype of meningitis patients <15 years of age, South Africa, 2012–2018. A case was defined as a
meningitis case if the attending doctor diagnosed it as meningitis, regardless of the specimen type (cerebrospinal fluid, blood, or other)
that was taken. Numbers above bars indicate number of cases per serotype. Asterisk (*) indicates serotypes significantly associated with
increased in-hospital death upon multivariable analysis compared to serotype 8. IPD, invasive pneumococcal disease.

Figure 6. In-hospital outcome per serotype of meningitis patients >15 years of age, South Africa, 2012–2018. A case was defined as a
meningitis case if the attending doctor diagnosed it as meningitis, regardless of the specimen type (cerebrospinal fluid, blood, or other)
that was taken. Numbers above bars indicate number of cases per serotype. Asterisk (*) indicates serotypes significantly associated with
increased in-hospital death upon multivariable analysis compared to serotype 8. IPD, invasive pneumococcal disease.
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Table 3. Multivariable analysis of factors associated with in-hospital death among patients <15 years of age with invasive
pneumococcal disease, South Africa, 2012–2018*
Risk factor
No. deaths/total no. (%)
Unadjusted OR (95% CI)
p value
Adjusted OR (95% CI)
Serotype
4
4/15 (26.7)
1.2 (0.4–4.1)
0.740
2.2 (0.6–8.1)
6B
3/30 (10.0)
0.4 (0.1–1.3)
0.124
0.6 (0.2–2.4)
14
4/23 (17.4)
0.7 (0.2–2.2)
0.556
1.2 (0.4–3.9)
18C
4/11 (36.4)
1.9 (0,5–7)
0.317
3.1 (0.8–12.2)
19F
23/69 (33.3)
1.7 (0.9–3.2)
0.102
3.5 (1.7–7.1)
23F
12/57 (21.1)
0.9 (0.4–1.9)
0.778
1.9 (0.9–4.4)
1
4/80 (5.0)
0.2 (0.1–0.5)
0.002
0.6 (0.2–1.8)
3
10/39 (25.6)
1.2 (0.5–2.6)
0.716
2.1 (0.8–5)
5
1/14 (7.1)
0.3 (0–2.1)
0.201
0.3 (0–2.1)
6A
12/34 (35.3)
1.8 (0.8–4.1)
0.135
3.2 (1.4–7.5)
19A
12/73 (16.4)
0.7 (0.3–1.4)
0.267
1.2 (0.5–2.6)
8
35/153 (22.9)
Referent
Referent
Referent
9N
3/15 (20.0)
0.8 (0.2–3.2)
0.800
1.5 (0.4–6)
10A
13/37 (35.1)
1.8 (0.8–4)
0.127
2.8 (1.2–6.5)
11A
9/14 (64.3)
6.1 (1.9–19.3)
0.002
11.1 (3.3–37.8)
12F
9/68 (13.2)
0.5 (0.2–1.1)
0.102
0.8 (0.3–1.8)
15B/C
10/66 (15.2)
0.6 (0.3–1.3)
0.197
1 (0.5–2.3)
17F
6/26 (23.1)
1 (0.4–2.7)
0.982
1.8 (0.6–5.2)
20
1/6 (16.7)
0.7 (0.1–6)
0.723
0.9 (0.1–8.8)
22F
6/12 (50.0)
3.4 (1–11.1)
0.046
5 (1.4–18.1)
16F
12/57 (21.1)
0.9 (0.4–1.9)
0.778
1.5 (0.7–3.3)
15A
18/50 (36.0)
1.9 (1–3.8)
0.069
3.3 (1.6–6.9)
13
8/20 (40.0)
2.2 (0.9–5.9)
0.102
4.3 (1.5–12)
7C
3/27 (11.1)
0.4 (0.1–1.5)
0.178
0.5 (0.1–1.8)
35B
14/53 (26.4)
1.2 (0.6–2.5)
0.602
1.8 (0.8–3.8)
23A
4/18 (22.2)
1 (0.3–3.1)
0.950
2 (0.6–6.7)
6C
2/10 (20.0)
0.8 (0.2–4.2)
0.834
1.6 (0.3–8.6)
Age group, y
<1
152/504 (30.2)
3.5 (2.3–5.3)
<0.001
3.1 (1.9–5.1)
1–4
60/319 (18.8)
1.9 (1.2–3)
0.009
1.6 (0.9–2.6)
5–14
30/272 (11.0)
Referent
Referent
Referent
Sex
F
124/505 (24.6)
Referent
Referent
Referent
M
117/588 (20.0)
0.8 (0.6–1)
0.065
0.7 (0.5–1)
HIV status
Negative
111/587 (18.9)
Referent
Referent
Positive
66/318 (20.8)
1.1 (0.8–1.6)
0.504
Diagnosis†
Nonmeningitis
129/695 (18.6)
Referent
Referent
Referent
Meningitis
113/400 (28.3)
1.7 (1.3–2.3)
<0.001
1.8 (1.3–2.6)
Year‡
2012
40/237 (16.9)
Referent
Referent
2013
45/193 (23.3)
1.5 (0.9–2.4)
0.097
2014
38/194 (19.6)
1.2 (0.7–2)
0.468
2015
33/138 (23.9)
1.5 (0.9–2.6)
0.098
2016
39/136 (28.7)
2 (1.2–3.3)
0.008
2017
25/106 (23.6)
1.5 (0.9–2.7)
0.145
2018
22/91 (24.2)
1.6 (0.9–2.8)
0.133
Province
Eastern Cape
19/55 (34.6)
4.3 (1.8–10.5)
0.001
3.9 (1.5–10.1)
Free State
9/83 (10.8)
Referent
Referent
Referent
Gauteng
97/417 (23.3)
2.5 (1.2–5.2)
0.014
2.3 (1.1–5)
KwaZulu–Natal
30/180 (16.7)
1.6 (0.7–3.6)
0.220
1.7 (0.7–3.8)
Limpopo
3/20 (15.0)
1.5 (0.4–5.9)
0.605
1.1 (0.3–4.9)
Mpumalanga
5/33 (15.2)
1.5 (0.5–4.8)
0.522
1.2 (0.4–4.3)
Northern Cape
10/36 (27.8)
3.2 (1.2–8.6)
0.025
3.8 (1.3–11.2)
North West
9/26 (34.6)
4.4 (1.5–12.6)
0.007
3.3 (1.1–10.6)
Western Cape
60/245 (24.5)
2.7 (1.3–5.6)
0.010
2 (0.9–4.5)

p value
0.231
0.492
0.777
0.104
<0.001
0.108
0.328
0.115
0.200
0.008
0.646
Referent
0.583
0.015
<0.001
0.545
0.941
0.260
0.940
0.015
0.317
0.002
0.006
0.293
0.148
0.277
0.579
<0.001
0.086
Referent
Referent
0.055

Referent
<0.001

0.004
Referent
0.031
0.243
0.855
0.724
0.014
0.040
0.085

*Empty fields indicate that the model did not calculate numbers due to small amount of data or it was not included in the final multivariable model. Factors
evaluated in the univariable model but not significant included HIV status, race and underlying medical conditions. Serotypes 7F, 9V and 33F did not have
any fatal cases and serotype 2 was not detected.
†Meningitis cases include patients diagnosed with meningitis and those with concurrent meningitis and lower respiratory tract infection; nonmeningitis
cases include all other IPD cases.
‡The risk factor "year" was significant upon univariate but not multivariate analysis and therefore dropped for the final model.
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formulations, because we found 15B/C (IPD patients
>15 years) and 15A (IPD patients <15 years) to be
associated with death. To our knowledge, recent data

of postvaccine dynamics of serogroup 15, as well as
its association with CFR, are scarce. Savinola et al. (34)
described the emergence of a 15A multidrug-resistant

Table 4. Multivariable analysis of factors associated with in-hospital death among patients >15 years of age with invasive
pneumococcal disease, South Africa, 2012–2018
Risk factor
No. deaths/total no. (%)
Unadjusted OR (95% CI)
p value
Adjusted OR (95% CI)
Serotype
4
64/208 (30.8)
0.9 (0.6–1.2)
0.406
1.1 (0.7–1.8)
6B
14/34 (41.2)
1.3 (0.7–2.8)
0.415
1.6 (0.7–1)
9V
7/31 (22.6)
0.6 (0.2–1.3)
0.194
0.6 (0.2–1.8)
14
20/54 (37.0)
1.1 (0.6–2.1)
0.681
1.5 (0.8–3)
18C
13/37 (35.1)
1 (0.5–2.1)
0.907
0.7 (0.3–1.9)
19F
47/109 (43.1)
1.5 (0.9–2.3)
0.091
1.5 (0.9–2.5)
23F
31/79 (39.2)
1.2 (0.8–2.1)
0.395
1.6 (0.9–2.9)
1
87/202 (43.1)
1.5 (1–2.1)
0.038
1.7 (1.1–2.7)
3
88/251 (35.1)
1 (0.7–1.5)
0.823
1.1 (0.8–1.7)
5
7/14 (50.0)
1.9 (0.7–5.6)
0.230
2.3 (0.7–7.8)
6A
42/87 (48.3)
1.8 (1.1–2.9)
0.015
1.6 (0.9–2.8)
7F
23/79 (29.1)
0.8 (0.5–1.3)
0.388
1 (0.5–1.8)
19A
97/306 (31.7)
0.9 (0.6–1.2)
0.499
1.3 (0.9–2)
2
1/2 (50.0)
1.9 (0.1–31.1)
0.644
4.5 (0.3–74.4)
8
121/354 (34.2)
Referent
Referent
Referent
9N
34/112 (30.4)
0.8 (0.5–1.3)
0.454
1.3 (0.8–2.3)
10A
35/84 (41.7)
1.4 (0.8–2.2)
0.199
1.5 (0.8–2.6)
11A
12/34 (35.3)
1.1 (0.5–2.2)
0.896
0.9 (0.3–2.7)
12F
97/307 (31.6)
0.9 (0.6–1.2)
0.481
0.8 (0.5–1.2)
15B/C
38/80 (47.5)
1.7 (1.1–2.8)
0.027
2.1 (1.2–3.7)
17F
23/87 (26.4)
0.7 (0.4–1.2)
0.169
0.7 (0.4–1.3)
20
2/13 (15.4)
0.4 (0.1–1.6)
0.177
0.3 (0–2.8)
22F
39/99 (39.4)
1.3 (0.8–2)
0.338
1.3 (0.7–2.2)
33F
3/11 (27.3)
0.7 (0.2–2.8)
0.635
0.8 (0.2–3.9)
16F
52/121 (43.0)
1.5 (1–2.2)
0.083
1.6 (1–2.7)
15A
42/104 (40.1)
1.3 (0.8–2)
0.246
1.2 (0.6–2)
13
19/71 (26.8)
0.7 (0.4–1.2)
0.226
0.8 (0.4–1.6)
7C
20/59 (33.9)
1 (0.6–1.8)
0.966
1.4 (0.7–2.7)
35B
19/52 (36.5)
1.1 (0.6–2)
0.738
1 (0.5–2.1)
23A
19/62 (30.7)
0.9 (0.5–1.5)
0.587
0.6 (0.3–1.2)
6C
11/34 (32.4)
0.9 (0.4–2)
0.830
0.8 (0.3–2)
Age group, y
15–24
86/282 (30.5)
Referent
Referent
Referent
25–44
549/1,738 (31.6)
1.1 (0.8–1.4)
0.714
1.2 (0.8–1.7)
45–64
385/917 (42.0)
1.6 (1.2–2.2)
0.001
2 (1.4–2.9)
>65
107/240 (44.6)
1.8 (1.3–2.6)
0.001
3.1 (1.8–5.2)
Sex
F
557/1,679 (33.2)
Referent
Referent
Referent
M
568/1,495 (38.0)
1.2 (1.1–1.4)
0.005
1.3 (1.1–1.6)
HIV status†
Negative
154/556 (27.7)
Referent
Referent
Referent
Positive
618/2,007 (30.8)
1.2 (0.9–1.4)
0.160
1.3 (1–1.7)
Diagnosis‡
Nonmeningitis
607/2,138 (28.4)
Referent
Referent
Referent
Meningitis
520/1,039 (50.1)
2.5 (2.2–2.9)
<0.001
2.8 (2.3–3.4)
Year
2012
205/555 (36.9)
1.4 (1.1–1.8)
0.013
1.1 (0.8–1.5)
2013
144/486 (29.6)
Referent
Referent
Referent
2014
143/407 (35.1)
1.3 (1–1)
0.08
1.1 (0.8–1.5)
2015
177/465 (38.1)
1.5 (1.1–1.9)
0.006
1.4 (1.0–2.0)
2016
168/449 (37.4)
1.4 (1.1–1.9)
0.012
1.3 (0.9–1.8)
2017
159/447 (35.6)
1.3 (1–1.7)
0.053
1.3 (0.9–1.8)
2018
131/368 (35.6)
1.3 (1–1.8)
0.065
1.4 (1.0–1.9)

p value
0.541
0.296
0.344
0.236
0.524
0.154
0.127
0.017
0.524
0.180
0.127
0.885
0.176
0.288
Referent
0.307
0.185
0.881
0.250
0.010
0.250
0.309
0.413
0.781
0.066
0.629
0.534
0.342
0.922
0.141
0.590
Referent
0.392
<0.001
<0.001
Referent
0.003
Referent
0.021
Referent
<0.001
0.549
Referent
0.626
0.031
0.106
0.140
0.082

*Underlying medical conditions as a risk factor was analyzed but not significant in the univariate model. Empty fields indicate that the model did not
calculate numbers due to small amount of data, or it was not included in the final multivariable model. Factors evaluated in the univariable model but not
significant were race and province.
†HIV status was not significant upon initial multivariate analysis but was kept in the final analysis because of the high percentage of HIV positive cases in
our study population (78%).
‡Meningitis cases include patients diagnosed with meningitis and those simultaneously diagnosed with meningitis and lower respiratory tract infection;
nonmeningitis cases include all other cases.

176

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

S. pneumoniae Serotypes Associated with Death

lineage as a result from a 19A capsule switch and van
der Linden et al. (35) showed an increase in 15A after PCV-13 introduction in Germany. An increase of
serogroup 15 in children with pneumococcal disease
was noted in Hong Kong; Liyanapathirana et al. suggested consideration in future vaccine strategies (36).
Because of these recent studies and the association we
found with death, we suggest close monitoring of serogroup 15 in both adults and children.
Our study has limitations that make a direct comparison to other studies difficult. We used data from
enhanced surveillance sites for available patient data;
doing so excluded cases from smaller and rural hospitals and clinics. We also excluded from analysis cases for which serotype and outcome information were
not available. Both limitations may have caused selection bias. Another limitation is that our 2 groups are
not mutually exclusive; our analysis of IPD cases includes the meningitis cases, which we also analyzed
separately as a subset. The inclusion of meningitis
cases in the IPD analysis may be causing some of the
serotypes to be associated with CFR. Temporal variation of serotypes after introduction of vaccines was
not analyzed; although we considered the increase
or decrease of serotypes in the conclusions, the consequences of these variations are hard to anticipate
and may have introduced bias. In addition, we did
not control for treatment or antimicrobial resistance,
which may need to be studied in a future analysis.
An advantage of this study is that, in an effort to detect differences in age groups, we analyzed the data
in all ages as well as in 2 different age groups of <15
years and >15 years. Another advantage is that we
conducted the analysis to detect possible differences
of serotype associated with death in IPD cases as well
as in a subset of meningitis cases.
In conclusion, our data suggest that PCV13 serotypes 1, 3, 6A, 19A, and 19F should continue to be
monitored in surveillance studies. Although we cannot exclude that other serotypes may also be important, we recommend inclusion of serotypes 8 and 12F
and serogroup 15 (serotypes 15A and 15B/C) in new
vaccines, which may contribute to overall reduction
of disease caused by S. pneumoniae.
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Eﬀect on Antimicrobial
Resistance of a Policy Restricting
Over-the-Counter Antimicrobial
Sales in a Large Metropolitan
Area, São Paulo, Brazil
Maria L. Moura, Icaro Boszczowski, Manuela Blaque, Rafael M. Mussarelli, Victor Fossaluza, Ligia C. Pierrotti,
Gustavo Campana, Maria C. Brandileone, Rosemeire Zanella, Samanta C.G. Almeida, Anna S. Levin

Although restricting over-the-counter (OTC) antimicrobial
drug sales is recommended globally, no data have shown
its effect on antimicrobial resistance (AMR) in bacteria. We
evaluated the effect of a national policy restricting OTC
antimicrobial sales, put in place in November 2010, on
AMR in a metropolitan region of São Paulo, Brazil. We
reviewed associations between antimicrobial sales from
private pharmacies and AMR in 404,558 Escherichia coli
and 5,797 Streptococcus pneumoniae isolates using a dynamic regression model based on a Bayesian approach.
After policy implementation, a substantial drop in AMR
in both bacterial species followed decreased amoxicillin
and trimethoprim/sulfamethoxazole sales. Conversely,
increased ciprofloxacin sales were associated with increased ciprofloxacin resistance, and extended spectrum
β-lactamases–positive E. coli isolates and azithromycin
sales increases after 2013 were associated with increased
erythromycin resistance in S. pneumoniae isolates. These
findings suggest that restricting OTC antimicrobial sales
may influence patterns of AMR, but multifaceted approaches are needed to avoid unintended consequences.

T

he spread of antimicrobial resistance (AMR) is
a global concern that requires multilevel efforts
because of its serious public health consequences (1).
Misuse of and overexposure to antimicrobial drugs
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are considered major factors that accelerate the emergence of multidrug-resistant organisms. Inappropriate prescription and self-medication contribute to
overuse of antimicrobial drugs and might promote
emergence of antimicrobial drug–resistant bacteria.
In response, the World Health Organization recommends regulating use of antimicrobial drugs by restricting over-the-counter (OTC) sales, an approach
that has been implemented in many low- and middleincome countries in the past decade (2,3). Although
this is a global recommendation, data are scarce on
the effect of restricting antimicrobial sales on AMR.
In November 2010, the National Health Surveillance Agency of Brazil (Agência Nacional de Vigilância Sanitária [ANVISA], https://www.gov.br/anvisa/pt-br) implemented a restriction policy requiring
a medical prescription to purchase antimicrobials (4);
OTC sales had been common before the policy took
effect. The restriction policy reduced antimicrobial
sales in private pharmacies, but no data have shown
its effect on AMR (5). We evaluated the effect of this
policy during 2008–2016 on AMR in 2 bacteria that
frequently cause community-acquired infections before and after the restriction policy was initiated.
Methods
Study Area

The São Paulo, Brazil, metropolitan region is the largest metropolitan area in Latin America and the largest
industrial and commercial hub in Brazil. It includes
the city of São Paulo and 38 other municipalities,
comprising a geographic area of 7,946 km2 and 21.6
million inhabitants, a population greater than that of
many countries in the world (6) and that constitutes
≈50% the population of the state of São Paulo. The
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human development index in the São Paulo metropolitan region was 0.78 in 2013, which is higher than
that of the other states in Brazil. São Paulo state has
2.81 physicians/1,000 inhabitants, Brazil’s second
highest rate, and 38% of its population has private
health insurance, compared with 23% nationally (7).
Antimicrobial Drug Sales

For this study, we analyzed data on monthly antimicrobial drug sales from private pharmacies in the São
Paulo metropolitan region from 2008 through 2016.
Data on antimicrobial sales were obtained from audits performed by IQVIA Brazil (https://www.
iqvia.com), an international company that performs
pharmaceutical industry marketing research. From
2008 through 2012, data were purchased directly
from IQVIA Brazil, funded by the São Paulo Research Foundation (Fundação de Amparo à Pesquisa
do Estado de São Paulo, https://fapesp.br). After
March 2013, the data were provided by Pfizer Brazil
(https://www.pfizer.com), through a formal agreement with the University of São Paulo. Pfizer had
previously purchased the information on sales from
private pharmacies from IQVIA Brazil for marketing
purposes. We evaluated data on 6 oral antimicrobials:
amoxicillin, azithromycin, cephalexin, ciprofloxacin,
nitrofurantoin, and trimethoprim/sulfamethoxazole
(cotrimoxazole).
In our analyses, we excluded public healthcare
services, such as primary care units, outpatient clinics,
and hospitals supported by the government, because
they already required medical prescriptions for antimicrobial drug sales before the national restriction policy
went into effect. A previous study demonstrated that
the restriction policy did not affect antimicrobial consumption by patients of those public sector agencies
(5). Public sector agencies represent 14.5% of healthcare facilities in São Paulo state and are responsible for
the healthcare of 61% of the population (8). In the São
Paulo metropolitan region, antimicrobial consumption by patients in these sectors increased from 2008 to
2012, but this increase did not affect overall antimicrobial sales (Appendix Table, https://wwwnc.cdc.gov/
EID/article/28/1/20-1928-App1.pdf). After the restriction policy, all private pharmaceutical businesses
were required to report antimicrobial sales to ANVISA
using the electronic system of the National System
for the Management of Controlled Products (Sistema
Nacional de Gerenciamento de Produtos Controlados [SNGPC], https://www.gov.br/anvisa/pt-br/
assuntos/fiscalizacao-e-monitoramento/sngpc).
The standard unit for measuring consumption,
defined daily doses (DDD) per 1,000 inhabitants per

day (DID), used in accordance with the Anatomical
Therapeutic Chemical classification system (9), is calculated as the quantity of antimicrobials in a given
month × 1,000/30 days × DDD for that drug × population. We obtained each year’s population estimate
for the São Paulo metropolitan region from the Brazilian Institute of Geography and Statistics website
(Instituto Brasileiro de Geografia e Estatística [IBGE],
https://www.ibge.gov.br) (6).
The study was approved by the Ethics Committee of the University of São Paulo Medical School,
São Paulo, Brazil (number 2.608.800). The databases
contained no personally identifiable information.
AMR in Bacteria

To evaluate the effect of the restriction policy on
AMR in bacteria, we analyzed the proportion of antimicrobial-resistant bacterial samples from databases
of Escherichia coli isolates in the São Paulo metropolitan area and Streptococcus pneumoniae isolates in São
Paulo state. These databases contained information
on isolates from patients of all ages in inpatient and
outpatient health services.
A clinical laboratory, Diagnostics of America
(DASA; https://dasa.com.br), provided E. coli
isolates through a formal agreement with the University of São Paulo. In São Paulo state, DASA
has 288 public and private units, performs 90 million tests per year, and provides medical services
for ≈1.8 million people. The database included E.
coli isolates from urine and blood samples taken
by outpatient and inpatient services in the of São
Paulo metropolitan area during 2008–2016. It was
not possible to define the proportion of the isolates
from hospitalized patients.
The database of S. pneumoniae isolates was provided by the Bacteriology Center of Adolfo Lutz Institute (Instituto Adolfo Lutz [IAL], http://www.
ial.sp.gov.br), located in the city of São Paulo. IAL,
the National reference laboratory for S. pneumoniae
in Brazil, receives isolates from a network of public
health reference laboratories and private hospitals
all over the country. IAL performs serotyping, antimicrobial susceptibility testing, and molecular typing
of all isolates obtained from invasive pneumococcal disease. Also, IAL is part of SIREVA (Sistema de
Redes de Vigilancia de los Agentes Responsables de
Neumonias y Meningitis Bacterianas [Regional System for Vaccines]), a surveillance system for invasive
bacterial diseases initiated in the Americas in 1993
by the Pan American Health Organization (PAHO;
https://www.paho.org) (10). This database contains
susceptibility profiles of isolates, mainly from blood,
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cerebrospinal fluid, and respiratory samples for all
age groups in São Paulo state. During analysis of
the impact of the restriction policy on S. pneumoniae,
we accounted for national introduction of a free-ofcharge 10-valent pneumococcal vaccine (PCV10) in
March 2010.
Susceptibility Testing

For E. coli, we performed susceptibility testing for
cephalothin, amoxicillin, ciprofloxacin, ceftriaxone,
nitrofurantoin, and trimethoprim/sulfamethoxazole
using a VITEK 2 automated system (bioMérieux,
https://www.biomerieux-diagnostics.com) according to Clinical and Laboratory Standards Institute
(CLSI; https://clsi.org) criteria (11). For the analysis,
we assumed nonsusceptible strains to be resistant.
Because CLSI changed breakpoints for ceftriaxone
in 2010, we considered the phenotypic detection of
extended spectrum β-lactamases (ESBL) during the
study period to investigate the association between
third-generation cephalosporin resistance and antimicrobial sales (12). We considered E. coli isolates
susceptible to amoxicillin if MIC ≤8 for ampicillin.
For S. pneumoniae, we determined susceptibility to
erythromycin and trimethoprim/sulfamethoxazole
by disk-diffusion (OXOID, http://www.oxoid.com).
To determine penicillin and ceftriaxone susceptibility, we screened for oxacillin susceptibility using disk
diffusion according to CLSI guidelines (11). For isolates found resistant to any drug by disk diffusion, we
determined MIC by broth microdilution to confirm
susceptibility status.
Statistical Analysis

We analyzed the association between monthly resistance rates of E. coli isolates to amoxicillin, sulfamethoxazole/trimethoprim, ciprofloxacin, and
nitrofurantoin and corresponding sales of those
same antimicrobial drugs. Because cephalothin
resistance correlates with resistance to first-generation cephalosporins, we investigated its association with sales of cephalexin, the first-generation
cephalosporin accounting for the most sales, which
is available in oral form. We also analyzed the association between the proportion of ESBL-positive
E. coli isolates and sales of ciprofloxacin and cephalexin. For S. pneumoniae, we evaluated the association between penicillin resistance and amoxicillin
sales, erythromycin resistance and azithromycin
sales, and trimethoprim/sulfamethoxazole resistance and sales.
We used a dynamic regression model based on a
Bayesian approach to analyze the effect of the restric182

tion policy on the association between antimicrobial
sales and resistance (13). In this model, the estimated β values represent the association between AMR
and sales. A β value >0 indicates a direct association
between AMR and sales and a β value <0 indicates an
inverse association (Appendix); β value = 0 indicates
no association. Using the dynamic regression analysis, we could estimate different β values at different
instants of time, which was notable because it had not
been determined how long a reduction in antimicrobial sales takes to influence AMR. This method enabled us to evaluate the effect of policy restrictions
on AMR even if this effect did not occur immediately
after implementation. For each analysis of AMR relative to sales, we plotted the estimated β values and
95% credible intervals (CrIs) in a graph. We considered that there was an association between antimicrobial sales and resistance in a period if the 95% CrIs did
not include 0. We performed analysis using R software version 3.5.1 (https://cran.r-project.org/bin/
windows/base/old/3.5.1).
Results
During the study period, sales of the oral antimicrobial drugs we studied in the São Paulo metropolitan region decreased from 7.86 to 7.65 DID,
and we observed a pronounced drop in sales after
the 2010 implementation of the restriction policy.
Amoxicillin and trimethoprim/sulfamethoxazole
accounted for the most sales, ≈3 times the sales of
other drugs (Table).
AMR of Escherichia coli

We analyzed the susceptibility profile of 404,558
E. coli isolates during 2008–2016, 99.5% from urine
samples, to assess the association between sales of
amoxicillin and trimethoprim/sulfamethoxazole
and resistance of E. coli to these drugs (Figure 1).
After the November 2010 initiation of the restriction
policy, amoxicillin sales fell, followed in 2012 by a
drop in resistance. Positive estimated β values after
2012 (Figure 1, panel B) demonstrated a direct asTable. Sales of oral antimicrobial drugs in the of São Paulo
metropolitan area, Brazil, 2008–2016*
Antimicrobial sales, DID
Antimicrobial drug
2008 2010 2012 2014 2016
Amoxicillin
3.22 3.43 2.73 2.37 2.58
Trimethoprim/sulfamethoxazole 2.57 2.87 2.04 2.23 2.19
Ciprofloxacin
0.52 0.68 0.59 0.81 0.88
Azithromycin
0.62 0.66 0.37 0.64 0.86
Cephalexin
0.54 0.70 0.56 0.65 0.63
Nitrofurantoin
0.39 0.43 0.42 0.49 0.51
Total
7.86 8.77 6.71 7.19 7.65
*DID, defined daily dose per 1,000 inhabitants per day.
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Figure 1. Descriptive analysis
of amoxicillin and trimethoprim/
sulfamethoxazole sales and
Escherichia coli resistance in
the São Paulo metropolitan
area, Brazil, before and after
a national policy restricting
over-the-counter antimicrobial
sales began. A, B) Amoxicillin;
C, D) sulfamethoxazole/
trimethoprim. Panels B and D
show distribution of estimated β
values obtained from dynamic
regression model, representing
the association between drug
sales and resistance for E. coli.
Positive estimated β values
and 95% CrI >0 indicate a
direct association between
sales and resistance. Light blue
shaded areas represent period
after the restriction policy began. CrI, credible interval; DID, defined daily dose/1,000 inhabitant-days.

sociation between sales and resistance and a notable
impact of the restriction policy on AMR. A similar
pattern was observed for resistance to sulfamethoxazole/trimethoprim.
Analysis of the distribution of estimated β values (Figure 2, panel B) suggested an association
between ciprofloxacin sales and AMR for E. coli, as
well as the prevalence of ESBL-positive isolates, but
there was no effect from the restriction policy on
ciprofloxacin sales; sales continued to increase after
the policy was implemented. The increase in cipro-

floxacin sales was also associated with an increase
in ESBL-positive isolates after the policy restriction
took effect. We observed a consistent rise in nitrofurantoin sales throughout the study period, which
after the implementation of the restriction policy
was significantly associated with resistance (Appendix Figure 1). We observed no significant association
between cephalexin sales and cephalothin resistance
for E. coli or with the proportion of ESBL-positive
isolates (Appendix Figures 2, 3).

Figure 2. Descriptive analysis
of ciprofloxacin sales and
Escherichia coli resistance in
the São Paulo metropolitan
area, Brazil, before and after
a national policy restricting
over-the-counter antimicrobial
sales began. A, B) Ciprofloxacin
sales and resistance in E. coli;
C, D) Ciprofloxacin sales and
proportion of ESBL-positive
isolates. Panels C and D
show distribution of estimated
β-values obtained from
dynamic regression model,
representing the association
between ciprofloxacin sales
and resistance for E. coli and
proportion of ESBL-positive
isolates. A β-value and 95%
CrI >0 indicate a direct
association between sales
and resistance, except for
the period between 2011 and 2013. Estimated β values >0 before and after the policy began indicate no influence of the regulation on
ciprofloxacin resistance. Light blue shaded areas represent period after the restriction policy began. CrI, credible interval; DID, defined
daily dose/1,000 inhabitant-days; ESBL, extended spectrum β-lactamases.
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AMR of Streptococcus pneumoniae

During the study period, we analyzed 5,797 S. pneumoniae isolates: 68.16% from blood, 25.7% from cerebrospinal fluid, 4.5% from respiratory samples, and
1.64% from other sites. Because penicillin sales were
much lower than amoxicillin sales, we used amoxicillin sales data to investigate its association with
penicillin resistance. Similarly, we used azithromycin
sales data to investigate erythromycin resistance in S.
pneumoniae.
We found a direct association between antimicrobial sales and resistance in S. pneumoniae (Figures 3,
4). During the study period, a substantial decrease in
amoxicillin sales was followed by decreased penicillin
resistance. Association between amoxicillin sales and
penicillin resistance occurred in the periods before and
after policy initiation. Azithromycin and trimethoprim/
sulfamethoxazole sales showed a direct association with
both erythromycin and trimethoprim/sulfamethoxazole resistance, which became more pronounced after
the restriction policy began and PCV10 was added to
the Brazil National Immunization Program.
Discussion
Although many studies have correlated antimicrobial
consumption and resistance, data are scarce about
whether AMR can be reduced by decreasing antimicrobial sales in a community setting (14–16). Our
study suggests that a policy to ban OTC sales of antimicrobial drugs may have influenced a decrease in
AMR in a large population.

