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Parallels and Mutual
Lessons in Tuberculosis and
COVID-19 Transmission,
Prevention, and Control
Philip C. Hopewell, Lee B. Reichman, Kenneth G. Castro

The coronavirus disease (COVID-19) pandemic has had
unprecedented negative effects on global health and
economies, drawing attention and resources from many
other public health services. To minimize negative effects, the parallels, lessons, and resources from existing
public health programs need to be identified and used.
Often underappreciated synergies relating to COVID-19
are with tuberculosis (TB). COVID-19 and TB share commonalities in transmission and public health response:
case finding, contact identification, and evaluation. Data
supporting interventions for either disease are, understandably, vastly different, given the diseases’ different
histories. However, many of the evolving issues affecting these diseases are increasingly similar. As previously
done for TB, all aspects of congregate investigations and
preventive and therapeutic measures for COVID-19 must
be prospectively studied for optimal evidence-based interventions. New attention garnered by the pandemic can
ensure that knowledge and investment can benefit both
COVID-19 response and traditional public health programs such as TB programs.

I

n addition to having devastating effects on the economies of the world, the pandemic of coronavirus
disease (COVID-19) itself and the responses entailed
in containment and mitigation efforts could have disastrous consequences for existing public health programs, with the impacts being most pronounced in
high-burden, low-income settings (1,2). Modeling of
the impact of the COVID-19 pandemic conducted by
Imperial College London (London, UK) suggests that
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in high-burden settings, disease-related deaths over 5
years might be increased by up to 10% for HIV, 20%
for TB, and 36% for malaria (1).
To minimize the adverse consequences of COVID-19 on overall public health services, synergies
between COVID-19 response and traditional public
health programs should be sought and the lessons and
resources developed in any of the programs should be
used for the benefit of the others. In this regard, approaches to TB control might hold lessons for the public health response to COVID-19 and vice-versa.
Synergies and Commonalities for COVID-19 and TB
Several commonalities exist between COVID-19 and
TB, most notably transmission of their etiologic agents,
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and Mycobacterium tuberculosis. Both
pathogens are transmitted through secretions from the
respiratory tract (3–5). Moreover, protecting healthcare workers and other susceptible patients and contact identification and evaluation are key components
of the public health response to both infections. An
understanding of the routes of and factors influencing
transmission is necessary to develop effective and efficient measures to control the diseases. For TB, many
years of clinical and experimental studies have provided a wealth of information on which to base contact identification, prioritization, and evaluation (4).
Investigations of TB outbreaks have been especially
informative (6). Not surprisingly, this level of understanding of SARS-CoV-2 transmission does not exist,
and the relative contributions to transmission of large
respiratory droplets, fomites, and aerosols remain controversial (7). Notably, transmission of both pathogens
has been associated with superspreader events (8–10).
The clinical manifestations of COVID-19 were initially described as mainly involving the respiratory
tract, with cough as a predominant symptom along
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with fever, but knowledge of its full natural history,
with both immediate and potential long-term consequences, is still increasing rapidly (3,11). Both the degree of infectiousness and the severity of SARS-CoV-2
infection dictate rapid and effective implementation of
healthcare facility infection prevention and control to
minimize transmission. These measures include administrative, engineering, and personal measures (i.e.,
personal protective equipment) and community-based
public health activities, even without strong empirical
evidence on which to base these interventions.
Seeking COVID-19 Mitigation and
Control Strategies
Unquestionably, the package of community-based
mitigation measures put into place for the current
pandemic has had a major effect in reducing cases
and deaths, as shown by Hsiang et al. (12). However,
uncertainties remain concerning the most effective individual or combinations of measures. These uncertainties preclude the ability to readily identify more
targeted and efficient control strategies. Thus, an urgent need exists for a more detailed understanding of
SARS-CoV-2 transmission routes and patterns.
Of particular importance is the implementation
of monitoring and rapid case identification as current
mitigation measures are relaxed. General agreement
exists that rapid case identification through PCRbased testing quickly followed by contact identification and evaluation (generally called contact tracing
in the context of COVID-19) is the key strategy in reducing transmission in settings where the epidemic
curve is flattened or declining (13,14). Earlier in the
pandemic, after the spring 2020 surge subsided, this
approach, which closely resembles strategies used
for TB, was being scaled up and implemented rapidly. The core actions involve identifying persons
with the disease (index case-patients) and identifying and evaluating persons exposed to the index
case-patient (contacts) to find additional cases and
offer contacts preventive interventions. However,
rapid increases in cases in late fall and winter 2020
made contact tracing impractical, simply because of
volume. Now, as the pandemic wanes, a trend that
we hope will continue, contract tracing is again becoming feasible.
Value of Contact Identification and Evaluation
Contact identification and evaluation have been key
components of TB-control measures in most low TB–
incidence countries for at least the past 75 years, and
a strong scientific basis exists for most, but not all, elements of this activity (15,16). Although the same
682

information and approaches apply in generally resource-poor, high TB–incidence countries and although
international guidelines exist, implementation of routine contact investigations has been very limited (17,18).
In the setting of TB, effective contact investigations have
addressed stigma, community engagement, training of
interviewers, and use of specific operational guidelines
(17,19). These same elements will likely prove crucial to
the effectiveness of COVID-19 contact tracing.
At least 3 important differences exist between
factors that should be considered when engaging in
contact identification and evaluation for COVID-19
compared with TB. First, because of the short interval
between exposure and disease onset, estimated to be
a median of 4.1 days for COVID-19, the timeframe for
contact identification and evaluation is much shorter
than for TB (20). In addition, infection with M. tuberculosis in immunocompetent hosts most commonly
results in latent infection, which can last decades and
in most cases never progresses to active TB disease.
Second, persons with COVID-19 are most infectious in
the immediate presymptomatic and early symptomatic phases, when the viral titers are at their peak, again
indicating the need for speed in the contact process for
maximal effectiveness (20). Third, SARS-CoV-2 clearly
is transmitted from person to person predominantly
through respiratory secretions that may be inhaled, settling on the mucosal lining of large airways, or be selfinoculated onto nasal mucosa or into the eyes (7,11,21).
Unlike TB, the droplets with the SARS-CoV-2 viral
cargo might also contaminate and persist on surfaces,
although the role played by surface or fomite transmission is not well-quantified (22). However, increasing controversies and concerns exist as to the relative
contribution of aerosols to overall transmission (7,11).
The Role of Droplet Nuclei and
Acquisition of Infection
M. tuberculosis is transmitted nearly exclusively by
aerosolized droplet nuclei, particles <5 µm in aerodynamic diameter (23). Large droplets per se are not
effective vehicles for transmission of M. tuberculosis;
however, as the water content of large droplets evaporates, droplet nuclei are formed. The closeness and duration of exposure to a person with infectious TB, as
well as the ventilation of the space in which the exposure occurs, influence the likelihood of transmission.
Nevertheless, TB outbreaks have been documented
with more casual exposures in churches, schools, nursing homes, prisons and jails, and long airplane flights,
as well as in other congregate settings, many of which
have also been locations of documented SARS-CoV-2
transmission (6,23–27).
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Direct and indirect evidence that SARS-CoV-2 may
also be transmitted by aerosols with droplet nuclei (i.e.,
fine particles that remain suspended in air) carrying infectious particles (5,7,28) is increasing. A description of
an outbreak of COVID-19, associated with a restaurant
in Guangzhou, China, strongly suggested transmission
through an airborne route (29), as did case distribution
and additional studies of air circulation, also in this restaurant in Guangzhou (Y. Li, unpub. data, https://doi.
org/10.1101/2020.04.16.20067728).
For both TB and COVID-19, cough is a predominant symptom, and airborne droplets are produced
by any forced expiratory maneuver, especially coughing; at least for TB, the severity of cough is an indicator of transmission risk. For TB, several additional
indicators assist in quantifying the risk for transmission from the index case and, thus, in assigning priority to a contact investigation. These indicators include
the bacillary burden, as indicated by the radiographic
extent of the disease in the lungs and the presence or
absence of cavitary lesions and qualitative sputum
smear positivity (16,30). No such assessment is routinely used for COVID-19, although quantification
of viral load in nasal or pharyngeal swab specimens
and an assessment of the severity and duration of respiratory symptoms could provide such information
(31,32). Reduction in viral inoculum by widespread
wearing of masks has been postulated to result in less
severe manifestations of SARS-CoV-2 infection (33).
For TB, because of the increasing risk for acquisition of infection with the closeness and duration of exposure to persons with this disease, contact evaluation
can be structured, beginning in the home, workplace,
or school, and places of leisure and working outward
in a manner that conceptually resembles concentric
circles. The number and percentage of close contacts
with evidence of disease, or recent infection, inform
the need to expand the investigation to contacts in outer ring circles. This iterative approach optimizes the
use of resources for investigations and testing (16,30).
For SARS-CoV-2, data strongly suggest that the virus
is highly transmissible even with casual contact, so the
duration of exposure might not be relevant (14,20,32).
All of the foregoing indicates that in conducting
contact identification and evaluation for persons exposed to persons with COVID-19, a wide net must be
cast. Moreover, given the incubation period and pace
of the disease, the process must be accomplished much
more quickly than is necessary for TB. Unfortunately,
much of the knowledge base that is used to guide TB
contact identification and evaluation does not yet exist
for COVID-19. To generate the necessary information,
investigators studying the epidemiology of COVID-19

and, in particular, those charged with investigating outbreaks and conducting contact tracing, should be certain
that the data being collected will enable analyses directed toward identifying factors that influence viral transmission. A recent report of nationwide contact tracing
for COVID-19 in South Korea indicated both the need
to investigate ≈10 contacts per index case and that 11.8%
of household contacts had COVID-19, >6 times the 1.9%
prevalence of COVID-19 in nonhousehold contacts (34).
Using the Investigation of TB on the
USS Byrd as a Template
Essentially all infection control and public health measures for TB are based on the understanding, backed by
strong empirical and experimental evidence, that M. tuberculosis is transmitted nearly exclusively by aerosols
(23,35). Some of the strongest evidence of M. tuberculosis transmission through aerosols has been derived
from several TB outbreak investigations. Perhaps the
most notable and informative outbreak investigation
was conducted in response to a single crew member
who was found the have cavitary pulmonary TB during
the course of a long sea tour by the US Navy vessel the
USS Richard Byrd in 1965 (36). A thorough assessment
of the patterns of air circulation and their relationship
to new cases and infections was conducted aboard the
ship. The investigation found that all new cases and
infections occurred in crew members who had either
direct personal contact with the index case-patient or
were exposed through recirculated air in a closed ventilation system. The investigators were able to establish
what might be viewed as a dose-response curve based
on the exposure to different amounts of recirculated air
and the proportion exposed crew members who were
infected (36). Of particular note, several of the newly
infected sailors (indicated by a new positive tuberculin
skin test) who were asymptomatic and had negative
chest radiographs were found to have M. tuberculosis
in their sputum, raising the possibility of transmission
from persons without the usual symptoms of TB, as is
the case with COVID-19 (20,32). This finding is consistent with findings from national TB prevalence surveys
of a substantial proportion of study subjects who were
found to have M. tuberculosis in their sputum but had no
symptoms (e.g., cough >2 weeks) (37).
Outbreaks of COVID-19 on a cruise ship (Diamond Princess) in late January 2020 and the USS Theodore Roosevelt in March 2020 provide unique opportunities, similar to those provided by the USS Byrd, to
gain a more detailed understanding of transmission
patterns for SARS-CoV-2. To date, published assessments of COVID-19 outbreaks in these 2 separate settings consist of initial assessments, 1 documenting the