There are complex mechanisms involved in
AMR development; therefore, we felt that it was
not possible to predict how long after the change
in antimicrobial sales an effect on resistance could
be expected in a large population. The advantage
of using a dynamic regression model instead of a
time-series analysis was the possibility of detecting
an association between sales and resistance over
any time period after the restriction policy was initiated. Our statistical model enabled us to demonstrate both the association between antimicrobial
sales and resistance and the effect of the restriction
policy on OTC sales. Most of our data indicated
that the effect of the policy on the association of
antimicrobial sales and resistance occurred 1 year
after its mid-2012 implementation.
We chose to study the main bacteria that caused
community-acquired respiratory and urinary tract
infections (UTI). For E. coli, the main cause of
community-acquired UTI, we observed a marked
decrease in resistance to amoxicillin and trimethoprim/sulfamethoxazole associated with a decrease in sales of these drugs. Our data suggest that
the association between drug sales and resistance
might have been affected by the restriction policy.
Although the policy appeared to have had no effect
on sales of ciprofloxacin and other quinolones, the
association between sales and resistance remained;
an increase in ciprofloxacin sales was associated
with an increase in the proportion of ESBL-positive
isolates. These data are very alarming and might

Figure 3. Descriptive analysis
of the association between
amoxicillin and azithromycin
sales and Streptococcus
pneumoniae resistance to
penicillin and erythromycin in
the São Paulo metropolitan
area, Brazil, before and after
a national policy restricting
over-the-counter antimicrobial
sales began. A, B) Amoxicillin
sales and penicillin resistance;
C, D) azithromycin sales and
erythromycin resistance. Panels
B and D show distribution of
estimated β-values obtained
from dynamic regression model.
Estimated β-values and 95% CrI
>0 suggest a direct association
between sales and resistance
before and after the restriction
policy began. Penicillin resistance decreased after the restriction policy began (light blue shading areas) and after addition of freeof-charge PCV10 (orange shaded areas) to the national immunization program, and there was a direct association between sales of
azithromycin and resistance to erythromycin 1 year after the restriction policy was put in place. CrI, credible interval; DID, defined daily
dose/1,000 inhabitant-days; PCV10, 10-valent conjugated pneumococcal vaccine.
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Figure 4. Descriptive analysis
of the association between
trimethoprim/sulfamethoxazole
sales and Streptococcus
pneumoniae resistance in
the São Paulo metropolitan
area, Brazil, before and after
a national policy restricting
over-the-counter antimicrobial
sales began. A) Trimethoprim/
sulfamethoxazole sales and
S. pneumoniae resistance;
B) distribution of estimated β-values obtained from dynamic regression model. Estimated β values and 95% CrIs >0 indicate a direct
association between sales and resistance that starts after the restriction policy was put in place (light blue shaded areas) addition of
free-of-charge PCV10 (light orange shaded areas) to the national immunization program and restriction policy in 2010. CrI, credible
interval; DID, defined daily dose/1,000 inhabitant-days; PCV10, 10-valent conjugated pneumococcal vaccine.

reveal an unintended consequence of the restriction
policy, shifting antimicrobial consumption towards
antimicrobials with higher resistance potential, the
opposite of what the World Health Organization
considers appropriate antimicrobial consumption
according to its AWaRe (access, watch, reserve)
classification of antimicrobials (17). Observational
studies have documented a higher prevalence of
ESBL in ciprofloxacin-resistant Enterobacteriaceae,
and recent data suggest that this association may
be plasmid-mediated (18,19). Because quinolones
provide convenient dosing and adequate spectrum to treat common community-acquired infections, physician preference for the drugs and lack
of awareness about undesirable consequences may
explain the increase in quinolone sales despite the
effect of the restriction policy. This finding highlights the need for multifaceted approaches to improve considered use of antimicrobial drugs and
decrease AMR.
A previous study using a retrospective observational design evaluated the effect of the restriction policy on E. coli resistance rates from urine
samples collected at a teaching hospital in another
large metropolitan region of São Paulo state (20).
The authors analyzed yearly resistance rates from
2009 to 2015 and found no differences after the policy, despite the decrease in antimicrobial consumption immediately after it began. Of note, that study
had important methodological differences from
our study. First, the outcome was assessed strictly
within a tertiary-care hospital, which may have
biased the occurrence of resistance. Furthermore,
there might be differences between the 2 metropolitan areas in terms of socioeconomic determinants
and access to and quality of healthcare services.
Adjusting results based on these differences would
be interesting.

We observed a direct association between antimicrobial sales for S. pneumoniae and resistance for
all drugs analyzed. For amoxicillin, we observed
that the association between sales and resistance occurred even before the policy took effect. Also, it is
important to take into account the introduction of
PCV10 as part of the Brazil National Immunization
Program in March 2010, which was associated with
a 95.5% decrease in colonization by vaccine serotypes in persons <24 years of age in the São Paulo
metropolitan region (21). The reduction in pneumococcal infections among children after PCV10 was
introduced might be associated with decreased consumption of amoxicillin and, therefore, decreased
amoxicillin resistance, similar to experiences in other
countries (22,23). On the other hand, after the PCV10
introduction, a higher prevalence was observed of
serotype 19 pneumococcal infections, an infection
previously associated with higher resistance to penicillin and ceftriaxone (21,24). Thus, the interactions
among pneumococcal vaccination, reduction of antimicrobial use, and antimicrobial resistance require
further investigation.
Although the restriction policy was associated
with a decrease in trimethoprim/sulfamethoxazole
and penicillin resistance, we observed an increase
in azithromycin sales beginning in 2013. Similar to
quinolone use for UTIs, macrolides are commonly
prescribed for upper respiratory tract infections and
are one of the first choices for treating communityacquired pneumonia in Brazil (25). An evaluation of
determinants of physicians’ prescription drug choices
and awareness of AMR in Brazil is important to elucidate this hypothesis. Azithromycin consumption
may be a contributing factor for impaired vaccine
success in decreasing resistance, as suggested in a
study evaluating the effect of 7-valent pneumococcal
conjugate vaccine in Portugal (26).
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The first limitation of our study was our use of
sales data on antimicrobial drugs; sales information
does not guarantee that patients actually received and
used the drugs. Also, we could not exclude multiple
isolates obtained from the same patient in the E. coli
database. Furthermore, we could not definitively determine that a patient had not been hospitalized shortly before sample collection. However, the importance
of E. coli in community-acquired infections, the large
number of isolates (>400,000), and the consistency of
our findings suggest strong reliability of the results.
Because there is no national E. coli monitoring system
in Brazil, we obtained these data from a company with
good coverage of the study area. We could not include
Staphylococcus aureus and Klebsiella pneumoniae and
some other microorganism species commonly found
in both inpatient and outpatient settings in the analysis because it is not possible to differentiate nosocomial
from community-acquired isolates.
Although this study suggests that the restriction
policy on OTC antimicrobial sales influenced antimicrobial resistance, the results cannot be extrapolated
to other scenarios, because different effects were observed for different countries and even for different
regions within Brazil (3,27). Socioeconomic factors,
prescription patterns, frequency of government inspections, and educational measures may also affect
antimicrobial use. Also, although antimicrobial sales
in public sector agencies were not affected by the restriction policy until 2012, we had no access to data
from these agencies after this period and therefore
could not evaluate how consumption of antimicrobial drugs distributed through public sector agencies
influenced these findings.
In conclusion, antimicrobial drug sales from private pharmacies were associated with AMR in a community setting in a large metropolitan area in Brazil.
Restricting OTC antimicrobial sales was associated
with a drop in resistance to amoxicillin and trimethoprim/sulfamethoxazole but not to quinolones,
macrolides, or cephalexin. Our findings suggest that
strategies to reduce overdependence on antimicrobial drugs might have an effect on resistance in those
drugs. However, any such strategy will likely need to
be multifaceted because AMR is a complex problem.
The study was funded by the São Paulo Research
Foundation (Fundação de Amparo à Pesquisa do Estado
de São Paulo, grant no. 2011/19128-1). Pfizer Brazil and
DASA provided data through a cooperation agreement
with University of São Paulo at no cost. Funding sources
had no influence on design, data collection, analysis,
interpretation, or writing of this study.
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Coronavirus Disease Spread during
Summer Vacation, Israel, 2020
Ido Somekh, Eric A. F. Simões,1 Eli Somekh1

The relative increase in coronavirus disease incidence
during summer 2020 in Israel was most prominent in
young children. This finding contrasts with the lower
increase in incidence observed in children than in adults
during the school attendance period. School closure
without lockdown conditions might not be independently
effective at reducing spread.

D

uring July 1–August 31, 2020, the period of
school vacation in Israel, coronavirus disease
(COVID-19) cases surged and reached one of the
highest rates in the world. We examined the nationwide involvement of children in this resurgence by
comparing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections by age dynamics
during the period of school vacation with that during
the school attendance period.
The Study
We obtained data from public national data sources
(1,2) (Appendix, https://wwwnc.cdc.gov/EID/
article/28/1/21-0177-App1.pdf). To determine adjusted SARS-CoV-2 incidence rate ratios (IRRs), we
adjusted age-specific SARS-CoV-2 weekly incidence
rates for the number of PCR tests performed (Appendix, part B). For the period of regular school attendance (May–June), we compared weekly incidence
rates during this time period with those of the week
before school reopening (April 26–May 2). For summer vacation (July–August), we compared weekly incidence rates during this time period with those of the
last week of school (June 21–27).
To determine positivity rate ratios (RRs) of SARSCoV-2 tests, we calculated weekly average positivity
RRs of SARS-CoV-2 PCR samples during school
Author affiliations: Schneider Children’s Medical Center of Israel,
Petah Tiqwa, Israel (I. Somekh); Tel Aviv University, Tel Aviv,
Israel (I. Somekh, E. Somekh); University of Colorado School
of Medicine, Aurora, Colorado, USA (E.A.F. Simões); Mayanei
Hayeshuah Medical Center, Bnei Brak, Israel (E. Somekh)
DOI: https://doi.org/10.3201/eid2801.21-0177
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attendance and compared them with those of the
week before school reopening (Appendix part B). We
calculated weekly average positivity RRs for summer
vacation and compared them with those of the last
week of school.
Because some children 3–9 years of age attended
summer school during July, we compared the
average weekly IRRs and positivity RRs of children
0–9 years of age and of children >10 years of age
during August 2020 to those ratios from July. We
reviewed time periods related to school closure and
openings and mitigation measures used in schools
(Appendix parts A, C).
We studied the dynamics of slopes of the
different variables across time periods as another
approach for examining the involvement of
children in COVID-19 spread during school
attendance and summer vacation. We used linear
regression analyses to compare the slopes of the
adjusted weekly incidence of new cases in July–
August (summer vacation) to those in May–June
(school weeks) for each of the age groups. Because
schools were reopened gradually in May 2020,
we performed a separate analysis comparing the
time period when all children attended schools
(May 17–June 20, 2020) to slopes during summer
vacation months (July–August 2020). We analyzed
differences using 2-proportion z-tests and χ2
tests and used linear regression to generate the
slopes. We used propagation of error statistics for
measurements of uncertainties of slope RRs and
slope arithmetic differences.
We observed higher IRRs in adults than in children
during school attendance (May–June); the lowest
increases were in the 0–9-year group (Figure 1, panel
A). Mean positivity rates of tests performed in children
0–9 years of age during May–June was 0.012, compared
with 0.04 in the week before school opening (positivity
RR 0.3 [95% CI 0.24–0.36]). Mean corresponding
positivity rate for those >10 years was 0.015 during
1
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Figure 1. Mean weekly incidence rate ratios for COVID-19 during school attendance and during summer vacation, by age group, Israel,
2020. A) Adjusted IRR, the incidence adjusted for the number of COVID-19 tests performed for the specific age group. Numbers above
bars are specific IRRs with 95% CIs. B) Weekly adjusted IRR during summer vacation by age group, which we calculated by comparing
the incidence of each week to the incidence in the reference week for each age group. We calculated IRRs during school attendance by
comparing the mean weekly rates during the school period (May–June), with rates during the week before school opening (April 26–May
3). We calculated mean weekly IRRs during summer vacation (July–August) by comparing the mean weekly rates during July–August to
those of the last week of school (June 21–27), the reference week. Dates represent day 1 of the studied week. COVID-19, coronavirus
disease; IRR, incidence rate ratio.

May–June compared with 0.012 in the week before
school opening (positivity RR 1.2 [95% CI 1.1−1.3]).
In contrast, the 0–9 age group had the greatest
increases in IRRs (Figure 1, panels A, B; Figure 2) and
in positivity RRs (4.1 [95% CI 3.5–4.6] vs. 2.7 [95% CI
2.3–3.1] for older age groups combined). For children
0–9 years of age, we observed greater increases during
August, when no schools were open, than during
July, when some children 3–9 years of age attended
summer schools, in IRRs (1.9 [95% CI 1.4–2.5]) and
in positivity RRs of samples (1.7 [95% CI 1.6–1.8]). In
contrast, for the other age groups combined, minimal
increases were observed in IRRs (1.1 [95% CI 1.0–
1.2]) and in positivity RRs (1.02 [95% CI 1.01−1.03])
(Appendix Figure 1).
We calculated slopes following linear regression
of curves (Tables 1, 2; Appendix Table 2). Children

0–9 years of age had the highest slope rate ratios
and arithmetic differences when comparing SARSCoV-2 adjusted incidence during summer vacation
months with those of school weeks (May 3–June 29)
(Table 1). Comparing the slopes from July–August
to those obtained at the time when all children
attended school (May 17–June 20) revealed that
children 0–9 years of age had higher vacation/
schools slopes rate ratio and higher arithmetic
differences (Table 2).
Conclusions
The relative increase in SARS-CoV-2 cases and in positivity of samples during summer vacation was most
prominent in young children 0–9 years of age, in sharp
contrast to the period of school attendance, when it
was relatively flat. Parallel trends among children

Figure 2. SARS-CoV-2
infection weekly adjusted
incidence during school
vacation (July 1– August
31) and attendance periods
(May 3–June 19), Israel, 2020.
Incidence was adjusted for
the number of SARS-CoV-2
tests performed for the specific
age group. Number of SARSCoV-2 infections per 100,000
population for each age group
are shown during summer
vacation months (A) and during
school weeks (B). Vertical lines
represent partial reopening of schools (a), reopening of kindergartens and day care centers (b), and complete reopening of schools (c).
Asterisk (*) indicates a single high school cluster. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Table 1. Comparison of slopes for adjusted incidence rates of SARS-CoV-2 infections during summer vacation and partial and full
school attendance periods, Israel, 2020*
Adjusted incidence, %†
Age group, y
Summer vacation ± SEM School attendance ± SEM Slope rate ratio (95% CI) Arithmetic difference (95% CI)
0–9
17.6 ± 2.1
1.8 ± 0.6
9.8 (5.3 to 34.2)
15.8 (10.9 to 21)
10–19
8 ± 8.8
3.4 ± 1.3
2.4 (–3.9 to 18.1)
4.7 (–15 to 24.4)
20–39
1.2 ± 2.9
4.5 ± 0.9
0.27 (–1.2 to 1.85)
–3.3 (–10.1 to 3.5)
40–59
2 ± 2.6
4.6 ± 1.8
0.43 (–8.9 to 3.6)
–2.6 (-8.9 to 3.6)
>60
4 ± 2.1
2.5 ± 0.6
1.6 (–0.2 to 4.5)
1.5 (–3.4 to 6.4)
*Summer vacation was July 1–August 31, 2020. School attendance period was May 3–June 28, 2020. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; SEM, standard error of the mean.
†Incidence is no. cases/100,000 population; rates adjusted by numbers of SARS-CoV-2 tests.

aged 0–9 years during August compared with July
indicate that the operation of summer schools during
July did not significantly influence these results.
Analysis of curves of the adjusted incidence
and comparisons of slopes of curves related to July–
August to those for May–June revealed significantly
higher rate ratios of slopes of adjusted incidence for
children 0–9 years of age than any other age group.
This analysis provides additional support to the
finding that children in this age group are more likely
to contract SARS-CoV-2 during vacation rather than
during school attendance.
School closure has been shown to mitigate the
spread of infection in conjunction with a lockdown (3).
However, when schools are closed and a lockdown is
not in effect, younger children tend to interact more
intensively with adults than they do at school. Our
findings suggest that school closure per se, without
lockdown conditions, might not be sufficiently
effective at reducing SARS-CoV-2 spread. We
presume that because children may be less susceptible
to COVID-19 infection and less infectious than adults,
increased interaction with adults outside school may
expose them more to SARS-CoV-2 infection (4–6).
In addition, children may contract infection during
regular and casual social encounters outside schools.
The increased IRRs among adults during school period
without a precedent or parallel increase in children
suggest that SARS-CoV-2 transmission in children
during school attendance does not necessarily lead
to substantial increases in community transmission.
In addition, in the described scenario, schools were

closed because the academic year ended and not as a
response to increased SARS-CoV-2 spread.
Our findings contrast with those seen in
influenza epidemics, in which children play a
leading role (7,8). A recent report suggests that
contacts outside school were associated with SARSCoV-2 infection, whereas attending school or child
care was not associated with having positive SARSCoV-2 test results (9). We also published a recent
study that suggested that school reopening during
May 2020 had a limited effect on COVID-19 spread in
Israel (10). Those findings are in accordance with the
results of this study and may be relevant regarding
school reopening, which has been a challenge in
many countries (11,12).
The main limitation of our study is its
observational design. However, this study relies
on a solid national database, and its findings are
consistent when examined by several methods and
several parameters. The highly consistent finding
with different comparisons of regressions (slope rate
ratios and arithmetic differences between slopes), as
well as with different parameters (adjusted incidence
and positivity rates of tests), when taken together,
strengthen the reliability of the results.
In conclusion, our results suggest that children,
especially those <10 years of age, may contract
SARS-CoV-2 infections mainly outside of school.
The main implication of our findings is that that
school closure without lockdown conditions might
not be sufficiently effective in reducing SARSCoV-2 spread.

Table 2. Comparison of slopes for adjusted incidence rates of SARS-CoV-2 infections during summer vacation weeks with those
during full school attendance period, Israel, 2020*
Adjusted incidence, %†
Age, y
Summer vacation ± SEM School attendance ± SEM Slope rate ratio (95% CI) Arithmetic difference (95% CI)
0–9
17.6 ± 2.1
2.6 ± 0.47
6.8 (4.3 to 11.7)
15 (8.7 to 21.3)
10–19
8 ± 8.8
3.2 ± 1.9
2.5 (–3.1 to 8.1)
4.8 (–14.2 to 20.8)
20–39
1.2 ± 2.9
5.3 ± 0.6
0.23 (–0.99 to 1.5)
–4.1 (–12.8 to 4.7)
40–59
2 ± 2.6
5.1 ± 0.34
0.4 (0.7 to 1.5)
–3.1 (–10.9 to 4.7)
>60
4 ± 2.1
3.2 ± 0.55
1.25 (–0.2 to 3.5)
0.8 (–5.5 to 7.1)
*Summer vacation was July 1–August 31, 2020. Full school attendance period was May 17–June 19, 2020. SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; SEM, standard error of the mean.
†Incidence rates adjusted by numbers of SARS-CoV-2 tests;
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Streptococcus gallolyticus and
Bacterial Endocarditis in Swine,
United States, 2015–2020
Panchan Sitthicharoenchai, Eric R. Burrough, Bailey L. Arruda, Orhan Sahin,
Jessica G. dos Santos, Drew R. Magstadt, Pablo E. Piñeyro, Kent J. Schwartz, Michael C. Rahe

To evaluate trends in bacterial causes of valvular endocarditis in swine, we retrospectively analyzed 321 cases
diagnosed at Iowa State University Veterinary Diagnostic Laboratory (Ames, IA, USA) during May 2015–April
2020. Streptococcus gallolyticus was the causative
agent for 7.59% of cases. This emerging infection in
swine could aid study of endocarditis in humans.

B

acterial endocarditis appears as the distinctive
macroscopic lesions of vegetative valvular endocarditis (VVE). Among humans, one of the main
causes of infective endocarditis is Streptococcus gallolyticus (formerly Streptococcus bovis), which reportedly causes 2%–10% of cases (1). Despite a lack of
reports of S. gallolyticus pathogenicity in swine, this
bacterium is considered to be part of the porcine enteric microbiome (2). The classic causes of swine VVE
include Erysipelothrix rhusiopathiae, Streptococcus suis,
and Trueperella pyogenes (3,4); however, knowledge of
bacteria associated with VVE in swine is limited. To
evaluate trends in bacteria isolated from swine with
VVE, we retrospectively analyzed cases submitted
to the Iowa State University Veterinary Diagnostic
Laboratory (ISU VDL; Ames, IA, USA) during May
2015–April 2020.
The Study
During the 5-year period, ISU VDL diagnosed 321
cases of swine VVE in pigs 3–28 weeks of age. Cases were submitted from 20 states, including major
swine-producing states in the US Midwest. For 255
(79.43%) of these cases, the causative agent(s) were
detected by routine bacterial culture of the affected
Author affiliations: Iowa State University, Ames, Iowa, USA
(P. Sitthicharoenchai, E.R. Burrough, O. Sahin, J.G. dos Santos,
D.R. Magstadt, P.E. Piñeyro, K.J. Schwartz, M.C. Rahe); US
Department of Agriculture, Ames (B.L. Arruda)
DOI: https://doi.org/10.3201/eid2801.210998
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heart valves. Heart valves were swabbed with sterile
cotton swabs and plated onto 5% sheep blood agar
plates, and plates were incubated in 5% CO2 at 35°C
and examined after 18–24 h and 48 h. Broth enrichment for Erysipelothrix spp. (5,6) was performed according to the discretion of the diagnostician. Bacterial identification was based on colony morphology,
followed by speciation based on matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (Bruker Daltonix, https://www.bruker.com).
For this study, we searched ISU VDL pathology
reports for May 2015–April 2020 to identify all cases
of endocarditis in swine based on the gross changes
of vegetative endocarditis. For selected cases from
which pure growth of S. gallolyticus was isolated from
the heart valves, we performed bacterial biochemical
analyses, sequenced 16S ribosomal RNA, and localized
S. gallolyticus within lesions via RNA in situ hybridization (ISH) (RNAscope; TriStar Technology LLC,
https://tristargroup.us). We also used immunohistochemistry to identify underlying immunosuppression.
We recovered a total of 290 bacterial isolates from
the VVE lesions: S. suis (196, 67.59%), S. equisimilis (37,
12.76%), S. gallolyticus (22, 7.59%), other Streptococcus
spp. (10, 3.45%), E. rhusiopathiae (9, 3.10%), Actinobacillus spp. (9, 3.10%), T. pyogenes (3, 1.04%), Enterococcus faecalis (2, 0.69%), Vagococcus ﬂuvialis (1, 0.34%),
and Staphylococcus aureus (1, 0.34%) (Table). Single
bacterial pathogens were isolated from 221 of the 321
swine with VVE; multiple bacterial pathogens were
isolated from 34. Of the remaining 66 swine, no confirmed cause of VVE was determined because of lack
of heart valve submission for bacterial culture (47,
71.21%), bacterial contamination (15, 22.73%), or lack
of bacterial growth (4, 6.06%).
Conclusions
Within our dataset, the relatively high proportion
of swine VVE cases associated with S. gallolyticus

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

S. gallolyticus and Bacterial Endocarditis in Swine

Table. Frequency of bacterial pathogen isolation from 255 swine with determined causes of bacterial endocarditis, Iowa State
University Veterinary Diagnostic Laboratory, Ames, Iowa, USA, 2015–2020
Frequency of isolation,
Sole bacterium isolated, Isolated in mixed infection,
Bacterial pathogens
no. (%)
no. cases
no. cases
Streptococcus spp.
S. suis
196 (67.59)
166
30
S. equisimilis
37 (12.76)
15
22
S. gallolyticus
22 (7.59)
21
1
Other streptococci
10 (3.45)
7
3
Erysipelothrix rhusiopathiae
9 (3.10)
5
4
Actinobacillus spp.
9 (3.10)
2
7
Trueperella pyogenes
3 (1.04)
1
2
Enterococcus faecium
2 (0.69)
2
0
Vagococcus fluvialis
1 (0.34)
1
0
Staphylococcus aureus
1 (0.34)
1
0
Total bacteria*
290 (100)
Not applicable
Not applicable
*Calculations based on 290 isolations from 255 cases.

compared with other recognized VVE-associated
pathogens in swine (e.g., E. rhusiopathiae and T. pyogenes) was unexpected. S. gallolyticus is part of Lancefield group D streptococci with subclassification of

S. gallolyticus subspecies gallolyticus (formerly S. bovis biotype I) and S. gallolyticus subsp. pasteurianus
(formerly S. bovis biotype II/2) (7). This pathogen has
been linked to 2%–10% of infective endocarditis cases
Figure 1. Five selected
Streptococcus gallolyticus
isolates from swine vegetative
valvular lesions (2019018903,
2020037125, 2020062826,
2020064948, and 2020066722)
characterized as S. gallolyticus
subspecies pasteurianus on
the basis of reference 16S
ribosomal RNA sequences.
Samples were collected in the
United States during 2015–2020.
Scale bar indicates nucleotide
substitutions/site.
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Figure 2. Lesions associated with swine vegetative endocarditis, United States, 2015–2020. A) Macroscopic findings of vegetative
growth on the left atrioventricular heart valve leaflets. B) Histopathologic findings of inflammation characterized by necrotic leukocytes
(N), fibrin (F), mineralization (M), and myriad bacterial colonization (yellow outline) along the surface of the heart valve (hematoxylin and
eosin staining); original magnification ×40. Higher magnification image (inset) shows cocci bacteria in clusters and long chains; original
magnification ×1,000. C) Streptococcus gallolyticus directly detected (red) on the surface of the heart valve by RNA in situ hybridization
with a probe targeting the helix-hairpin helix domain–containing protein, ComEC/Rec2, and DNA pol III subunit delta genes specific to S.
gallolyticus; original magnification ×40. Higher magnification image (inset) shows the bacteria labeled by the in situ hybridization probe;
original magnification ×1,000.

in humans (1) as well as to human colon cancer (8,9).
Lancefield group D streptococci have been described
as commensal flora in the gastrointestinal tract of
birds and mammals, including swine (2). Bescucci et
al. (10) identified S. gallolyticus within areas of enteric
inflammation in pigs challenged with Salmonella enterica serovar Typhimurium. That finding suggests
that injury to intestinal mucosa might predispose pigs
to septicemia and subsequent formation of S. gallolyticus–associated VVE. According to our 16S ribosomal
RNA sequencing of 5 selected S. gallolyticus isolates
from VVE-infected swine, all isolates were classified
as S. gallolyticus subsp. pasteurianus (Figure 1). Biochemical testing indicated that the isolates were positive for trehalose and esculin and weakly positive for
inulin and mannitol. The causative association of S.
gallolyticus isolated from VVE lesions was confirmed
by ISH (Figure 2).
Predisposing causes of VVE development in
swine are unknown; however, porcine reproductive
and respiratory virus (PRRSV) and porcine circovirus
2 (PCV2) are notable immunosuppressive viruses that
might increase susceptibility of a pig to bacterial infection and septicemia. Underlying PRRSV and PCV2
infection was determined for 17 of 22 swine with S.
gallolyticus–associated VVE by using available formalin-fixed paraffin-embedded tissue blocks and immunohistochemistry staining of lung tissue, lymphoid
tissue, or both. Only 2 of 17 swine were immunopositive for PRRSV, and all were negative for PCV2. This
finding suggests that common immunosuppressive
viral infections are not required for development of S.
gallolyticus infection. Another compelling predisposing factor that warrants further investigation is intestinal mucosal damage in association with formation
194

of S. gallolyticus porcine VVE; however, the temporal
association between these events must be considered.
The pathogenesis of VVE is not completely
known. Factors involved with development of lesions
include the presence of transient/persistent bacteremia and preexisting damage of the valvular surface
exposed to blood flow (1). Streptococci are commonly
associated with VVE formation across species. Expression of microbial surface components (e.g., fibrinogen/fibronectin binding protein, collagen binding protein, and pili) that recognize host extracellular
matrix molecules and increase adherence to damaged
heart valves have been identified in various species
of streptococci, including S. gallolyticus (11). Furthermore, streptococcal capsular protein has been shown
to inhibit complement formation, leading to bacterial
survival in the cardiovascular system (12).
Distribution of bacterial pathogens associated
with swine VVE varies notably by age of the pigs.
Age range for detection of S. suis was the widest, 3–24
weeks, and incidence peaked at 12–15 weeks. Similarly, S. equisimilis was detected in pigs 6–28 weeks of
age and S. gallolyticus at 6–19 weeks of age; S. gallolyticus incidence peaked in 12-week-old pigs. Our data
indicated a low number of E. rhusiopathiae isolations
from VVE lesions, in contrast to previous reports of
VVE in slaughter-age pigs (2). One major contributing factor to that finding is implementation of swine
erysipelas vaccination of breeding herds, providing
passive immunity and protection in nursery pigs (13),
leading to a higher tendency to isolate this bacterium
in the pigs at the grower/finisher stage of development (>12 weeks). However, inconsistent inclusion
of Erysipelothrix spp. enrichment culture could have
limited detection of this pathogen in our dataset.
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Epidemiologic data for S. gallolyticus distribution
in swine herds is limited. The reported S. gallolyticus–
associated VVE cases were from different locations in
6 states (Missouri [5/22], Iowa [4/22], Illinois [3/22],
Indiana [3/22], Arkansas [2/22], North Carolina
[2/22]); 3 cases were from undetermined locations.
Information regarding the type of swine production
system and genetic sources was not recorded. In addition, this geographic information is limited to cases
that were submitted to the ISU VDL. Thus, association with predisposing factors, such as husbandry
and management, and the endemic status of this
pathogen among domestic swine is unknown.
Our data on the frequency of detection of bacterial agents in swine with VVE reshapes the contemporary understanding of common causes of VVE in US
domestic swine herds and identifies S. gallolyticus as
an emerging cause of bacterial endocarditis in swine.
This finding is supported by the frequent isolation of
pure-growth S. gallolyticus from affected valves and
direct detection of this agent within lesions via ISH.
Determining factors that predispose swine to systemic infection, examining lesion distribution in other tissues, and reproducing the disease in an experimental
setting would position swine as a highly translatable
model of S. gallolyticus infectious endocarditis for the
study and treatment of endocarditis in humans.
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SARS-CoV-2 RNA Shedding in
Semen and Oligozoospermia of
Patient with Severe Coronavirus
Disease 11 Weeks after Infection
Lawrence J. Purpura, Joseph Alukal, Alexander M. Chong, Lihong Liu,
Anyelina Cantos, Jayesh Shah, Nicola Medrano, Jennifer Y. Chang, Moriya Tsuji,
Hiroshi Mohri, Anne Catrin Uhlemann, David Ho, Michael T. Yin

We report severe acute respiratory syndrome coronavirus 2 in semen by using quantitative reverse transcription PCR during the late convalescent phase.
Virus was associated with adequate humoral and cellmediated responses, suggesting possible seeding of
the immune-privileged testes. We provide longitudinal
semen quality data for 6 other men, including 3 who
had oligozoospermia.