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

683

PERSPECTIVE

occurrence of 700 cases of COVID-19 among nearly
3,700 passengers and crew members in the cruise ship
(38). The investigation identified that 15 of 20 cases in
crew members were in food workers, and 16 of these
20 persons slept in cabins on deck 3. No details were
provided for the distribution of COVID-19 cases in
passengers, nor of the ventilation system in this cruise
ship (38). A follow-up assessment was limited to 215
Hong Kong passengers after quarantine and disembarkation; 9 tested positive for SARS-CoV-2 (39). No
berthing information is available for those passengers. The USS Roosevelt outbreak investigation was a
serostudy of a convenience sample of 382 crew members (40). Although the sample was not representative of the entire crew, 60% of the participants had
antibodies to SARS-CoV-2, indicating prior infection.
Notably, 20% of the seropositive group denied having symptoms. Also, as is the case with asymptomatic
TB, the degree to which these asymptomatic persons
transmitted the infection is not known. Examination
of crew member duty rosters and assessment of ventilation patterns in areas inhabited by infected and
noninfected persons could provide important information concerning aerosol transmission and the role
of spread of the virus by asymptomatic persons. Although the outbreak on the USS Byrd occurred >50
years ago, its assessment is a model for advancing
knowledge by thorough investigations, including
environmental studies to examine the role of air circulation. With increasing speculation and uncertainty
about basic questions such as relative importance of
different transmission modes for SARS-CoV-2 (5,7),
the Diamond Princess and USS Roosevelt outbreaks
present opportunities, similar to that provided by the
USS Byrd, that should not be overlooked.
As noted, although contact identification and
evaluation are widely used in high-income, low TB–
incidence countries, implementation is limited in
low- and middle-income countries. Given the experience with TB, considerable patience, skill, and ingenuity are needed in the implementation of contact
tracing for COVID-19. Digital and other automated
technologies have been applied to COVID-19 contact
tracing in different country settings (41,42). This new
thinking, coupled with innovative tools, will likely
hold lessons and examples for improvements in TB
prevention and control.
Avoiding Past Mistakes and Seizing
Present Opportunities
In response to COVID-19, countries are having to reassign or recruit and train staff, as well as to establish a
robust laboratory diagnostic testing capacity to deliver
684

timely quality-assured results. Early reports from the
United States have documented that the COVID-19
response has diverted resources away from essential
TB services (43). This scenario must be avoided; investments required should be used to improve all public
health programs and be sustained over time. Thirtyfive years ago, TB provided a dramatic example of the
impact of inattention to, and disinvestments in, basic
public health programs. During 1985–1992, a reversal
of longstanding downward trends occurred as well as
and 20% increase in cases (44,45).
We now have a rare opportunity to seize the moment and use the attention garnered by this novel
virus pandemic to ensure that new investments contribute not only to the control of COVID-19, but also
to the strengthening of older, yet very relevant public health programs, and to recognize that lessons
learned from those programs benefit those at risk for
COVID-19. In the United States and in other parts of
the world, TB served as the impetus for the establishment of public health programs, and these programs
were geared to deal with TB as a public health problem (46,47). Public health approaches to COVID-19,
relying as they do on accelerated responses, digital
technologies, and large numbers of trained community-based contact investigators, could establish a new
more comprehensive paradigm for the public health
programs of the future.
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Since the first wave of coronavirus disease in March
2020, citizens and permanent residents returning to
New Zealand have been required to undergo managed
isolation and quarantine (MIQ) for 14 days and mandatory testing for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). As of October 20, 2020, of
62,698 arrivals, testing of persons in MIQ had identified
215 cases of SARS-CoV-2 infection. Among 86 passengers on a flight from Dubai, United Arab Emirates, that
arrived in New Zealand on September 29, test results
were positive for 7 persons in MIQ. These passengers
originated from 5 different countries before a layover
in Dubai; 5 had negative predeparture SARS-CoV-2
test results. To assess possible points of infection, we
analyzed information about their journeys, disease progression, and virus genomic data. All 7 SARS-CoV-2
genomes were genetically identical, except for a single
mutation in 1 sample. Despite predeparture testing,
multiple instances of in-flight SARS-CoV-2 transmission are likely.
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I

n response to the growing international risks associated with importation of coronavirus disease
(COVID-19), on March 20, 2020, New Zealand closed
its borders to all but New Zealand citizens, permanent residents, and persons with an exemption (1).
On April 9, 2020, to better control importation risks,
New Zealand implemented a system of managed
isolation and quarantine (MIQ) at the border. Persons arriving in New Zealand were required to stay
in a government-assigned MIQ facility for at least 14
days before entering the New Zealand community.
In June 2020, a system of testing persons who were
returning to New Zealand and staying in MIQ facilities was instituted; nasopharyngeal swabs were
taken on approximately the third and the twelfth
day of the quarantine period and from anyone in
whom symptoms developed or those identified as
close contacts of persons with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) positive
test results.
On September 29, 2020, flight EK448, which
originated in Dubai, United Arab Emirates, with a
stop in Kuala Lumpur, Malaysia, landed in Auckland, New Zealand. During the required 14-day
MIQ period, 7 passengers who had traveled on the
flight received positive SARS-CoV-2 test results. The
7 passengers had begun their journeys from 5 different countries before a layover in Dubai; predeparture SARS-CoV-2 test results were negative for 5
(Figure 1). These 7 passengers had been seated within 4 rows of each other during the ≈18-hour flight
from Dubai to Auckland. Because recent studies
have reported conflicting findings of the risks associated with in-flight transmission (2–4), we undertook
a comprehensive investigation to determine the potential source of infection of these travelers.

1
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Figure 1. Countries of travel
origins for 7 passengers who
tested positive for severe acute
respiratory syndrome coronavirus
2 infection after traveling on the
same flight (EK448) from Dubai,
United Arab Emirates, to Auckland,
New Zealand, with a refueling
stop in Kuala Lumpur, Malaysia,
on September 29, 2020. Asterisks
indicate where 6 other genetically
identical genomes have been
reported (5).

Methods

Genome Sequencing

Case Details and Consent

In New Zealand, COVID-19 is a notifiable disease;
all positive cases are reported to the national surveillance system, enabling further public health investigation. All persons with COVID-19 described in this
article were contacted, and they provided written or
verbal consent for their data to be used in this article.
Case data were collected under the Ministry of Health
contract for epidemic surveillance. The 7 persons
with COVID-19 are denoted here as passengers A–G
(Tables 1, 2).
Clinical Data and Sample Collection

Case details were sourced from the national notifiable diseases database, EpiSurv (https://surv.esr.
cri.nz/episurv/index.php). While in MIQ, all 86 passengers on the flight underwent real-time reverse
transcription PCR (rRT-PCR) diagnostic testing for
SARS-CoV-2 on day 3 and again on day 12 if the previous test result was negative. Cabin crew members
departed New Zealand soon after their arrival and
were therefore not tested. Investigations used information from rRT-PCR testing by using the Cepheid
GeneXpert system (https://www.cepheid.com) and
BD Max (https://www.bd.com). We determined
seating plans by consulting the flight manifest for the
Boeing 777–300ER aircraft and confirmed them by
administering a questionnaire to passengers, asking
where they actually sat.
688

Independent viral extracts were prepared by the
Institute of Environmental Science and Research
(Porirua, New Zealand) from the 7 positive respiratory tract samples in which SARS-CoV-2 was initially
detected by rRT-PCR. We extracted RNA from SARSCoV-2–positive samples and subjected it to whole-genome sequencing by following the 1,200-bp amplicon
protocol (6) and Oxford Nanopore Rapid barcoding
R9.0 sequencing (7). Genomic data are available on
GISAID (5) (Table 1).
Phylogenetic Analysis of SARS-CoV-2 Genomes

The lineage of the genomes obtained from the 7 passengers was determined by using pangolin version
2.0.8 (https://pangolin.cog-uk.io) and compared with
genomes from the same lineage available on GISAID
(5). Genomes were aligned by using MAFFT version
7 (8) and using the FFT-NS-2 progressive alignment
algorithm. We estimated a maximum-likelihood phylogenetic tree by using IQ-TREE version 1.6.8 (9) and
the Hasegawa-Kishino-Yano nucleotide substitution
model (10) with a gamma distributed rate variation
among sites (HKY+Γ), the best-fit model as determined
by ModelFinder (11), and branch support assessment
by using the ultrafast bootstrap method (12).
Analysis of Disease Transmission Data

All times and dates reported here were converted
to New Zealand daylight savings time (Greenwich
mean time + 13 hours) (Table 2). The mean incubation
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period, defined as the duration between estimated
dates of infection and reported symptom onset, has
been reported as 5–6 days (range 1–14 days) (13).
We assumed a 5-day incubation period for passengers A, B, D, E, F, and G, and a 3-day incubation period for passenger C. We considered the
median presymptomatic infectious period to be
<1–4 days unless a negative PCR result indicated
otherwise (14).
Results
The Flight

Flight EK448 from Dubai, UAE to Auckland, New
Zealand, was an 18-hour, 2-minute flight on a Boeing 777–300ER aircraft. It departed Dubai on September 28, 2020, at 5:29 pm; arrived in Kuala Lumpur on September 29 at 12:11 am to refuel; and
departed Kuala Lumpur on September 29 at 2:03
am. No passengers entered or exited the aircraft
during the 2-hour refueling period in Kuala Lumpur. The flight arrived in Auckland on September
29 at 11:31 am. During the flight and before departure in Dubai airport, mask use was not mandatory; passengers A, B, D, F, and G self-reported mask
and glove use while on the airplane but passengers
C and E did not. In the days before the flight, these
7 passengers (other than the 2 travel groups, 1 of

which comprised passengers A and B and the other
passengers F and G) had been in different countries
and did not have any form of contact (Figure 1).
Similarly, none of the passengers reported having
been in close contact at the Dubai airport. Passengers F and G were part of a family travel group of 4,
all of whom reported having changed seats within
their row during the flight.
All passengers, with the exception of passenger
E, were transferred by bus to an MIQ facility in Rotorua, New Zealand. All passengers reported wearing masks during the bus journeys. Passengers A, B,
and D were on bus 1; passengers F and G were on
bus 2. Passenger C was initially seated on bus 1 but
was transferred to bus 2 before transit. Both buses
departed Auckland at 12:05 pm and arrived in Rotorua at 3:00 pm. Passenger E traveled on bus 3 to an
MIQ facility in Auckland. Seating on all buses was
physically distanced where possible, and mask use
was mandated.
Testing and Disease Progression

Five passengers reported having received negative
test results before departure (Table 1). A negative test
result was mandatory according to airline regulations
for passenger C, who traveled from Ukraine.
The first 3 passengers to receive positive SARSCoV-2 test results (passengers A, B, and C) were

Table 1. Detailed information for 7 passengers with SARS-CoV-2 infection detected after being on flight EK448, Dubai, United Arab
Emirates, to Auckland, New Zealand, September 29, 2020*
Passenger
Variable
A
B
C
D
E
F
G
Genome
Identical
Identical
Identical†
1 additional
Identical
Identical
Identical
mutation
Genome ID (GISAID
20CV0408
20CV0409
20CV0410
20CV0401
20CV0398
20CV0414
20CV0415
accession no.) (5)
(EPI_ISL_
(EPI_ISL_
(EPI_ISL_
(EPI_ISL_
(EPI_ISL_
(EPI_ISL_
(EPI_ISL_
582019)
582020)
582021)
582018)
582017)
582022)
582023)
Preflight testing result
Negative
Negative
Negative
Negative
Not tested
Negative
Not tested
(date)‡
(Sep 24)
(Sep 24)
(Sep 25)
(Sep 24)
(Sep 25)
Symptom onset date
Oct 1
Oct 2
Asymptomatic
Oct 4
Asymptomatic
Oct 3
Oct 9
Date tested positive
Oct 2
Oct 2
Oct 2
Oct 7
Oct 6
Oct 8
Oct 8
Technology§ and Ct
GeneXpert,
GeneXpert,
GeneXpert,
GeneXpert,
GeneXpert,
BD Max,
BD Max,
E-gene Ct
E-gene Ct 27,
E-gene Ct
E-gene Ct
E-gene Ct
N1-gene Ct
N1-gene Ct
14.3, N2N2-gene Ct 33.3, N2-gene 18.5 N2-gene 18.5, N2 gene 22.0 N2-gene 22.1, N2-gene
gene Ct 16.4
29.3
Ct 36.8
Ct 20.4
Ct 22.3
Ct 22.3
Ct 19.1
Country of origin
Switzerland
Switzerland
Ukraine
Ireland
India
South Africa
South Africa
Layover time in Dubai
9 h 27 min
9 h 27 min
11 h 30 min
8 h 18 min
70 h 54 min
5 h 44 min
5 h 44 min
Seat no. on flight
26G
26D
24C
27D
28G
24D/E/F/G
PPE worn on airplane
Face mask
Face mask
Not reported
Face mask
Not reported
Face mask
Face mask
and bus‡
and gloves¶
and gloves¶
and gloves
Bus from airport to
Bus 1
Bus 1
Bus 1 briefly,
Bus 1
Bus 3
Bus 2
Bus 2
MIQ#
transported
on bus 2
*GISAID, https://www.gisaid.org. Ct, cycle threshold; MIQ, managed isolation and quarantine; PPE, personal protective equipment.
†Partial genome obtained (1 amplicon failed, resulting in 1,200 ambiguous nucleotide bases) but has the 5 defining mutations of the cluster.
‡Self-reported.
§GeneXpert, https://www.cepheid.com; BD Max, https://www.bd.com.
¶Reportedly removed when sleeping and seated.
#Social distancing and mandated mask wearing on all buses.
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Table 2. Travel times for 7 passengers with SARS-CoV-2 infection detected after being on flight EK448, Dubai, United Arab Emirates,
to Auckland, New Zealand, September 29, 2020
Variable
Date and time of departure country
Date and time of New Zealand arrival*
Flight EK448
Departed Dubai Sep 28, 08:29 AM
Departed Dubai, Sep 28, 5:29 PM
Arrived Kuala Lumpur, Malaysia, Sep 28, 7:11 PM
Arrived Kuala Lumpur, Sep 29,12:11 AM
Departed Kuala Lumpur Sep 28, 9:03 PM
Departed Kuala Lumpur, Sep 29, 2:03 AM
Arrived Auckland, Sep 29, at 11:31 AM
Arrived Auckland, Sep 29, 11:31 AM
Passengers A and B
Depart Zurich, Switzerland, Sep 27, 3:25 PM
Departed Zurich Sep 28, 2:25 AM
Arrived Dubai, Sep 27, 11:02 PM
Arrived Dubai, Sep 28, 8:02 AM
Passenger C
Departed Kiev, Ukraine, Sep 27, 3:16 PM†
Departed Kiev Sep 28, 1:16 AM†
Arrived Dubai, Sep 27, 8:59 PM
Arrived Dubai, Sep 28, 5:59 AM
Passenger D
Departed Dublin, Ireland, Sep 27, 2:10 PM‡
Departed Dublin Sep 28, 2:10 AM‡
Arrived Dubai Sep 28, 12:05 AM
Arrived Dubai Sep 28, 9:05 AM
Passenger E
Departed Kochi, India, Sep 25, 8:21 AM§
Departed Kochi Sep 25, 2:51 PM§
Arrived Dubai, Sep 25, 10:35 AM
Arrived Dubai Sep 25, 6:35 PM
Passengers F and G
Departed Johannesburg, South Africa, Sep 27, 5:10 PM¶ Departed Johannesburg Sep 28, 4:10 AM¶
Arrived Dubai Sep 28, 02:45 AM
Arrived Dubai Sep 28, 11:45 AM
*Daylight savings time zone (Greenwich mean time +13 hours).
†Flight EK2354.
‡Flight EK162.
§Flight 6E67.
¶Flight EK762, seats 29 D, E, F, and G.