A

s of July 2021, >180 million persons worldwide
were infected by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and remain in
the convalescent phase (1). Long-term implications
for male fertility and potential sexual transmission remain uncertain. However, other emerging pathogens,
such as Ebola and Zika viruses, have been shown to
undergo sexual transmission (2,3).
Angiotensin-converting enzyme-2 receptors,
abundant in the testis (4), are binding sites for SARSCoV-2, and autopsy reports have demonstrated viral invasion of the testis (5). However, detection of
SARS-CoV-2 RNA in semen was not reported from
6 cohort studies that included 213 men (6), although
detection has been reported in 2 studies during the
acute phase (7,8) and in 1 study during early convalescence (9). We present findings of semen analysis
from a prospective coronavirus disease (COVID-19)
cohort study.
Author affiliations: Columbia Mailman School of Public Health,
New York, New York, USA (L.J. Purpura); Columbia University
Irving Medical Center, New York (L.J. Purpura, J. Alukal, A.M.
Chong, L. Liu, A. Cantos, J. Shah, N. Medrano, J.Y. Chang, M.
Tsuji, H. Mohri, A.C. Uhlemann, D. Ho, M.T. Yin)
DOI: https://doi.org/10.3201/eid2801.211521
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The Study
A 34-year-old man, who had a history of childhood
asthma, was hospitalized for severe coronavirus disease (COVID-19) pneumonia during March 2020. At
admission, he had symptoms for 1 week and was positive for SARS-CoV-2 RNA by nasopharyngeal swab
specimen reverse transcription PCR (RT-PCR). Chest
radiograph showed bilateral interstitial opacities. He
was given supplementary oxygen by nasal cannula
and completed a 5-day course of hydroxychloroquine
but was also given mechanical ventilation on day 10
for respiratory decompensation. His hospital course
was complicated by renal failure requiring continuous venovenous hemofiltration. He was eventually
extubated on illness day 15 but remained admitted
until day 27, when he no longer required supplemental oxygen. Despite his respiratory recovery, he
required outpatient dialysis until day 51. At the time
of study enrollment (day 72), he had returned to his
previous state of health.
Participants were recruited for this prospective cohort study from inpatient and outpatient settings in New York, New York, beginning in March
2020. The study was approved by the institutional
review board at Columbia University Irving Medical Center and is registered at Clinicaltrials.gov
(NCT04448145). Eligible participants had laboratory
confirmation of COVID-19 based on SARS-CoV-2
RT-PCR or serologic testing. Participants completed
surveys describing their demographics, underlying
conditions, and COVID-19 clinical course. Clinical
samples collected at each visit included plasma, peripheral blood mononuclear cells, nasopharyngeal
swab specimens, saliva samples, stool/rectal swab
specimens, and semen.
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We collected and assessed semen per World
Health Organization guidelines (10). We instructed participants to clean their hands without spermotoxic lubricants before providing a sample
into a sterile container. Samples were frozen after
collection. Sperm count was reported in millions
per milliliter, and sperm motility was reported as
a percentage, according to World Health Organization guidelines.
Of the 107 patients enrolled in the cohort study,
7 provided semen specimens (Table 1; Appendix,
https://wwwnc.cdc.gov/EID/article/28/1/211521-App1.pdf). The mean age of participants was
38.7 (range 32–56) years. Two of the 7 who provided
semen specimens were Hispanic, 2 Black, and 3 Caucasian; 2 had a previous diagnoses of HIV infection,
and 2 had body mass index >30 kg/m2. One participant had had a successful vasectomy and was included in the study to evaluate viral carriage in nontestes accessory organs, such as the prostate gland.
A total of 17 semen specimens were collected
from 7 participants (Table 1) and underwent quantitative RT-PCR (qRT-PCR) testing and semen analysis. We assessed cycle threshold (Ct) values by using
the ZymoBIOMICS DNA/RNA Extraction Kit (Zymoresearch, https://www.zymoresearch.com), the
Taqman 4× One-Step Master Mix (Zymoresearch),
and SARS-CoV-2 IDT primer/probe sets (Integrated
DNA Technologies, https://www.idtdna.com). One
sample obtained from participant 1 on day 81 from
symptom onset was qRT-PCR positive and had a Ct
value of 34.79. Virus isolation was unsuccessful (Appendix). Subsequent semen samples from the participant at days 101 and 169 were negative, as were
his saliva, stool, and plasma samples (Table 2). All

semen samples from the other 6 men were negative
by qRT-PCR.
Participant 1 had severe oligozoospermia and a
sperm concentration of <1 million/mL on day 81, followed by a gradual recovery to 16 million/mL on day
101 and 72 million/mL on day 170. All his samples
showed sperm motility of 0%, although samples were
previously frozen. In addition, 2 other participants
had severe oligozoospermia (<5 million/mL) and 1
had mild oligozoospermia (<15 million/mL). Followup samples were available for 5 participants. Early
sperm count recovery was observed in 3 participants,
but 2 participants had a decrease in sperm count later
in convalescence, and 1 participant had a count of 16
million/mL at 11 months (Table 1).
We assessed humoral and cell-mediated immune
responses to evaluate level of immunity against SARSCoV-2. We used immunoassays (11) to quantify IgM,
IgG, and IgA binding (half of maximum effect) values
against spike trimer and nucleocapsid protein (Figure
1). We performed antibody neutralization assays to
measure the neutralization half-maximal inhibitory
concentration (Figure 1; Appendix). Half of the maximum effect binding antibody responses and neutralization half-maximal inhibitory concentration against
SARS-CoV-2 trimer were modest at days 72 and 78
(Table 2). We used a human interferon-γ ELISpot assay to determine the T-cell response against spike
trimer, nucleocapsid, matrix, and envelope proteins
at day 81 from symptom onset, which showed strong
reactivity against matrix (Figure 2).
Conclusions
We report detection of SARS-CoV-2 RNA by qRTPCR in semen and severe oligozoospermia in 1 patient

Table 1. SARS-CoV-2 RT-PCR and semen analysis for 7 participants enrolled in a longitudinal prospective coronavirus disease cohort
study, New York, USA*
Participant ID
Days to specimen collection
Semen RT-PCR result Sperm count, million sperm/mL semen Semen motility, %
1
81
Positive
<1
0
101
Negative
16
0
170
Negative
72
0
2
38
Negative
3
0
3
48
Negative
60
0
65
Negative
82
40
4
61
Negative
158
50
68
Negative
44
30
74
Negative
30
20
5
93
Negative
5
10
102
Negative
34
0
115
Negative
30
0
335
NT
16
0
6
37
Negative
12
50
7
84
Negative
Vasectomy
NT
94
Negative
Vasectomy
NT
101
Negative
Vasectomy
NT
*ID, identification; NT, not tested; RT-PCR, reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Table 2. RT-PCR and serologic test results for participant 1 who was infected with SARS-CoV-2 in longitudinal prospective
coronavirus disease cohort study, New York, USA*
T cell reactivity against M
protein, IFN-‒secreting T
Days after
Binding antibody EC50,
Neutralizing
symptom onset
Sample
PCR result, Ct
NP/S
antibody IC50
cells/1 million PBMCs†
72
Saliva
Negative
72
Blood
Negative
1,351/3,728 (modest)
(modest)
78
Saliva
Negative
78
Stool
Negative
78
Blood
Negative
1,756/5,680 (modest)
(modest)
81
Semen
Positive, 34.79
81
Blood
NT
>130 (strong)
81
Saliva
Negative
101
Semen
Negative
101
Saliva
Negative
101
Stool
Negative
169
Saliva
Negative
169
Stool
Negative
169
Semen
Negative

*Ct, cycle threshold; EC50, concentration half of the maximum effect; IC50, half-maximal inhibitory concentration; IFN, interferon; NP, nucleocapsid protein;
NT, not tested; PBMCs, peripheral blood mononuclear cells; S, spike protein; SARS-CoV 2, severe acute respiratory syndrome coronavirus 2.

81 days after onset of severe COVID-19. Compared
with reports that showed positive RT-PCR findings
(7–9), we provide more granularity regarding clinical
course, longitudinal assessment of sperm count, and

host immune response.
Detection of SARS-CoV-2 RNA during the
late convalescent phase might be attributed to
COVID-19 severity, requiring mechanical ventilation
Figure 1. IgA, IgM, and IgG
antibody responses against
severe acute respiratory
syndrome coronavirus 2 (SARSCoV-2) spike protein, receptorbinding domain (RBD), and
nucleocapsid protein (NP) for
participant 1 at days 72 and 78
from symptom onset. A) C0087
plasma SARS-CoV-2 spikespecific IgA; B) C0087 plasma
SARS-CoV-2 spike-specific IgM;
C) C0087 plasma SARS-CoV-2
spike-specific IgG; D) C0087
plasma SARS-CoV-2 spike/
RBD‒specific IgA; E) C0087
plasma SARS-CoV-2 spike/
RBD‒specific IgM; F) C0087
plasma SARS-CoV-2 spike/
RBD‒specific IgG; G) C0087
plasma SARS-CoV-2 NP-specific
IgA; H) C0087 plasma SARSCoV-2 NP-specific IgM; I) C0087
plasma SARS-CoV-2 NP-specific
IgG. OD450, optical density at
450 nm.
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SARS-CoV-2 in Semen and Oligozoospermia
Figure 2. T-cell binding domain
responses against membrane,
nucleocapsid, spike, and
envelope proteins of severe
acute respiratory syndrome
coronavirus 2, as determined
by human IFN-γ ELISpot assay.
If the number of spots that
correspond to the number of
IFN-γ‒secreting T cells/million
PBMCs is >10, the response
is considered positive. Peptide
pool numbers indicate 17mer overlapping peptides that
encompass all 4 proteins. IFN,
interferon; PBMCs, peripheral
blood mononuclear cells. Error
bars indicate mean ± SD.

and renal replacement therapy for the participant.
This feature might have resulted in an enhanced systemic viremic state with subsequent seeding of accessory organs or the testes, an immune-privileged
site, in the setting of generalized inflammation, and
disruption of the blood–testis barrier (12). This possibility is supported by the participant having adequate humoral and cell-mediated immune responses and associated viral clearance of stool and saliva
specimens surrounding the time when SARS-CoV-2
RNA was detected in semen.
In addition, 4 other study participants had oligozoospermia. Sperm count recovery was observed
in 2 participants, but the other 2 did not provide
longitudinal samples. Numerous reports have
suggested a detrimental effect on semen quality
after COVID-19 (9,13,14), hypothesized to occur
secondary to viral illness and fever causing spermatogenic dysfunction (15). Given this transient
insult, it is not unexpected that some of these men
showed recovery.
One limitation of our study is that the initial semen sample was collected late in the convalescent
phase, and the high Ct value probably indicates
detection of inactive virus without risk for sexual
transmission. However, if an acute-phase or early
convalescent-phase specimen were collected, the
Ct value might have been lower. Likewise, semen
samples from the other 6 men were also limited to
the late convalescence phase and mild acute COVID-19 illnesses, except for 1 participant who required mechanical ventilation, although his status
was postvasectomy.

Given the small sample size, we cannot determine the contribution of other known etiologies
of oligozoospermia, including obesity and oxygen
therapy during hospitalization. In addition, we
lacked preinfection semen analysis for comparison, and sperm motility would have been more
accurately assessed if performed before freezing.
Last, because of inherent difficulty in recruiting for
serial semen collection, semen was only collected
from a small proportion of participants enrolled in
the cohort study. These findings are not generalizable to all male COVID-19 survivors and warrant
further research.
In conclusion, SARS-CoV-2 RNA in semen appears to be an extremely rare event, but oligozoospermia has been reported more frequently. Risk
factors for viral persistence in the male reproductive
tract, longitudinal effects on semen quality, and viral
transmission remain to be elucidated, but because of
the large number of men in the convalescent phase
worldwide, potential effects on reproductive health
is not negligible.
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Melioidosis Manifesting as
Chronic Femoral Osteomyelitis
in Patient from Ghana
Diana Ayoola Mabayoje, Dervla T.D. Kenna, David A.B. Dance, Caoimhe NicFhogartaigh

A 33-year-old man from Ghana who had diabetes had
chronic osteomyelitis of the femoral shaft develop. Tissue samples from surgical debridement grew Burkholderia pseudomallei. He received meropenem, followed by
oral trimethoprim/sulfamethoxazole and doxycycline, and
fully recovered without complications. Our case report
extends the range of countries in Africa as sources of
culture-confirmed melioidosis.

M

elioidosis is becoming a serious emerging disease worldwide. Burkholderia pseudomallei, the
causative agent of melioidosis, is a gram-negative,
aerobic bacillus found in wet soil and surface water.
Human infection occurs by contact with contaminated soil or water through percutaneous inoculation,
inhalation, or ingestion. There is often seasonal variation in incidence in association with heavy rainfall.
Human cases are mainly reported in high endemicity
areas of Southeast Asia and northern Australia, with
sporadic reports from other tropical areas, although
past research has predicted that many more areas
have the prerequisite climate for B. pseudomallei (1).
The purpose of this study was to investigate a case of
melioidosis manifesting as chronic femoral osteomyelitis in a patient from Ghana.
The Study
A 33-year-old man from Ghana who had untreated
type 2 diabetes mellitus reported a 2-month history of
pain and swelling in the left knee. He had emigrated
to the United Kingdom 14 months previously from
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Public Health England, London (D.T.D. Kenna); University of
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National Health Service Trust, London (C. NicFhogartaigh)
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Ghana, where he had lived in a rural northern area
(Bolgatanga Province) for 16 months, working as a
building project manager. During this period, he traveled to work on a motorbike over unpaved roads. He
had occasional night sweats while in Ghana but had
no other symptoms and had not sought treatment.
He also traveled to urban cities in Nigeria (Lagos and
Abuja) as part of his job. He reported visiting Scandinavia, Germany, Brazil, China, and South Africa over
the preceding 7 years, although he had always stayed
in urban areas and reported no exposure to soil or
surface water.
He was febrile (temperature 38.3°C), tachycardic
(110 beats/min), and normotensive. His left knee was
painful and had a suprapatellar effusion. He had increased levels of inflammatory markers (leukocyte
count 11.1 × 109 cells/L, predominantly neutrophils;
C-reactive protein level of 221 mg/L; and erythrocyte
sedimentation rate of 47 mm/h). Septic arthritis of the
left knee was diagnosed. Knee aspirate showed neutrophil polymorphs but a negative Gram stain result
and negative cultures. He was empirically given intravenous flucloxacillin, with a plan for a washout. A
lytic area was observed on a radiograph of his left femur. Magnetic resonance imaging showed extensive
osteomyelitis of the left femoral shaft and metaphysis, including ring enhancement and sinus formation
(Figure 1). He underwent incision and debridement
of the left femur, during which purulent material was
expressed; multiple tissue samples were processed
for culture and histologic analysis.
He was empirically given teicoplanin and meropenem. Peripheral blood cultures obtained on the
day of hospitalization yielded no growth. Tests results for HIV and syphilis were negative. After 48
hours of culture on standard medium, multiple bone
marrow samples yielded an organism identified as B.
pseudomallei by mass spectrometry. Teicoplanin was
stopped, and meropenem started instead.
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The isolate was referred to the National Reference
Laboratory for Antimicrobial Resistance and Healthcare-Associated Infections (London, UK), which confirmed B. pseudomallei. MICs determined by gradient
diffusion (bioMérieux, https://www.biomerieux.
com; Oxoid, https://www.oxoid.com) and interpreted by using European Committee on Antimicrobial
Susceptibility Testing breakpoints (https://www.
eucast.org). The isolate was susceptible to meropenem, imipenem, doxycycline, ceftazidime, and trimethoprim/sulfamethoxazole. Multilocus sequence
typing showed a novel sequence type, ST1914, a
single-locus variant of 3 other B. pseudomallei isolates
originating in Eritrea, Gabon, and Nigeria (2).
Computed tomography of the chest, abdomen,
and pelvis showed no other foci of infection. Because
he had labile blood glucose readings and an increased
level of hemoglobin A1c, he was given antidiabetic
medication. After 14 days of intravenous meropenem, he was switched to oral trimethoprim/sulfamethoxazole (960 mg 2×/d; 160 mg of trimethoprim
and 800 mg of sulfamethoxazole) and doxycycline
(100 mg 2×/d), completed 2 months of oral antimicrobial drugs, and showed a good clinical response. At
the end of treatment, his inflammatory markers had
returned to standard levels. Twelve months after he
initially sought care, he had full range of movement
of his left knee and well-healed surgical scars. He had
standard levels of inflammatory markers; a repeat radiograph of his left femur showed changes consistent
with his previous debridement and no evidence of
ongoing osteomyelitis (Figure 2).
Conclusions
For our patient, B. pseudomallei infection was probably
acquired in Ghana. Melioidosis is underreported in
known disease-endemic foci, and modeling has suggested that it is probably endemic to 34 countries that
have never reported cases, including 24 in Africa;
West Africa was identified as the highest risk area,
followed by Central Africa on the basis of environmental suitability (1,3). However, only a handful of
sporadic cases have been reported from Africa, probably the result of underdiagnosis caused by resourcelimited laboratories and public health systems (4–9).
Using modeling, Limmathurotsakul et al. estimated an annual incidence of 389 (range 111–1,446)
melioidosis cases in Ghana (1). Studies to elucidate
the incidence of melioidosis in West Africa, including
Ghana, are underway (3). Whole-genome sequencing
and phylogenomic analysis of B. pseudomallei isolates
have demonstrated that Australia was an early reservoir, with onward transmission to Southeast Asia and
202

Figure 1. Melioidosis manifesting as chronic femoral osteomyelitis
of the left leg in patient from Ghana. A) Magnetic resonance
imaging showing extensive femoral osteomyelitis. B) Magnetic
resonance imaging showing extensive osteomyelitis.

then to southern Asia. Strains from Africa group into
a single clade originating from ancestral clades in Asia
and human migration from Indonesia to Madagascar
>2,000 years ago might have led to dissemination of
the organism into Africa with subsequent introduction of B. pseudomallei into the Americas through the
transatlantic slave trade (10).
The timing of this patient’s manifestations and
his history of living in rural areas suggest that he
was infected in Ghana. Although he had an extensive
travel history, including to other known or potential
melioidosis-endemic countries, such as Brazil and Nigeria, he stayed in urban settings and had no rural or
soil exposure except in Ghana.
Our patient had untreated diabetes mellitus, a
major predisposing factor for melioidosis. Increasing
prevalence of diabetes mellitus in Africa means an
expected corresponding increase in melioidosis cases. In several countries in Asia, hemoglobinopathies
are also associated with increased illness and death
caused by melioidosis. The milieu of hyposplenism,
defective macrophage and neutrophil chemotaxis,
and phagocytosis with iron overload are implicated in
the pathogenesis of melioidosis in patients who have
thalassemia (11). A recent case series from the Democratic Republic of the Congo described melioidosis
in 3 children who had sickle cell anemia, 2 of whom
died (12). Hemoglobinopathies are widely prevalent
in West and Central Africa and might be an emerging
risk factor for melioidosis in settings in Africa.
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who have a history of travel in tropical regions and infective symptoms. Strengthening laboratory capacity in
Africa will better enable detection of B. pseudomallei.
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Emergence of SARS-CoV-2 Delta
Variant, Benin, May–July 2021
Anges Yadouleton,1 Anna-Lena Sander,1 Praise Adewumi, Edmilson F. de Oliveira Filho,
Carine Tchibozo, Gildas Hounkanrin, Keke K. René, Dossou Ange, Rodrigue K. Kohoun,
Ramalia Chabi Nari, Sourakatou Salifou, Raoul Saizonou, Clement G. Kakai, Sonia V. Bedié,
Fattah Al Onifade, Michael Nagel, Melchior A. Joël Aïssi, Petas Akogbeto, Christian Drosten, Ben Wulf,
Andres Moreira-Soto, Mamoudou Harouna Djingarey, Benjamin Hounkpatin, Jan Felix Drexler

Severe acute respiratory syndrome coronavirus 2 Delta
variant epidemiology in Africa is unknown. We found
Delta variant was introduced in Benin during April–May
2021 and became predominant within 2 months, after
which a steep increase in reported coronavirus disease
incidence occurred. Benin might require increased nonpharmaceutical interventions and vaccination coverage.

N

umerous genetic variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
have emerged globally since the start of the coronavirus disease (COVID-19) pandemic (https://cov-lineages.org). By September 2021, the World Health Organization defined 4 lineages as variants of concern
(VOCs): B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma),
and B.1.617.2 (Delta) (1). The Delta VOC was detected
in India in October 2020 (1). By September 2021, >33
sublineages (AY.1–AY.33) of the Delta VOC were reported globally (https://cov-lineages.org). Increased
transmissibility of the Delta VOC compared with other lineages has been attributed to potential immune
escape and intense replication (2; B. Li et al., unpub.
data, https://www.medrxiv.org/content/10.1101/
2021.07.07.21260122v2), which is consistent with the
global spread of the Delta VOC (1), and rapid outcompetition of other lineages, such as Alpha and Kappa,
in India (3). By August 2021, the Africa Centres for
Disease Control and Prevention had reported Delta
Author affiliations: Laboratoire des Fièvres Hémorragiques
Virales du Benin, Cotonou, Benin (A. Yadouleton, P. Adewumi,
C. Tchibozo, G. Hounkanrin, R.C. Nari); Université Nationale des
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Benin (A. Yadouleton, P. Adewumi, C. Tchibozo, G. Hounkanrin);
Charité–Universitätsmedizin Berlin, Berlin, Germany (A.-L. Sander,
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VOC infections from 30 countries (4). Nevertheless,
epidemiologic information on the emergence and
dissemination of the Delta VOC in Africa is missing.
We conducted genomic surveillance to monitor emergence and spread of SARS-CoV-2 variants in Benin in
West Africa.
The Study
We recently described the circulation of 10 diverse
SARS-CoV-2 lineages with mutations associated with
VOCs in Benin (5), but we did not detect any Delta
variants by the end of that study in late March 2021.
Here, we report continuous genomic surveillance at
the Benin reference laboratory on samples obtained
from 4 sites in southern Benin during late April–midJuly 2021 (Figure 1, panel A). During the study period,
routine testing at the reference laboratory and associated satellite laboratories in Benin averaged at 1,370
samples per day (Figure 1, panel B), a 900% increase
from a comparable timeframe in 2020 (6) (Figure 1,
panel B). The decentralization of diagnostic testing
and simplification of extraction protocol contributed
to increased testing (7).
During the study period, the laboratory identified 1,181 SARS-CoV-2–positive samples, specifically 419 in May, 245 in June, and 517 in July
(Figure 1, panel C). For genomic surveillance, the
(R. Saizonou, C.G. Kakai, S.V. Bedié, F. Al Onifade,
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Figure 1. Molecular surveillance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in Benin, May–July 2021. A)
Sampling sites from which 200 SARS-CoV-2–positive respiratory samples were collected. Left map shows enlarged region of the 4
sampling sites in southern Benin; center map shows location sampling sites in the southern tip of the Benin; right map shows location
of Benin (red) in Africa. Benin maps were obtained from The Humanitarian Data Exchange (https://data.humdata.org) and were plotted
with the ggplot2 package in R (R Foundation for Statistical Computing, https://www.r-project.org); Africa map was generated by using
the rworldmap package in R. B) Reported number of cases from Benin during 2021 based on data from the World Health Organization
(https://covid19.who.int/region/afro/country/bj; accessed 2021 Sep 21). Red horizontal line indicates the study period. C) Monthly
number of SARS-CoV-2–positive samples from the reference laboratory in Benin. Red denotes the number of samples that were
sequenced in this study. Numbers below baseline indicate the total number of samples collected each month.

laboratory kept 17.0% (200/1,181) of SARS-CoV-2–
positive respiratory samples: 20% of all positive
samples collected in May, 17% in June, and 13% in
July (Figure 1, panel C). From those 200 samples,
we selected 166 samples with a cycle threshold <35
by Sarbeco E-gene assay (TIB Molbiol, https://
www.tib-molbiol.de) for genomic sequencing by
using a previously described next-generation sequencing workflow (5). We attained near-complete
viral genomes for 67.8% (114/166) of SARS-CoV-2–
positive samples, 9.7% of all SARS-CoV-2–positive
samples in Benin. The other 52 samples failed to
yield sufficient genomic data for further analysis.
Using Pangolin COVID-19 Lineage Assigner Version 3.0.2 (https://pangolin.cog-uk.io), we designated the 114 newly characterized SARS-CoV-2
206

genomes (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/28/1/21-1909-App1.pdf) to 12
distinct lineages (Figure 2, panel A).
SARS-CoV-2 epidemiology in Benin changed
drastically within just 2 months. The only commonality between our previous study (5) and this study
was the continuous detection of the B.1.1.318 lineage
and detection of the Alpha VOC. Unlike our previous study, we detected Beta and Delta variants in this
study. Of note, we only sporadically detected Alpha
and Beta VOCs, plus 6 other lineages, in this study
(Figure 2, panel A), highlighting a lack of intense
transmission of these variants during the study period. We first detected the Delta variant in a sample
collected on May 27, 2021, in the capital of Benin,
Cotonou (Appendix Table 2). To ensure that we did
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Figure 2. Virologic data on
SARS-CoV-2 variants from
respiratory samples, Benin,
2021. A) Top Gaussian kernel
smoothed violins representing the
density of observed occurrences
per SARS-CoV-2 lineage at
a given time point during the
sampling period from the end
of April until mid-July 2021.
Black dots represent lineage
occurrences of 114 generated
genomes. Height of the violin plot
corresponds to density of lineage
in time. Bottom of graph shows
collection date of the 200 SARSCoV-2–positive samples collected
for this study. Red indicates
the subset for which near-full
genomes were generated. Both
plots were generated using
the ggplot2 package in R (R
Foundation for Statistical Computing, https://www.r-project.org). B) Log10 SARS-CoV-2 RNA concentrations of Delta variant strains
versus all other lineages. Points represent each individual Log10 concentration. Box plots indicate interquartile range; whiskers represent
the maximum and minimum values; horizontal line indicates the median. Plot was generated using the ggplot2 package in R. NS, not
statistically significant by Student t-test; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; VOC, variant of concern.

not miss any Delta strains during our previous study,
we sequenced another 90 genomes (Appendix Table
1) collected during January–March 2021 but did not
detect Delta VOCs in those samples.
Detection of the Delta variant increased rapidly,
from 3.4% of positive samples in May to 37.9% in June
and 63.6% in July (Table). We detected 2 sublineages of Delta variant, B.1.617.2 and AY.4, in our dataset. We first detected the Delta sublineage AY.4 in a
sample collected in Cotonou on June 24, 2021, after
which it co-circulated with the B.1.617.2 sublineage.
Of note, we did not detect AY.4 outside of the capital
city, Cotonou (Appendix Table 2). However, we cannot exclude a sampling bias because of low sample
Table. Detection rates of major SARS-CoV-2 lineages over time,
Benin, May–mid-July 2021*
% Lineages
Pangolin lineages
May
June
July
B.1.1.7 Alpha
3.4
3.4
1.8
B.1.351 Beta
3.4
0
0
B.1.617.2 Delta
3.4
27.6
52.7
AY.4 Delta
0
10.3
10.9
B.1
3.4
0
0
B.1.1.1
3.4
0
0
B.1.1.318
58.6
55.2
29.1
B.1.525
13.8
0
1.8
B.1.620
3.4
0
0
AV.1
0
0
1.8
AZ.2
0
3.4
0
C.36.3
6.9
0
1.8
*Lineages according to Pangolin software (https://github.com/covlineages/pangolin). SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

numbers from other cities, which could affect the apparent spatial distribution of the AY.4 sublineage. We
did not detect Delta sublineage AY.1 signature mutations (V70F, W258L, and K417N) (8), nor did we detect the E484K mutation, which is associated with immune escape in the Delta sublineage AY.2 (9), in any
of the Delta variant genomes from Benin (Appendix
Figure 1). In addition, Delta VOC mutations did not
occur at identical frequencies in SARS-CoV-2 strains
circulating in Benin, (Appendix Figure 1), suggesting
that the Delta variant expanded in Benin irrespective
of mutations that are hypothesized to enhance partial
immune escape.
In our study, samples containing Delta VOC
strains did not show significantly higher viral RNA
concentrations compared with other lineages (Figure 2, panel B). This observation contrasts preliminary studies showing higher concentrations of Delta
VOCs in upper respiratory tract samples (B. Li et al.,
unpub. data, https://www.medrxiv.org/content/
10.1101/2021.07.07.21260122v2). At the same time,
those results countered a potential bias toward sequencing Delta VOC strains from putatively higher
virus concentrations, exceeding the threshold we
applied for genomic sequencing. We observed no
differences in age or sex of patients infected with
Delta versus non-Delta VOC strains, hinting at similar sociodemographic determinants of SARS-CoV-2
spread in Benin (Appendix Figure 2).
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Conclusions
Our data confirm that the SARS-CoV-2 Delta lineage
was introduced into Benin during April–May 2021, ≈6
months after its detection in India and ≈1 month after
its emergence in Europe (10). Reduced international
connectivity in Benin likely delayed introduction of
the Delta VOC (7). In addition, our data show that
it took ≈2 months for Delta VOC strains to become
predominant in Benin, which is roughly comparable
to findings from India, where Delta became the predominant variant detected by genomic surveillance,
with a frequency of 16% in March 2021 to 83% in
April 2021 (https://nextstrain.org). Immediately after our study period, Benin reported a steep increase
in COVID-19 cases to the World Health Organization
(Figure 1, panel B), which could be associated with
Delta VOC spread.
In India, Delta VOC takeover occurred at an average background SARS-CoV-2 seroprevalence of
≈50% by December 2020 (A. Velumani et al., unpub.
data, https://www.medrxiv.org/content/10.1101/2
021.03.19.21253429v1). Robust investigation of SARSCoV-2 spread in Benin and adjacent countries could
clarify whether Delta VOC spread occurred within
largely naive or partially immune populations and
elucidate potential immune escape by Delta VOC
strains (11–13). Continentwide genomic surveillance
should be pursued in Africa to assess the spread
of SARS-CoV-2 VOCs, which would enable crossnational control measures and inform comparative
studies (11; E. Wilkinson et al. unpub. data, https://
www.medrxiv.org/content/10.1101/2021.05.12.2125
7080v1). However, direct comparisons between countries are challenging because of differences in vaccine
coverage and socioeconomic factors, such as population density, connectivity, and wealth.
Our study is limited by a laboratory-based sampling that does not represent the total population of
Benin. In addition, we cannot precisely define initial
introduction of Delta VOCs into Benin because of
the few samples collected during April 2021. Nonetheless, the steady increase of Delta VOC transmission and comparable speed and magnitude of Delta
VOC takeover in other regions globally support the
robustness of our data.
In conclusion, most COVID-19 vaccines protect
against severe disease from Delta VOC infections (14).
However, vaccination coverage in Benin is still only
≈1%, as in many other countries in Africa (https://
www.bloomberg.com/graphics/covid-vaccinetracker-global-distribution). Progress on vaccination
campaigns will be crucial to limiting spread of the
Delta VOC in countries in Africa.
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etymologia revisited
Coronavirus
The first coronavirus, avian infectious bronchitis virus, was discovered in 1937 by Fred Beaudette and Charles Hudson. In 1967,
June Almeida and David Tyrrell performed electron microscopy on
specimens from cultures of viruses known to cause colds in humans
and identified particles that resembled avian infectious bronchitis
virus. Almeida coined the term “coronavirus,” from the Latin corona (“crown”), because the glycoprotein spikes of these viruses created an image similar to a solar corona. Strains that infect humans
generally cause mild symptoms. However, more recently, animal
coronaviruses have caused outbreaks of severe respiratory disease
in humans, including severe acute respiratory syndrome (SARS),
Middle East respiratory syndrome (MERS), and 2019 novel coronavirus disease (COVID-19).
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Salmonella Serotypes Associated
with Illnesses after Thanksgiving
Holiday, United States, 1998–2018
Farrell A. Tobolowsky, Zhaohui Cui, Robert M. Hoekstra, Beau B. Bruce

We sought to determine which Salmonella serotypes
cause illness related to the Thanksgiving holiday in the
United States and to foods disproportionately eaten then
(e.g., turkey). Using routine surveillance for 1998–2018
and a case-crossover design, we found serotype Reading
to be most strongly associated with Thanksgiving.