identified through routine surveillance testing
on the third day of the quarantine period in New
Zealand (Figure 2). Passengers A and B traveled
together from Switzerland; both reported having
had negative test results in their country of origin,
<72 hours before boarding the flight. They departed
Zurich, Switzerland, and arrived in Dubai on September 28, 2020, at 08:02 am. Passenger A reported
symptom onset (general weakness and muscle pain)
while in MIQ on October 1, and passenger B reported symptom onset (rhinorrhea, general weakness,
cough, and muscle pain) on October 2. Test results
for samples collected on October 2 from both persons were positive.
Test results for passenger C were also positive
on October 2, but the passenger did not report symptoms at any time during the infection. This person had

traveled from Kiev, Ukraine, and arrived in Dubai on
September 28 at 5:59 am.
Test results for passenger D were negative on October 2, but the passenger reported symptoms on the
fifth day after arrival in New Zealand. The symptoms
progressively worsened, and another test on October
7 returned a positive result. Reported symptoms included coryza, headache, muscle pain, general weakness, irritability, confusion, and a head cold. This
passenger had departed from Dublin, Ireland, and
arrived in Dubai on September 28 at 9:05 am.
Test results for passenger E were negative on October 2, but the passenger was retested on October 6 as
a potential close contact of those on the airplane and
found to be positive for SARS-CoV-2. This passenger
was not in the same MIQ facility (nor the same city)
in New Zealand as the other passengers with reported

Figure 2. Timeline of likely incubation and infectious periods, indicating testing dates, for 7 passengers who tested positive for severe
acute respiratory syndrome coronavirus 2 infection after traveling on the same flight (EK448) from Dubai, United Arab Emirates, to
Auckland, New Zealand, with a refueling stop in Kuala Lumpur, Malaysia, on September 29, 2020.
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cases and did not report symptoms during the infection. This passenger had departed from Kochi, India,
and arrived in Dubai on September 25 at 6:35 pm.
Test results for passengers F and G (part of a group
of 4 family members traveling together) were negative
on October 2 in New Zealand. Passenger F became
mildly symptomatic (coryza and a cough) on October
2 and self-reported having had a negative test result
before leaving South Africa. The group was retested
as potential contacts of those on the flight with positive results, and on October 8, results were positive for
passengers F and G. Passenger G reported coryza and
a sore throat on October 9. The 4-person travel group
had departed from Johannesburg, South Africa, and
arrived in Dubai on September 28 at 11:45 am. The 4
family members were seated in 4 adjacent seats in row
24 but interchanged seats within the row, such that
no specific seat can be determined for each passenger
(Figure 2). Test results were positive for only 2 of the
4 family members; after receiving the positive results,
the persons were separated in the MIQ facility.
Timeline of Transmission Events

The first person to experience symptoms was passenger A on October 1, consistent with having been
infectious while on flight EK448 2 days earlier (Figure 3). The second person to experience symptoms,
on October 2, was passenger B, a travel companion of
passenger A, which may represent shared exposure
to a source A, such that passenger B’s infection is not
considered a case of in-flight transmission. Passenger C was asymptomatic and received a positive test
result on day 3. Symptom onset and positive test
result dates for passengers D, E, and F were all consistent with in-flight transmission. Passenger G was
a travel companion of passenger F, and their date of

Figure 3. Seating arrangement (Boeing 777–300ER) for 7
passengers who tested positive for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection on flight EK448
from Dubai, United Arab Emirates, to Auckland, New Zealand,
with a refueling stop in Kuala Lumpur, Malaysia, on September
29, 2020. Passengers F and G interchanged seats within row 24.
Open circles represent nearby passengers who were negative for
SARS-CoV-2 on days 3 and 12 while in managed isolation and
quarantine. All other seats shown remained empty.

symptom onset was consistent with infection during
their stay in an MIQ facility, where they resided in the
same room. As such, passenger G’s infection was not
considered a result of in-flight transmission.
Viral Genomic Data

All SARS-CoV-2 samples from the 7 passengers were
subjected to whole-genome sequencing for surveillance purposes. The sequences obtained were assigned to lineage B.1 and were genetically identical,
apart from 1 mutation for the sample from passenger
D (Figure 4) (15). By comparing these 7 genomes to
the international database (GISAID), we identified 6

Figure 4. Simplified maximumlikelihood phylogenetic tree
of genomes from severe
acute respiratory syndrome
coronavirus 2 from 7
passengers who traveled on
flight EK448 (Boeing 777–
300ER) from Dubai, United
Arab Emirates, to Auckland,
New Zealand, with a refueling
stop in Kuala Lumpur, Malaysia,
on September 29, 2020. Tree
shows positive cases along with
their closest genomic relatives
sampled from the global
dataset. Black circles illustrate
cases obtained from the global
dataset that are genetically
identical, sampled September 2–23, 2020. Scale bar shows the number of mutations relative to the closest reconstructed ancestor
from available global data.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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Figure 5. Network of likely severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) transmission among 7 passengers
who traveled on flight EK448 (Boeing 777–300ER) from Dubai,
United Arab Emirates, to Auckland, New Zealand, with a refueling
stop in Kuala Lumpur, Malaysia, on September 29, 2020. The
gray shaded area illustrates likely in-flight virus transmission.
Dashed circles represent likely virus transmission between
travel companions.

additional identical genomes: 4 from Switzerland and
2 from the United Kingdom, sampled during September 2–23. These findings were consistent with virus
introduction onto the airplane from Switzerland by
passenger A, B, or both (Figure 5). Nevertheless, accurately identifying the source of this outbreak may
be impeded by substantial biases and gaps in global
sequencing data (J. Geoghegan, unpub. data, https://
www.medrxiv.org/content/10.1101/2020.10.28.2022
1853v1); hence, we cannot explicitly exclude passenger C as the source.
Discussion
Evidence of in-flight transmission on a flight from
the United Arab Emirates to New Zealand is strongly supported by the epidemiologic data, in-flight
seating plan, symptom onset dates, and genomic
data for this group of travelers who tested positive
for SARS-CoV-2 (passengers A–G). Among the 7
passengers, 2 (A and B) were probably index casepatients infected before the flight, 4 (C, D, E, and F)
were probably infected during the flight, and the remaining passenger (G) was probably infected while
in MIQ. All 7 passengers were seated in aisle seats
within 2 rows of where the presumed index case692

patient(s) were seated.
Combined, these data present a likely scenario of
>4 SARS-CoV-2 transmission events during a longhaul flight from Dubai to Auckland. These transmission events occurred despite reported in-flight use
of masks and gloves. Further transmission between
travel companions then occurred after the flight, in
an MIQ facility.
These conclusions are supported by genome sequencing, an in-flight seating plan, and dates of disease onset. These data do not definitively exclude an
alternative exposure event, such as virus transmission at the Dubai airport before boarding (e.g., during check-in or in boarding queues). However, the
close proximity of the relevant passengers on board
suggests that in-flight transmission is plausible.
Similar reports of SARS-CoV-2 being transmitted during flight have recently been published
(3,4,16,17). Those reports, along with the findings
we report, demonstrate the potential for SARSCoV-2 to spread on long-haul flights. It must also
be noted that the auxiliary power unit of the flight
EK448 aircraft was reported as having been inoperative for ≈30 minutes during the 2-hour refueling
stop in Kuala Lumpur, such that the environmental
control system would not have been working during this period.
That 3 passengers had positive test results on day
3 of their 14-day quarantine period indicates some of
the complexities of determining the value of predeparture testing, including the modality and timing of
any such testing. Although not definitive, these findings underscore the value of considering all international passengers arriving in New Zealand as being
potentially infected with SARS-CoV-2, even if predeparture testing was undertaken, social distancing
and spacing were followed, and personal protective
equipment was used in-flight.
This work was funded by the New Zealand Ministry of
Health, Ministry of Business, Innovation and Employment
(CIAF-0470), the New Zealand Health Research Council
(20/1018), and ESR Strategic Innovation Fund.
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Evaluation of National Event-Based
Surveillance, Nigeria, 2016–2018
Kazim Beebeejaun, James Elston, Isabel Oliver, Adachioma Ihueze,
Chika Ukenedo, Olusola Aruna, Favour Makava, Ejezie Obiefuna, Womi Eteng,
Mercy Niyang, Ebere Okereke, Bola Gobir, Elsie Ilori, Olubunmi Ojo, Chikwe Ihekweazu

Nigeria Centres for Disease Control and Prevention established an event-based surveillance (EBS) system in
2016 to supplement traditional surveillance structures.
The EBS system is comprised of an internet-based data
mining tool and a call center. To evaluate the EBS system for usefulness, simplicity, acceptability, timeliness,
and data quality, we performed a descriptive analysis
of signals received during September 2017–June 2018.
We used questionnaires, semistructured interviews, and
direct observation to collect information from EBS staff.
Amongst 43,631 raw signals detected, 138 (0.3%) were
escalated; 63 (46%) of those were verified as events,
including 25 Lassa fever outbreaks and 13 cholera outbreaks. Interviewees provided multiple examples of earlier outbreak detections but suggested notifications and
logging could be improved to ensure action. EBS proved
effective in detecting outbreaks, but we noted clear opportunities for efficiency gains. We recommend improving signal logging, standardizing processes, and revising
outputs to ensure appropriate public health action.

I

n resource-limited settings, classical indicator-based
surveillance approaches can be limited by available
diagnostic capacity and surveillance architecture (1–3).
The Ebola outbreak in West Africa during 2014–2016
highlighted surveillance needs and generated sustained commitment to global health security with a focus on the implementation of the International Health
Regulations (IHR 2005) (4). The World Health Organization considers implementation of event-based surveillance (EBS) a major priority for developing countries worldwide and a critical component for meeting
IHR (2005) commitments (5,6).
Author affiliations: Public Health England, London, UK
(K. Beebeejaun, J. Elson, I. Oliver, O. Aruna, E. Okereke);
University of Maryland Baltimore, Abuja, Nigeria (A. Ihueze,
C. Ukenedo, F. Makava, M. Niyang, B. Gobir); Nigeria Centre for
Disease Control, Abuja (E. Obiefuna, W. Eteng, E. Ilori, O. Ojo,
C. Ihekweazu)
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EBS is the organized and rapid capture of information about events that are a potential risk to
public health (7). Information captured by EBS can
include rumors and other ad hoc reports from indirect channels, such as news organizations or social
media, and direct channels, such as reporting by
members of the public or healthcare workers. Events
of interest include those related to the occurrence
of disease in humans, including clustered cases of
a disease or syndrome; unusual disease patterns or
unexpected deaths identified by health workers and
other key informants; diseases and deaths in animals; contaminated food products; and water and
environmental hazards (7).
EBS systems have been implemented across Africa but most are at the community level (8–11). Supporting the implementation of EBS at a national level
is a priority for the Africa Centres for Disease Control
and Prevention (Africa CDC), which aims for >60% of
member states to have an established EBS system by
2021. Africa CDC has proposed frameworks to support this implementation (12). Sharing knowledge
and best practices from the few existing national EBS
systems implemented in Africa is crucial for informing this process.
The Nigeria Centres for Disease Control and Prevention (NCDC) introduced EBS in 2016. NCDC EBS
was supported by the University of Maryland Baltimore (UMB) through a grant from the US Centers
for Disease Control and Prevention (CDC). The aim
of the EBS is to rapidly collect and organize information about signals and trigger public health action by
NCDC and its partners. Nigeria’s EBS system uses
data actively mined from internet sources by Tatafo,
a software platform developed by UMB for NCDC;
data collected from incoming calls from the public
and healthcare professionals at NCDC’s Connect
Centre; and information collected by systematic and
ad hoc searches of social media, blogs, health tracking
websites, and the news media.
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The evaluation was undertaken as part of a 4-year
partnership between Public Health England (PHE),
UK Department of Health (UK DoH), and NCDC
to strengthen capabilities for compliance with IHR
(2005). The purpose of the project was to describe
the NCDC EBS system and the nature of signals and
events detected; evaluate the system against its objectives and provide recommendations to improve
effectiveness and efficiency and maximize utility of
the system.

location or geography, such as state and town for
which location information were recorded; time ±5
days; and source, such as newspaper or social media.
To estimate the number of unique raw signals detected, we defined a signal cluster as linked signals on
the same disease or syndrome that occurred ±2 days
in the same geography (Table 1).