T

hanksgiving, celebrated annually in the United
States on the fourth Thursday of November, often
brings together family and friends who eat specific
traditional foods, such as mashed potatoes, cranberry
sauce, and pumpkin pie; the most prominent food
eaten is turkey (1). In 2017, ≈45 million turkeys were
produced for Thanksgiving, ≈18% of annual production (2). Turkey is popular across regions, races,
sexes, and generations; 88% of persons in the United
States report eating turkey during their Thanksgiving
meal (1,3,4).
Foodborne Salmonella infections cause substantial
illness and death in the United States: an estimated 1
million cases, 20,000 hospitalizations, and 400 deaths
occur annually (5). Typical illness consists of diarrhea, fever, and abdominal pain lasting 3–7 days; only
a minority of persons seek health care. Incubation
typically ranges from 6 hours to 6 days (5). Salmonella
outbreaks caused by serotypes Hadar and Saint Paul
have been most commonly attributed to turkey, and
serotypes Enteritidis, Heidelberg, and Typhimurium
have been frequent causes of turkey-associated outbreaks (6). During 2015–2020, Reading and Hadar
were the serotypes most often isolated from turkeys
(7); less is known about which serotypes cause turkey-associated sporadic Salmonella infections. We
aimed to determine which Salmonella serotypes cause
sporadic enteric infections after the Thanksgiving
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2801.211986
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holiday and are most likely related to foods disproportionately eaten then, particularly turkey.
The Study
The Laboratory-based Enteric Disease Surveillance
(LEDS) system captures enteric infections with Salmonella species in the United States through passive
surveillance of laboratory-confirmed isolates. State
and territorial public health laboratories serotype
Salmonella isolates; any unusual serotypes are sent
to the Centers for Disease Control and Prevention’s
National Salmonella Reference Laboratory (National
Center for Emerging and Zoonotic Infectious Diseases, Division of Foodborne, Waterborne, and Environmental Diseases, Enteric Diseases Laboratory Branch)
for further characterization. This surveillance system
obtains demographic information; specimen source;
collection date; test result; serotype; and, if available,
outbreak association. We included infections that had
fully serotyped Salmonella isolates that occurred from
1998 through 2018 and excluded isolates confirmed to
be outbreak-associated.
Using a case-crossover design, we determined a
case window for each year using the date of Thanksgiving, a minimum incubation period, and a window
length. To account for seasonal variation in infections,
we created nonexposure case windows before and
after Thanksgiving by using the same case window
length with a washout period separating the exposure and nonexposure windows (Appendix Figure,
https://wwwnc.cdc.gov/EID/article/28/1/211986-App1.pdf). Our primary analysis used a 7-day
case window after a minimum 2-day incubation period after Thanksgiving, with a 5-day washout. Control
windows were also 7 days.
We conducted sensitivity analyses evaluating
different minimum incubations, case windows, and
washouts and stratified all analyses by serotype.
To account for reporting biases in Salmonella cases
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during holidays and nonholidays, we used all Salmonella cases associated with serotypes other than
the serotype under consideration as the comparison
group. We calculated odds ratios (ORs) for the entire study period and compared ORs for 1998–2007
with those for 2008–2018. We conducted descriptive demographic and clinical analyses with SAS
versions 9.4 (https://www.sas.com) and calculated
ORs and unadjusted p values with R version 3.6.1
(R Foundation for Statistical Computing, https://
www.r-project.org) using unconditional maximumlikelihood estimation with 95% CIs from the normal
approximation.
Among 846,449 patients reported during 1998–
2018 (Appendix Table 1), median patient age was 27
years; 52.5% of patients were female, and 82.2% were
white. Isolates were identified by culture (n = 823,793
[99.8%]) and culture-independent diagnostic testing
(n = 1,919 [0.2%]). Specimens were most commonly
obtained from stool (86.8%), urine (6.3%), and blood
(6.3%). The most frequent serotypes were Enteritidis
(142,687 [18.3%]), Typhimurium (131,216 [16.8%]),
and Newport (82,155 [10.5%]).
In our primary analysis, serotype Reading had
the highest OR of association with the Thanksgiving holiday (2.18, 95% CI 1.58–3.01; p<0.0001) (Figure). Other serotypes with significantly increased
ORs were Baildon (OR 1.92, 95% CI 1.04–3.52; p =
0.03), Worthington (OR 1.87, 95% CI 1.06–3.3; p =
0.03), Ohio (OR 1.74, 95% CI 1.06–2.86; p = 0.03),
Hadar (OR 1.66, 95% CI 1.35–2.05; p<0.0001), Derby
(OR 1.57, 95% CI 1.2–2.06; p = 0.001), Brandenburg
(OR 1.42, 95% CI 1.01–2.01; p = 0.045), Schwarzengrund (OR 1.40, 95% CI 1.06–1.86; p = 0.02),
4,[5],12:i- (OR 1.39, 95% CI 1.25–1.54; p<0.0001), and
Heidelberg (OR 1.34, 95% CI 1.21–1.49; p<0.0001).

We found no other significant positive associations
among serotypes with >50 patients who became ill
during the 2–9 days after Thanksgiving.
In sensitivity analyses, case windows with varying durations of minimum incubation (range 0–12
days), illness (range 5–7 days), and washout
(range 0–5 days) produced similar sets of serotypes
with significantly increased ORs, most commonly
Reading, Hadar, 4,[5],12:i-, Derby, Heidelberg, and
Schwarzengrund (Appendix Table 2). Comparing
1998–2007 with 2008–2018, ORs for Baildon, Derby,
Hadar, 4,[5],12:i:-, and Ohio increased by >45% from
the first to the second period, but significantly so only
for 4,[5], 12:i:-. Three more serotypes had significant
ORs in only 1 period (1998–2007, Javiana OR 1.23,
Mbandaka OR 1.62; 2008–2018, Infantis OR 1.21; Appendix Table 3).
Conclusions
Salmonella Reading was the serotype most strongly
associated with illness during the Thanksgiving
holiday. Given the dramatic increase in turkey consumption around Thanksgiving, one might expect
that serotypes we identified are primarily associated with turkey consumption, and indeed, Reading caused a multistate outbreak with a raw turkey
source during 2017–2019 (8), and a new clone of this
serotype has emerged since 2014 in commercial turkey production (9). Other serotypes significantly associated with Thanksgiving in our study (i.e., Hadar, Schwarzengrund, and Heidelberg) have also
been associated with turkey (6,10).
Other significantly associated serotypes are
not among those most commonly identified in turkey (e.g., Heidelberg and 4,[5],12:i- are more commonly identified in chicken; Derby, Brandenburg,

Figure. ORs for Salmonella
serotypes associated with the
Thanksgiving holiday, United
States, 1998‒2018. Error
bars indicate 95% CIs. No
significant positive associations
with Thanksgiving were found
among other serotypes with >50
patients who became ill during
2–9 days after Thanksgiving (i.e.,
Litchfield, Braenderup, Infantis,
Senftenberg, Anatum, Dublin,
Mbandaka, Typhimurium, and
Javiana.) Serotypes with >50
patients inversely associated
with Thanksgiving and significant
p values include Poona (OR 0.77), Panama (OR 0.71), Newport (OR 0.93), and Paratyphi B var. L(+) tartrate+ (OR 0.75). These
serotypes probably are associated with foods not eaten more frequently on Thanksgiving or other exposures not more frequently
experienced on Thanksgiving than other times of the year. OR, odds ratio.
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and 4,[5],12:i- in swine and pork; and 4,[5],12:i- in
cattle). However, all these serotypes have been
found in turkeys and in retail samples of turkey or
have been associated with outbreaks attributed to
turkey (11–15). Some of the serotypes significantly increased after Thanksgiving, such as, Baildon
and Ohio, were rare, causing <200 illnesses annually, and were not reported among food animals,
retail products, or outbreaks during 2015–2020
(7). Although our study may have identified serotypes associated with other foods eaten during the
Thanksgiving holiday, particular attention probably should be paid to evidence of these serotypes
emerging in turkey production.
The first limitation of our study is that LEDS is
a passive surveillance system and does not capture
mild or asymptomatic infections for which ill persons do not seek healthcare or submit a specimen.
Although we removed cases reported as outbreakassociated, those data are not reported by all states,
and some outbreak-associated cases most likely are
included. Missing data in LEDS varies, but serotype and date are largely complete. Although sensitivity analyses demonstrate consistency across
time windows, misalignment of windows with
causative exposures could have resulted in biases,
possibly differential, from, for example, differences
in healthcare seeking because of the holiday itself.
Our study may be subject to ecologic bias because
individual food exposures are unknown. We did
not adjust for multiple testing because this analysis is intended to be hypothesis-generating rather
than confirmatory.
Our case-crossover approach could be helpful
for other pathogens and their subtypes that are likely to cause illnesses from a certain food disproportionately eaten during a brief period, such as turkey
during the Thanksgiving holiday. Our technique
provides unique insights into the causes of sporadic illness throughout the year and their changes
over multiyear periods using no more than routine
surveillance data and may provide valuable information to industry, regulators, and public health
officials that could help guide monitoring and interventions to prevent illnesses and their associated
morbidity and mortality. Consumers can also help
protect themselves from Salmonella by following
the 4 steps to food safety (https://www.cdc.gov/
foodsafety/keep-food-safe.html).
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Use of Private Sector Workforce
Respiratory Disease Short-Term
Disability Claims to Assess
SARS-CoV-2, Mexico, 2020
Mauricio Hernandez-Avila, Marcela Tamayo-Ortiz, Waldo Vieyra-Romero,
Hector Gutierrez-Diaz, Rodrigo Zepeda-Tello, David Barros-Sierra,
Rebeca Velasco-Reyna, Emmanuell Ramirez-Polanco, Manuel Ortega-Alvarez

We examined respiratory disease short-term disability
claims submitted to the Mexican Social Security Institute
during 2020. A total of 1,631,587 claims were submitted
by 19.1 million insured workers. Cumulative incidence
(8.5%) was 3.6 times higher than that for January 2015‒
December-2019. Workers in healthcare, social assistance, self-service, and retail stores were disproportionately affected.

D

uring February 28–December 31, 2020, Mexico
officially reported 1.8 million coronavirus disease (COVID-19) cases and 326,612 all-cause excess
deaths, representing a 45.1% excess of total expected deaths for the time period (1). Surveillance in
Mexico is based on sentinel sampling capturing a
systematic subset of COVID-19 cases, with limited
access to widespread testing (2). Despite concern
for health outcomes among healthcare workers,
studies examining the effects of COVID-19 across
different occupational groups are lacking. To describe the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) epidemic among privatesector workers, we analyzed respiratory disease
short-term disability claims (RD-STDC) submitted
during 2020 to the Mexican Social Security Institute
(Spanish acronym IMSS) by 19.1 million workers
insured by the IMSS.
The Study
We extracted workers’ social security number, age,
sex, start date, duration of temporary disability, and
clinical diagnosis (International Classification of

Author affiliation: Mexican Social Security Institute, Mexico City,
Mexico
DOI: https://doi.org/10.3201/eid2801.211357
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Diseases, 10th Revision, codes for COVID-19 [U070,
U071, U072, U07E, U07S, B342, and B972], acute respiratory diseases [J01, J04-J06, J20, and J21], influenza [(J10, J11], pneumonia [J12–J18], and other [J029,
J00X, J02X, J039, and J22X]) from the IMSS STDC
database for 2015─2020. We then linked workers through their social security number to their
employer’s activity, sector, and subsector and to
IMSS registries for SARS-CoV-2 testing information
(real-time PCR).
We described RD-STDC by using weekly rates
per 10,000 workers and plotted the claims by epidemiologic week and by economic sector and subsector. We use industry sectors (subsectors) included
in the North American Industry Classification System (NAICS) codes: agriculture, forestry, fishing,
and hunting (NAICS-Sector 11); mining, quarrying, and oil and gas extraction (NAICS-Sector 21);
manufacturing (NAICS-Sectors 31–33), food manufacturing, textile mills, transportation equipment,
computer and electronic products; construction
(NAICS-Sector 23), retail trade (NAICS-Sectors 44
and 45), food and beverage stores, general merchandise stores, self-service and retail stores); communications and transportation (NAICS-Sectors
48 and 49); services for companies, homes, and
people (NAICS-Sectors 56 and 72, accommodation,
food services, and drinking places); and social and
community services (NAICS-Sectors 61, 62, and 71,
educational services, arts, entertainment, and recreation, health care and social assistance).
We evaluated RD-STDC outbreak severity by
using the moving epidemic method (3) to estimate
epidemic threshold and epidemic intensity (EI) level (i.e., low, medium, high, and very high) for the
2015–2019 winter seasons. We defined the epidemic
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threshold by the 1-sided 95% CI around the arithmetic mean of the 30 highest preepidemic/postepidemic weekly rates and the EI (low, medium, high
and very high intensity) by using the 1-sided 95%
CI around the geometric mean of 30 highest weekly epidemic rates. We set CI limits at 40%, 90%,
and 97.5%.
We estimated industry-, sector- and subsectorspecific cumulative RD-STDC incidence by dividing the sum of RD-STDC by the worker population registered at IMSS for each year and compared
2015–2019 (baseline) with 2020 by using risk ratios.
Cumulative COVID-19 incidence was calculated by
applying the percentage of workers with a positive
SARS-CoV-2 test with the RD-STDC weekly number and dividing the cumulative sum of COVID-19
cases (n = 1,029,122) by the worker population. We
calculated lost workdays (LWDs) by adding all authorized days and excess LWDs as the observed minus the expected number of LWDs in weeks above
the threshold (90th percentile) for each week. We
calculated proportions of LWD rates by dividing the
number of workdays lost to RD-STDC per year by
the total number of available workdays. This project was deemed a public health surveillance and did
not require institutional review board approval. We
used Stata version 15.1 (https://www.stata.com) for
all graphical and statistical analyses.
Among 19.1 million insured workers (mean
age 36.9 years, 61.5% males), we identified 1,631,587
workers with an RD-STDC (53.4% males, mean
age 35.1 years, interquartile range 26.0–43.3 years).
Weekly RD-STDC rates increased sharply (Figure
1) and reached a medium EI (first peak 35,707 RDSTDC reported); claims decreased but remained
above medium EI level until May, when the slope
increased to a maximum in week 29 (July 18, second
peak 62,542 RD-STDC reported), crossing into the
EI level of very high intensity. From this date, RDSTDC frequency decreased but remained 5–6 times
higher than historical values until week 38 (September 13), when RD-STDC increased, reaching a third
peak (71,785 RD-STDC reported) during week 51
(December 20). Up to week 53, a total of 1,543,600
cumulative RD-STDC were reported, with an estimated cumulative incidence of 8.0%. The EI of epidemic curves varied by industry sector and subsector (Figure 2).
A total of 20% of workers who had an RD-STDC
were tested for SARS-CoV-2; 59% were positive. The
estimated number of symptomatic COVID-19 cases
among IMSS-affiliated workers was 910,073 (cumulative incidence 5%). The median RD-STDC granted

was 10 days (interquartile range 4–14 days), representing an excess of 17.4 million workdays lost compared with that during 2015–2019.
We compiled the cumulative RD-STDC incidence for different industry sectors (Table), which
ranged from 3% for agriculture, forestry, fishing,
and hunting to 10% for retail trade and manufacturing. When we compared these data with those
for 2015–2019, we found that the total RD-STDC
during 2020 were 2.9–5.0 times higher in all sectors. The amounts of total workdays lost (WDL)
attributed to RD-STDC (Appendix Table, https://
wwwnc.cdc.gov/EID/article/28/1/21-1357-App1.
pdf) were highest among the manufacturing sector (0.44%; WDL 6.10 million). Among subsectors,
WDL ranged from 0.14% (WDL 0.24 million) for
educational services, arts, entertainment, and recreation to 0.80% (WDL 0.64 million) for health care
and social assistance.
Conclusions
Workers in multiple industry sectors and subsectors were disproportionately affected by the SARSCoV-2 pandemic. The above-average cumulative
incidence of RD-STDC among some subsectors suggests an occupational link to infection. Healthcare
workers had a high cumulative RD-STDC incidence
(15.6%). This incidence was similar for persons who
worked near or frequently with other workers or
who have frequent customer contact but are not exposed to SARS-CoV2 directly, such as workers in
manufacturing, food, and retail. In contrast, lower
attack rates were observed within the educational
services, arts, entertainment, and recreation subsectors. In Mexico, after their closure on March 16, 2020,
schools continued with distance learning activities
until August 30, 2021, when in-person instruction
was reestablished.
Real-time analysis of RD-STDC by sector and
subsector enables detection of outbreaks and rapid implementation of mitigation measures such as
contact tracing, reinforcing hand hygiene, universal
masking, and social distancing. RD-STDC rates might
also be used to guide vaccination priorities aimed at
protecting workers at higher risk for infection.
Our study’s first limitation is that COVID-19 cases among workers might have been underestimated
because not all symptomatic workers requested
RD-STDC. In a recent serosurvey of IMSS insured
workers, 26%–40% of workers with SARS-CoV-2 antibodies and symptoms compatible with COVID-19
sought RD-STDC (D. Barros-Sierra Cordero et al.,
IMSS, pers. comm., 2021 Jan 10), suggesting that real
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Figure 1. Annual incidence
rates of work absenteeism
related to respiratory diseases
short-term disability claims per
10,000 workers for workers
insured by the Mexican
Social Security Institute, by
epidemiologic week, Mexico,
2015–2020. Smoothed
series was determined
by using locally weighted
scatterplot smoothing.
Epidemic threshold was
estimated by using the
moving epidemic method
and observed values for
2015‒2019. Dashed lines
indicate epidemic thresholds and epidemic intensities (i.e., low, medium, high, and very high) for the 2015–2019 winter seasons.

symptomatic COVID-19 attack rates could be 3–4
times higher. Second, asymptomatic or minimally
symptomatic workers infected with SARS-CoV-2
are not reflected in this analysis. Third, some RDSTDCs might have been related to diseases other
than COVID-19. Fourth, not all workers included
in our denominator sought care within IMSS facilities, leading to incomplete capture of RD-STDC and

a potential underestimation of the magnitude of the
epidemic. Fifth, we did not examine geographic differences in RD-STDC claims. It is possible that economic sectors and subsectors less affected were concentrated in areas of low epidemic intensity in the
country, resulting in lower RD-STDC rates, which
could account for the low rates observed in agriculture, forestry, fishing, and hunting.

Figure 2. Annual incidence rate of work absenteeism related to respiratory diseases short-term disability claims per 10,000
workers for workers in selected industry sectors (A‒H) and subsectors (I‒P) insured by the Mexican Social Security Institute, by
epidemiologic week, Mexico, 2015–2020. Smoothed series was determined by using locally weighted scatterplot smoothing. Black
dashed lines indicate epidemic thresholds, estimated by using the moving epidemic method and observed values for 2015‒2019. A)
Agriculture, forestry, fishing and hunting; B) mining, quarrying, and oil and gas extraction; C) manufacturing; D) food manufacturing;
E) transportation equipment; F) construction; G) retail trade; H) food and beverage stores; I) self-service and retail stores; J)
communications and transportation; K) services for companies, homes and people; L) accommodation; M) food services and drinking
places; N) social and community services; O) educational services, arts, entertainment, and recreation; P) health care and social
assistance.
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Table. Characteristics for 19 million insured workers by industry sector and selected subsector, from the Mexican Social Security
Institute, Mexico, January 1‒December 30, 2020*
Cumulative
Estimated
Work
No. workers RD-STDC
PCRCOVID-19
no.
days
Work
Economic activity of
No. insured claiming an incidence,
RR
positive
attack
COVID-19
lost,
days
employer
workers†
RD-STDC
%
(95% CI) results, %
rate, %
cases
millions lost, %
Agriculture, forestry,
757,997
22,461
3.0
2.9
55.9
1.5
11,638
0.21
0.11
fishing and hunting
(2.9‒3.0)
Mining, quarrying, and
119,946
7,360
6.1
4.3
66.0
3.9
4,645
0.09
0.28
oil and gas extraction
(4.2‒ 4.5)
Manufacturing
5,438,831
558,057
10.3
5.0
60.5
5.9
322,786
6.10
0.44
(5.0‒ 5.0)
Food manufacturing
920,558
96,000
10.4
3.9
58.7
5.8
53,373
1.00
0.43
(3.8‒ 3.9)
Textile mills
281,521
30,625
10.9
4.3
60.3
6.3
17,653
0.32
0.42
(4.3‒4.4)
Transportation
1,062,508
122,659
11.5
6.0
59.0
6.5
69,563
1.34
0.50
equipment
(6.0‒6.1)
Computer and
64,837
4,235
6.5
4.8
64.0
4.0
2,566
0.05
0.29
electronic products
(4.5‒5.0)
Construction
1,487,563
70,416
4.7
3.7
61.6
2.7
40,893
0.74
0.19
(3.6‒3.7)
Retail trade
4,040,863
421,940
10.4
3.9
56.3
5.6
225,901
4.42
0.43
(3.9‒3.9)
Food and beverage
825,597
90,864
11.0
4.4
57.9
6.1
50,311
0.98
0.46
stores
(4.3‒4.4)
General merchandise
798,679
85,065
10.7
4.0
58.1
5.9
46,849
0.89
0.43
stores
(3.9‒4.0)
Self-service and retail
844,805
139,032
16.5
3.6
49.3
7.7
65,302
1.41
0.66
stores
(3.6‒3.7)
Communications and
1,213,211
88,593
7.3
3.1
62.4
4.3
51,898
1.00
0.32
transportation
(3.0‒3.1)
Services for
4,399,135
356,411
8.1
2.8
58.4
4.4
191,968
3.63
0.31
companies, homes,
(2.8‒2.8)
and people
Accommodation
323,789
32,751
10.1
2.4
52.9
4.8
15,573
0.31
0.37
(2.4‒2.5)
Food services and
564,531
57,576
10.2
2.7
58.8
5.4
30,760
0.55
0.35
drinking places
(2.7‒2.7)
Social and community
1,655,074
106,349
6.4
2.5
61.8
3.6
60,345
1.21
0.28
services
(2.5‒2.6)
Educational services,
591,471
26,447
4.5
1.4
57.3
2.1
12,635
0.24
0.14
arts, entertainment,
(1.4‒1.5)
and recreation
Health care and social
318,621
49,768
15.6
5.5
63.0
9.5
30,208
0.64
0.80
assistance
(5.4‒5.6)
General
19,112,620 1,631,587
8.5
3.6
59.2
4.8
910,073
17.4
0.35
(3.6‒3.7)
*There were 5,272 workers who lacked information on economic activity. Workers from public sectors were excluded. RR estimated comparing 2020 with
baseline period of 2015–2019. COVID-19, coronavirus disease; RT-STDC, respiratory disease short-term disability claims RR, relative risk.
†As of February 2020.

Predictive models based on the RD-STDC
surveillance system are currently used by the
IMSS to alert large manufacturing sites and
other businesses of possible workplace outbreaks.
Information provided by this system complements other surveillance systems for monitoring
epidemics and inform decision-making by health
authorities. Our data highlight the need for including respiratory disease claims in pandemic preparedness planning.
This study was supported by the IMSS of Mexico.
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Transfusion-Transmitted
Hepatitis A Virus, France, 2018
Caroline Lefeuvre, Caroline Lefort, Françoise Boyer, Sophie Le Cam, Lina Mouna,
Anne-Marie Roque-Afonso, Hélène Le Guillou-Guillemette, Rafaël Mahieu

We report a transfusion-transmitted hepatitis A virus infection in an immunocompromised patient in France,
detected shortly after a transfusion of pathogen-reduced
pooled platelets. This case raises questions about the
efficacy of donor screening methods. Additional safety
measures, such as routine donation screening, should
be considered.

H

epatitis A virus (HAV), a common cause of acute
viral hepatitis, is a nonenveloped single-stranded RNA virus. Fecal–oral transmission is the most
common route of infection (1). Despite availability of
a vaccine, the recent increase in HAV infection incidence in high-income countries may indicate either
new risks associated with migration flows or ongoing outbreaks in the population of men who have sex
with men (MSM) (1). Because the prevalence of HAV
infection is very low in Europe, few countries have
included HAV immunization in their general vaccination recommendations (2).
The safety of blood transfusions is tightly linked
to a rigorous surveillance of donated blood and recognition of emergent or reemergent infectious diseases. However, not all transfusion-transmitted agents
are routinely screened by laboratory testing. HAV is
considered clinically insignificant in its transfusiontransmissible infection risk. No country requires
HAV blood donation screening; however, some countries require donation screening for the manufacturing of plasma-derived products or pooling of plasma
for transfusion (3,4). The donor selection process usAuthor affiliations: Angers University Hospital, Angers, France (C.
Lefeuvre, F. Boyer, H. Le Guillou-Guillemette, R. Mahieu); University of Angers, Angers (C. Lefeuvre, H. Le Guillou-Guillemette,
R. Mahieu); Etablissement Français du Sang Centre-Pays de la
Loire, Angers (C. Lefort, S. Le Cam); University of Paris–Saclay,
Villejuif, France (L. Mouna, A.-M. Roque-Afonso); French National
Reference Center for Hepatitis A Virus, Villejuif (L. Mouna, A.-M.
Roque-Afonso)
DOI: https://doi.org/10.3201/eid2801.210403

ing donor history questions has been deemed acceptable to prevent HAV from entering the blood supply
despite the risk for a prolonged silent viremia phase.
Recognized transfusion-transmitted HAV infection is
uncommon (3); just 1 case of transmission through organ transplantation has been documented to date (5).
The Study
We report a transfusion-transmitted HAV infection
that was identified by postdonation information in
addition to HAV RNA detection from additional
quality control of plasma donations intended for use
in manufacturing plasma-derived products. The index donation was collected from a male donor on
August 28, 2018; after the donor interview and suitable routine screening, it was accepted for use. The
donor interview did not reveal any relevant HAV
risk factors (Figure 1). Red blood cells, fresh frozen
plasma, and pooled platelets (pathogen-inactivated
by amotosalen and UV-A light) were manufactured
from the donation. On September 2, 2018, the donor
reported fever while his donated red blood cells and
frozen plasma were still in inventory. The pooled
platelets had been transfused to an immunocompromised male patient on August 31, 2018 (Figure 1).
Packed red blood cells were immediately destroyed
in accordance with the blood bank’s recommendation. The hemovigilance service promptly provided
postdonation information to the prescribing physician. HAV RNA was identified from the frozen plasma intended for fractionation on September 7, 2018.
A frozen sample from a previous donation from this
donor on June 23, 2018, was HAV RNA negative, as
were samples from other platelet pool donors.
On October 25, 2018, the recipient of pooled platelets was hospitalized for jaundice. The recipient interview reported no risk factors for HAV infection other
than the transfusion on August 31. The recipient’s serum levels of alanine aminotransferase were elevated
at 3,553 IU/L. The recipient was reactive for HAV IgM
and IgG; he had previously been negative on June 25,
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Figure 1. Timeline of events in blood donor and recipient in case of transfusion-transmitted HAV, France, 2018. The donor interview
did not reveal any relevant HAV risk factors, including travel, food consumption, personal entourage cases, or unsafe sex practices.
The donor was not vaccinated against HAV at the time of donation. The recipient was not vaccinated against HAV at the time of the
transfusion; moreover, the recipient has not been vaccinated in postexposure after notification of fresh frozen plasma HAV positivity. The
recipient interview reported no other risk factors for HAV, including travel, food consumption, personal entourage cases, and unsafe sex
practices, with the exception of recent transfusion. HAV, hepatitis A virus.

2018. Avidity indexes were <50%, indicating acute
HAV infection (Table; Appendix, https://wwwnc.cdc.
gov/EID/article/28/1/21-0403-App1.pdf).
We initiated an N-acetylcysteine protocol on October 26 over 4 days, providing gradual improvement
of hepatic symptoms. The HAV viral load was 5.82

log10 IU/mL. RNA was still positive 2 months after
clinical symptom onset but was no longer detectable
on January 17, 2019 (Table), and the recipient made a
complete recovery.
We conducted phylogenetic analysis on donor
and recipient samples (Appendix). Two sequences

Table. Laboratory results from donor plasma and recipient serum in case of transfusion-transmitted HAV, France, 2018*
HAV test result (s/c)
HAV avidity index, HAV RNA, log10
Source
Sample date
IgM
IgG
%†
IU/mL
ALT, IU/L
Donor
2018 Jun 23
NR‡
NR§
ND
<1.00
ND
Donor¶
2018 Aug 28
NR‡
NR§
ND
5.43#
ND
Recipient
2018 Jun 25
NR**
NR††
ND
ND
49
Recipient¶
2018 Oct 25
R** (2.35)
R†† (3.73)
12.95
5.82
3,553
Recipient
2018 Oct 30
ND
ND
ND
ND
1,200
Recipient
2018 Nov 9
ND
ND
ND
ND
144
Recipient
2018 Nov 19
ND
ND
31.85
3.42
ND
Recipient
2018 Dec 10
ND
ND
39.15
3.14
59
Recipient
2019 Jan 17
ND
ND
44.00
<1.00
39

*ALT, alanine aminotransferase; HAV, hepatitis A virus; ND, test not done; NR, nonreactive; R, reactive; s/c, sample/cutoff ratio.
†HAV avidity index was expressed as a percentage as follows: HAV avidity index = (the absorbance reading with urea wash/the absorbance reading
without urea wash) × 100. Avidity index <50% indicates acute infection.
‡VIDAS Anti-HAV IgM (bioMérieux, https://www.biomerieux.com). Value >0.5 is considered reactive.
§Elecsys Anti-HAV total antibodies (value >22 mIU/mL considered reactive)
¶Genotype IA was identified.
#Result (log10 IU/mL) corresponds to HAV RNA quantification performed at the National Reference Center for HAV. The result of qualitative detection
performed at the French National Blood Service was 3.27 (no unit).
**ARCHITECT HAV Ab-IgM (Abbott Diagnostics, https://www.diagnostics.abbott). Value >1.20 is considered reactive.
††ARCHITECT HAV Ab-IgG (Abbott Diagnostics). Value >1.00 is considered reactive.

220

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

Transfusion-Transmitted Hepatitis A Virus, France

from the donor and recipient clustered with the
genotype IA and strain RIVM HAV16-090 (Figure
2). The phylogenetic relationships between the
sequences provided from the donor and recipient were evidence for HAV transmission by blood
transfusion. We identified this case of transmission
early, before it was clinically suspected in the immunocompromised recipient. HAV is rarely recognized as a transfusion-transmitted risk, yet has
been previously reported (3). The transfusion-associated hepatitis A cases previously described were
suspected on the basis of a symptomatic recipient
or symptomatic contacts.
Conclusions
HAV identification in blood donation and the recipient, absence of other risk factors in the recipient, and
timing of events, in addition to identification of the
same strains between the donor and recipient, all confirmed the HAV transmission by blood transfusion.

The RIVM HAV16-090 strain was 1 of the 3 strains
identified in the 2017 Europe outbreak, which mostly
affected MSM in the initial phase before the general population (6). During this outbreak, HAV-RNA
prevalence was 5-fold higher than that for the 2015–
2016 period; the male-to-female sex ratio increased
substantially between these 2 periods, from 0.7 to 5.5.
This outbreak highlights the risks for HAV transmission by transfusion from blood donations collected from MSM (6) and also from the general population, even in low-incidence countries. Currently, the
risk of collecting blood from an asymptomatic HAV
RNA–positive donor is still low in Europe, although
sporadic outbreaks occur.
Because of the sporadic nature of acute HAV
infections in donors, short viremia phase, and absence of chronic carriers (7), HAV RNA screening is not yet recommended at the time of our report (3). Nevertheless, for the plasma industry in
France, screening by means of HAV nucleic acid
Figure 2. Phylogenetic relationships
of viral protein 1/2A sequences
in case of transfusion-transmitted
hepatitis A virus, France, 2018.
Black diamond indicates the
sequence from the blood donor;
red diamond indicates sequence
from the blood recipient. Scale bar
indicates nucleotide variation.
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testing (NAT) has become a mandatory requirement recommended by the European Pharmacopoeia for plasma donation (4), after a series of reported cases (8).
Considering the risks of serious infections in immunocompromised patients (5), routine additional
screening tests for all blood donations by NAT would
be useful for both HAV and hepatitis E virus (HEV).
Nationwide screening of blood donors for HEV has
been introduced in several countries in Europe, including Ireland, the United Kingdom, and the Netherlands (9). In France, where HEV is endemic in some
areas and some of the population are chronic carriers, a fraction of plasma products to be transfused to
high-risk patients has been tested for HEV RNA since
late 2012 (10).
Other proactive approaches, such as pathogen inactivation (PI) technologies, using physical
or chemical methods may prevent the risk for infection transmission. As of April 2019, only inactivation procedures of plasma and platelets have
been approved for use in the European Union (11).
In Europe, 2 systems are routinely used: UV light
in combination with a photo-reagent, or a photosensitizer. These systems have been proven ineffective against several nonenveloped viruses, including HAV, parvovirus B19 (12,13), and HEV.
Nonenveloped viruses are able to persist in a blood
batch during processing and storage, thereby representing a particular threat to blood safety (7).
In 2018, a novel PI system for platelet units based
on shortwave UV-C light treatment underwent
clinical efficacy and safety testing; early testing
results suggested that this PI system effectively
inactivates HAV in platelet concentrates (14). PI
cannot be considered a full substitute for blood
donor screening for transfusion-transmissible
infections like HAV until PI systems for the routine treatment of red blood cells are available. We
suggest screening with NAT for HAV, HEV, and
parvovirus B19, for which effective PI technologies
are not yet available (13). The turnaround times for
NAT for HAV, HEV, and B19V are comparable to
those for other agents for which NAT is applied
in screening. Last, timely recognition of postdonation symptoms and notification to blood banks
are still paramount to prevent transmission of infectious pathogens not included in routine blood
donation screening.
Acknowledgments
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Emergence of Diﬃcult-to-Treat
Tinea Corporis Caused by
Trichophyton mentagrophytes
Complex Isolates, Paris, France
Sarah Dellière,1 Brune Joannard,1 Mazouz Benderdouche, Anselme Mingui, Maud Gits-Muselli,
Samia Hamane, Alexandre Alanio, Antoine Petit, Germaine Gabison, Martine Bagot, Stéphane Bretagne

We describe 7 cases of extensive tinea corporis since
2018 in a hospital in Paris, France, after failure to cure
with terbinafine. Molecular analysis indicated Trichophyton
mentagrophytes internal transcribed spacer type VIII (T. indotineae). This strain, which has mutations in the squalene
epoxidase gene, is spreading on the Indian subcontinent.

D

ermatophytes are filamentous keratinophilic
fungi responsible for superficial fungal diseases involving the skin, hair, or nails. On the basis
of the site of the lesions, conditions are called tinea
corporis, tinea cruris, tinea capitis, tinea pedis, or
tinea unguium. Since the mid-2010s, difficult-totreat cases of tinea corporis and tinea cruris have
emerged in India; molecular analysis revealed that
this clinical presentation was caused by a unique
clade related to the Trichophyton mentagrophytes
complex (1). Since 2018, we have observed several
cases of clinically resistant tinea corporis with extensive lesions that do not respond to terbinafine,
the preferred first-line treatment. We investigated
the microbiological origin of this resistance by looking for mutations in the squalene epoxidase (SQLE)
gene, which terbinafine targets, and determining
the MICs of antifungal drugs.
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The Study
During January 1, 2018–December 31, 2019, we saw
2,282 patients for dermatophytosis at Hôpital SaintLouis Parasitologie-Mycologie (Paris, France). Of
these, 350 (15.3%) patients were positive for T. mentagrophytes complex, identified by macroscopic and
microscopic phenotypical features. Seven (2.0%)
patients, all of whom were either recent immigrants
or born in a country on the Indian subcontinent and
had traveled back to their birthplace in recent years,
had clinically terbinafine-resistant tinea corporis
(Table 1). The cutaneous lesions were often multiple
and extensive and involved the groin, axillary pits,
trunk, limbs, and face but spared the extremities and
nails (Figure 1). The patients’ main complaint was
intractable pruritus.
We analyzed the 7 clinically resistant T. mentagrophytes complex isolates and 8 control isolates
from patients with terbinafine-susceptible clinical presentations of tinea (6 cases of tinea pedis
or tinea unguium and 1 each of tinea faciei and
tinea corporis) collected September 1–October
15, 2018. We sequenced the internal transcribed
spacer (ITS) using ITS1 and ITS4 primers, which
allowed us to ascribe the isolates to 1 of the 7 different genotypes of T. mentagrophytes or the 2 genotypes of T. interdigitale (2,3). We aligned sequences
using Geneious Prime version 2020.0.4 software
(https://www.geneious.com) and compared them
using the Mycobank DNA database (https://www.
mycobank.org).
We amplified the SQLE gene of all studied isolates using previously reported primer pairs (4).
To ease the SQLE gene sequence analysis, we
shortened the PCR products by designing 2 internal
1

These authors contributed equally to this article.
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Table 1. Clinical characteristics and treatment for patients with difficult-to-treat tinea corporis caused by Trichophyton mentagrophytes
complex isolates, Paris, France*
Patient Age, Geographic
Medical
Third-line
no.
y/sex
origin
history
Clinical presentation First-line treatment Second-line treatment
treatment
1
28/F Bangladesh
None
Erythematous scaly
TBR 250 mg/d;
GSF 500 mg x 2/d;
ITZ 200 mg/d;
plaques of trunk and
outcome (9 wk):
outcome (4 wk): no
outcome (12 wk):
arms; pruritus (Figure
partial healing,
healing
improvement,
1, panel A)
positive culture of
negative culture of
skin sample
skin sample;
relapse 5 mo after
ending ITZ
2
47/F
India
Diabetes
Erythematous scaly
TBR 250 mg/d;
ITZ 200 mg/d;
NA
mellitus,
plaques of groins and
outcome: no
outcome (12 wk):
psoriasis
axillary pits; pruritus
improvement,
healing and negative
positive culture of culture of skin sample;
skin sample
relapse 1 y later
3†
20/M
India
None
Erythematous scaly
TBR 250 mg/d;
ITZ 200 mg/d;
NA
plaques of groins
outcome (12 wk):
outcome (8 wk):
trunk, buttocks, and
no improvement,
healing and negative
legs; pruritus (Figure
positive culture of culture of skin sample
1, panel B)
skin sample
4
46/M Bangladesh
Diabetes
Plaques with strong
TBR 250 mg/d;
ITZ 200 mg/d +
NA
mellitus,
pruritic erythema and outcome (8 wk): no
topical bifonazole;
dyslipidemia
vesicles with
improvement,
outcome (12 wk):
surrounding papulae
positive culture of
complete healing
of groins, buttock,
skin sample
thigh, arms, and face‡
5
44/F Bangladesh
Diabetes
Erythematous scaly
TBR 250 mg/d +
NA
NA
mellitus,
plaques of groins and
topical ciclopirox;
dyslipidemia
axillary pits with
lost-to-follow up
secondary extension
to trunk and limbs‡
(Figure 1 panel D)
6
39/F
India
Chronic
Centrifuge annular
FCZ 200 mg/wk +
NA
NA
hepatitis B
erythema of trunk and
topical TBR;
arms;‡ pruritus
outcome (16 wk):
(Figure 1 panel C)
improvement;
relapse 1 y later
7
57/M
Sri Lanka
Crohn’s
Erythematous scaly
Topical bifonazole;
TBR 250 mg/d +
TBR 250 mg/d;
disease,
plaques of groins,
outcome (8 wk): no
topical steroids (for
outcome (8 wk):
psoriasis
buttocks, knees,
improvement
severe associated
improvement;
shoulders, and neck
psoriasis lesions);
relapse 1 year
outcome (8 wk):
later
partial improvement
*FCZ, fluconazole; GSF, griseofulvine; ITZ, itraconazole; NA, not applicable; TBR, terbinafine.
†Patient 2’s son.
‡Had applied topical steroids.

primers, SQLE-F2 (5′-[658]-TGGGGCCTGGAGCTTATAGA-[677]-3′) and SQLE-R2 (5′-[885]-CCTTCTCCAACGCAGCTTCA-[904]-3′). We compared our
sequences to wild-type T. mentagrophytes complex
reference sequence EZF33561 from GenBank (5)
and submitted the new sequences to GenBank (accession nos. MW898018–32). We determined MICs
as recommended (6). We obtained approval from
the Commission Nationale de l’Informatique et
des Libertés, the national data-protection agency
in France (approval no. 903395), to ensure that patient data would be kept anonymous according to
national regulations.
We generated a phylogenetic tree based on
alignment of the ITS sequences (Figure 2). The 7

resistant isolates (Table 2) belonged to T. mentagrophytes ITS type VIII, whereas 6/8 control isolates
belonged to a different subgroup close to genotypes
I and II associated with the anthropophilic T. interdigitale and 2/8 to genotype VI (3). SQLE sequencing revealed substitutions in the 7 resistant isolates
at sequences F397L, L393S, and A448T (Table 2).
We also observed polymorphisms (at K276N) in 2
of the 8 control isolates (Table 2). We determined
MICs of antifungal drugs for the 9 isolates with
non–wild-type SQLE sequences (Table 2). These
MICs were not homogenous, according to the SQLE
sequences. The 2 isolates with the A448T substitution had low terbinafine MICs, similar to the 2 control isolates with the K276N substitution (Table 2).
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Only 1 isolate (from patient 7) with the A448T substitution had a high MIC for azoles.
Conclusions
We describe a series of cases of tinea corporis in France
caused by T. mentagrophytes complex ITS type VIII (3),
which showed sufficient molecular and phenotypic
differences to be recently individualized into a separate
species called T. indotineae (7). Although its frequency
is currently low (2.0% of all T. mentagrophytes complex
isolates in our hospital), it is alarming because of the
therapeutic failure we observed when using available
antifungal drugs (8). T. indotineae is endemic to India (1)
and Iran (2,9), but several cases have been reported in
Germany (3), Denmark (6), Poland (10), Belgium (11),
and Switzerland (12). These cases are mainly among
persons, similar to our patients, returning from the Indian subcontinent. Direct human-to-human transmission is probable between family members in our study,

as reported elsewhere (9) and in a couple reported in
Switzerland (12). However, the possibility that the
patients were contaminated from a common source
cannot be excluded. Until now, 2 German-born residents have been reported infected despite not having
traveled, generating fear of possible extension beyond
the initial endemic focus area (3).
Thus far, 10 missense mutations in the SQLE
gene have been previously proven in vitro to lead
to elevated MICs for terbinafine by genetic manipulation (4,13). The F397L and L393S mutations
observed in 5 of our patients have been frequently
reported in India and Iran (1,2), as well as in Europe among travelers or migrants (3,4,8,10). A448T
substitution was observed in 2 patients, for which
both isolates had low terbinafine MICs, and 1 of
them had high MICs for azoles, as reported elsewhere (3). With the generalization of sequencing,
probability of identifying polymorphisms, such as
Figure 1. Morphologic
features of difficult-to-treat
dermatophytosis caused by
Trichophyton mentagrophytes
complex internal transcribed
spacer type VIII (T. indotineae)
in patients in Paris, France. A)
Scaly plaques with erythema
and surrounding papulae and
vesicles of the arms (patient 1);
B) centrifuge annular erythema
of the trunk after topical and oral
corticosteroids (patient 6); C)
erythematous and scaly plaques
(patient 3); D) pruritic cutaneous
lesions of the groin and axillary
pits to which was applied
steroids (patient 5).
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Figure 2. Phylogenetic tree of
clinically resistant Trichophyton
mentagrophytes complex
internal transcribed spacer
(ITS) type VIII (T. indotineae)
isolates from patients in Paris,
France (red) and control isolates
(green) compared with reference
isolates. Isolates were classified
on the basis of the ITS regions of
rDNA classified among existing
isolates from type I to type IX
strains retrieved from GenBank
(3). All resistant isolates and
control isolates 2 and 8 had
non–wild-type SQLE sequence
and different MIC profiles (Table
2). Tree was constructed based
on maximum-likelihood (TamuraNei model) analysis including
sequences of the reference
Trichophyton mentagrophytes
neotype strain (IHEM 4268NT).
Reference isolates are identified
by GenBank accession number;
T. quinckeanum (Genbank
accession nos. KJ606088.1 and
KY680503.1) was used
as outgroup.

the K276N substitution, increases (Table 2). These
observations could be misleading if observed in
clinically resistant isolates without performing
formal genetic experiments. Moreover, mechanisms other than SQLE mutations have been reported that possibly explain in vitro resistance (14).
As a consequence, identifying T. indotineae seems
more clinically relevant than identifying the polymorphism in the SQLE sequence to predicting the
failure of antifungal drugs. Without being able to
identify the original reservoir of this dermatophyte,
one suggestion is that mutations in SQLE and high
MICs could be consequences of multiple previous

treatments. Delays in seeking specialized medical advice for chronic cutaneous lesions are common, so improper use of topical steroids or overthe-counter medications for alternative diagnoses
could favor the accumulation of mutations in the
microorganism.
Once T. indotineae is identified, the challenge of
curing the cutaneous lesions remains. After terbinafine failure, in the absence of contraindications,
patients in our study were mainly treated with itraconazole, as recommended (3). The long-term success rate of itraconazole was very modest, even when
an initial improvement was noted. When checked

Table 2. MICs of the 9 isolates with non–wild-type SQLE sequences from patients with difficult-to-treat tinea corporis caused by
Trichophyton mentagrophytes complex isolates, Paris, France, and control isolates*
F397L
L393S
A448T
K276N
Drug
Patient 1 Patient 2 Patient 3
Patient 4
Patient 5
Patient 6 Patient 7
Control 5 Control 8
Terbinafine
4
4
4
4
1
0.014
0.03
0.03
0.03
Itraconazole
0.014
0.06
0.06
0.014
0.06
0.06
16
0.25
0.25
Voriconazole
0.25
0.125
0.25
0.25
0.25
0.25
2
0.25
0.25
Posaconazole
0.03
0.06
0.06
0.03
0.06
0.06
0.5
0.25
0.125
Isavuconazole
0.125
0.25
0.5
0.125
0.5
0.25
4
0.5
0.5
*SQLE, squalene epoxidase.
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months after the end of azole treatment, at least 4
of the 7 patients still harbored clinical lesions, and
the failure to cure was mycologically confirmed.
Of course, every cofactor favoring dermatomycosis
should be controlled or avoided when possible, including diabetes (2/7 patients in our study) or use of
topical steroids (4/7 patients).
Our findings provide additional evidence of
the spread of some dermatophyte species through
travel and immigration, as has been evidenced by
previously nonendemic T. tonsurans replacing other
species as the etiologic agent of tinea capitis in children in the Paris area (15). Surveillance should focus
more specifically on identifying T. indotineae than
SQLE sequences or MIC testing. Optimal treatment
when terbinafine resistance is demonstrated, given the high failure rate of itraconazole, remains to
be established.
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Extensive Dermatophytosis
Caused by Terbinaﬁne-Resistant
Trichophyton indotineae, France
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Mohammad Akhoundi, Eric Dannaoui, Laeticia Audiffred, Francois Chasset, Arezki Izri,
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Extensive dermatophytosis caused by terbinafine-resistant
Trichophyton indotineae harboring Phe397Leu and
Leu393Ser substitutions in the squalene epoxidase enzyme was diagnosed in France. Analysis of internal transcribed spacer sequences revealed the wide spread of this
species in Asia and Europe. Detection of T. indotineae in
animals suggests their possible role as reservoirs.

I

n recent years, dermatologists in India have alerted
the medical community to the wide spread of recalcitrant extensive dermatophytosis across the country.
Clinically, extensive dermatophytosis is characterized
by tinea cruris, tinea corporis, or both, of the glabrous
skin (1). The spread of this condition is thought to be
a consequence of ill-advised use of over-the-counter
corticosteroid-antifungal combinations, resulting in
the emergence of terbinafine-resistant Trichophyton
strains in India (2). T. mentagrophytes and T. interdigitale were suspected, but the correct identity of the
etiologic agent of this outbreak was debated (3,4).
Genomic data showed that India terbinafine-resistant
isolates form a distinct clade from T. interdigitale and
T. mentagrophytes (5). Recently, the clinical, mycological, and molecular features of 2 highly resistant
T. interdigitale isolates from patients from Nepal and
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India, harboring mutations in the squalene epoxidase
(SQLE) gene, have been analyzed and identified as a
new species named T. indotineae (6).
The taxonomy of the T. mentagrophytes/T. interdigitale complex, including T. indotineae, has been revised based on multigene phylogeny revealing that
analysis of the high-mobility group gene clearly demarcates the species, as suggested elsewhere (5,7).
T. indotineae appears to be the primary contributor
to terbinafine resistance (8). Migration and travel enable the spread of nonautochthonous pathogens in
nonendemic areas. Terbinafine-resistant T. indotineae
isolates have been recently identified in Europe (9–
11). We present a series of extensive dermatophytosis
cases in France caused by terbinafine-resistant T. indotineae and document the worldwide spread of T. indotineae using results from internal transcribed spacer
(ITS) sequence-based screening.
The Study
Ten patients in 4 hospitals in France with clinical manifestations of tinea cruris or tinea corporis were diagnosed with extensive dermatophytosis caused by T.
mentagrophytes (Table 1; Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/28/1/21-0883-App1.
pdf). The first case was observed in 2017, and the involvement of T. indotineae, confirmed in 2019, revealed
that the condition was probably introduced into
France several years earlier. Patients were 9 men and 1
woman (mean age 30 years, range 16–53 years). All but
1 patient came from or had visited Bangladesh (Table
1), a commonality probably related to a 2016 increase
in migrants from Bangladesh applying for asylum in
France (12). Source of infection was difficult to determine. Patients 3 and 10 reported clinical symptoms after a journey in Bangladesh. Patients 6 and 9 reported
that symptoms started before arriving in France after a
1
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Table. Characteristics of extensive dermatophytosis case-patients diagnosed with Trichophyton indotineae in France*
Patient
TRB
ITR
VOR AMO
Patient
country of
Clinical
ITS
MIC,¶
SQLE#
MIC,
MIC, MIC,
no.
Year
origin
Treatments†
outcome‡
Follow up
genotype§ μg/mL substitution μg/mL μg/mL μg/mL
1
2017
India
Oral and
Clinical cure;
No relapse
ND
ND
ND
ND
ND
ND
cream TRB
negative MyE
after 6 mo
1 mo
2
2018 Bangladesh TRB 1 mo
Improvement§
Lost to
ND
ND
ND
ND
ND
ND
after 1 mo
follow-up
3
2019 Bangladesh TRB 2 mo
Clinical cure
No relapse 1
T.
0.06
None
0.125 0.125 0.125
y later
indotineae
4
2019 Bangladesh TRB 3 mo,
No
Lost to
T.
2
Leu393Ser
ND
ND
ND
GRS 3 mo,
improvement
follow-up
indotineae
ECZ 3 mo
after 9 mo;
positive MyE
5
2020 Bangladesh TRB 2 mo
No
Lost to
T.
>8
Phe397Leu
0.06
0.06 0.06
improvement
follow-up
indotineae
after 2 mo;
positive MyE
6
2020 Myanmar
CCL 1 mo
Clinical cure
No relapse 1
T.
0.06
Ala448Thr
0.125 0.125 0.06
y later
indotineae
7
2020 Bangladesh TRB 3 wk,
Improvement
Relapse 2
T.
2
Leu393Ser 0.016 0.03 0.06
BFN 3 wk
after 6 wk
mo later
indotineae
8
2020 Bangladesh OMC 1 mo,
Improvement
Lost to
ND
ND
ND
ND
ND
ND
MCN 1 mo
after 2 mo
follow-up
9
2021 Bangladesh TRB 2 mo
Improvement
Lost to
T.
0.06
None
0.06
0.06 0.125
after 1 mo;
follow-up
indotineae
negative MyE
10
2021 Bangladesh TRB 6 mo,
No
ITR 2 mo
T.
2
Phe397Leu
0.25
0.5
0.01
GRS 6 mo
improvement improvement indotineae
Ala448Thr
after 1 y;
positive MyE

*AMO, amorolfine; BFN, bifonazole; CCL, ciclopiroxolamine; ECZ, econazole; GRS, griseofulvin; ITR, itraconazole; ITS, internal transcribed spacer; MCN,
miconazole; MyE, mycologic exam; ; ND, not determined; OMC, omoconazole; SQLE, squalene epoxidase enzyme; TRB, terbinafine; VOR, voriconazole.
†Treatments: oral TRB (250 mg/d); oral GRS (1 g/d); 1% ECZ cream; 1% CCL cream; 1% BFN cream; 1% OMC cream; 2% MCN cream; oral ITR
400 mg/d).
‡Clinical cure was recorded when skin lesions disappeared after treatment; clinical improvement was recorded when patient reported a reduction of
clinical symptoms (itching and inflammatory lesions).
§T. indotineae ITS sequencing was performed using primers (Appendix Table, https://wwwnc.cdc.gov/EID/article/28/1/21-0883-App1.pdf). Registered
under GenBank accession nos. MW959755–60.
¶TBR resistance was defined by a MIC50 >0.25 µg/mL (8).
#For SQLE sequencing, the amplified fragment was cut in 2 using a total of 4 primers because it was >1,000 nt long, (Appendix Table). Registered under
GenBank accession no. MZ318454–9.

stay in refugee camps in Turkey and Bangladesh. For
patients 1, 4, and 8, skin lesions had appeared after living in France for 3–4 years, suggesting that human-tohuman transmission could have occurred in France.
All patients declared no contact with animals.
Eight out of 10 patients received oral treatment
with terbinafine. Clinical cure or treatment failure were
difficult to evaluate because most patients could not be
reached for follow-up. We observed clinical cure in 2/8
patients (patients 1 and 3) and clinical improvement in
2/8 patients (patients 2 and 9). However, we observed
no clinical improvement or relapse in 4/8 patients (patients 4, 5, 7, and 10). Patient 4 received a second round
of oral griseofulvin treatment during the 3 months after initial treatment, and patient 10 received a second
round of oral terbinafine for 3 months followed by
griseofulvin treatment over 6 months, without clear
clinical improvement for either. Finally, we observed
clinical improvement in patient 10 after 1 month of a
230

2-month treatment with itraconazole (400 mg/d). Indeed, limited effectiveness of 4 oral antifungals (fluconazole, griseofulvin, itraconazole, and terbinafine) has
been described in India, but itraconazole has shown
better efficacy than the others (13). Increasing terbinafine exposure through higher doses or longer durations has been proposed to overcome treatment failure
and could protect azole-based antifungal drugs from
developing resistance (14).
Seven isolates initially diagnosed as T. mentagrophytes by microscopy, mass spectrometry, and clinical
localization were available for further characterization (Table 1). ITS region sequencing revealed that all
isolates were T. indotineae. Three out of 6 isolates grew
on a solid terbinafine-containing medium (Appendix
Figure 2). We confirmed terbinafine resistance by the
EUCAST (https://eucast.org) method (15) with MICs
of 2 or >8 μg/mL (Table 1). Sequencing the SQLE gene
revealed that 4 resistant isolates contained Leu393Ser,
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Figure 1. Analysis of dynamic
and geographic distribution of
Trichophyton indotineae reported
sequences from France (this
study) and reference sequences
from GenBank for 2004–2021
A) Cumulative curves of 486
published sequences; B)
geographic distribution of 537
published sequences. Red,
countries with reported endemic
cases; purple, countries with
imported cases (but rare cases
of endemic transmission cannot
be ruled out); green, probable
country sources of imported
cases; yellow, countries with
reported sporadic human cases
without additional available
information (also identified in
Poland); blue, countries with
T. indotineae sequences reported
in animal infections (also reported
in India). World map was created
using JMP Pro 15.2.0 (https://
www.jmp.com). For internal
transcribed spacer sequencebased screening, we retrieved
ITS1-5.8S-ITS2 sequences T.
interdigitale, T. mentagrophytes,
T. indotineae and also
Arthroderma benhamiae, A.
simii, A. vanbreuseghemii, T.
benhamiae, T. bullosum, T.
concentricum, T. equinum, T.
erinacei, T. quinckeanum, T. simii,
T. schoenleinii, T. tonsurans, and
T. verrucosum. For sequences
matching T. indotineae (internal
transcribed spacer reference
sequence JN133999), we
searched associated literature
on PubMed Central (https://www.
ncbi.nlm.nih.gov/pmc).

Phe397Leu, or Phe397Leu/Ala448Thr substitutions.
Three terbinafine-susceptible isolates exhibited no
substitutions or an Ala448Thr substitution alone. We
determined low MICs for itraconazole, voriconazole,
and amorolfine for 6 isolates (Table 1).
Using an ITS sequence-based screening of sequences stored in GenBank and a review of literature up through March 2021 (Appendix Table 2),

we investigated the epidemiologic characteristics of
T. indotineae. Information was available about the
origin of the infection for 526/537 sequences found.
Human-to-human transmission was predominant
because 98.8% of the sequences identified were of
human origin; however, 6 sequences indicated an
animal origin. Two sequences detected during a
survey that included 760 calves came from Egypt, 1
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detected in an infected dog came from India, and 3
came from Poland but with no specific animal host indicated. These results suggest that animals can be reservoirs of T. indotineae and zoonotic transmission must
be considered.
We obtained geographic information for all 537
sequences and temporal information for 486 sequences. Our study revealed that T. indotineae was present
in India, Australia, Iran, and Oman during 2004–2013
(Figure 1, panel A). After 2014, a substantial increase
in reported cases was observed, related to the outbreak in India. Since 2019, the number of reported T.
indotineae cases has increased in Europe, confirming
its spread. Currently, 76% of the known sequences
have been identified in India, 12.8% in the Middle
East, 9.6% in Europe, and 1.1% in other countries
(Figure 1, panel B). Cases reported in Europe are supposed to have been introduced by migrants or travelers from India, Bangladesh, Pakistan, Bahrain, Libya,
Saudi Arabia, or Thailand, suggesting the presence of
T. indotineae in those countries. The cases imported
from Bangladesh that were reported in France, together with those reported in Germany (9), suggest

that T. indotineae transmission could be endemic in
Bangladesh. Results obtained in this study were limited to data obtained from sources available in GenBank; T. indotineae distribution is probably greater
than what is documented here.
The epidemiology of terbinafine-resistant T.
indotineae isolates was difficult to assess because
studies recording available molecular analysis
and in vitro antifungal susceptibility testing were
scarce. In India, 71.3% (n = 279) of reported isolates
were resistant to terbinafine, but in Iran, 71.8% (n
= 32) were susceptible. Of the isolates from this
study, 50% (n = 29) from Germany and 57.1% (n =
7) from France were resistant. Isolates from India
showed 11 different single or combined missense
mutations of the SQLE gene with a large range of
terbinafine MICs (Figure 2). Of note, Phe397Leu
and Leu393Phe substitutions, associated with terbinafine resistance, were predominant in isolates
from India and Germany, probably related to population movements between the 2 countries. Leu393Ser substitution was predominant in France in
the isolates from Bangladesh.
Figure 2. Trichophyton
indotineae susceptibility to
terbinafine reported from 4
countries. A) Relationships
between terbinafine MIC and
codon changes reported in
isolates from different countries.
Grey line shows terbinafine
susceptibility threshold of 0.2
μg/mL. Available MICs were
determined using the Clinical
Laboratory and Standards
Institute (https://clsi.org) or
EUCAST (https://eucast.org)
methods. Data show mean
values. B) Prevalence of
substitution points in the gene
encoding SQLE. Sources shown
in the Appendix (https://wwwnc.
cdc.gov/EID/article/28/1/210883-App1.pdf). SQLE, squalene
epoxidase enzyme.
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Conclusions
The medical community and organizations receiving
migrants and travelers should be aware that extensive dermatophytosis linked to terbinafine-resistant
T. indotineae has reached France. Efficient systems to
promptly identify terbinafine-resistant T. indotineae
isolates must be implemented to halt the progression
of this pathogen throughout Europe.
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Intercontinental Spread of
Eurasian Highly Pathogenic Avian
Inﬂuenza A(H5N1) to Senegal
Fatou T. Lo,1 Bianca Zecchin,1 Alpha A. Diallo, Racky O. Ba, Luca Tassoni, Aida Diop, Moussa Diouf,
Mayékor Diouf, Yacine N. Samb, Ambra Pastori, Federica Gobbo, Francesca Ellero, Mariame Diop,
Modou M. Lo, Mame N. Diouf, Mathioro Fall, Amadou A. Ndiaye, Adji M. Gaye, Médoune Badiane,
Mbargou Lo, Babacor N. Youm, Ibrahima Ndao, Marius Niaga, Calogero Terregino, Boly Diop, Youssou Ndiaye,
Angelique Angot, Ismaila Seck, Mamadou Niang, Baba Soumare, Alice Fusaro, Isabella Monne

In January 2021, Senegal reported the emergence of
highly pathogenic avian influenza virus A(H5N1), which
was detected on a poultry farm in Thies, Senegal, and in
great white pelicans in the Djoudj National Bird Sanctuary. We report evidence of new transcontinental spread
of H5N1 from Europe toward Africa.