Methods

We assessed data quality by reviewing completeness
of data collected by EBS. These data included the
date of raw signal detection, geolocation of the signal
source, URLs of relevant websites, the related disease
or nature of the event suspected, and estimated numbers of cases associated with the signal.

Study Design and Evaluation Period

The evaluation was performed over a 4-week period
in July 2018 and informed by CDC guidelines for
the evaluation of public health surveillance systems
(13). We used a mixed methods approach comprising quantitative and qualitative data collection using
semistructured interviews, document reviews, observations, questionnaires, and analysis of routinely collected data.
We conducted 19 semistructured interviews by
purposive sampling of key NCDC staff members directly involved in or receiving outputs from the EBS
system. Staff included call handlers, surveillance officers, data management staff, department heads, and
NCDC senior leadership.
We used a bespoke topic guide to capture views
on functionality, usefulness, and efficiency of the EBS.
We used a questionnaire to capture specific information for certain attributes, such as ease of use, production of outputs, and acceptability of processes.
Describing the System, Signals, and Events Detected

Existing documentation included internal guidance on
implementation of EBS and technical documents on
how signals were detected. Semistructured interviews
explored the structure of teams, steps in escalation of
signals, and data flows. Documentation was supplemented with hands-on experience working alongside
and observing practices of EBS staff for 3 weeks.
Data Sources and Links

During November 1, 2016–June 30, 2018, raw signal
data were exported from the Web-based systems
Tatafo and SugarCRM (https://info.sugarcrm.com).
During September 1, 2017–June 30, 2018, escalated
signal data were available through paper logbooks,
which were digitized before analysis. We manually linked escalated signals to raw source signals.
We linked escalated signals to raw source signals if
the following were consistent: disease or syndrome;

Evaluation
Data Quality

Acceptability and Simplicity

We used questionnaires and semistructured staff interviews to investigate the ease of use of EBS system
components, including data entry, logging of calls,
prioritization of signals, escalation, and ease of producing routine outputs. We assessed acceptability by
examining routine tasks performed by staff and the
usefulness of routine outputs. We used Likert scales
Table 1. Definition for terms used in evaluation of national eventbased surveillance, Nigeria, 2016–2018*
Term
Definition
Raw signal
Communication received or retrieved from
EBS system that contains data with
potential to meet the WHO definition
for a signal (7)
Signal
Raw signal reviewed by EBS technical
staff who considered the signal to
represent a potential acute risk to
human health requiring investigation
or verification according to
the WHO definition†
Signal cluster
Group of signals detected by EBS system
relating to same disease or syndrome and
occurring within 2 d in the same state
Escalated signal
A signal escalated and recorded by EBS
technical staff to a senior surveillance
officer for investigation and verification
Senior surveillance
Nominated member of the surveillance
officer
team responsible for investigating and
verifying escalated signals
Event
A signal verified by SSO and surveillance
team as an event that has potential
for disease spread
*Terminology listed in order of appearance during EBS monitoring. EBS,
event-based surveillance; SSO, senior surveillance officer; WHO, World
Health Organization.
†WHO definition states: Data and/or information considered by the Early
Warning and Response system as representing a potential acute risk to
human health. Signals may consist of reports of cases or deaths
(individual or aggregated), potential exposure of human beings to
biological, chemical, or radiological and nuclear hazards, or occurrence of
natural or man-made disasters (7).
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to query staff on their level of agreement to statements regarding the EBS.
Timeliness

We assessed timeliness by measuring the number of
days between individual steps in EBS processes from
the initial detection of a signal indicating a potential
event, to escalation, and then to investigation. We retrieved dates from relevant EBS Web-based platforms
or paper logbooks, where available.
Usefulness

We assessed usefulness by using semistructured staff
interviews. We asked interviewees for their views on
the usefulness of the EBS system, particularly regarding detection of events and the related public health
action. We asked staff to provide examples to support
their responses, where practical.
Analysis

We manually entered questionnaire data in Excel
(Microsoft Corp. https://www.microsoft.com). We
used Stata version 14 (StataCorp LLC, https://www.
stata.com) and Excel to clean and analyze data. We
manually reviewed qualitative data from interviews
and organized data into themes according to evaluation attributes by 2 investigators.
Results
Description of the EBS System

Manual searches of online media sources included online news media websites, television, and radio.
Daily online media searches were performed using
a news aggregator website (http://ww38.latestnigerianews.com), which includes all major newspapers
in Nigeria. Staff logged searches that had identified a
signal of interest on SugarCRM.
Prioritization

Signals received through these channels were individually reviewed and prioritized by EBS staff according
to relevance and urgency based on the potential for
public health effects. Signals prioritized for escalation
were forwarded to the surveillance team for further
investigation and relevant public health action.
Escalation

Escalation was primarily performed by using a signal escalation email with details of the event sent to
a predetermined distribution list that included senior
surveillance officers (SSOs), technical working group
(TWG) leads for the relevant disease, surveillance department leads, and the director general. SSOs acted
as focal points for investigating and establishing the
authenticity of an escalated signal or otherwise and
performing a risk assessment. When an escalated signal was verified after initial information gathering,
the verified signal was considered an event. The SSO
was responsible for initiating or undertaking further
investigation or public health action as appropriate
for the event and recording and communicating related actions.

Detection of Signals

In accordance with the World Health Organization
definition of a signal of interest (7), NCDC’s EBS detected signals by using 3 key receptors: Tatafo, the
NCDC Connect Centre, and manual searches (Figure
1). Tatafo is an automated internet-based data system
that uses text mining, text analysis, and natural language processing to detect the occurrence of events
of interest from internet feeds. The system uses a list
of keywords related to the 41 notifiable diseases for
Nigeria (14). Tatafo also is customized to search for
signals by using alternate terminology, such as slang
and pidgin English.
The NCDC Connect Centre is the focal point
of communications to and from NCDC, facilitating communications with the public, healthcare
workers, and surveillance officers. The Connect
Centre operated telephone, text messaging, and
WhatsApp (https://www.whatsapp.com) platforms to receive signals. All communications were
logged on SugarCRM.
696

Staffing

EBS was staffed by 7 members: 2 information officers,
4 NCDC Connect Centre agents, and 1 public health
analyst. These staff were funded by UMB and assigned to NCDC.
As part of their roles in EBS, 2 senior NCDC surveillance officers acted as the surveillance focal point
responsible for the follow up of escalated signals. A further 12 staff were part of the surveillance department.
Evaluation
Data Quality

Among raw signals detected over the 20-month
evaluation period, most computer automated fields
were complete, but the geolocation field was only
29% complete (20,045/69,722) (Table 2). However, a
further review identified an additional 2,444 (3.5%)
records that had the name of a state recorded in descriptive text fields, such as in newspaper headlines.
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Logs of escalated signals were maintained in Excel during September 1, 2017–December 1, 2017, and
then replaced by paper logbooks. Both Excel and the
paper log contained records of escalated signals detected by Tatafo or manual searches. No records of
escalated signals originated from the NCDC Connect
Centre, despite observations of escalations by the
study team. Among the 103 escalated signals recorded by the EBS team over the evaluation period, 99
(96%) included data concerning the source of the information, 97 (94%) included the date the signal was
detected, 94 (91%) contained information on action
taken, 72 (70%) contained information on subsequent
verification of the event, and 57 (50%) had details on
the numbers of cases.
During the 20-month evaluation, SSOs kept a
separate paper log containing information concerning the verification of escalated signals. Information
logged included date of signal escalation, signal details, source of information, source person, investigation outcomes, and action taken. During the evaluation, SSOs logged 12 records, of which 11 (92%)
contained date of signal escalation, 6 (50%) included
source of information, and 5 (42%) included the name
of the staff member escalating the signal. However,
the original unique source identifier (ID), such as
Tatafo ID or SugarCRM ID, was not logged.

records). Niger State was most frequently referenced (6,032/22,489; 27%), along with Borno State
(2,016/22,489; 9%), Lagos (1,928/22,489; 9%), and
Federal Capital Territory (1,476/22,489; 7%). Akwa
Ibom and Cross River States had no recorded signals
during the study period, likely indicating a problem
with search configurations in Tatafo.
Escalated signals

During September 1, 2017–June 30, 2018, when records were available from both EBS and SSOs, the EBS
detected 43,631 raw signals, among which 138 (0.3%)
were escalated to the SSOs for investigation and 75%
(103/138) had details of escalation recorded. Of escalated events, 61 (44%) were from the Connect Centre,

Raw Signals Detected

During November 1, 2016–June 30, 2018, the EBS system detected 69,831 raw signals. Peaks in raw signals
were observed during periods of known national
disease outbreaks, including the peak of a meningitis outbreak during March–April 2017, a cholera outbreak during September 2017, a monkeypox outbreak
during October 2017, and a Lassa fever outbreak during January–March 2018 (Table 3). Among raw signals, most (69,722; 99.8%) were detected by Tatafo,
denoting ≈4,571 signal clusters. A mean of 3,486 raw
signals (410 signal clusters) were detected by Tatafo
each month. The Connect Centre received and categorized 92 communications as raw signals, of which
45% (41/92) were from phone calls and 31% (28/91)
from WhatsApp messages.
Among raw 69,831 signals, 99.8% (69,722) included pathogen information. Of raw signals with
pathogen information 18% (12,429) related to Lassa
fever, 12% (8,679) related to HIV/AIDS, 11% (7,990)
to meningitis or cerebrospinal meningitis, 10% (7,230)
to Ebola, and 7% (5,131) to cholera (Table 3).
Only 20,045 (29%) records included with geographic information, among which 22,489 referenced states (multiple states were recorded in 1,428

Figure 1. Data sources and flow of signals from detection to
public health action in Nigeria Centres for Disease Control
and Prevention event-based surveillance system, 2016–2018.
SugarCRM, https://info.sugarcrm.com.
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Table 2. Completeness of key fields in online event-based surveillance system, Nigeria, November 1, 2016–June 30, 2018*
EBS source
Field name
Total no. entries
No. complete entries
% Completeness
Tatafo†
Unique ID
69,722
69,722
100
Date received
69,722
69,722
100
Topic
69,722
69,722
100
Headline text
69,722
69,722
100
Website address (url)
69,722
69,722
100
Location
69,722
20,045
29
Connect Centre
Unique ID
92
92
100
Call category
92
92
100
Case method
92
92
100
Date created
92
92
100
Date modified
92
92
100
Description
92
92
100
Subject
92
92
100
*EBS, event-based surveillance; ID, identification.
†Tatafo is an internet data mining software platform developed by the University of Maryland Baltimore for Nigeria Centres for Disease Control and
Prevention’s event-based surveillance system.

60 (43%) from Tatafo, 2 (1%) from manual searches,
and 15 (11%) had no source recorded.
Among escalated signals, EBS team logs recorded 72 (52%) for which an investigation or follow
up was begun and the SSO took steps to verify the
signal, but only 4 (6%) were recorded in equivalent
SSO records. Among 72 recorded escalated signals,
63 (46%) were recorded as verified events in EBS
team logs. The ratio of signals:verified events was
693:1 (Figure 2). Of 138 signals escalated, 66 (48%)
had a record of prioritization being performed before escalation so that a record indicated that the
original raw signal was triaged and logged appropriate for escalation.

Simplicity

In semistructured interviews, all 3 users of the Tatafo
web platform agreed that the user interface was easy
to navigate, data could be exported easily, and the
system was reliable. However, only 2/3 users agreed
that the process to prioritize raw signals for escalation
was clear.
Semistructured interviews of all 4 Connect Centre staff found the system was easy or very easy to
use for completing routine tasks, such as logging
calls, updating records, and assigning priority levels
to signals. Interviewees also indicated that it was easy
to identify which senior staff members should be sent
escalated signals.