O

n December 23, 2020, a single poultry farm composed of 4 barns of laying hens having a total of
102,000 birds in Pout, Thies Region, Senegal, reported
increased deaths (mortality rate 58%) to animal health
authorities. The clinical signs observed in the affected
poultry were edema of the cervical region, cyanosis,
congestion of the crests and barbs, and a state of general prostration. Organs and cloacal and oropharyngeal
swab specimens collected from dead and sick birds
were analyzed at the National Veterinary Laboratory
for Livestock and Research (LNERV; Dakar, Senegal),
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where highly pathogenic avian influenza (HPAI) A
(H5N1) virus was confirmed on January 7, 2021.
Later that month, 750 great white pelicans (Pelecanus onocrotalus) (740 juveniles and 10 adults) were
found dead by rangers in the Djoudj National Bird
Sanctuary, a UNESCO World Heritage site, which is
a wetland near the Senegal–Mauritania border. The
sanctuary welcomes thousands of Palearctic and
Afrotropical migratory birds every year as a refuge,
feeding site, and breeding site. On January 15, 2021,
the monthly count of birds at Djoudj enacted by the
Ministry of Environment documented 8,887 pelicans, for an estimated mortality rate of 8.4% in January 2021. After identifying H5N1 in the dead birds,
LNERV analyzed amino acid sequences deduced at
the hemagglutinin cleavage site (PLREKRRKR×GLF)
on samples from poultry and pelicans, which classified the strain as an HPAI.
Since the emergence of the HPAI H5Nx viruses
of the goose/Guangdong (gs/Gd) lineage in 1996,
the transcontinental spread of the virus to Africa
has been described at least 3 times (1). According to
available data, no incursions have involved Senegal
before. This unprecedented geographic spread raises
questions about the mechanisms of emergence and
dissemination of HPAI H5N1 in this country. To determine the origin and transmission pathways of the
virus, we analyzed the complete genome of 4 HPAI
H5N1 viruses collected in Senegal from domestic and
wild birds, studying their spatial diffusion dynamics.
The Study
A total of 8 clinical samples were submitted to the
World Organisation for Animal Health Reference
1
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Laboratory and to the Food and Agriculture Organization of the United Nations Reference Center for
Avian Influenza and Newcastle Disease at the Istituto
Zooprofilattico Sperimentale delle Venezie (Legnaro,
Padova, Italy) for confirmatory diagnosis and genetic
characterization of the identified viruses. HPAI H5N1
was identified in all submitted samples by molecular analysis, confirming the results from LNERV. Because of the low viral load, whole-genome sequences
were successfully generated from only 4 of 8 samples
(Table) collected from poultry and wild birds, as previously described (1).
The phylogenetic analysis of the hemagglutinin gene revealed that the 4 HPAI H5N1 viruses
from Senegal belong to clade 2.3.4.4b and cluster
not only together but also with the HPAI H5N1 viruses that have been circulating in Europe since October 2020 (99.8%–99.9% nucleotide similarity) (Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/28/1/21-1401-App1.pdf) (2,3). In particular,
the HPAI H5N1 viruses from Senegal cluster together
in the phylogenetic trees of all 8 gene segments and
are closely related to HPAI H5N1 viruses identified
in the Netherlands, United Kingdom, and Italy during October–December 2020 (98.8%–100% nucleotide
similarity) (Appendix Figures 1–8). These findings
suggest virus introduction in the country was likely
caused by wild birds’ migration routes from Europe.
To reconstruct the spatial spread and estimate
time of virus introduction into Senegal, we performed a phylogeographic analysis of the hemagglutinin gene in BEAST version 1.10.4 (4). We defined 5
discrete geographic regions: Central Asia, Northern
Europe, Eastern Europe, Southern Europe, and Senegal. The mean time to the most recent common ancestor of the HPAI H5N1 viruses from Senegal was
estimated to be November 2020 (95% HPD interval
October–December 2020). The genetic spatial analysis indicated that the virus had spread from Southern
Europe to Senegal, which suggests that West Africa
likely acted as the ecologic sink of the HPAI H5N1 viruses circulating in Europe (Figure; Appendix Figure

9). Because availability of viral sequences from different countries could affect phylogeographic analyses,
having a large number of sequences available is vital
to obtain accurate and reliable results.
Conclusions
These evolutionary and spatial investigations indicate
that the H5N1 outbreaks in Senegal did not emerge
from local evolution of H5N1 viruses in Africa. These
new viruses seem to have been introduced in fall 2020
from Eurasia through migratory birds flying southwest for winter. The estimated time to the most recent
common ancestor (October–December 2020) and the
long branches that separate the Senegal viruses from
progenitors in Europe suggest an undetected virus
circulating in the area, likely in wild birds.
The Djoudj National Bird Sanctuary, located in
the Senegal River delta along the East Atlantic Flyway, is a sanctuary for large breeding waterbirds,
including great white pelicans. H5N1 caused the
death of hundreds of pelicans there. Before the emergence of the HPAI H5Nx viruses of the Gs/GD lineage, infection with avian influenza virus of pelicans
was rarely reported (5). The incursion of the Gs/GD
lineage has resulted in numerous fatal infections in
this species. On the basis of data from the avian influenza passive surveillance system implemented in
Europe during 2005–2017, an HPAI detection rate of
9.5% has been estimated in great white pelicans (6).
This species is highly gregarious, behavior that could
have promoted the spread of HPAI in these birds in
Senegal. Unfortunately, surveillance of wild and domestic birds near where the H5N1-infected pelicans
were identified did not shed light on the species responsible for introducing the virus. The wetlands of
Senegal are inhabited by millions of aquatic bird species, including Garganey (Anas querquedula), Northern pintail (Anas acuta), Northern shoveler (Spatula
clypeata), Eurasian teal (Anas crecca), Eurasian wigeon
(Mareca penelope), Common pochard (Aythya farina),
and Tufted duck (Aythya fuligula), many of which
have had a role in the spread of Gs/GD-lineage H5

Table. HPAI H5N1 viruses identified from chicken and pelican samples, Senegal, 2020–2021*
Latitude and
Sample type
Virus name
Species
Location
longitude
Cloacal swab
A/chicken/Senegal/21VIR1084–
Chicken
Thies region
14.781388,
3/2021
17.042222
Cloacal swab
A/chicken/Senegal/21VIR1084–
Chicken
Thies region
14.781388,
4/2021
17.042222
Cloacal swab
A/chicken/Senegal/21VIR1084–
Chicken
Thies region
14.781388,
5/2021
17.042222
Oropharyngeal A/great-white_pelican/Senegal/21– Great white Djoudj National 16.352169,
swab
67_21VIR1084–8/2021
pelican
Bird Sanctuary
16.277897

Collection
date
2020 Dec 23

GISAID
accession no.
EPI1866442–9

2020 Dec 23

EPI1866450–7

2020 Dec 23

EPI1866458–65

2021 Jan 23

EPI1866466–73

*Sequences were submitted to GISAID's EpiFlu database (https://www.gisaid.org). HPAI, highly pathogenic avian influenza.
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Figure. Origin and spread of the highly pathogenic avian influena H5N1 virus. Five discrete geographic regions, namely Central Asia,
Northern Europe, Eastern Europe, Southern Europe, and Senegal, are defined and marked with different colors. The routes of migration
supported by a Bayes factor >10 are displayed in the map as thin dashed lines; thicker dashed lines indicate Bayes factor >20.

viruses (7,8). This bird population has been hardly affected by the 2020–2021 epidemic in Europe, during
which HPAI H5 virus infections were reported in apparently healthy birds (2). Therefore, even considering that most of the great white pelicans residing in
the Djoudj National Bird Sanctuary are deemed to be
sedentary (9), species other than pelicans might have
been involved in introducing and spreading H5N1
within Senegal or to neighboring countries reporting
HPAI H5N1, including Niger, Nigeria, Mauritania,
and Mali.
Recent reports of H5N1 in Senegal, Mauritania, and Mali indicate an unprecedented westward
spread of the virus in Africa (10). However, the lack
of genetic information on the viruses detected in these
countries makes it difficult to reconstruct the exact
number of virus introductions and dynamics of virus
dissemination, and both poultry trade and wild bird
movements remain valid candidate pathways. Moreover, after the outbreaks of HPAI in poultry, 2 states
in Nigeria reported 7 suspected human cases of avian
influenza H5N1, 4 in Kano and 3 in Plateau. These
cases confirm the importance of One Health joint activities by public human and animal health sectors to
contain and monitor virus spread and the emergence
of novel viruses of major concern (11).
236

There is still much to learn about the ecology of
these viruses in the wild bird population; detection of
the 2.3.4.4b clade in Senegal demonstrates that predicting the dissemination trajectories of these viruses
is difficult. No system yet exists that can prevent the
virus from following wild bird movements. Efforts
are needed to regulate poultry movements and develop risk-based surveillance in wild birds in Africa
to detect newly introduced and circulating viruses,
reduce the likely spread to poultry, and limit the risk
for exposure of humans to infected birds.
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Multistate Outbreak of
Salmonella enterica Serovar
Heidelberg with Unidentiﬁed
Source, Australia, 2018–2019
Elenor J. Kerr, Russell Stafford, Irani U. Rathnayake, Rikki M.A. Graham, Emily Fearnley,
Joy Gregory, Keira Glasgow, Rose Wright, Vitali Sintchenko, Qinning Wang, Peter Howard,
Lex E.X. Leong, Mary Valcanis, William Pitchers, Stephen B. Lambert, Amy V. Jennison

We report a multistate Salmonella enterica serovar Heidelberg outbreak in Australia during 2018–2019. Laboratory investigation of cases reported across 5 jurisdictions
over a 7-month period could not identify a source of infection but detected indicators of severity and invasiveness.
The hospitalization rate of 36% suggested a moderately
severe clinical picture.

S

almonella enterica serovar Heidelberg is a frequently identified serotype among infections
in humans in North America, East Africa, and
Asia but is uncommon in Australia. An average of
37 cases of Salmonella Heidelberg were notified in
Australia annually in 2009–2017, predominantly
overseas acquired (1). Six outbreaks have been reported nationally since 1995; 1 outbreak in 1996 had
>500 cases, but most have <7 cases (R. Bell, pers.
comm. [email], 2020 Jun 16). We report a national
outbreak of Salmonella Heidelberg infection across
5 jurisdictions over 7 months.
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The Study
In December 2018, OzFoodNet, Australia’s government-based network for enhanced foodborne disease surveillance, noted that Salmonella Heidelberg
cases diagnosed in November (15 cases) were above
the national historical 5-year mean (2.4 cases). New
South Wales (NSW) and Victoria initiated separate investigations during December 2018–February 2019; neither developed a hypothesis regarding
potential sources of infection. In February–March
2019, whole-genome sequencing (WGS) analysis of
available isolates identified 36 highly related cases, 12 each from Queensland, NSW, and Victoria.
Concurrent Salmonella Heidelberg infections with
WGS pending were subsequently identified in other states: South Australia (SA) (N = 4) and Western
Australia (WA) (N = 3). Queensland cases were not
initially investigated because Salmonella Heidelberg
is more common in this state; Queensland contributed 43% of cases in Australia during 2009–2017 (1).
Outbreak cases were reported across multiple jurisdictions peaking in early December 2018 and continuing through late March 2019, with an outlying
case reported in May 2019 (Figure). After confirmation of phylogenetic relatedness and previous jurisdictional inability to identify a common source, OzFoodNet commenced a multijurisdictional outbreak
investigation in March 2019. However, case numbers declined soon after, preventing more rigorous,
prospective epidemiologic investigation.
We identified 59 outbreak cases in 5 jurisdictions (58 laboratory-confirmed, 1 epidemiologicallylinked): NSW (18/59, 31%), Victoria (14/59, 24%),
Queensland (13/59, 22%), WA (8/59, 14%), and SA
(6/59, 10%) (Table). Case-patients were 2 months–95
(median 43) years of age. None had a history of
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Figure. Salmonella enterica serovar
Heidelberg outbreak cases by
week of specimen collection and
jurisdiction, Australia, November
2018–May 2019 (n = 59). NSW, New
South Wales; QLD, Queensland; SA,
South Australia; VIC, Victoria; WA,
Western Australia.

international travel; 3 case-patients reported interstate travel during their exposure period.
Thirty-nine case-patients completed interviews
using telephone-administered hypothesis-generating
questionnaires. The remaining 20 patients were not
investigated because they refused interviews, they
could not be contacted, or their diagnosis dates precluded obtaining a reliable food history. Binomial
probability analysis compared case-patient food exposures to background rates estimated from a Victoria population survey, accounting for seasonality,
from November 2014–October 2016 (2).
Probability calculations highlighted potential
foods of interest, including cooked chicken (p<0.001),
macadamia nuts (p = 0.001), frozen vegetable products (p = 0.005), and lamb (p = 0.005). Global epidemiology suggests Salmonella Heidelberg outbreaks
are most likely associated with poultry or eggs (3–5),
yet case reporting of poultry products consumed and
place of purchase did not identify a common source.
Raw macadamia nuts were considered because of
their popularity during the Christmas period, along
with previous detections of Salmonella Heidelberg
in Queensland (6). Because epidemiologic evidence
was insufficient to develop a strong hypothesis for
any single food item, sampling was not considered
feasible; decreasing case numbers precluded an analytic study.
We consolidated sequence data, including isolates
sequenced in jurisdictional laboratories. We assessed
genetic relatedness among isolates of Salmonella Heidelberg cases at the Queensland Health Forensic and
Scientific Services laboratory by generating core genome multilocus sequence typing (cgMLST) complex
types (<7 allele differences) using Ridom SeqSphere+
version 5.1.0 (https://www.ridom.de) based on the
EnteroBase Salmonella enterica scheme version 2.0

(https://enterobase.warwick.ac.uk). We determined
single-nucleotide polymorphism (SNP) differences
using Snippy package version 4.3.6 (https://github.
com/tseemann/snippy) using Salmonella Heidelberg
SL476 (GenBank accession no. NC_011083.1) as a reference. We conducted in silico WGS analysis for antimicrobial-resistance genes by the abricate program
version 0.8.10 (https://github.com/tseemann/abricate), using the Resfinder database October 18, 2018,
version (https://cge.cbs.dtu.dk/services/ResFinder)
to further characterize strains. We investigated the
presence of the saf operon using Ridom SeqSphere+
against the saf operon sequence from GenBank (accession no NZ_LS483494). We generated sequences
for isolates on the Illumina NextSeq genome sequencing platform (https://www.illumina.com) using the
Nextera XT library preparation kit; the WGS read files
were deposited in the US National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov)
Sequence Read Archive (BioProject ID PRJNA663036
[NSW] and PRJNA660800 [Queensland, Victoria, SA,
WA]). We developed our hypothesis using a range of
local and international sequence data sources to assess genetic relatedness to outbreak cases; we used 78
human sequences from 5 jurisdictional laboratories,
8 nonhuman Salmonella Heidelberg isolates from a
Queensland culture collection from food and animals
(macadamia nuts and poultry, caprine, porcine, bovine, equine, and reptile sources), and 86 international sequences downloaded from EnteroBase and the
National Center for Biotechnology Information.
The 58 Salmonella Heidelberg isolates available
from this outbreak were all multilocus sequence type
(ST) 15 and belonged to the same cgMLST complex
type (2561); isolates differed within the complex type
by 0–3 SNPs/cgMLST alleles, whereas the nearest
nonoutbreak genomes had >34 SNP and >16 SNP al-
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lele differences (Appendix Figure, https://wwwnc.
cdc.gov/EID/article/28/1/21-1462-App1.pdf). This
complex type was not identified among a range of
international sequences or Australia nonhuman or
historical human isolates chosen to inform possible
outbreak sources; thus, we could not develop our hypothesis using WGS. No compelling microbiological
evidence supported hypotheses of a nut, poultry, or
other specific source.
All Australia isolates and 91% of international
isolates harbored the antimicrobial-resistance gene
fosA7 for fosfomycin (7). Phenotypic analysis of 9 isolates revealed the outbreak strains to be susceptible
to antimicrobial drugs including cephalosporins,
fluoroquinolones, aminoglycosides, broad-spectrum
penicillins, and trimethoprim/sulfamethoxazole.
Of 45 case-patients for whom data were available,
16 (36%) were hospitalized with a median duration
of 4 (range 1–18) days, reported by 13 case-patients.
Although direct comparison is difficult because of
potential confounding by age, the hospitalization
rate of 36% was high compared with the rate of 11.6%
among 149 US outbreaks of Salmonella Heidelberg
from 1973–1997 (3). Hospitalization rates in that outbreak were also higher than that for Salmonella enterica
outbreaks in Australia with similar age distributions
during 2001–2016 (8).
Although this investigation was unable to capture invasiveness of the outbreak strain, Salmonella
Heidelberg has frequently been associated with greater risk for invasive disease than have other commonly
reported nontyphoidal Salmonella serotypes, including Typhimurium and Enteritidis (9–14). In the United States, Salmonella Heidelberg is among the 4 most
common serotypes isolated from blood; 12%–13% of
Salmonella Heidelberg infections resulted in invasive
disease in North America, higher than the US Salmonella average of 7% (10–12). A study of invasive nontyphoidal Salmonella infection in Australia similarly
found that almost 10% of Salmonella Heidelberg gastrointestinal infections during 2007–2016 were invasive disease, ≈5× higher than Salmonella Typhimurium infections (15). Concern has grown regarding the
virulence of a US bovine-related Salmonella Heidelberg outbreak; recent genomic analyses indicated that
most identified Salmonella virulence genes are present
in most Salmonella Heidelberg strains. These studies
highlighted potential contributions of saf fimbrial
genes to increased severity via their role in bacterial
aggregation, colonization, and biofilm formation (9).
The saf operon has been reported generally absent
from the Salmonella Heidelberg serovar but was present in a previous outbreak associated with increased
240

Table. National Salmonella enterica serovar Heidelberg outbreak
cases by demographic and clinical characteristics, Australia,
November 1, 2018–July 10, 2019
Feature
No. (%)
Demographic
N = 59
Sex
M
33 (56)
F
26 (44)
Age group, y
0–4
10 (17)
5–9
2 (3)
10–19
5 (8)
20–29
2 (3)
30–39
7 (12)
40–49
5 (08)
50–59
12 (20)
60–69
6 (10)
70–79
3 (5)
80–89
5 (8)
≥90
2 (3)
Symptom
Diarrhea
38/42 (90)
Abdominal cramps
30/37 (81)
Fever
22/38 (58)
Vomiting
11/38 (30)
Bloody diarrhea
7/34 (21)
Hospitalization
Yes
16/45 (36)
No
29/45 (64)
Emergency department visit only
3/16 (19)

severity (9). The saf operon was present in all Australia isolates in this study (Appendix Figure).
Conclusions
We report a national outbreak investigation of a locally uncommon S. enterica serovar of unknown origins in Australia. Although Salmonella Heidelberg
outbreaks are relatively uncommon in Australia,
given this outbreak’s comparatively high hospitalization rate and the presence of saf fimbrial genes in
the implicated strain, future cases warrant prompt
investigation to assess severity and invasiveness. A
platform for real-time exchange of sequence data in
Australia and use of routine WGS for salmonellosis
cases, including comparison with local and international strain data, may enable more timely detection
of outbreaks.
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We conducted a second nationwide severe acute respiratory syndrome coronavirus 2 seroprevalence study in the
Faroe Islands during November 2020. We found crude
seroprevalence was 0.3% and prevalence was 0.4% after
adjusting for test sensitivity and specificity. This low seroprevalence supports the prevention strategies used in the
Faroe Islands.

E

arly in the coronavirus disease (COVID-19) pandemic, the World Health Organization recommended close surveillance and abundant testing at
the regional level (1). In the Faroe Islands, extensive

Figure. Flowchart of participant recruitment for severe acute
respiratory syndrome coronavirus 2 seroprevalence study, Faroe
Islands, November 2020. *Persons previously diagnosed with
COVID-19 were excluded from serosurvey but included in the total
number of cases. COVID-19, coronavirus disease.
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testing capacity, easily accessible testing, and intensive contact tracing helped eliminate COVID-19 after
the first (2) and second epidemic waves and further
contained outbreaks later in 2020 (3). A populationbased seroprevalence study of 1,075 persons in the
Faroe Islands during May 2020 reported few undetected cases (4). However, prevalence studies from
Spain, Greece, and Denmark measured severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
antibody seroprevalences of 0.36%–34.6% (5–7).
During the first COVID-19 wave in the Faroe
Islands, societal lockdown and border closings
helped contain the contagion. After the first wave,
rather than reinstating lockdown, the country
implemented testing, tracing, and quarantine,
combined with entry restrictions for travelers, including a negative SARS-CoV-2 test upon entry
and recommended self-quarantine until retesting 6 days after arrival (3). Despite society returning to near prepandemic normal, subsequent
outbreaks in the Faroe Islands were contained
efficiently. However, the reopening strategy might
have led to undetected cases. We conducted a
seroprevalence survey to estimate the number of
undetected COVID-19 cases in the Faroe Islands.
We randomly selected 1,500 persons from the Faroese
Population Registry (https://www.us.folDefault.asp
X?ID=13792). After excluding 2 newborns, we invited
1,498 persons by letter to provide blood samples at 1
of 6 study sites around the islands during November
21–30, 2020. We offered home visits to those unable to
attend. Nonresponders received a follow-up phone call.
All participants provided oral and written informed
consent. The study was approved by the Faroese Ethical
Committee and Data Protection Agency and is methodologically aligned with the World Health Organization
generic protocol for population-based seroepidemiologic COVID-19 studies (1).
We conducted total antibody analyses by using
the SARS-CoV-2 Ab ELISA Kit (Beijing Wantai Biologic Pharmacy Enterprise, https://www.ystwt.cn),
which has a sensitivity of 94.4% (95% CI 90.9%–96.8%)
and specificity of 100% (95% CI 98.8%–100.0%). We
estimated 95% CI for crude seroprevalence by using
exact binomial models and used bootstrap methods
to adjust seroprevalence for test performance (8).
In all, 960 (64.1%) persons participated in the serosurvey (Figure); mean age was 48 years (SD 21.0,
range 1–98 years), 52.2% were female, and 47.8% were
male (Table). We excluded 12 persons with a previous
positive reverse transcription PCR (RT-PCR) result
from the seroprevalence study but included them in
the total number of cases.
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Table. Characteristics of study participants compared with entire population and crude prevalence for severe acute respiratory
syndrome coronavirus 2–specific antibodies, Faroe Islands, November 2020
Crude seroprevalence, %
Characteristics
No. (%) sampled
Total population (%)
p value
No. positive
(95% CI)*
Total
960 (100)
52,854 (100)
3
0.3 (0.06–0.9)
Sex
M
459 (47.8)
27,380 (51.8)
0.014
1
0.2 (0.01–1.2)
F
501 (52.2)
25,474 (48.2)
0.014
2
0.4 (0.05–1.4)
Age, y
0–9
33 (3.4)
7,259 (13.7)
<0.0001
1
3.0 (0.08–15.8)
10–19
76 (7.9)
7,357 (13.9)
<0.0001
0
0
20–29
88 (9.2)
5,983 (11.3)
0.0414
0
0
30–39
134 (14.0)
6,534 (12.4)
0.1364
0
0
40–49
135 (14.1)
6,554 (12.4)
0.1136
0
0
50–59
191 (19.9)
6,780 (12.8)
<0.0001
0
0
60–69
157 (16.4)
5,685 (10.8)
<0.0001
2
1.3 (0.2–4.5)
70–79
103 (10.7)
4,337 (8.2)
0.0053
0
0
80–89
36 (3.8)
1,875 (3.5)
0.6165
0
0
>90
7 (0.7)
490 (0.9)
0.5147
0
0
Geographic area
Streymoy
473 (49.3)
25,288 (47.8)
0.3565
2
0.4 (0.05–1.5)
Eysturoy
216 (22.5)
11,966 (22.6)
0.9415
0
0
Norðoyggjar
114 (11.9)
6,278 (11.9)
1
0
0
Vágar
49 (5.1)
3,361 (6.4)
0.1023
0
0
Sandoy og Suðuroy
108 (11.2)
5,961 (11.3)
0.9227
1
0.9 (0.02–5.1)
*Exact 95% CI calculated by binomial regression.

The study sample was geographically representative of the population but had minor differences in sex
and age distribution. More men and younger persons
comprised nonparticipants than participants: 41.3 (SD
+23.4) years of age for nonparticipants versus 48.1
(SD +20.5) years of age for participants (p<0.0001).
Persons 0–29 years of age were underrepresented and
persons 50–79 years of age overrepresented.
Among participants, 3 tested positive for
SARS-CoV-2–specific antibodies, resulting in a crude
seroprevalence of 0.3% (exact binomial 95% CI 0.06%–
0.9%). After adjusting for test sensitivity and specificity,
we estimated a seroprevalence of 0.4% (bootstrap 95%
CI 0.1%–1.0%). Including cases previously confirmed by
RT-PCR, seroprevalence in the sample was 1.5%.
We found only a few undetected cases, underpinning the effectiveness of the prevention strategies in
the Faroe Islands. Among the 3 seropositive cases, 1
was a child who had experienced symptoms at the beginning of the epidemic. Subsequent serologic analyses revealed that both parents and the child’s siblings
were seropositive. The other 2 seropositive cases were
in adults who did not recall any symptoms.
Our study’s strengths include the sample size, ≈2%
of the country’s population, and the high participation
rate of 64%, which increases to 77% when we exclude
243 persons who were not reachable. A study of 82 seroprevalence estimates from 51 different locations and
>500 participants noted infection rates ranging from
0.02% to 53.4% by September 9, 2020, but reported
large variations in sampling, clustering, and adjustment for test performance (9). A serosurvey of 4,000

persons in Switzerland during November–December
2020 reported regional seroprevalence of 21.2% after
the second pandemic peak (10), >10 times higher than
that observed in the Faroe Islands. The differences in
seroprevalence might reflect differences in COVID-19
management strategies and geography because, unlike
Switzerland, the Faroe Islands do not share borders
with other countries. Furthermore, participation rates
in the study from Switzerland varied substantially
across age groups, from 17% for persons 0–18 years of
age to 69% for persons >65 years of age.
In May 2020, we estimated 0.6% seroprevalence in
the Faroe Islands (4), resulting in slightly higher number of cases than official confirmed cases. Applying
the 1.5% seroprevalence we found in this study to the
overall population corresponds to 793 cases, whereas
663 RT-PCR–confirmed cases were officially reported
(https://www.corona.fo). Nonetheless, our results
show that prevention strategies effectively managed
the COVID-19 epidemic in the Faroe Islands and that
the country effectively reacted to timely information
of the contagion.
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We investigated the infectivity of 128 severe acute respiratory disease coronavirus 2–associated deaths and
evaluated predictive values of standard diagnostic procedures. Maintained infectivity (20%) did not correlate with
viral RNA loads but correlated well with anti-S antibody
levels. Sensitivity >90% for antigen-detecting rapid diagnostic tests supports their usefulness for assessment.
DOI: https://doi.org/10.3201/eid2801.211749

D

eaths associated with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) have
raised concerns that contact with the corpses of deceased persons might pose a risk for transmitting infection (1). Nasopharyngeal SARS-CoV-2 RNA loads
were shown to remain stable up to 20 days postmortem (2), and the maintained infectivity of corpses
has sporadically been examined (2–4). In contrast,
body surfaces of corpses have been considered noninfectious (5). Systematic studies on the infectivity of
corpses and predictive values of standard diagnostic
procedures remain scarce.
For this study, we prospectively collected nasopharyngeal swab specimens from 128 SARS-CoV-2
RNA-positive and 72 RNA-negative corpses <14
days postmortem to assess infectivity and predictive
values of virologic parameters (Table). We excluded
corpses exhibiting advanced putrefaction. For initial
assessment, we determined RNA loads using quantitative reverse transcription PCR (qRT-PCR) (Appendix, https://wwwnc.cdc.gov/EID/article/28/
1/21-1749-App1.pdf).
We found SARS-CoV-2 RNA up to 325 hours
postmortem, but RNA loads did not correlate with
1
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Table. Baseline characteristics of corpses received by the Institute of Legal Medicine, Hamburg, Germany, 2020–2021*
SARS-CoV-2 RNA positive,†
SARS-CoV-2 RNA
Characteristic
n = 128
negative,† n = 72
Total, n = 200
Age, y, median (IQR)
83.5 (71.5–89.1)
81.0 (73.0–87.0)
82.3 (72.9–88.5)
Sex
M
71 (55.5)
36 (50.0)
107 (53.5)
F
57 (44.5)
36 (50.0)
93 (46.5)
Place of death
Home
28 (22.0)
30 (41.7)
58 (29.1)
Nursing home
38 (29.9)
3 (4.2)
41 (20.6)
Hospital
39 (30.7)
25 (34.7)
64 (32.2)
ICU
20 (15.7)
10 (13.9)
30 (15.1)
Other
2 (1.6)
4 (5.6)
6 (3.0)
Postmortem interval,‡ h, median (IQR)
8.7 (5.3–82.6)
4.9 (3.5–8.8)
7.0 (4.3–49.9)
Putrefactive changes
11 (8.9)
1 (1.4)
12 (6.1)
SARS-CoV-2 RNA load,¶ copies/mL, median (IQR)
7.0 x 106 (5.5 × 104–5.2 x 107)
Below LOD
Not applicable

*Values are no. (%) except as indicated. In case of missing data points, valid percentages are indicated. ICU, Intensive care unit; LOD, limit of detection;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2
†B.1.1.7 variants (2/128) identified by multiplex-typing PCR (5). SARS-CoV-2–associated deaths were tested in a multiplex typing PCR for SARS-CoV-2
spike variants.
‡Interval from time of death until initial sampling and cooling at 4°C.