Table 3. Number of signals detected Tatafo for top infectious disease topics, November 1, 2016–June 30, 2018*
Top infectious disease topics
Date raw
signal
Lassa
HIV/
Meningitis,
Monkey
Yellow
detected
fever
AIDS
CSM
Ebola Cholera
Polio
Malaria
pox
fever
TB
2016
Nov
6
269
4
118
33
206
166
0
3
20
Dec
83
727
1
51
17
63
42
0
2
3
2017
Jan
206
54
3
56
1
368
39
0
6
10
Feb
479
440
6
42
7
79
91
0
7
7
Mar
749
279
832
148
102
319
83
0
12
167
Apr
255
385
5,116
113
44
101
372
0
9
40
May
374
270
1,035
1,768
76
93
210
0
11
6
Jun
266
469
384
106
154
167
112
0
9
37
Jul
215
470
89
81
215
116
199
0
14
59
Aug
1,308
269
48
208
116
138
241
0
10
26
Sep
254
266
33
152
2,100
95
166
4
209
37
Oct
130
300
38
268
231
399
157
3,034
357
59
Nov
36
524
18
116
102
126
331
316
42
85
Dec
23
1,267
43
114
210
100
186
123
400
47
2018
Jan
1,494
335
49
150
92
371
115
25
615
15
Feb
2,008
363
67
190
41
105
186
19
152
38
Mar
2,812
442
91
350
139
231
212
11
104
204
Apr
1,216
476
48
158
244
302
1,072
33
215
45
May
407
585
30
2,777
676
172
456
20
40
39
Jun
108
489
55
264
531
195
176
35
66
63

Other

Total

496
170

1,321
1,159

437
184
200
288
178
256
389
262
470
1,408
716
485

1,180
1,342
2,891
6,723
4,021
1,960
1,847
2,626
3,786
6,381
2,412
2,998

379
436
742
554
705
793

3,640
3,605
5,338
4,363
5,907
2,775

*Tatafo is an internet data mining software platform developed by the University of Maryland Baltimore for Nigeria Centres for Disease Control and
Prevention’s event-based surveillance system. CSM, cerebrospinal meningitis; TB, tuberculosis.
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Figure 2. Logged recording
of signals from detection to
verification in event-based
surveillance system, Nigeria,
September 1, 2017–June
30, 2018. *Record of signal
being prioritized and logged as
appropriate for escalation. †For
8 additional records, it was not
possible to link back to original
raw signals.

Acceptability

Interviews with EBS staff working with Tatafo and or in
the Connect Centre indicated a high level of satisfaction
with the systems. Tatafo was viewed by staff to be an effective system and that it detected appropriate signals of
interest. Primary EBS staff were satisfied with their roles
and procedures for escalation to senior staff. However,
EBS staff reported that they did not consistently receive
feedback on appropriateness of escalation, progress of
investigation, or outcome of escalated signals.
User satisfaction with the outputs of EBS varied
according to job role. A high level of satisfaction was
expressed by interviewees for the signal escalation
email notifications, which were critical for action.
However, several interviewees considered that notifications, although vital, were often unstructured and
lacked targeting to ensure action.

Staff considered manual searches time-consuming and resource intensive. Senior staff expressed
concern that the time spent on manual searches potentially wasted limited resources. EBS staff reported
intermittent internet connectivity to Tatafo, and they
typically lost connection once daily for <1 hour. To
avoid missing signals due to intermittent connectivity, staff reported spending extra time at the office to
undertake manual searches outside work hours.
Timeliness

Delays between detection of a raw signal and logging
in Tatafo were few because the process was automated; most delays in raw signal detection could be
attributed to network connectivity issues. Similarly,
no delays were found between the receipt of a call by
the Connect Centre and logging because phone lines
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were directly linked to SugarCRM. However, time
of receipt of WhatsApp or text messages were not
logged. Similarly, the time interval between performing a manual search and logging data could not be
established due to lack of recording.
Among 79 records from which an escalated signal
could be linked back to its raw signal, the median time
from signal detection to escalation was 1 day (range
0–5 days) and we did not observe any date conflicts.
The longest interval between signal detection and escalation observed was in February 2018 during the
peak of a national Lassa fever outbreak, during which
we also observed a large increase in escalated signals.
Usefulness

Several themes on the usefulness of the EBS emerged
from interviews. Although EBS was viewed to be
valuable in detecting outbreaks, users noted that a
lack of recording limited oversight and assurance of
action (Table 4).
Discussion
Our findings indicate that the NCDC EBS system
detected events of public health concern and appropriately triggered public health investigation. Interviewees considered the EBS system useful for disease surveillance, particularly given limitations in
Table 4. Assessments of national event-based surveillance
system in Nigeria derived from excerpts of staff interviews*
Assessment
Staff quote (staff role)
EBS system enabled early
A lot of outbreaks across Nigeria
detection of outbreaks and
are underreported. For example,
largely met its objectives for
if you are reported of five cases
providing information to
of a certain disease happening in
enable prompt identification
one area, it is likely that there are
of appropriate signals for
actually a lot more cases in the
verification and public health
community. The other issue is
action
that some health facilities do not
report routine data. EBS helps fill
that gap. (Data manager)
Underdetection of events in
Language translation in Nigeria is
areas where English was not
an issue. There are three main
the main spoken language
languages that are competing
with English. There is a large
population that know how to
speak and write in Hausa but
cannot read or understand
English. (Director)
Suboptimal recording limited
We need something better to
effective oversight
record what happens. When
something is escalated… there
needs to be an electronic record
of it where I can view it and see
what it is concerning and whether
it has been followed up and what
the action taken was. (Deputy
director)
*EBS, event-based surveillance.
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routine integrated disease surveillance and response
reporting in Nigeria. Interviewees reported that several large outbreaks were detected earlier or exclusively by EBS, primarily by Tatafo, including early
detection of a large monkeypox outbreak that would
not have been subject to routine surveillance. However, comparison of EBS with integrated disease surveillance and response is not practical due to lack of
detailed recording of outbreaks investigated in relation to either source.
The EBS system detected signals from a range
of sources, particularly from Twitter (https://www.
twitter.com) and news media websites. The large
number of signals verified by routine reporting and
coincident surges in signals during known national
outbreaks suggests the system was sensitive, however our study did not formally assess this. Of note,
print newspapers, radio, and television were outside
the reach of the Tatafo and the reliance of our study
on internet-based media introduced some bias toward urban areas. Further, Nigeria has >520 different
spoken languages; limitation to English, the official
language of Nigeria spoken by ≈53% of the population, also introduced a selection bias (15). The fact
that no signals were detected in 2 states, Akwa Ibom
and Cross River, likely indicates a problem in the geographical search configurations in Tatafo. Sensitivity
and timeliness of detection were therefore limited
given some events would not have been detected or
subject to delay until signals were in English. However, language restrictions are not unique to Nigeria’s
EBS system (16).
Of note, no standard operating procedures (SOPs)
were available, but staff appeared to have a firm understanding of data flow and communications. EBS
staff had limited feedback on progress and outcomes
of suspected events, verifications, and investigations,
which hindered their awareness of the response. Further, prioritization of raw signals was not performed
consistently, and signals often were escalated without
evidence of prioritization.
During out study, only a small number of escalated signals were recorded as investigated or verified. Although our observations suggest that most
escalated signals were investigated, recording was
suboptimal, likely due to resource constraints and
lack of SOPs. Lack of recording had implications for
providing assurance of response and ensuring oversight. Suboptimal recording also limited our ability to
link escalated signals to their raw signals and likely
underestimated EBS related activity.
Outputs were valued by senior staff, although
they considered that outputs could be better targeted
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to relevant persons to inform public health action. A
centrally maintained directory of key staff and their
disease focal points was not available to EBS staff, but
a directory could have made messaging to appropriate responders more efficient.
Although interviewees indicated that several major outbreaks were detected earlier than would have
been evident via routine indicator surveillance, if detected at all, we could not quantify this information
by using the Salzburg standards (17). Time between
signal detection and escalation was short, but the lack
of consistent recording prevented us from estimating the time to investigation, verification, and public
health intervention or action. Timeliness decreased
during major outbreaks, presumably a consequence
of limited resources and resource diversion from EBS
to outbreak response activities. Manual searches were
time consuming, resource intensive, and they yielded
limited data, with only 2 signals from manual searches recorded as being escalated during the 20-month
study period.
Our evaluation draws on the strengths of a
mixed-methods approach to evaluate a complex
surveillance system and permitted triangulation of
findings. Our evaluation was subject to several limitations. The context and available data and records
posed challenges in conducting a robust evaluation.
For example, inclusion of a relatively small number of
users introduced greater subjectivity than might have
been desirable. Reporting bias is possible because
staff might have avoided expressing critical opinions
or might have modified aspects of their behavior in
response to being observed. Although interviewees
were selected purposely, a small number of senior
staff were unable to be interviewed; thus, an element
of selection bias could be present because of an over
representation of surveillance staff. We were unable
to assess the sensitivity or validity of signals because
we could not establish which signals were missed by
the system. Additionally, the lack of recording and
volume of signals also made it difficult to determine
which signals should have been investigated and required public health action. Some signals requiring
investigation likely were not identified by the EBS
surveillance system.

been detected or for which response might have been
delayed. However, the extent to which investigation and response improved was difficult to establish in view of limitations in recording. EBS tasks,
such as prioritization, were not performed consistently and a lack of recording hindered oversight
in ensuring appropriate public health action occurred. The lack of documented SOPs potentially
compromised quality and consistency of practice.
Furthermore, our evaluation found that routine
outputs could have been more optimally targeted
to ensure action and we identified several potential
inefficiencies, such as the lack of a centralized list of
disease focal points.
While a valued asset, implementation and maintenance of the NCDC EBS system required funding
and investments in resources, including software systems, staff, training materials. At the time of our evaluation the EBS was supported by funds from UMB
and financial and personnel investments should be
relevant considerations for other countries looking to
adopt national EBS.
To optimize the EBS system in Nigeria, we recommended implementation of SOPs, centralized
event and response logging, targeted outputs, and
continuous quality improvement processes. In addition, Tatafo should be enhanced to include non-English languages. We recommend public health organizations with surveillance needs similar to those in
Nigeria use our evaluation to inform implementation
of national EBS systems.

Conclusions
Our evaluation found the NCDC EBS system to be
effective in detecting relevant signals and users
deemed it a valued asset for national surveillance.
According to its users and NCDC leadership, the EBS
system helped trigger public health action to address
events of concern that otherwise might not have
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Clinical Features and Comparison
of Kingella and Non-Kingella
Endocarditis in Children, Israel
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Kingella spp. have emerged as an important cause of
invasive pediatric diseases. Data on Kingella infective
endocarditis (KIE) in children are scarce. We compared
the clinical features of pediatric KIE cases with those of
Streptococcus species IE (StIE) and Staphylococcus aureus IE (SaIE). A total of 60 patients were included in the
study. Throughout the study period, a rise in incidence
of KIE was noted. KIE patients were significantly younger than those with StIE and SaIE, were predominately
boys, and had higher temperature at admission, history
of oral aphthae before IE diagnosis, and higher lymphocyte count (p<0.05). Pediatric KIE exhibits unique features compared with StIE and SaIE. Therefore, in young
healthy children <36 months of age, especially boys, with
or without a congenital heart defect, with a recent history
of oral aphthae, and experiencing signs and symptoms
compatible with endocarditis, Kingella should be suspected as the causative pathogen.

I

nfective endocarditis (IE) is a rare but potentially
life-threatening disease in children and has an incidence of 0.8–3.3 cases/1,000 pediatric hospital admissions (1). Although early reports described IE
exclusively in children whose hearts were structurally abnormal because of congenital heart disease or
acquired rheumatic heart disease, this infection has
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more recently been reported in diverse groups of patients. In addition to children with congenital heart
disease, other groups of children have emerged as being at high risk for IE, including children born prematurely; those with noncardiac congenital malformations, genetic syndromes, and malignancies; and, in
particular, children with central venous catheters and
those who have been treated by invasive procedures
or intravenous medications (1–3).
The most common IE pathogens in children are
gram-positive cocci, especially the α-hemolytic viridans group streptococci (e.g., Streptococcus sanguis,
S. mitis group, and S. mutans), staphylococci, and enterococci. In patients with IE who are >1 year of age,
the viridans group streptococci are the most commonly isolated organisms. Staphylococcus aureus is the
second most common cause of IE in children but the
most common cause of acute bacterial endocarditis
(2). The HACEK group (Haemophilus parainfluenzae,
H. aphrophilus, H. paraphrophilus, Aggregatibacter actinomycetemcomitans, Cardiobacterium hominis, Eikenella
spp., and Kingella kingae) is a rare cause of IE, accounting for ≈1.4% of all cases of endocarditis (2,4).
Kingella spp. are carried asymptomatically in
the oropharynx and disseminate through close interpersonal contact. These gram-negative bacteria
(especially K. kingae) are commonly the etiology of
pediatric bacteremia and the leading cause of osteomyelitis and septic arthritis in children 6–36 months
of age (5). Invasive K. kingae disease usually affects
previously healthy children <4 years of age, whereas
older children and adults frequently have predisposing conditions (6).
Kingella IE (KIE) is estimated to account for 0%–
6% of all IE cases in the general population (7–10).
Similar numbers have been described in the pediatric population in a few published reports. Kingella
1
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appears to cause an even higher number of endocardial infections in children and was the etiologic
agent of 4 (7.8%) of 51 episodes in a tertiary-care
pediatric hospital in Israel (3) and of 6 (7.1%) of 85
cases among New Zealand children (11). However,
lower rates of KIE have also been reported; a recent
study of 53 cases of IE in Belgium described no cases of KIE (12). Serious cardiovascular and central
nervous system complications and a need for emergent cardiac surgery for life-threatening complications that do not respond to conservative medical
treatment have been described in the pediatric population (13). Kingella spp. as a causative pathogen
of endocarditis has been poorly studied, and the
number of studies regarding the pediatric population is limited (3,11,14–20). Therefore, we examined
the characteristics of pediatric KIE case-patients to
compare these cases with IE cases caused by other
common pathogens.
Methods
We retrospectively reviewed all files of children with
IE admitted to Schneider Children’s Medical Center
of Israel (Petach-Tikva, Israel) during 1994–2019. We
included children <18 years of age with history and
physical findings consistent with possible or definite
diagnosis of IE according to the Duke criteria (21).
Culture-negative IE cases were excluded because
some might represent undiagnosed KIE. We also excluded cases of endocarditis that were attributed to
coagulase-negative staphylococci species and other
rare enteric gram-negative bacteria, because these
consist of only nosocomial cases or IE cases associated with foreign bodies or intravenous catheters,
which are epidemiologically distinct from the general
IE pediatric population. A pediatric cardiologist and
a pediatric infectious diseases specialist reviewed all
files. Cases were divided into 2 groups on the basis of
bacterial etiology: KIE (K. kingae and K. dentrificans)
and non-Kingella IE (non-KIE, including Streptococcus
species and S. aureus).
Each isolate was identified by using the VITEK
2 system (bioMérieux, https://www.biomerieux.
com) or MALDI Biotyper System (Bruker, https://
www.bruker.com), in accordance with the manufacturers’ instructions for bacteria identification.
Antimicrobial-susceptibility profiles of the isolates
were determined by the disk diffusion method (Oxoid, http://www.oxoid.com), Etest (bioMérieux),
or VITEK 2 as needed and interpreted based on the
Clinical and Laboratory Standards Institute criteria
for other non-Enterobacteriaceae (22). Data retrieved
from patients’ charts included demographics, past
704

medical history, clinical manifestations, laboratory
findings, imaging studies, treatment, and outcome.
The characteristics of KIE were compared with characteristics of Streptococcus species IE (StIE) and S. aureus IE (SaIE). The study was approved by the local
institutional review board.
Statistical Analysis

To compare baseline correlates between case categories, we employed a χ2 test for categorical variables,
analysis of variance test for parametric continuous
data, and Kruskal–Wallis test for nonparametric continuous data. We calculated p values for the post hoc
comparison with Bonferroni correction for the number of comparisons. Statistical analyses were performed by using SPSS Statistics 23.0 software (IBM,
https://www.ibm.com) and the tableone package
(23) in R version 3.6.1 (R Foundation for Statistical
Computing, https://www.r-project.org).
Results
Study Population

During the study period, IE was diagnosed in 114
admitted patients, yielding an incidence rate of 1.4
cases/1,000 admissions. A total of 60 patients with IE
caused by Kingella species, Streptococcus species, or S.
aureus were included in this study. In 19 patients (14%
of total IE admissions), the causative pathogen was
Kingella species (K. kingae [n = 18] and K. dentrificans
[n = 1]); in 25 patients (19%), the causative pathogen
was Streptococcus species (S. viridans [n = 17], S. pneumoniae [n = 6], and S. pyogenes [n = 2]); and in 16 patients (12%), the causative pathogen was S. aureus.
Baseline Characteristics

The baseline characteristics of study participants with
KIE and non-KIE are detailed in Table 1. Patients with
KIE were significantly younger than those with nonKIE (16 + SD 10.29 months vs. 91 + SD 74.11 months;
p<0.001). Although the difference was not statistically significant, congenital heart disease was previously
diagnosed in fewer patients with KIE than in patients
with non-KIE (53% vs. 78%; p = 0.09). Based on queries regarding a previous heart murmur, far fewer
patients with KIE had a history of a known murmur
than those with non-KIE (37% vs. 71%; p = 0.027). All
KIE cases were community-acquired. No statistically significant differences were observed in previous
noncardiac disease and previous interventions (surgery, cardiac catheterization, and dental procedures)
between the groups. Median time (weeks) between
prior cardiac catheterization to infection was shorter
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Table 1. Comparison of baseline demographics and characteristics of pediatric infective endocarditis case-patients by causative
pathogen, Israel, 1994–2019*
Characteristic
Kingella, n = 19 (32%)
Non-Kingella, n = 41 (68%)
p value
Age, mo, mean (SD)
16 (+ 10.29)
91.4 (+ 74.11)
<0.001
Sex
F
6 (32)
25 (61)
0.065
M
13 (68)
16 (39)
Congenital heart disease
10 (52)
32 (78.0)
0.09
Known heart murmur
7 (37)
29 (71)
0.027
Recent dental procedure†
0 (0)
6 (15)
0.195
Long-term CVL
0 (0)
5 (12)
0.277
Recent catheterization†
4 (21)
6 (15)
0.804
Time from catheterization to infection, wk
14.50 (10–23)‡
6.00 (2.9–14)‡
0.24
Community-acquired infection
19 (100)
33 (80)
0.097
*Values are no. (%) except as indicated. CVL, central venous line.
†Recent catheterization or dental procedures defined as <6 mo before diagnosis of infective endocarditis.
‡Median (interquartile range).

for the non-KIE group than the KIE group but was
not statistically significant.
Clinical, Laboratory, and Imaging Characteristics

We compiled the clinical, laboratory, and imaging
characteristics of case-patients with KIE compared
with non-KIE case-patients (Table 2). Patients with
KIE had significantly higher fever when first examined (40°C [range 39.45°C–40°C] vs. 39°C [range
38.6°C–39.8°C]; p = 0.003). No difference was observed
in duration of febrile disease before admission. Hepatosplenomegaly was more common among non-KIE
patients. Approximately a quarter of KIE patients reported previous oral aphthae, significantly more than
those in the non-HIE group (5 patients vs. 0 patients;
p = 0.003). No additional differences in clinical findings were noted.
The leukocyte count at admission differed significantly in lymphocyte counts: 4.27 K cells/mL (3.04)
among KIE case-patients vs. 2.21 K cells/mL (1.81) in
non-KIE case-patients (p = 0.002). Study groups approached significance (p = 0.055) in neutrophil–lymphocyte ratio; patients with KIE had the lowest ratio
(4.7), whereas non-KIE patients had a higher ratio
(10.7). No differences were observed in other parameters of the complete blood count or the level of inflammatory markers between the 2 groups. The number of
positive cultures differed significantly between the 2
groups; most patients with KIE had 1–2 positive blood
cultures, and none had >4 positive cultures, compared
with an average of 4 in the non-KIE group (p<0.001).
Days to blood-culture sterilization were fewer in the
KIE group (2 days [2–3] vs. 3 days [2–5]; p = 0.017). The
chest radiography or echocardiography findings did
not exhibit differential features between the 2 groups.
Duke criteria findings are listed in Table 2. Only
37% of those patients with KIE versus 98% in the nonKIE group (p<0.001) fulfilled the Duke major clinical
criterion blood culture component. However, blood-

culture positivity as a minor clinical criterion was far
more prevalent in the KIE group than the non-KIE
group (11 patients [58] vs. 1 patient [2]; p<0.001).
A post hoc comparison of the 3 pathogen groups
(Table 3) showed that KIE differed significantly from
the StIE group in a few parameters. Previous diagnosis of a heart murmur (p = 0.027) and hepatosplenomegaly (p<0.001) were less prevalent in patients
with KIE. The absolute leukocyte count was significantly higher in the KIE group than in the StIE group
(p<0.005). KIE was significantly more likely to be
community-acquired than SaIE (p<0.012). Absolute
neutrophil count was significantly lower in the KIE
group than the SaIE group (p<0.001).
Outcome

Complications and mortality rates are shown in Table
4. No statistically significant differences were found
between case-patients with KIE and those with nonKIE. Urgent surgery <10 days after admission was
more common in the KIE group but did not reach
statistical significance. No deaths occurred in the KIE
group, whereas the non-KIE group had an intrahospitalization death rate of 17%.
Discussion
In this study we described the distinct features of pediatric KIE in a large cohort. We found that pediatric
patients with KIE have similar characteristics, enabling the suspicion of Kingella as a causative pathogen when patients seek care. KIE is community-acquired and occurs in children (mean age 16 months)
who are experiencing hyperpyrexia and have no history of previous structural heart disease. A quarter of
patients in this study had a history of oral aphthae.
This finding is consistent with previous studies indicating that Kingella are often carried in the oropharynx of toddlers and that oral aphthae are the port of
entry resulting in bacteremia (5,6).
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Relative lymphocytosis was found to be significantly more prevalent in the KIE group than the nonKIE group (4.27 K leukocytes/mL vs. 2.21 K leukocytes/mL). This finding is probably because of the
younger age of KIE case-patients. Children with KIE
had fewer positive blood cultures and shorter duration of positive cultures. When examining the Duke
criteria, we found that a minority of KIE case-patients
fulfilled microbiologic major criteria compared with
non-KIE case-patients. Because the infection was
community-acquired in all patients with KIE and
only about half had structural heart disease, in most
cases only 1 culture was drawn, probably because of
the low level of suspicion. This practice might explain
why culture positivity as a minor criterion was far
more prevalent in the KIE group than the non-KIE
group (57.9% vs. 2.4%). We can therefore assume that,

in most cases of KIE, the diagnosis was not clear at
admission and that non-KIE pathogens require prolonged antimicrobial regimens for eradication.
A previous study in Israel suggests that the proportion of pediatric KIE cases in Israel is rising, from
4.2% of total IE cases during 1980–1991 to 14% during 1994–2019 (24), consistent with the findings in
our study. This high proportion of KIE has not been
described previously in other countries (15,25). A
probable explanation is the improved detection of
this fastidious bacterium, combined with the tertiary
nature of our medical center. In addition, a higher
prevalence of Kingella infection in Israel is a plausible
explanation (5,6).
Data characterizing the course of disease and
fatal outcomes were not very helpful in differentiating between the groups, apart from deaths noted