the postmortem interval (PMI; r = 0.003, p >0.99)
(Figure, panel A). RNA loads were comparatively
high (median 7.0 × 106 copies/mL, interquartile range
[IQR] 5.5 × 104–5.2 × 107 copies/mL) (Figure, panel B)
and in some cases exceeded loads in the acute phase

of the disease (6), possibly because of postmortem
mucosal softening and higher exfoliation of tissue
during sample collection.
Virus isolation proved infectivity was maintained
in 26/128 (20%) corpses (Appendix). PMI (median 13
Figure. Overview of 128
consecutive records of SARSCoV-2–associated deaths received
by the Institute of Legal Medicine,
Hamburg, Germany, 2020–2021.
A) SARS-CoV-2 RNA loads by
postmortem intervals. Spearman
correlation was performed;
estimates and 95% CI are shown.
B) Postmortem intervals, viral
RNA loads, quantitative (S),
and qualitative (NC) antibody
levels compared among culturepositive (+) and culture-negative
(–) corpses. Comparisons were
performed using Mann-Whitney-U
or χ2 testing, as appropriate.
Median and interquartile ranges
are shown. Horizontal dotted lines
indicate cutoff value. C) Probability
of positive antigen-detecting rapid
diagnostic test results depending
on viral RNA loads calculated
by binomial logistic regression.
Robust estimates with 95% CI are
shown. Vertical red line indicates
95% PoD with the corresponding
viral RNA load. Ag-RDT, antigendetecting rapid antigen test; COI,
cut-off index; NC, nucleocapsid;
NS, not significant; PoD, probability
of detection; S, spike; SARSCoV-2, severe acute respiratory
syndrome coronavirus 2.
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hours, range 3–325 hours) and SARS-CoV-2 RNA
load (1.4 × 107 copies/mL, IQR 3.7 × 104–3.3 × 108)
among culture-positive corpses did not differ significantly from PMI (median 8 hour, range 0–275 hour; p
= 0.38) and RNA loads (7.0 × 106 copies/mL, IQR 5.8
× 104–3.9 × 107 copies/mL; p = 0.14) among culturenegative corpses (Figure, panel B). We successfully
isolated virus from samples with comparatively low
amounts of RNA (<1 × 104 copies/mL), in contrast
with previous findings among living patients (6). We
observed putrefactive changes in no culture-positive
corpses compared with in 11/98 (11%) culture-negative corpses (χ2 = 3.20; p = 0.11), indicative of potentially decreased infectivity.
We confirmed seroconversion in 18/44 (41%)
blood samples, 15/43 (35%) anti-nucleocapsid positive and 17/44 (39%) anti-spike positive (range <0.4–
1066.0 U/mL; Appendix). Levels of anti-spike antibodies, representing neutralizing antibody levels (7),
were not significantly correlated with PMI (r = 0.07;
p = 0.64), but were well correlated with viral RNA
levels (r = –0.70; p <0.0001). Anti-nucleocapsid antibodies were found in only 1/8 (13%) culture-positive
compared with 14/35 (40%) culture-negative corpses
(χ2 = 2.17; p = 0.23) (Figure, panel C). Moreover, antispike antibody levels differed significantly (p = 0.04)
between culture-positive (1.22 U/mL, SD 2.32) and
culture-negative (86.85 U/mL, SD 240.56) corpses,
indicative of inverse association of SARS-CoV-2–specific antibody levels with infectivity (Figure, panel C).
Antigen-detecting rapid diagnostic tests (Ag-RDTs)
are considered adequate alternative swift diagnostic tools in living patients (8,9), but knowledge about
their postmortem applicability and reliability remains
scarce. We tested Ag-RDTs from 3 manufacturers and
found excellent performance for postmortem use (Appendix Table 1). Compared with qRT-PCR results,
for the Panbio COVID-19 Ag Rapid Test Device (Abbott, https://www.abbott.com), sensitivity was 80.3%
(95% CI 72.3%–86.4%) and specificity 100.0% (95% CI
95.0%–100.0%); for the SARS-CoV-2 Rapid Antigen Test
(Roche https://www.roche.com), sensitivity was 86.4%
(95% CI 79.1%–91.9%) and specificity 98.6% (95% CI
93.0%–100.0%); and for the SARS-CoV-2 Antigen Rapid
Test (MEDsan https://www.medsan.eu), sensitivity
was 84.1% (95% CI 76.6%–90.0%) and specificity 95.8%
(95% CI 88.0%–99.0%) (Appendix Figures 1, 2).
We found SARS-CoV-2 RNA load correlated with
Ag-RDT positivity in univariate and multivariate
analyses (p<0.001), thereby confirming their predictive value (Figure, panel C; Appendix Table 2). Subgroup analyses of corpses with >1 × 106 RNA copies/
mL (n = 74) revealed 100% (95% CI 95.1%–100.0%)
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sensitivity in Abbott (n = 74) and Roche and MEDsan
(n = 73 each) assays. In contrast, neither PMI (p = 0.34)
nor putrefactive changes (p = 0.90) were predictive
for testing positive in Ag-RDTs (exemplarily for the
MEDsan assay; Appendix Table 2). Ag-RDT sensitivity in infectious corpses was 92.3% (95% CI 74.9%–
99.1%) for Abbott, 96.2% (95% CI 80.4%–99.9%) for
Roche, and 96.2% (95% CI 80.4%–99.9%) for MEDsan.
We detected 2 SARS-CoV-2 variants of concern despite relatively low viral RNA loads (4.83 log10); the
2 samples tested positive by Abbott and Roche but
were missed by MEDsan.
The first limitation of our study is that blood
was not available from all corpses, and the serologic
assays and Ag-RDTs used are not approved for cadaveric samples. Furthermore, because of a shortage
of reagents and supplies, we had to use different
tests to quantify RNA, and slight deviations cannot
be ruled out.
In summary, we show that cadavers from SARSCoV-2–associated deaths remain infectious long
after death in a considerable proportion of cases.
Postmortem infectivity does not correlate with PMI
or viral RNA load but correlates with the absence of
virus-specific antibodies. Ag-RDTs performed well,
enabling rapid on-site detection. Because previous
studies among living patients indicate that Ag-RDTs
reliably detect all SARS-CoV-2 variants (10), we believe that our results on postmortem Ag-RDTs use
can contribute to crisis management in severely affected regions and increase safety in the medical sector worldwide.
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We sequenced ≈50% of coronavirus disease cases
imported to Hong Kong during March–July 2021 and
identified 70 cases caused by Delta variants of severe
acute respiratory syndrome coronavirus 2. The genomic
diversity detected in Hong Kong was similar to global
diversity, suggesting travel hubs can play a substantial
role in surveillance.

S

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2) lineage B.1.617 (1) and 3 of its
sublineages, B.1.617.1 (Kappa), B.1.617.2 (Delta),
and B.1.617.3, were first detected in India. The
Delta variant started circulating widely in different continents beginning in late March 2021 (2,3).
It was initially classified as a variant of interest in
April 2021 and then reclassified as a variant of concern in May 2021.
Hong Kong adopted an elimination strategy to
control coronavirus disease (COVID-19). A previous study reported the use of stringent measures
(e.g., mandatory COVID-19 testing, travel restrictions) to detect and prevent SARS-CoV-2 importation by COVID-19–positive travelers (4), thereby
reducing the risk of new SARS-CoV-2 introductions, and also showed that regional and international airports could be useful sentinel surveillance
sites to monitor SARS-CoV-2 circulation. In this
study, we tested the feasibility of using surveillance strategies similar to those used in that study
to monitor sequence diversity of Delta variant

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 1, January 2022

247

RESEARCH LETTERS

SARS-CoV-2 among incoming travelers. Detection of B.1.617 variants at the end of March 2021
(4) prompted us to increase our sequencing efforts on imported COVID-19 cases. A total of 433
COVID-19 cases confirmed by reverse transcription PCR (RT-PCR) were imported during March
27–July 16, 2021; these cases accounted for 85.3%
of all RT-PCR–confirmed COVID-19 cases in Hong
Kong. We sequenced 49% (212) of those imported
cases using next-generation sequencing technology (Appendix 1, https://wwwnc.cdc.gov/EID/
article/28/1/21-1804-App1.pdf) and identified 42
Kappa and 70 Delta variant cases (Table). The same
study reported that ≈80% of all imported COVID-19
cases in Hong Kong were asymptomatic at the time
of RT-PCR testing (4). In this study, we observed a
similar proportion (80.9%, N = 34) of asymptomatic
Kappa variant cases but found that a significantly
lower proportion, 52.8% (37/70), of Delta variant cases were asymptomatic (p<0.001 by χ2 test).

This observation aligns with previous findings that
the Delta variant virus can induce more severe clinical symptoms (5).
All Kappa variant cases were imported from India, where the Kappa variant predominantly circulated (6). In contrast, the Delta variant cases were imported from 11 countries in Asia, Europe, and Africa
(Table). Delta variant cases within a specific country
often clustered together temporally (Figure), mainly
because additional travel bans to countries with high
COVID-19 circulation during the study period were
implemented, preventing introduction of more cases
from these countries to Hong Kong. For example, because of the COVID-19 upsurge in India in early April
2021, all passenger flights from India were prohibited
from landing in Hong Kong after April 19. Similar
travel restrictions were also imposed on flights from
Brazil, Indonesia, Nepal, Pakistan, Philippines, South
Africa, and the United Kingdom at different times
during the study period. These travel restrictions

Table. Severe acute respiratory syndrome coronavirus 2 lineages identified from coronavirus disease cases imported to Hong Kong,
March 27–July 16, 2021*
Date
Lineage
Total no. cases
Countries affected (no. cases)
Mar 27–31
B.1.1.7
6
Pakistan (2), Philippines (3), Turkey (1)
P.3
5
Philippines (4), United States (1)
B.1
1
Philippines (1)
B.1.351
1
Philippines (1)
B.1.466.2
1
Indonesia (1)
B.1.526
1
United States (1)
B.1.617.1
1
India (1)
B.1.617.2
1
India (1)
Apr 1–30
B.1.617.1
41
India (41)
B.1.1.7
38
Canada (1), France (2), India (9), Japan (1), Nepal (3), Pakistan
(10), Philippines (10), Turkey (1), United States/Turkey (1)
B.1.617.2
24
India (11), Nepal (13)
B.1.351
16
Indonesia (1), Kenya (1), Philippines (14)
B.1.466.2
7
Indonesia (7)
B.1.470
2
Indonesia (2)
C.36.3
2
Egypt (2)
B.1
1
Philippines (1)
B.1.1
1
Philippines (1)
B.1.351.3
1
Bangladesh (1)
B.1.36.18
1
Canada (1)
B.1.441
1
Indonesia (1)
B.1.456
1
Pakistan (1)
P.3
1
Indonesia (1)
May 1–31
B.1.617.2
5
France (1), India (1), Nepal (3)
B.1.441
2
Indonesia (2)
B.1
1
Philippines (1)
B.1.1.317
1
Russia (1)
B.1.1.7
1
UAE (1)
B.1.36
1
Pakistan (1)
B.1.470
1
Indonesia (1)
Jun 1–30
B.1.617.2
35
Bangladesh (4), Indonesia (14), Namibia (1), Russia (1), United
Arab Emirates (2), United Kingdom (13)
B.1.1.7
2
Indonesia (2)
B.1
1
France (1)
B.1.351
1
Philippines (1)
B.1.466.2
1
Indonesia (1)
B.1.621
1
Colombia (1)
Jul 1–16
B.1.617.2
5
Cyprus (1), Ghana (1), Russia (3)
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Figure. Imported Delta
and Kappa variant severe
acute respiratory syndrome
coronavirus 2 infections, Hong
Kong, March 27–July 16, 2021.
A) Travel ban periods from each
country to Hong Kong.
B) Confirmed Delta variant
cases, by country of origin.
C) Confirmed Kappa variant
cases; all were from India. All
infections were confirmed by fullgenome sequencing.

enabled us to capture viral sequence information
from specific countries within limited identifiable
time periods. Despite these restrictions, all 4 sublineages of B.1.617.2 (Delta I–IV) previously detected in
other geographic locations (7) were detected in cases
imported to Hong Kong (Appendix 1 Figure 1). Furthermore, we first detected these sublineages when
they were in the early stages of global circulation (Appendix 1 Figure 2).
Although genomic sequencing has been used
extensively to track SARS-CoV-2 transmission in

specific geographic locations (8,9; H. Gu et al., unpub. data, https://doi.org/10.1101/2021.06.19.2125
9169), a global-level surveillance network using airports in different geographic locations might enable
more feasible and cost-effective worldwide genomic
surveillance. SARS-CoV-2 sequence information
thus obtained, combined with relevant metadata,
could strengthen current surveillance systems designed for other travel-related sources of illness and
death (10). Specifically, we propose a multicenter
surveillance network incorporating >1 travel hubs
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from each subcontinent. Sample selections would
ideally be proportional to the number of confirmed
imported cases by countries of origin and by time.
Additional efforts should be made to study cases imported from countries with limited public sequencing information. Data required for sharing would
at a minimum include genomic sequences, sample
locations, and sampling dates. To avoid data deanonymization, use of nonessential data (e.g., sex,
age) could be restricted in or excluded from reports.
The proposed surveillance network would take advantage of existing sequence-sharing platforms (e.g.,
GISAID, https://www.gisaid.org), but specific electronic tools and pipelines would need to be developed to enable timely, robust analyses.
During the study period, we found only sporadic
local COVID-19 cases in Hong Kong (N = 10). There
were 2 independent local Delta variant cases in which
the infection was acquired at the Hong Kong airport
(Appendix 1 Figure 1). For regions using elimination
strategies to control COVID-19, these findings suggest
that airports can be high-risk settings for transmitting
SARS-CoV-2 and introducing new variants. The findings also support use of stringent control measures
and guidelines for protecting staff who work in airports. Overall, our results suggest that key travel
hubs can effectively be used as valuable surveillance
sites to monitor SARS-CoV-2 sequence diversity.
Virus sequences reported in this study are available from
GISAID (https://www.gisaid.org; Appendix 2 Table 1,
https://wwwnc.cdc.gov/EID/article/28/1/21-1804App2.xlsx). The data and analyzing scripts used in the
study can be accessed in a GitHub repository
(https://github.com/Leo-Poon-Lab/HK-Delta-variants).
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During the coronavirus disease pandemic, international
travel controls have been widely adopted. To determine
the effectiveness of these measures, we analyzed data
from 165 countries and found that early implementation
of international travel controls led to a mean delay of 5
weeks in the first epidemic peak of cases.

I

nternational travel control (e.g., screening of inbound travelers, requiring quarantines, and even
closing borders) has been a key strategy implemented by many countries to limit importations of severe

acute respiratory syndrome coronavirus 2 (SARSCoV-2). However, early in the coronavirus disease
(COVID-19) pandemic, the World Health Organization (WHO) did not recommend restricting travel
(1), and travel controls have not been widely used
in previous pandemics (e.g., the 2009–10 influenza
pandemic) (2,3). Limiting international movement
has enormous social and economic costs, and the
benefits of this strategy (i.e., delaying or averting an
epidemic) lack real-world evidence. Previous studies, most of which were simulation studies, suggest
that travel restrictions can delay but not prevent local epidemics (2–4).
To examine the association between implementation of international travel controls and local outbreak
progress of COVID-19, we used publicly available
data (5–7; T. Wu et al., unpub. data, https://www.
medrxiv.org/content/10.1101/2020.02.25.2002743
3v1) for January 1–July 31, 2020. Only 14 (8.5%) of the
165 countries studied enacted international travel controls coincident with the lockdown in Wuhan, China
(January 23); all controls involved screening inbound
travelers (Figure). Enactment of international travel
controls peaked ≈3 weeks after WHO declared the
pandemic (March 11, 2020), by which time 112 (67.8%)
countries completely closed their borders, 44 (26.6%)

Figure. Association between international travel controls and local coronavirus disease (COVID-19) outbreaks in 165 countries,
January 1–July 31, 2020. A) Temporal distribution of the international travel controls enacted by the studied countries. Data from (7).
B) Distribution of the time between a country’s first COVID-19 case and its enactment of any or of the strongest international travel
controls. C, D) Probability of reaching first local peak of COVID-19 cases by the time of implementing any (C) or the strongest (D)
international travel controls, estimated by using the Kaplan-Meier survival function. Vertical dashed lines in panels B, C, and D indicate
the date that Wuhan, China, underwent lockdown; vertical dotted lines indicate the date that the pandemic was declared.
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Table. Estimated time ratios and hazard ratios for comparing selected outcomes in countries that did and did not implement
international controls before identifying their first cases of COVID-19, January–July 2020*
Adjusted time ratio (95% CI)†
Adjusted hazard ratio (95% CI)‡
The strongest
The strongest
Endpoint
Any international controls international controls
Any international controls international controls
Case peak
1.22 (1.06–1.41)
1.31 (1.02–1.68)
0.66 (0.46–0.93)
0.65 (0.39–1.08)
Death peak
1.23 (1.01–1.51)
0.98 (0.71–1.37)
0.74 (0.53–1.04)
0.90 (0.53–1.55)
Cumulative incidence, no. cases/10,000 population
0.2
1.20 (1.10–1.31)
1.23 (1.05–1.44)
0.55 (0.38–0.78)
0.61 (0.35–1.04)
1.0
1.26 (1.13–1.42)
1.27 (1.04–1.55)
0.49 (0.35–0.71)
0.90 (0.53–1.51)
5.0
1.25 (1.05–1.49)
1.34 (0.99–1.82)
0.59 (0.41–0.85)
0.90 (0.54–1.51)

*AFT, accelerated failure time; COVID-19, coronavirus disease.
†Estimates were obtained from accelerated failure time models with log-logistic distribution, adjusted for population density and the strictest level of each
nonpharmaceutical intervention used during the study period for each country. The 2 columns show time ratio of implementing international controls
before the country’s first COVID-19 case to that after the country’s first case.
‡Estimates were obtained from Cox proportional hazard models, which adjusted for population density and time-varying nonpharmaceutical interventions
during the study period for each country. The 2 columns show hazard ratio of implementing international controls before the country’s first COVID-19 case
to that after the country’s first case.

banned travelers from high-risk regions, and 4 (2.4%)
required quarantine for travelers from high-risk regions (Figure; Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/28/1/21-1944-App1.pdf). Of
the 165 countries, 90 (54.5%) had imposed at least
some restriction before reporting their first COVID-19
case, and 20 (12%) had imposed their strictest restrictions before reporting their first case (Figure; Appendix Figures 1–3).
We determined the progress of outbreaks in each
country to be the time from January 1, 2020, to the first
epidemic peak, which was identified from the modal
daily case counts within any 53-day sliding window
(i.e., a quarter of the length of the study period) and
needed to comprise >10% of the cumulative incidence
during the study period (Appendix Figure 2). By July
31, 2020, the first epidemic peak had been reached in
122 (74%) of the studied countries (Appendix Figure
4). In countries that had enacted any international
travel controls before their first COVID-19 case, the
first peak was reached an average of 36 days (95% CI
10–61 days) later than it was in countries that did not
enact controls until after their first case was reported
(p<0.01 by log-rank test; Figure). Countries that implemented their strictest international travel controls
before detecting any COVID-19 cases reported their
first case a median of 57 days (95% CI 14–70 days)
later than countries that imposed their strongest controls after the first case was reported (p = 0.04 by logrank test; Figure).
After adjusting for population density and implementing nonpharmaceutical interventions by using
the accelerated failure time model (Appendix), we
estimated that the average time to detection of the
first case occurred 1.22 (95% CI 1.06–1.41) times later
in countries that implemented any restrictions than
in countries that implemented no travel restrictions.
This time ratio was extended to 1.31 (95% CI 1.02–
252

1.68) if countries implemented their strongest travel
restrictions (Table). Such associations still held when
adjusting for time-varying nonpharmaceutical interventions by using the Cox model.
To confirm that these observations were maintained according to alternative measures of epidemic
activity, we used the following as outcomes in the
models: the time by which COVID-19 deaths first
peaked, and attainment of a cumulative incidence of
0.2, 1.0, or 5.0 cases/10,000 persons (by which time
peaks had been reached in ≈10%, 30%, and 60% of
the countries; Appendix Figure 5). These outcomes
may better indicate community spread in countries in
which most cases were imported and identified during quarantine (e.g., Fiji), information that was not
available from public data. Moreover, outcomes may
be better when the epidemic was multimodal (e.g.,
Guyana) or the country did not experience its main
epidemic until later in the study period (e.g., Argentina) (Appendix Figure 2). Both accelerated failure
time and Cox models supported earlier observations
that enactment of any international travel controls delayed the time in which cumulative incidence rates
or deaths peaked. However, enactment of the strongest control was not associated with a reduced time to
peak death or cumulative incidence of 5 cases/100,000
persons (Table).
Our work may be influenced by other unmeasured confounders, such as the stringency of international travel controls. We repeated our analyses
by removing countries in Asia, in which implementation tended to be more strict, and found that our
earlier observations largely held (Appendix Table).
In addition, we examined the broader association
between international travel controls and local epidemic progression, but we did not examine the roles
of specific measures (e.g., quarantine and risk-dependent triage management).
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Our findings suggest that implementing international travel controls earlier delayed the initial epidemic peak by ≈5 weeks. Although travel restrictions
did not prevent the virus from entering most countries, delaying its introduction bought valuable time
for local health systems and governments to prepare
to respond to local transmission.
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Atezolizumab successfully reinvigorated JC virus immunity in a patient in Belgium with progressive multifocal
leukoencephalopathy, as demonstrated by clinical, virologic, and radiologic response to treatment. However, the
treatment also resulted in immune reconstitution inflammatory syndrome and life-threatening immune-related
adverse events. These conditions were treated with corticosteroids, leading to treatment resistance.

P

rogressive
multifocal
leukoencephalopathy
(PML) is a devastating infectious disease of the
brain that is caused by JC virus (JCV) in the context of
cellular immunodeficiency. To date, no effective antiviral treatment for PML exists, and survival depends
on the person’s ability to achieve timely immune
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reconstitution. Otherwise, the prognosis is particularly grim; the mortality rate is 90% for hematologic malignancy–associated PML (1). Immune checkpoints
are costimulatory and coinhibitory molecules usually
expressed on the surface of immune cells and modulating their activation. Several authors have reported
successful PML treatment using immune checkpoint
inhibitors (ICIs) targeting programmed cell death
protein 1 (PD1), but whether ICIs targeting other
proteins such as programmed death-ligand 1 (PD-L)
could also treat PML is unknown (2).
A 77-year-old woman living in Belgium and with
medical history of asymptomatic interstitial lung disease and B-cell chronic lymphocytic leukemia treated
with chlorambucil and obinutuzumab was admitted
for aphasia, cerebellar ataxia, and cognitive decline
that had progressed over 3 months. Complete blood
count and flow cytometry revealed lymphopenia affecting all lymphocyte subsets (280 CD4+ cells/μL, 80
CD8+ cells/μL, 30 CD19+ cells/μL). Brain magnetic
resonance imaging (MRI) showed T2-weighted hyperintense, nonenhancing, multifocal white matter lesions
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/28/1/20-4809-App1.pdf). Analysis of cerebrospinal fluid (CSF) revealed 733,845 JCV copies/mL,
which enabled a definite diagnosis of PML (3). To treat
PML, we administered atezolizumab, an anti–PD-L1
humanized monoclonal antibody, at 1,200 mg every
3 weeks. Clinical follow-up consisted of daily physical and neurologic examinations. To monitor immune
exhaustion, we performed immunophenotyping on
blood specimens by using multicolor flow cytometry
the day before and 5 weeks after treatment initiation.
One week after treatment initiation, we noted
improvement of aphasia and cognitive function.

The next week, the patient experienced abdominal pain, psoriasis-like skin lesions, an episode of
transient third-degree atrioventricular block, and
a right hemicorporeal clonic seizure, after which
mental status was persistently altered. JCV load
in the CSF was considerably reduced to 945 copies/mL (Figure). Brain MRI showed progression
of lesions visualized on T2 and fluid-attenuated
inversion recovery sequences and an increased apparent diffusion coefficient signal, compatible with
vasogenic edema (Appendix Figure 1). Despite the
absence of classical immune reconstitution inflammatory syndrome (IRIS) features, including gadolinium enhancement, we considered these radiologic characteristics, together with a paradoxical
clinical deterioration in viral clearance, to be markers of immune reconstitution. Suspecting IRIS and
skin, cardiac, and enteral immune-related adverse
events (IRAEs), we administrated intravenous
methylprednisolone (1 g/d for 10 d), followed by
oral taper over 6 weeks. This regimen resulted in a
substantial improvement of her mental status, decrease of the edema seen on brain MRI, and resolution of all other systemic complications. However,
3 weeks after corticosteroid initiation, the patient
demonstrated progressive decrease of alertness,
new rise of viral load in the CSF, and expansion of
PML lesions as shown on brain MRI (Figure). She
died of aspiration pneumonia 3 weeks later.
In parallel, atezolizumab treatment was associated with a decrease in detection of PD1 on CD8+ T
cells in peripheral blood, but its expression on CD4+
cells remained unchanged (Appendix Figure 2). We
observed no substantial change in CD3+, CD4+, and
CD8+ cell counts after treatment.
Figure. Clinical course
and evolution of JC virus
load in CSF of 77-yearold patient undergoing
atezolizumab therapy for
progressive multifocal
leukoencephalopathy. CSF,
cerebrospinal fluid; IRAEs,
immune-related adverse
events; JCV, JC virus.
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In this case, atezolizumab successfully counteracted immune exhaustion to reinvigorate JCV immunity as reflected by several elements: the initial clinical improvement, the reduction of PD1 expression on
blood CD8+ T cells, the marked JCV load reduction in
CSF, and the development of a clinical IRIS. However,
the clinical IRIS and the severe life-threatening IRAEs
required administration of high-dose corticosteroids.
Because corticosteroids impair JCV-specific T-cell response and mitigate beneficial ICIs effects (4,5), methylprednisolone likely resulted in treatment resistance,
which led to PML progression and, ultimately, death.
Evidence is growing that immune exhaustion,
and notably the PD1 pathway, is involved in PML
pathophysiology (6). PD1-expressing lymphocytes
colocalize with PD-L1+ macrophages in PML lesions,
thereby indicating they might function as T-cell partners in immune exhaustion (7). Considering the history of interstitial lung disease in our patient, we chose
to target PD-L1 to leave intact the interaction between
PD1 and its alternative ligand, PD-L2, which had the
theoretical benefit of promoting self-tolerance in the
lungs, where the PD1/PDL-2 pathway plays a role in
regulating inflammation (8). Accordingly, despite a
striking systemic inflammatory response, our patient
did not experience pulmonary IRAE.
Treating PML with ICIs targeting proteins other
than PD1 opens the way to a new therapeutic strategy: reinvigorating JCV immunity by using combinations of ICIs. In cancer therapy, compensatory
upregulation of alternative immune checkpoints
is 1 of the mechanisms of ICI resistance, and PD1/
PD-L1 pathway blockade is already combined with
inhibition of cytotoxic T lymphocyte antigen 4 to treat
metastatic melanoma. Moreover, novel ICIs are being developed, and their combination with current
ICIs is already considered a possibility (9). Because
upregulation of alternative immune checkpoints has
been observed in unsuccessful PML treatment with
anti-PD1 antibodies (10), patients with PML might
also benefit from these promising synergic therapeutic combinations.
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During 2017–2019, a total of 88/753 (11.7%) of patients
5–90 years of age in hospitals in Saravan Province, Laos,
were seropositive for hepatitis C virus antibodies. Viral
RNA was found in 44 samples. Sequencing showed high
diversity within genotype 6. We recommend exposurerisk investigations and targeted testing and treatment.

H

epatitis C virus (HCV) infection carries high risk
for progression to chronic status and liver complications, such as cirrhosis and cancer. Transmission
usually occurs through blood (e.g., during medical
procedures, blood transfusions, tattooing, or intravenous drug use). Because those who clear the virus
remain HCV antibody positive, testing for viral RNA
is essential for diagnosis of chronic infection (1).
We conducted a cross-sectional, hospital-based
study during May 2017–March 2019 to determine seroprevalence and genotyping of HCV in Saravan Province
1
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in southern Laos. Saravan Province has a population of
≈400,000 distributed over 8 districts, 2 bordering Vietnam to the east and 2 bordering Thailand to the west. In
2017, only 8.5% of men and 6.9% of women had health
insurance; 36.8% of the provincial population was in the
poorest wealth index quartile; 17.8% of households had
no electricity; and only 54.3% of men and 44.7% of women were literate, the lowest literacy rates in Laos (2).
We nonrandomly selected 753 participants from
a larger study (Appendix, https://wwwnc.cdc.gov/
EID/article/28/1/21-1307-App1.pdf) (3); participants
were persons >5 years of age who were recruited for the
larger study while seeking care at the provincial hospital or 1 of 3 district hospitals. Overall, 11.7% (88) participants were HCV antibody seropositive, compared
with <2% in previous studies in Laos (4,5) (Figure; Appendix). Only 2 seropositive patients were at the hospital for hepatitis-related reasons; HCV seroprevalence
was not significantly different regardless of whether
or not participants sought care for reasons associated
with hepatitis. After multivariate analysis, those >30
years of age had much higher seroprevalence (70/350,
20%) than those <30 years of age (18/403, 4.5%; odds
ratio [OR] 4.2; p<0.001). This higher seroprevalence indicates either that older adults are at higher risk for exposure or that the older adults were infected some time
ago, during childhood or early adulthood. Participants
who practice Animism had a slightly higher seroprevalence (81/495; 16.4%) than followers of Buddhism or
other faiths (7/258, 2.7%; OR 3.0; p = 0.02), and married participants had slightly higher seroprevalence
(81/485, 16.7%) than single participants (7/268, 2.6%;
OR 2.7; p = 0.04), although the associated risk factors
are unknown (Table; Appendix).
Whether the observed west–east increase in seroprevalence is related to the proximity of Samuoi
district (24.4% anti-HCV seropositive) to the Vietnam border remains unclear (Figure; Appendix). Although HCV seroprevalence in Quang Tri, a bordering province in Vietnam, has been reported to be <1%
(6), much higher rates were found in different groups
at high risk in Vietnam, such as intravenous drug users (IDU) and men who have sex with men (MSM) (7).
We could find no reported link between the Samuoi
district population and the IDU or MSM communities
in Vietnam, although this link remains possible.
Seroprevalence was significantly higher among
the Pako ethnic group (66/265, 24.9% vs. 22/488,
4.5%; OR 5.1; p<0.001), which makes up most of the
population in Samuoi district but not elsewhere. The
Pako practice nonsterile teeth filing and lacquering
during early adolescence with shared equipment
and associated bleeding, although this practice is
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in decline. Pako do not often practice tattooing, but
the women have ear piercings, which could be another source of infection. Other risk factors, such as
blood transfusions and practices of MSM and IDU,
are thought to be rare in this population, but nonsterile injection of traditional medicine might occur
(8; A. Sernsarae, Samuoi District Health Office, pers.
comm., 2020 Jul 23).
Only 44 of the samples we tested were positive
for HCV RNA. The relatively low rate of chronic in-

fection could indicate exposure early in life; persons
infected at <25 years of age are thought to have much
lower risk for chronic infection (1). A substantial proportion of children in our study were also infected,
either by mother-to-child transmission or through the
same routes as the adults in the study.
We obtained sequence data for 39 samples. All
belonged to genotype 6 (Appendix). The sequence
diversity does not suggest any recent large-scale
transmission events, because no identical sequences
Figure. HCV seroprevalence, Laos,
May 2017–March 2019. A) Location
of Saravan Province; B) districts of
Saravan Province. Colors represent
seroprevalence levels. HCV, hepatitis
C virus.
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Table. Bivariate and multivariate analysis of HCV antibody positive cases, Laos, May 2017–March 2019*
Bivariate
Multivariate
Variable
Positive no./total no. (%)
OR (95% CI)
p value
OR (95% CI)
p value
Sex
F
42/417 (10.1)
Referent
NA
Referent
NA
M
46/336 (13.7)
1.4 (0.9–2.2)
0.126
1.5 (0.9–2.6)
0.08
Age group, y
<30
18/403 (4.5)
Referent
Referent
NA
>30
70/350 (20)
5.3 (3.1–9.2)
<0.001
4.2 (2.1–8.5)
<0.001
District†
Lao Ngarm
7/207 (3.4)
Referent
NA
NA
Saravan
9/190 (4.7)
1.4 (0.5–3.9)
0.495
NA
NA
Samuoi‡
62/254 (24.4)
9.2 (4.1–20.7)
<0.001
NS
NS
Ta Oi
8/67 (11.9)
3.9 (1.3–11.1)
0.012
NS
NS
Toomlarn
2/25 (8)
2.5 (0.5–12.7)
0.274
NA
NA
Vapy
0/5 (0)
NA
NA
NA
NA
Khongxedone
0/2 (0)
NA
NA
NA
NA
Lakhonepheng
0/3 (0)
NA
NA
NA
NA
Marital status
Single
7/268 (2.6)
Referent
NA
Referent
NA
Married or other
81/485 (16.7)
7.5 (3.4–16.4)
<0.001
2.7 (1.0–7.3)
0.04
Occupation
Student or other
7/231 (3)
Referent
NA
NA
NA
Employee
14/67 (20.9)
8.5 (3.3–21.9)
<0.001
NS
NS
Farmer
67/455 (14.7)
5.5 (2.5–12.2)
<0.001
NS
NS
Ethnicity
Non-Pako
22/488(4.5)
Referent
NA
Referent
NA
Pako
66/265 (24.9)
7 (4.2–11.7)
<0.001
5.1 (2.7–9.7)
<0.001
Religion
Buddhist or other
7/258 (2.7)
Referent
NA
Referent
NA
Animism
81/495 (16.4)
7 (3.2–15.4)
<0.001
3 (1.2–7.6)
0.02
Place of birth
At hospital or unknown
57/440 (12.9)
Referent
NA
NA
NA
At home
31/313 (9.9)
0.7 (0.4–1.2)
0.2
NA
NA
Diagnosis
Hepatitis non-related or unknown
86/702 (12.3)
Referent
NA
Referent
NA
Related to hepatitis
2/51 (3.9)
0.2 (0.1–1.2)
0.09
0.2 (0.1–1.1)
0.07
*NA, not applicable; NS, not significant; OR, odds ratio.
†District was not included in the multivariate analysis because it reduced the power of the model.
‡Samuoi district correlated strongly with Pako ethnicity (Pearson correlation coefficient, R = 0.48, p<0.001).

were obtained, and the many genetically diverse clusters even in the same district (Samuoi) might indicate
different infection sources. However, we cannot rule
out a more distant large-scale transmission event. The
new strains added to the genetic diversity of genotype
6 viruses found in a previous study from central and
northern Laos provinces (5); this increased diversity
has potential consequences for the use of commercial
assays (9) and treatment strategies (10).
The high rates of death and illness associated with
chronic HCV infection suggest that a large proportion
of the Saravan population will experience liver-related complications in the future. Despite a reduction in
costs of direct-acting antiviral drugs, access to testing
and treatment remains low in Laos. An in-depth casecontrol study to determine sources of infection and
associated risk factors is warranted. Furthermore,
evaluations of infection prevention, screening, and
control measures in healthcare facilities and blood
banks, as well as the general population, are needed.
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An outbreak of severe acute respiratory syndrome coronavirus 2 with no definitive source and potential exposure to variants of concern was declared at a childcare
center in Ontario, Canada, in March 2021. We developed
a robust outbreak management approach to detect, contain, and interrupt this outbreak and limit propagation
among children.