Table 2. Comparison of clinical, laboratory, and imaging characteristics of pediatric infective endocarditis case-patients by causative
pathogen, Israel, 1994–2019*
Characteristic
Kingella, n = 19 (32%)
Non-Kingella, n = 41 (68%)
p value
Temperature, °C, median (IQR)
40 (39.45–40)
39 (38.6–39.8)
0.003
Fever duration before admission, d, median (IQR)
7 (4.50–14)
6 (3–14)
0.43
Hepatosplenomegaly
4 (21)
24 (58)
0.015
Oral aphthae
5 (26)
0 (0)
0.003
Ocular findings
1 (5)
8 (19)
0.294
Systemic emboli
7 (37)
14 (34)
1
Pulmonary emboli
0 (0.0)
2 (5)
0.837
Seizures
3 (16)
6 (15)
1
New onset murmur
7 (37)
10 (24)
0.492
Conduction disturbance
1 (5)
2 (5)
1
Microhematuria
5 (26)
23 (56)
0.061
Leukocyte count K/mL, mean (SD)
20.87 (+ 12.39)
16.39 (+ 9.58)
0.131
Neutrophils K/mL, mean (SD)
12.98 (+ 8.49)
12.43 (+ 8.67)
0.821
Lymphocytes K/mL, mean (SD)
4.27 (+ 3.04)
2.21 (+ 1.81)
0.002
NLR, mean (SD)
4.7 (6.71)
10.7 (11.3)
0.055
Hemoglobin, mean (SD)
10.00 (+ 1.36)
10.39 (+ 2.27)
0.489
Platelets (100 K/mL), mean (SD)
220.16 (+ 203.30)
243.85 (+ 178.53)
0.649
C-reactive protein, mean (SD)
12.56 (+ 6.79)
12.49 (+ 10.75)
0.979
ESR, mean (SD)
65.92 (+ 38.86)
64.19 (+ 34.34)
0.89
No. positive blood cultures, median (IQR)
1 (1–2)
4 (3–5)
<0.001†
Time to eradication, d, median (IQR)
2 (2–3)
3 (2–5)
0.017
Echocardiography
Mural thrombus
1 (5)
2 (5)
1
Reduced ventricular function
4 (21)
11 (27)
0.873
Vegetation
12 (63)
20 (49)
0.447
Left-sided involvement‡
12 (80)
15 (65)
0.297
Major Duke criteria
Culture
7 (37)
40 (98)
<0.001
Echocardiography
16 (84)
23 (56)
0.067
Minor Duke criteria
Fever
19 (100)
39 (95)
0.837
Congenital heart disease
10 (52)
31 (76)
0.138
Vascular
8 (42)
14 (34)
0.759
Immunologic
0 (0)
9 (22)
0.068
Blood culture
11 (58)
1 (2)
<0.001
Summary
Definite
14 (74)
30 (73)
0.768
Possible
5 (23)
11 (27)
0.768
*Values are no. (%) except as indicated. All laboratory results are at admission apart from temperature, which we recorded as the highest in the 24 h
before admission. ESR, erythrocyte sedimentation rate; IQR, interquartile range; NLR, neutrophil–lymphocyte ratio.
†By Mann–Whitney test.
‡Percentage of left-sided involvement in patients with echocardiographic findings.
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Table 3. Comparison of the characteristics of case-patients with infective endocarditis by specific causative pathogen, Israel, 1994–
2019*
Kingella species, n =
Streptococcus
Staphylococcus aureus
Characteristic
19
species, n = 25
species, n = 16
p value
Age, mo, mean (SD)
16 (+ 10.29)
106.3 (+ 70.43)
68 (+ 75.89)
<0.001†
Sex
F
6 (32)
15 (60)
10 (62)
0.104
M
13 (68)
10 (40)
6 (38)
Congenital heart disease
10 (52)
21 (84)
11 (69)
0.079
Known murmur
7 (37)
19 (76)
10 (62.5)
0.031‡
Recent surgery
3 (16)
2 (8)
6 (37)
0.055
Recent dental procedure
0
5 (20)
1 (6.2)
0.077
Community-acquired infection
19 (100.0)
23 (92.0)
10 (62.5)
0.003§
Temperature, °C, median (IQR)
40 (39.45–40)
39 (39–39.6)
39 (38.4–40)
0.013†
Fever duration, d, median (IQR)
7 (4.5–14)
7 (2–21)
5 (3–7)
0.514
Hepatosplenomegaly
4 (21)
15 (60)
9 (56)
0.025‡
Oral aphthae
5 (26)
0
0
0.002†
Musculoskeletal infection
2 (11.8)
0
0
0.111
Microhematuria
5 (26.3)
13 (52.0)
10 (62.5)
0.08
Leukocyte count, K/mL, mean (SD)
20.87 (+ 12.39)
12.68 (+ 4.77)
22.18 (+ 12.23)
0.005‡
Neutrophils, K/mL, mean (SD)
12.98 (+ 8.49)
9.34 (+ 4.30)
17.27 (+ 11.41)
0.012§
Lymphocytes, K/mL, mean (SD)
4.27 (+ 3.04)
2.09 (+ 1.36)
2.40 (+ 2.38)
0.007†
NLR, mean (SD)
4.7 (6.7)
7.8 (10.4)
15.2 (11.5)
0.01‡
C-reactive protein, mean (SD)
12.56 (+ 6.79)
10.67 (+ 10.21)
15.23 (+ 11.33)
0.385
Reduced ventricular function
4 (21)
4 (16)
7 (44)
0.12
Central nervous system involvement
4 (21)
5 (21)
3 (19)
0.983
Death
0
3 (12.5)
3 (25)
0.074
Culture positivity as major Duke criteria
7 (37)
24 (96)
16 (100)
<0.001†
Echocardiography as major Duke criteria
16 (84)
13 (52)
10 (62)
0.083
Immunologic involvement as minor Duke criteria
0
5 (20)
4 (25)
0.078
Culture as minor Duke criteria
11 (58)
1 (4)
0
<0.001†
Vegetation
10 (53)
6 (24)
8 (50)
0.1
*Values are no. (%) except as indicated. Bold indicates statistical significance (p<.05). IE, infective endocarditis; NLR, neutrophil–lymphocyte ratio.
†Denotes statistical significance between Kingella IE and both Streptococcus IE and Staphylococcus aureus IE.
‡Denotes statistical significance between Kingella IE and Streptococcus IE.
§Denotes statistical significance between Kingella IE and Staphylococcus aureus IE.

only in the non-KIE cohort, which probably signify
that most KIE case-patients were healthier before
contracting IE. We discovered some similarities between the KIE group and the SaIE subgroup; however, larger numbers are needed to draw significant
conclusions. The similar trends observed in these
groups emphasize the high risk for major complications in KIE as observed in previous studies (16,26).
For reasons unknown, KIE causes devastating damage to the valve tissue in some cases but not others.
This range of severity is probably explained by the
different Kingella strains, which cause varying clinical syndromes (27). Unfortunately, K. kingae isolates
of the patients in our study were not kept in our

laboratory for further genotyping. A recent study
postulated that a certain major virulence factor of K.
kingae RtxA, a toxin that belongs to the RTX (repeats
in toxin) group of secreted pore-forming toxins, is
found in some K. kingae strains and causes cellular
death by pore formation (28). Of note, S. aureus–
derived α-toxin, a pore-forming exotoxin, has also
been implicated as a major cause of cardiac tissue
damage in SaIE (29).
The limitations of our study include its retrospective data gathering and the relatively small cohort.
We did not include cases of IE caused by coagulasenegative staphylococci and enteric gram-negative
bacteria in the study. These pathogens cause only

Table 4. Complications and mortality rates among pediatric infective endocarditis case-patients, Israel, 1994–2019*
No. (%)
Complication
Kingella IE
Non-Kingella IE
Surgical intervention
8 (42)
15 (37)
Urgent surgical intervention†
4 (8)
4 (15)
Congestive heart failure
7 (37)
7 (17)
Valvular impairment
11 (58)
15 (37)
Central nervous system involvement
4 (21)
8 (20)
Intrahospital death
0 (0)
6 (17)
*IE, infective endocarditis.
†<10 days after diagnosis.
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0.958
0.07
0.192
0.233
1
0.131
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nosocomial and foreign body–associated endocarditis and occur in a distinct hospital-associated
population. Including those bacteria would have biased this study by further emphasizing Kingella as a
community-acquired cause of IE. We also excluded
culture-negative cases of endocarditis because these
could have included partially treated cases of Kingella endocarditis. An additional limitation is a selection bias of the population because our medical
center is a tertiary-care center. Therefore, patients
in whom endocarditis is diagnosed, patients with
congenital heart disease, and patients with serious
complications are referred to our center from other
hospitals. Conversely, this bias is preserved in all 3
groups because most pediatric patients with IE are
referred to a tertiary-care center.
In conclusion, this study shows that pediatric KIE
has typical features compared with StIE and SaIE.
Clinical cases of high fever in young healthy children
(<36 months of age), especially boys, with or without
congenital heart defects and with a recent history of
oral aphthae should raise the suspicion for KIE.
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Use of US Public Health Travel
Restrictions during COVID-19
Outbreak on Diamond Princess
Ship, Japan, February–April 2020
Alexandra M. Medley, Barbara J. Marston, Mitsuru Toda, Miwako Kobayashi, Michelle Weinberg,
Leah F. Moriarty, M. Robynne Jungerman, Amethyst Clare A. Surpris, Barbara Knust, Anna M. Acosta,
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Public health travel restrictions (PHTR) are crucial measures during communicable disease outbreaks to prevent
transmission during commercial airline travel and mitigate cross-border importation and spread. We evaluated
PHTR implementation for US citizens on the Diamond
Princess during its coronavirus disease (COVID-19) outbreak in Japan in February 2020 to explore how PHTR
reduced importation of COVID-19 to the United States
during the early phase of disease containment. Using
PHTR required substantial collaboration among the US
Centers for Disease Control and Prevention, other US
government agencies, the cruise line, and public health
authorities in Japan. Original US PHTR removal criteria
were modified to reflect international testing protocols
and enable removal of PHTR for persons who recovered
from illness. The impact of PHTR on epidemic trajectory
depends on the risk for transmission during travel and
geographic spread of disease. Lessons learned from the
Diamond Princess outbreak provide critical information
for future PHTR use.

P

ublic health travel restrictions (PHTR) have been
used by the United States to reduce the likelihood
of transmission of selected communicable diseases
aboard aircraft (1). US federal mechanisms used to
implement PHTR include the public health Do Not
Board (DNB) list and the Public Health Border Lookout (PHLO) record (2,3). The DNB, established in
2007, prevents travelers who are contagious or potentially contagious with a communicable disease
of public health concern from obtaining a boarding
pass for any commercial flight within, to, or from the
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United States (2–4). The PHLO alerts Customs and
Border Protection officials to notify the Centers for
Disease Control and Prevention (CDC) when a person on PHTR attempts to enter the United States by
any port of entry so public health action can be taken,
if needed (2). The public health aspects are managed
by CDC and implemented under the legal authority
of the Department of Homeland Security (DHS) (2).
State or local health departments, other federal agencies, or international partners may initiate PHTR requests by contacting CDC (4).
Certain criteria must be met before implementing
PHTR (2). Primarily, the person must be known or
believed to be infectious with, or at risk for becoming
infectious with, a serious communicable disease that
poses a public health threat to others during travel.
If not, then >1 of the additional criteria must be met:
the person is unaware of his or her diagnosis and
cannot be notified by public health authorities, is not
following public health recommendations, cannot be
located, or is likely to travel on a commercial flight
or travel internationally by any means; or PHTR are
needed to respond to a public health outbreak or to
help enforce a public health order. PHTR are removed
when the person is no longer considered infectious or
at risk for becoming infectious (2).
The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection on the
Diamond Princess cruise ship in Japan in February
2020 was the earliest large-scale use of US PHTR
applied to a cohort on the basis of a common exposure. A total of 111 individual PHTR were placed in
Authors make up the Centers for Disease Control and Prevention
COVID-19 Response Team.
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1 day, compared with 556 during the 10-year period
2007–2016 (1,3). Furthermore, placement of the largest single cohort on US federal PHTR previously comprised 14 persons identified as having had a high-risk
exposure to Ebola virus during December 2014–April
2015 (1).
PHTR generally apply to both US citizens and foreign nationals and can be applied to persons located
within the United States or abroad (2). CDC decided
to limit use of PHTR to US citizens and residents on
the Diamond Princess on the assumption that these
persons had reason to return to the United States. In
addition, the DHS implemented and managed travel
restrictions for non–US citizens on the Diamond Princess, which are outside of the scope of this article.
The use of PHTR for US citizens and residents on the
Diamond Princess should also be differentiated from
travel restrictions imposed by the US government by
presidential proclamation under section 212(f) of the
Immigration and Nationality Act that apply to certain
immigrants or nonimmigrants (5).
Coronavirus Disease Outbreak on the Diamond Princess

On February 3, 2020, the Diamond Princess cruise
ship arrived in Yokohama, Japan, carrying 2,666 passengers and 1,045 crew (6). Two days earlier, 1 symptomatic passenger who departed the ship in Hong
Kong had tested positive for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the causative
agent of coronavirus disease (COVID-19). By February 5, additional passengers on the cruise ship tested
positive for the virus; Japanese authorities instituted
a 14-day onboard quarantine for all passengers. Effective quarantine of the crew was challenged by communal living quarters, few single-occupancy rooms
for isolation, and the need for crew to continue performing essential duties (7). Passengers and crew
testing positive for SARS-CoV-2 were transferred to
hospital isolation wards, along with some of their
family members who had not been tested or had tested negative. During Japan’s 14-day quarantine, public health authorities relocated passengers >80 years
of age or with underlying conditions, along with passengers residing in windowless cabins, to land-based
quarantine facilities (7).
Preliminary data suggested that although most
transmission occurred before quarantine implementation, there was residual risk for transmission among
crew members and among passengers sharing cabins
(8,9). By February 18, Japan reported 531 confirmed
cases (65 crew, 466 passengers) on the Diamond Princess, representing 14% of those on board; additional
test results were pending. Concurrently, positive tests

among passengers were declining, but positive cases
were increasing among the crew (7). The overall infection rate on the Diamond Princess (19.2% of passengers and crew) exceeded the reported infection
rate (110/100,000 population) in Hubei Province, and
viral exposure risk was considered high for Diamond
Princess passengers and crew (6;10–14). At that time,
the United States had reported 15 confirmed cases of
COVID-19 in 7 states, all imported or travel related,
and travelers from Hubei Province were subject to
mandatory quarantine (15). CDC decided that US citizens and residents on the Diamond Princess should
not travel to the United States by commercial carrier
until those testing positive for SARS-CoV-2 were no
longer infectious and those never testing positive
were no longer at risk of becoming infectious (16).
In light of the apparent continuing spread of COVID-19 aboard the ship during the quarantine, and
to prioritize US citizen welfare and safety, the US
government offered a large-scale voluntary repatriation involving controlled movement of US citizens,
permanent residents, and their partners from the Diamond Princess to the United States and encouraged
all eligible to participate. A total of 329 persons disembarked the ship on February 16, evacuating by 2
chartered aircraft configured to prevent and control
transmission on board. Except for 1 individual who
recovered from COVID-19 in Japan, persons were
placed in federally supervised mandatory quarantine
by the US government for 14 days after arrival in the
United States (6,17).
PHTR for US Citizens from Diamond Princess in Japan