O

n March 1, 2021, an infant enrolled at a childcare
center in the Kingston, Frontenac, Lennox, and
Addington region in Ontario, Canada tested positive for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); however, no acquisition source
was identified. The next day, another 7 children and
staff at the facility tested positive, and an outbreak
was declared.
We immediately searched for potential transmission events and deployed a public health inspector and nurse team. The infant had last attended
the childcare center >3 days before symptom onset, beyond the 48-hour window for exposure risk
according to standard guidance (1). Furthermore,
the assessment team identified no travel, occupational, or other contact risks. Out of an abundance
of caution, we extended the period of communicability (POC) from 48 to 96 hours, which defined the
childcare center as an outbreak setting. We identified staff who had recently traveled to regions with
high proportions of SARS-CoV-2 variants of concern (VOC). We were concerned that the increased
transmissibility and virulence of a potential VOC
outbreak in a childcare center could rapidly spread
through the community, given recent studies demonstrating SARS-CoV-2 infection and transmission
among children (2,3).
Case investigators gathered symptom profiles, onset dates, detailed exposure histories, risk
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factors, and contacts. Because they did not meet
early vaccine eligibility criteria, none of the persons
had been vaccinated. Because of concern about
VOCs, we applied the 96-hour POC to all casepatients and high-risk contacts. Case-patients were
required to immediately isolate for 10 days under
active monitoring. We advised all high-risk contacts and their household contacts to quarantine for
14 days. As a precaution, we initiated contact tracing before receiving laboratory results for high-risk
contacts in whom COVID-19-associated symptoms
developed. We requested that all close contacts be
tested 3 times while in quarantine: on day 0 and
during days 5–7 and 10–12. To be discharged, we
required contacts to test negative on days 10–12
or, if having a positive or incomplete test, to quarantine for 10 additional days before retesting. The
local Public Health Ontario laboratory conducted
real-time reverse transcription PCR testing using the cobas 6800/8800 assay (Roche Molecular
Diagnostics, https://diagnostics.roche.com) or a

laboratory-developed test (Public Health Ontario,
https://publichealthontario.ca) (4,5). Testing turnaround time was <24 hours, and positive samples
were tested for N501Y and E484K mutations.
A total of 21 SARS-CoV-2 cases were associated
with this outbreak during March 1–23, 2021 (Appendix, https://wwwnc.cdc.gov/EID/article/28/1/211811-App1.pdf): 14 (67%) through direct exposure at
daycare and 7 (33%) through secondary transmission
(Figure). Average affected age was 22.5 years (range
19 months–68 years); similar proportions of female
(11/21) and male (10/21) persons were affected.
For the first generation, the staff attack rate, 47%
(8/17), was >4 times higher than the child attack rate,
11% (6/53) (Table) and higher in every classroom
with positive cases, aligning with increased SARSCoV-2 susceptibility and transmission reported
among adults compared with children (6–8). Of note,
we observed no cases or transmission among nonmobile infants, who remained in assigned cribs in a separate classroom, or their caregivers.
Figure. Social network analysis
of a COVID-19 outbreak in a
childcare center in Ontario,
Canada, March 1–23, 2021.
The facility had 1 common staff
room and 4 physically separated
classroom cohorts: infant (6–18
months of age), toddler (18
months–2.5 years of age), and
preschool classes 1 and 2 (both
2.5–5 years of age), excluding
adult staff.
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Table. Severe acute respiratory syndrome coronavirus 2 cases and attack rates staff and children during outbreak associated with
childcare center, Ontario, Canada, March 1–23, 2021
Category
Infant classroom Toddler classroom Preschool 1 classroom Preschool 2 classroom
Total
Children
Total no.
6
12
20
15
53
No. cases
0
2
1
3
6
Attack rate, %
0
17
5
20
11
Staff
Total no.
3
3
8
3
17
No. cases
0
3
3
2
8
Attack rate, %
0
100
38
67
47

We observed proper personal protective equipment, hand hygiene, and cleaning protocols. However, we identified staff breakrooms as high-risk
settings because of reduced physical distancing between different staff cohorts and long-term unmasking during meals. Furthermore, some staff were
identified as coming to work with COVID-19–associated symptoms which, when combined with high
risk for staff exposure, emphasizes the continued importance of careful screening at work and requiring
isolation and retesting after a positive test (9). Staff
must also be vigilant in adhering to physical distancing and infection prevention and control guidelines
(https://ipac-canada.org) when socializing outside
of the workplace.
Although we identified no definitive acquisition
source or transmission incidents, our robust outbreak
management approach enabled detection, containment, and interruption of this outbreak with limited
propagation among children (Appendix Figure). Extending the POC from 48 to 96 hours broadened our
capacity to identify both exposure risks and VOC risk
from staff travel. Immediate lockdown of facilities
and rapid isolation and quarantine guidance reduced
further transmission. The 3-stage testing strategy and
short testing turnaround times helped us identify 5
persons who tested positive after initially testing negative (3 on days 5–7 and 2 on days 10–12 of isolation)
who might otherwise have further transmitted the virus. Early identification of contacts from second-generation cases and rapid closure, isolation, and testing
of other at-risk locations prevented third-generation
spread; there was no reported transmission in other
workplaces, schools, or the community. We detected no VOCs and presumed this outbreak to involve
wild-type strain. No case-patients required hospitalization or died during this outbreak. Our findings
show that an aggressive testing protocol, strong collaboration with persons in the outbreak setting, and
concentric circle quarantining of contacts were crucial
to successfully managing a potential VOC outbreak,
particularly when no specific acquisition sources or
exposure risks were known.
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High case counts after the Gamma (P. 1) variant of severe acute respiratory syndrome coronavirus 2 emerged
in Brazil raised concerns that previously infected persons
might become reinfected. Investigation of a cluster of
coronavirus disease cases in Parintins, in the Brazilian
Amazon, suggested household transmission but did not
identify high rates of reinfection.

I

n Parintins, Brazil, an increased rate of coronavirus disease (COVID-19)–associated hospitalization,
from 75.5 cases/100,000 persons in November 2020 to
397 cases/100,000 persons in February 2021, led to an
unprecedent health crisis on this island. The outbreak
coincided with emergence of the Gamma (P.1) variant of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), raising concern that the variant was
causing infection even in persons who previously
had COVID-19 (1). In March 2021, the Municipal
Health Department of Parintins, in collaboration with
the US Centers for Disease Control and Prevention
(CDC), investigated recently infected persons and
their household contacts to identify circulating SARSCoV-2 variants, assess epidemiologic and laboratory
evidence of previous SARS-CoV-2 infection in infected persons, and assess intrahousehold transmission.
We used the COVID-19 surveillance database in
Parintins to identify persons >18 years of age who
had a positive SARS-CoV-2 antigen test result (Panbio COVID-19; Abbott, https://www.abbott.com) in
the previous 3 days. On March 4 and 5, 2021, the 22
case-patients identified were visited at home, and all
adults able to provide written consent were invited to
participate; 90 persons (22 index patients, 68 household contacts) agreed. An index case-patient was defined as the person with the earliest symptom onset
date in the household; for all but 1 household, index
case-patients were the same persons initially identified in the surveillance database. All participants responded to a questionnaire and provided nasopharyngeal swab and dried blood spot samples; nasal
swab samples for antigen testing (BINAXNow; Abbott) were obtained from household contacts only.
We tested nasopharyngeal swabs by reverse
transcription PCR (RT-PCR) (Allplex 2019-nCov
Assay; Seegene, https//www.seegene.com) and by
a variant-of-concern–specific RT–PCR protocol (2).
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Figure. Network showing
relationship between Gamma
variant severe acute respiratory
syndrome coronavirus 2
(SARS-CoV-2) sequences from
household members involved in
investigation of cluster of SARSCoV-2 Gamma (P.1) variant
infections, Parintins, Brazil,
March 2021. Nodes represent
unique sequences, and dashes
connecting nodes denote the
number of base-pair differences
between sequences. Samples
are from 27 household members
from 15 households, and colors
denote samples from the same
household; gray indicates samples
from households from which only
1 virus sequence was available.
Node size is proportional to the
number of samples with a given
sequence. Hap, haplotype.

Samples with cycle threshold (Ct) values <30 underwent whole-genome sequencing (COVIDSEQ; Illumina, https://www.illumina.com) (1) to confirm
screening results. We tested dried blood spot samples for SARS-CoV-2 IgG (FlexImmArray; Tetracore,
https://tetracore.com).
We analyzed data by using RStudio version
1.4.1106 (https://www.rstudio.com). We assessed
differences in proportions and odds ratios by using
Fisher exact tests. The study was conducted in accordance with applicable federal law and CDC policy
and approved by local health authorities in Brazil.

At the time of the investigation, diagnosis in the
region was based on clinical findings or SARS-CoV-2
point-of-care IgG test results. A previous COVID-19
diagnosis was defined as illness diagnosed by a physician as COVID-19 or history of fever and >1 other
COVID-associated sign/symptom >3 months earlier.
Of 90 participants, results of SARS-CoV-2 antigen
testing, RT-PCR, or both were positive for 54 (60%).
Among 45 persons tested with variant-of-concern RTPCR, whole-genome sequencing, or both, the Gamma
variant was detected for 68.9%. We found no significant difference in the proportion of symptomatic

Table. History of previous infection among 81 persons infected with SARS-CoV-2 Gamma variant, infected with SARS-CoV-2 non–
Gamma variant, or not infected with SARS-CoV-2, Parintins, Brazil, March 2021*
No. (%)
p value
Gamma variant, n
Non–Gamma
Negative, n =
(Gamma .
Infection status
= 31
variant, n = 14
36†
negative)‡
Previous infection according to clinical history
Yes
4 (13)
4 (29)
18 (50)
0.0016
No
27 (87)
10 (71)
18 (50)
IgG result at time of investigation
Positive
5 (16)
10 (71)
25 (69)
<0.0001
Negative
26 (84)
4 (29)
11 (31)
Previous infection according to clinical history and positive IgG at time of investigation
Yes
0
3 (21)
16 (44)
<0.0001
No
31 (100)
11 (79)
20 (56)
*9/90 patients refused nasopharyngeal swab sampling and were not included in the analysis. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
†By PCR.
‡By Fisher exact test.
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infections caused by the Gamma variant (87.0%) and
other variants (92.8%), (odds ratio [OR] 0.52, 95% CI
0.01–6.05; p = 0.56). When we excluded persons for
whom the virus genotype differed from that of the
household index case-patient, the proportion of infected household contacts was 45% (14/31) in households with a Gamma variant index case-patient and
25% (3/12) with a non–Gamma variant index casepatient (OR 2.42, 95% CI 0.47–16.59; p = 0.22).
Because all 14 non-gamma samples had Ct values
>32, none was successfully sequenced; in contrast,
27/31 Gamma specimens were sequenced. Gamma
variant sequences were substantially diverse; overall samples differed by <17 single-nucleotide polymorphisms. However, samples from persons in the
same household largely clustered; of 21 samples from
households with >1 sequence available, 17 (81%) differed by <2 nt (Figure).
Among 31 patients with Gamma variant infection, none met our definition of having a previous diagnosis of COVID-19 (Table). In contrast, 3 (21.4%) of
14 persons with a non–Gamma variant infection and
16 (44.4%) of 36 persons tested by RT-PCR but found
to be uninfected had evidence of previous infection or
illness (p = 0.026 and p<0.0001, respectively).
We determined that the Gamma variant was responsible for a high proportion of infections in this
cluster; we did not find evidence of Gamma variant
infection in persons with previous COVID-19. The
clustering of sequences by household suggests intrahousehold transmission, which might reflect the difficulty of isolating case-patients at home, especially in
large households.
Our findings are limited because the participants
were not selected randomly and results may not be
generalizable. For some participants, IgG could reflect response to current rather than previous infection, and the use of serologic and clinical criteria
might overestimate the number of previous infections. In addition, sequencing success among Gamma
and non–Gamma variants might be affected by different viral loads or times of infection relative to time
of sampling.
According to the limited epidemiologic and laboratory data available, vaccines currently deployed
in Brazil seem to protect against the Gamma variant
(3,4). Since the investigation, Parintins has accelerated its immunization campaign, resulting in an ≈8fold increase in the percentage of persons receiving

264

the first vaccine dose during January–June 2021. Although Gamma variant infections did not increase
among persons with a history of prior COVID-19,
vaccination of all eligible persons and implementation of measures to mitigate intrahousehold transmission will help reduce the spread of SARS-CoV-2.
Members of the CDC Brazil Investigation Team:
Fernanda Lessa, Danielle Fernandez, Paola Rullan-Oliver,
and Antonio Vieira.
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To the Editor: Findlay et al. (1) reported a high
prevalence (>25%) of New Delhi metallo-β-lactamase
(NDM) among carbapenemase-producing Enterobacterales (CPE) in Switzerland during 2019–2020. To
provide context, we analyzed recent trends for NDMproducers in Germany.
In a whole-genome-sequencing–based surveillance
study conducted in 52 hospitals in Hesse, Germany, during 2017–2019, we detected 56 NDM-producing isolates
among 346 CPE. The prevalence of NDM CPE increased
from 6.3% (5/79) in 2017 to 15.0% (17/113) in 2018 and
22.1% (34/154) in 2019. A total of 56 alleles—28 NDM-1,
27 NDM-5, and 1 NDM-7—were detected in 31 Klebsiella
pneumoniae, 18 Escherichia coli, and 3 Citrobacter freundii
isolates and 1 isolate each of C. portucalensis, Enterobacter
hormaechei, K. grimontii, and K. variicola. Isolates were derived from rectal swab (30), urine (11), respiratory tract
(6), and other (9) specimens. More than 82% (23/28) of
NDM-1 were associated with K. pneumoniae and 59%
(16/27) of NDM-5 with E. coli; 41% of the NDM-CPE
harbored a 16S-rRNA-methylase gene.
Among carbapenemase-producing K. pneumoniae
isolates, NDM increased from 6.4% (3/47) in 2017
to 24.5% (13/53) in 2018 and 31.9% (15/47) in 2019;
≈50% (15/31) were sequence type 147. Thus, reports
for Switzerland (1) and Italy (2) indicate that sequence
type 147 NDM-carrying K. pneumoniae is a CPE clone
rapidly emerging in Europe.
NDM accounted for 20% (2/10) of carbapenemase-producing E. coli in 2017, 11.1% (2/18) in 2018,
and 24.1% (14/58) in 2019; the increase in NDM5–producing E. coli was primarily associated with

IncF-type plasmids (3). A subgroup harboring penicillin binding protein 3 modifications exhibited increased aztreonam/avibactam MICs of 2–8 μg/mL.
Higher MICs (4–16 μg/mL) were associated with the
presence of an additional highly conserved blaCMY-42–
encoding IncIγ plasmid (4). We reiterate the call by
Findlay et al. to implement genome-based surveillance studies to identify emerging clonal lineages and
commonly occurring plasmids among carbapenemase-producing bacteria.
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T

o a molecular biologist,
a textbook so heavily focused on the classical genetics of model systems such as
Escherichia coli and Bacillus
subtilis might, at first glance,
come across as “been there,
done that.” And yet, looking
closely at a topic well studied is often a route to new
knowledge and can allow us
to test heretofore unrecognized assumptions in new ways. Such is the importance of condensing our ever-expanding knowledge
into one thorough and digestible text.
The history of Snyder and Champness Molecular Genetics of Bacteria goes back more than 24 years.
As a tribute to its original authors, Larry Snyder and
Wendy Champness, the book was renamed for this
fifth edition. The current authors, Tina M. Henkin
and Joseph E. Peters, have skillfully updated the classic text to address the latest advances in scientific
knowledge and technology. The text also contains
many useful features to summarize main points, lists
of suggested reading at the end of chapters, and fullcolor illustrations that will appeal to anyone intent on
teaching or understanding the inner workings of bacterial molecular genetics.
Reading through each chapter, the reader can
follow along with a sort of classical genetics take on
molecular biology. That is, the book has a logical flow
through 13 chapters, beginning with DNA structure,
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replication, and gene expression and ending at DNA
repair, regulation, and genomic analysis. The introduction and first chapter, The Bacterial Chromosome,
are designed to provide a basic background in genetics. They include historical perspectives and information on the molecular tree of life and the basic building blocks of DNA. The ensuing chapters build upon
that introductory material and include more specific
examples primarily centered around the most wellstudied and understood bacteria.
Results from peer-reviewed scientific articles are
woven in throughout the book. Examples include the
carbon storage regulator global regulatory network
in Escherichia coli, lacZ mutations producing blue pigment, and the stages of Bacillus subtilis sporulation.
The authors subtly introduce the reader to primary
sources, in addition to bridging the gap between research and the classroom.
The new final chapter, Genomes and Genomic
Analysis, is a welcome addition that provides background on laboratory techniques. The sections on
sequencing methods could use more detail on new
strategies (e.g., the diversity of short-read and longread approaches to sequencing and their relative advantages and limitations). In addition, and of lesser
importance, the Sanger sequencing “cart” is, if you
will, presented before the PCR “horse.” Perhaps the
next edition can delve deeper into these ever-evolving
technologies.
Overall, the book contains material perfect for
teaching a university-level course on bacterial molecular genetics. It also includes information for students
and professionals (e.g., current or aspiring synthetic
biologists) seeking to update their knowledge to the
current state of the art of bacterial genetics.
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T

he most recent edition
of Food Microbiology:
Fundamentals and Frontiers
is edited by Michael Doyle,
Francisco Diez-Gonzalez, and
Colin Hill, well-known names
to food microbiologists and
possessing broad expertise
in pathogenic and beneficial
microorganisms. This book is
intended for those with basic
knowledge of food microbiology looking for more in-depth discussion of topics commonly covered in such an academic course.
Similar to earlier editions, the chapters are divided
into 7 sections, beginning with Factors of Special Significance to Food Microbiology, which contains updated chapters on microbial growth in foods, spores,
microbiological criteria and indicator organisms, and
stress responses. The next section, Microbial Spoilage
and Public Health Concerns, details microorganisms
found in fresh meats, fruits, vegetables, and nuts. The
sections Foodborne Pathogenic Bacteria and Nonbacterial Pathogens and Toxins provide in-depth discussions of many of these agents, including mechanisms
of disease, discussions of virulence factors, and host
responses. Preservatives and Preservation Methods
covers physical, chemical, and biologic methods for
control, followed by Fermentations and Beneficial
Microbes. The last section, Current Issues and Advances in Food Microbiology, expands on previous
editions to include a more complete discussion of
genomic and metagenomic applications to food microbiology, providing an overview and discussions of
metagenomics in meat and poultry. This expanded final section also includes timely coverage of reclaimed
and reconditioned water safety in food production,
imported foods, and food safety management systems for ensuring safety across the production chain.

One notable change is the streamlining of Fermentations and Beneficial Microbes, which historically included chapters on fermented dairy, meat,
vegetable products, coffee, cocoa, beer, and wine.
These chapters were replaced with Starter Cultures, primarily directed at dairy cultures, and Fermented Foods, which contains limited discussion
of the previous topics. The excellent Fermented
Foods chapter by Michael Gänzle focuses primarily on fermentations that are specialized to various
cultures and includes a reconstruction of his earlier published Periodic Table of Fermented Foods,
an amazing tour of 118 products, microorganisms
driving each fermentation, and main metabolites
and flavor compounds. Another welcome addition
is the chapter on bacteriophages for biologic control by Yilmaz Emre Gencay and Lone Brøndsted.
Although research has demonstrated challenges in
developing practical applications, the use of bacteriophages for pathogen control is of increasing interest. These authors provide extensive tables summarizing previous publications exploring modes of
application, experimental parameters, and reductions observed, all excellent resources for experimental scientists in this field.
Future editions could expand on several established and nascent areas. For example, because they
are leading agents of foodborne illness, further exploration of specific viruses and their transmission and
control in agriculture and food systems, including
wastewater systems, is warranted. Although excellent chapters are provided on genomics and source
tracking, the recent integration of whole-genome
sequencing into PulseNet calls for more discussion,
including description of such public resources as the
Pathogen Detection program, which currently receives only a mention. Last, although publications are
currently limited, emerging areas such as the safety of
laboratory-grown meats and food safety in the age of
e-commerce would be welcome topics.
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Lilly Martin Spencer (1822−1902), Shake Hands? (detail) 1854. Oil on canvas, 30 1/8 in x 25 1/8 in/76.8 cm x 63/8 cm. Digital image
courtesy of the Ohio Historical Society. Ohio History Center, Columbus, Ohio, USA.

Bowing Out of Shaking Hands?
Nkuchia M. M’ikanatha, Byron Breedlove

T

his month’s cover features Shake Hands? by Lilly Martin Spencer, one of the most recognized
American artists of the mid-nineteenth century. In
this painting, Spencer seems to be asking the viewer to ponder whether shaking hands is appropriate,
a question that is currently pertinent considering
the persistent and growing danger of antimicrobial resistance, which threatens to put us back into
Spencer’s time when effective antimicrobials were
not an option.
Born in Exeter, England, in 1822 to French parents, Angélique Marie Martin was called by her nickname, Lilly. When Spencer (then Martin) was 8 years
old, she immigrated with her parents to the United
States, where they settled in the small town of Marietta, Ohio. Her progressive parents homeschooled her
and encouraged her interest in art. Spencer demonstrated her talent at a young age by making charcoal
drawings of family scenes. She later studied portrait
painting under itinerant artist John Insco Williams,
though she was largely self-taught. At age 22, she

Author affiliations: Pennsylvania Department of Health, Harrisburg, Pennsylvania, USA (N.M. M’ikanantha); Centers for Disease
Control and Prevention, Atlanta, Georgia, USA (B. Breedlove)
DOI: https://doi.org/10.3201/eid2801.AC2801
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married Benjamin Rush Spencer. As the sole breadwinner, Spencer painted to support her family while
her husband took care of domestic responsibilities, an
uncommon arrangement in those days.
Spencer’s sentimental art includes numerous
scenes that offer the observer a glimpse of family life;
she sometimes used herself, her husband, and her
children as models. Considered one of Spencer’s signature pieces, Shake Hands? shows a smiling, neatly
dressed cook extending her right hand, with its flourcoated palm up, and her left hand resting on a grey
pail. With details including the presence of raw meat,
a blood-stained white apron, and a half-eaten apple,
the painting evokes a visceral response mixed with
a dry sense of humor. Art historian Wendy J. Katz
interprets the implicit question as “a test whether
the viewer acknowledges her as a lady, or equal.”
Katz sees the painting as Spencer’s response to criticisms of Americans by some European writers, such
as Frances Trollope, for the American practice of
shaking hands.
Spencer’s sentimental genre became popular in
the United States and Europe in the mid-1800s, and
she displayed her paintings at the Philadelphia Centennial Exhibition in 1876. Spencer remains an iconic
artist of her generation, and her works are exhibited
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at various museums, including the Ohio History
Museum (Columbus) and the National Museum of
Women in the Arts (Washington, DC).
Although its egalitarian ethos seems more American than other forms of greeting, such as bowing or
hat doffing, the custom of shaking hands has existed
for centuries and quite likely evolved as a peaceful
gesture between strangers and as a way to seal agreements. Former diplomat and writer Andy Scott notes
that Homer described handshakes several times in
The Iliad and The Odyssey, written during the eighth
century bce. He continues, “[Perhaps] the earliest
representation can be found on a ninth-century bce
stone relief from Mesopotamia, in today’s northern
Iraq, showing the Assyrian King Shalmaneser III
shaking hands with a Babylonian ruler to seal their
alliance.” In ancient Rome, the handshake symbolized friendship and loyalty; pairs of clasped hands
appeared on coins.
In modern times, shaking hands continues to
have an important cultural role as a greeting among
friends and colleagues and an introduction between
strangers. Depending on circumstances, this practice may also enable transmission of drug-resistant
microbes with potentially serious consequences.
In 1861, seven years after Spencer painted Shake
Hands?, the Hungarian gynecologist Ignaz Semmelweis published his well-known investigations into
the role of hand hygiene in preventing person-toperson transmission of infectious agents. Although
others, such as the American physician-poet Oliver Wendell Holmes Sr., had recognized the infectious nature of certain diseases, Semmelweis was
meticulous in documenting an association between
handwashing and positive clinical outcomes. “Few
readers of today would care to wade through [Semmelweis’ work] …The array of figures assembled to
prove his case is enormous, convincing, complete…”
wrote medical historian Robert Wiese. William Jarvis opined in 1994 in the Lancet that “Semmelweis
deduced that infection was also transmitted by living organisms; he then insisted on handwashing…
[but] at that time few doctors believed…”
In the twentieth century, with better understanding of infectious etiologies, investigators elucidated
the role of handshaking in spreading disease. In a
1926 study published in The Public Health Journal,
researchers Hill and Mathews wrote, “In a series of
experiments we have shown that organisms, both
non-pathogenic and pathogenic, are transferred from
one hand to another in hand shaking―a fact of great
importance in the study of the spread of infection.”
Contaminated hands play a large role in spread-

ing foodborne pathogens of animal origin, such as
Campylobacter and Salmonella, which are increasingly
resistant to antimicrobial agents.
The spread of antimicrobial-resistant diseasecausing microbes to large populations, particularly
through food prepared outside the home, remains a
persistent public health problem. “The unwary cook
also can easily transfer microbes from raw meat to
other foods being prepared or make other food-handling errors that can lead to illness in the consumer,” wrote Alexandra Levitt and colleagues in Silent
Victories: The History and Practice of Public Health in
Twentieth-Century America.
Present-day sobering realities call for altered
meanings to Spencer’s Shake Hands? In community
and healthcare settings, pathogens are often spread
by contact. Therefore, hand hygiene is necessary before and after certain activities such as food preparation and patient care. Hand hygiene enables us to
maintain human connection without inadvertently
contributing to the spread of pathogens.
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Article Title
Fungal Infections Caused by Kazachstania spp., Strasbourg,
France, 2007–2020

CME Questions
1. Kazachstania bovina has been isolated from all of
the following mammals except
A.
B.
C.
D.

Humans
Rats
Pigeons
Cows

2. Which of the following statements regarding the
clinical characteristics in the current case series
is correct?
A.
B.
C.
D.

Nearly all cases occurred in July and August
Nearly all cases with samples positive for
Kazachstania spp. had proven fungal disease
There was no spatial relationship in the hospital
between cases
Half of patients with proven IFI had host criteria

3. Kazachstania spp. in the current series
demonstrated reduced susceptibility to which of the
following antifungal agents?
A.
B.
C.
D.

Fluconazole
Amphotericin B
Caspofungin
Flucytosine

4. Which of the following 2 variables were cited
as potential risk factors for positive testing for
Kazachstania spp. in the current study?
A.
B.

Female sex and older age
Working on a farm and a history of chronic pulmonary
disease
C. Smoking and lower socioeconomic status
D. Exposure to pigeons and previous gastro-esophageal
pathology
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Article Title
Using the Acute Flaccid Paralysis Surveillance System to Identify Cases
of Acute Flaccid Myelitis, Australia, 2000–2018

CME Questions
1. Your patient is a 4-year-old boy with acute flaccid
paralysis (AFP). On the basis of the study by Walker
and colleagues, which one of the following statements
about clinical and diagnostic characteristics of acute
flaccid myelitis (AFM) cases in children younger than
15 years identified by Australia's AFP surveillance
system from 2000 to 2018 is correct?
A.
B.
C.
D.

Most cases were confirmed on the basis of
cerebrospinal fluid (CSF) pleocytosis
AFM was the second most common diagnoses
associated with AFP
Bilateral lower limb paralysis was the most frequent
site of weakness, followed by unilateral upper
limb paralysis
Bladder or bowel dysfunction was rare

2. On the basis of the study by Walker and colleagues,
which one of the following statements about the
epidemiology of AFM cases identified by Australia's
AFP surveillance system from 2000 to 2018 is correct?
A.
B.
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Average annual AFM incidence from 2008 to 2018
was 0.07 cases per 100,000 person-years in children
younger than 15 years
AFM occurred regularly in Australia in each of the
study years, with similar incidence throughout the
study period

Among 73% of AFM cases in which stool specimens
were sent to the National Enterovirus Reference
Laboratory for enterovirus (EV) culture, RT
polymerase chain reaction, and typing, more than half
had nonpolio EVs
D. Most AFM cases were detected in winter

C.

3. According to the study by Walker and colleagues,
which one of the following statements about clinical
and public health implications of the epidemiology,
clinical and diagnostic characteristics of AFM cases
identified by Australia's AFP surveillance system from
2000 to 2018 is correct?
A.
B.

C.
D.

In its present form, Australia's AFP surveillance
system is unlikely to identify future AFM cases
Lower AFM incidence in Australia vs the US may
reflect AFP surveillance system reporting all cases of
AFP, not solely AFM, and Polio Expert Panel clinical
review of all cases and differential diagnoses
Increased AFM detection from 2008 was solely
because of increased international circulation of
neuroinvasive nonpolio EVs
AFM seldom requires intensive care unit (ICU) care
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