To prevent commercial travel to the United States
by infectious persons, CDC placed all US citizens
and residents remaining in Japan on PHTR. Before
the repatriation, the US Embassy Tokyo, Mission Japan (USEMB Japan), informed US citizens and residents that those electing to remain in Japan would be
placed on PHTR (18). CDC rapidly established an active monitoring process to confirm that persons not
testing positive for SARS-CoV-2 remained asymptomatic and to enable PHTR removal for each person
as soon as CDC’s criteria were met. More than 100 US
citizens and residents remained in Japan. More than
half were hospitalized for medical care due to SARSCoV-2 infection or underlying health problems;
others were spouses or travel companions of hospitalized patients, crew members, or persons who declined repatriation. Operational challenges of PHTR
implementation for large cohorts during an epidemic
have not been described. To evaluate the use of PHTR
in this context and inform future use, we describe
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PHTR implementation during the Diamond Princess
COVID-19 outbreak, including successes, challenges,
and lessons learned.
Methods
Implementation and Removal of PHTR

We reconciled manifests from the US repatriation
flights and the cruise ship and worked with USEMB
Japan to identify and locate US citizens remaining in
Japan, whether in hospitals, government quarantine
facilities, or hotels; aboard the ship; or as residents of
Japan. On February 19, the ship quarantine imposed
by Japan’s authorities ended. All identified US citizens and legal permanent residents who had been on
the Diamond Princess but declined repatriation were
placed on PHTR; they were notified of the PHTR
through the USEMB Japan and cruise ship by both
email and letter.

For passengers and crew who had not tested
positive for SARS-CoV-2, CDC determined that commercial travel would be allowed after they had been
off the ship for 14 days, provided they remained asymptomatic and had not tested positive for SARSCoV-2 in the interim. To ensure these criteria were
met, CDC implemented an active monitoring system
until 14 days after the last potential exposure (i.e.,
disembarkation or close contact) (Figure 1; Appendix Figure 1, panel A, https://wwwnc.cdc.gov/EID/
article/27/3/20-3820-App1.pdf). For those who experienced symptoms during the monitoring period,
CDC and USEMB Japan facilitated medical evaluation in coordination with authorities in Japan.
For persons who tested positive for SARS-CoV-2,
criteria to remove PHTR and discontinue isolation
were based on CDC criteria in effect at the time: documentation of negative results in 2 consecutive sets of
both oropharyngeal (OP) and nasopharyngeal (NP)

Figure 1. Implementation of PHTR for Diamond Princess cruise ship passengers and crew during the coronavirus disease outbreak,
Japan, February 2020, including locations, monitoring plans, and criteria for PHTR removal for persons who tested positive for the virus
(cases) and those who did not (non-cases). CDC, US Centers for Disease Control and Prevention; COVID-19, coronavirus disease;
PHTR, public health travel restrictions; SARS-COV-2, severe acute respiratory syndrome coronavirus 2.
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specimens collected >24 hours apart; absence of fever
without the use of antipyretic medications; and improvement in other symptoms (Figure 1; Appendix
Figure 1, panel B). Hospital discharge criteria in use
in Japan at the time required either 2 NP or 2 OP specimens collected >12 hours apart. For some patients,
CDC was able to request the additional testing and
sampling timeframe needed to meet CDC’s criteria.
However, testing for SARS-CoV-2 in Japan at the time
was covered under public funding and required approval of local public health centers (19,20). Obtaining additional tests to meet CDC criteria (criteria 1;
Appendix Figure 1) was challenging for many hospitals, and CDC adopted modified criteria (criteria 2)
on February 27 that accepted Japan’s testing strategy
but added as criteria the times since first positive test
(>15 days) and second negative test result (>5 days)
and absence of a productive cough (Figure 1; Appendix Figure 1, panel C). Time-based criteria were determined from available CDC data that suggested viable
virus was rarely recovered from patients later in their
clinical course (21).
CDC coordinated with USEMB Japan and the
cruise line to provide passengers, crew, and hospitals with the criteria and procedures for removal of
PHTR (Appendix Figure 1). USEMB Japan consular
staff monitored clinical status of all hospitalized US
citizens, coordinating directly with hospitals and patients, and provided daily updates to CDC response
team, which verified when patients met the criteria
for discontinuation of PHTR and the anticipated date
of removal. Japanese health workers, in close communication with USEMB Japan, assisted CDC active
monitoring efforts for 9 passengers hospitalized for
non–COVID-19 health concerns.
Evaluation of PHTR

Using a database consolidating data from the cruise
ship, the government of Japan, USEMB Japan, and
CDC that was originally used for PHTR implementation, we described characteristics of persons subject to
PHTR: US state of residence; sex; age; crew or passenger; history of close contact with a case (e.g., infected
cabin mate); number of cabin mates; initial SARSCoV-2 test result; presence of symptoms at the time
of testing (symptomatic or asymptomatic), and disposition (entered monitoring or hospitalized). For those
with COVID-19, we described their clinical severity
and types of samples collected to meet the discharge
criteria (OP, NP, or both), comparing proportions of
those meeting original CDC criteria for PHTR removal to the modified criteria. We described outcomes,
successes, and challenges of the monitoring process

to identify lessons learned, based on our professional
judgment and expertise on containing infectious diseases. We analyzed data using R (R Foundation for
Statistical Computing, https://www.r-project.org).
Results
Demographics and Dispositions of Persons with PHTR

CDC initially placed 108 US citizen passengers and
crew on PHTR on February 19, 2020. One additional
passenger self-declared as a legal permanent resident
of the United States, and USEMB Japan identified 2
additional persons with dual citizenship, for a total
of 111 PHTR. Thirteen persons did not live in the
United States but reported secondary residences in
or frequent travel to the United States. Of the 98 persons residing in the United States, 30 (31%) resided in
California.
From the 111 US citizens and residents remaining
in Japan, 44 entered active monitoring after disembarking the ship. Three of these persons were tested
for SARS-CoV-2 during the active monitoring period,
1 because of a fever, 1 because of hospitalization for
other reasons, and 1 for close contact to a confirmed
case; 2 tested positive for SARS-CoV-2. Overall, 69 US
citizens had positive test results for SARS-CoV-2 and
were hospitalized in 35 hospitals in Japan (Table). Of
these patients, 39 (57%) were symptomatic at the time
of testing; some asymptomatic but ultimately testing
positive US citizens disembarked the ship with test
results still pending. Fourteen percent of all persons
with COVID-19 were critically ill at any timepoint,
including 1 patient with COVID-19 who became critically ill unrelated to COVID-19. The median age of
COVID-19 patients was 71 years (range 25–92 years);
median age of those testing negative for SARS-CoV-2
was 63 years (range 3–85 years; p = 0.005).
Removal of the PHTR

US citizen and resident passengers disembarked February 19–22 and crew on February 27 (Figure 2). Of
the 42 persons (37 passengers, 5 crew) never testing
positive for SARS-CoV-2 (Figure 3), 40 (95.2%) completed active monitoring until 14 days after their last
potential exposure, spending a median of 16 days
with PHTR in place (range 6–34) depending on their
disembarkation date (Appendix Figure 2). Two persons were unreachable, and CDC removed their
PHTR 28 days (2 incubation periods) after the date of
disembarkation.
Of the 69 patients with COVID-19, 40 recovered
patients were able to meet the original criteria for
PHTR removal, and 29 met the modified criteria. The
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Table. Characteristics of Diamond Princess passengers and crew who remained in Japan after US repatriation with public health
travel restrictions, 2020*
SARS-CoV-2 positive,
SARS-CoV-2 negative,
Characteristic
no. (%), n = 69
no. (%), n = 33
Odds ratio (95% CI)
p value
Sex
F
38 (55)
18 (55)
Referent
None
M
31 (45)
15 (45)
1.02 (0.44–2.37)
0.96
Median age, y (range)
71 (25–92)
63 (3–85)
0.005†
Crew or passenger
Passenger
66 (96)
33 (100)
ND
ND
Crew
3 (4)
0 (0)
ND
ND
Close contact
Index patient in cabin
42 (63)
ND
ND
ND
Close contact
25 (37)
9 (100)
ND
ND
Room occupancy
1
2 (3)
1 (3)
Referent
None
2
58 (88)
23 (70)
0.75 (0.06–24.36)
0.84
3
4 (6)
5 (15)
2.22 (0.13–87.42)
0.59
4
2 (3)
4 (12)
3.28 (0.17–144.84)
0.45
Disposition
Entered monitoring
0
33 (100)
ND
ND
Criteria 1
40 (58)
0 (0)
ND
ND
Criteria 2
29 (42)
0 (0)
ND
ND

*Data were compiled for 111 US citizens and residents through April 7, 2020. The following characteristics were missing values: sex (2), age (3), room
occupancy (11), SARS-CoV-2 test result (9). ND, no data; SARS-COV-2, severe acute respiratory syndrome coronavirus 2.
†By Wilcoxon rank-sum test.

median time from PHTR placement to removal was
17 days (range 7–57 days) (Appendix Figure 2). The
median time from notification of a positive test to
PHTR removal was 25 days (range 12–62 days) (Figure 4). Multiple persons reported persistent positive
test results after symptom resolution; complete information was not available for the full cohort. CDC removed all PHTR by April 15.
Discussion
The Diamond Princess COVID-19 outbreak represents a unique event in public health history: the
quarantine of thousands of persons aboard a cruise
ship for a newly identified disease at a time when
most countries had few imported cases but the epidemic rapidly became a pandemic. Lessons learned
from the experience of implementing PHTR on an unprecedented scale can inform the future use of PHTR
in outbreaks with pandemic potential.
The first critical lesson is that during a novel disease epidemic, the lack of information about the disease challenges the general practice that ethical use
of PHTR requires evidence-based decisions regarding when persons may be contagious or at risk of becoming contagious (6). CDC routinely uses PHTR for
diseases such as infectious tuberculosis or measles,
in which case definitions and criteria for determining noninfectiousness are well established (3). During this incident, little was known about SARS-CoV-2
transmission; transmission dynamics in Wuhan, China, and during the severe acute respiratory syndrome
714

coronavirus (2003) and Middle Eastern respiratory
syndrome coronavirus (since 2012) epidemics were
used in establishing criteria for PHTR removal.
As the COVID-19 epidemic unfolded, we observed notable challenges in identifying persons who
might transmit SARS-CoV-2 during travel or contribute to cross-border spread of disease (22). Limited information was available to determine whether potentially exposed persons who remained asymptomatic
were no longer at risk of becoming infected or when
infected persons were no longer infectious because
the optimal monitoring period had not yet been determined and it was possible to persistently test positive (23). Particular challenges included differences
in strategies for discontinuing isolation between the
United States and Japan, differences in SARS-CoV-2
testing procedures between hospitals and laboratories in Japan and obtaining medical records and English translations (24). These challenges highlight the
importance of multinational coordination at all levels
and sectors. CDC used the best available data to modify criteria as needed through the event, ensuring that
PHTR removal criteria were both evidence based and
feasible in the international setting. The modified criteria simplified the PHTR removal process for many
infected persons, and the time to remove PHTR was
only 5 days longer for those meeting modified criteria
(Figure 4). In this experience, clear and consistently
applied criteria for removal of PHTR were essential,
as was the flexibility to overcome the systemic challenges to meeting those criteria.
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Figure 2. Significant disembarkation and monitoring events during a period of PHTR
implemented for nonrepatriated US citizens and residents on the Diamond Princess
cruise ship during the coronavirus disease pandemic, Japan, February 19–April 15,
2020. PHTR, public health travel restrictions.

Second, there are logistical challenges in applying
and monitoring travel restrictions on this scale. US
government personnel had to identify each person for
whom travel restrictions were warranted, verify their
identities against federal databases, add them individually to the DNB and PHLO, document that criteria for removal of PHTR were met, and ensure timely
removal of PHTR once the criteria were met. Because
this situation took place on a cruise ship that kept detailed passenger and crew manifests, it was relatively
straightforward to identify, notify, and obtain contact information for the persons at risk. If exposure
had occurred in a less well-defined situation, identification would have been particularly challenging.
However, the complex process to add >100 persons
to the DNB and PHLO in the compressed timeframe
of 24–48 hours required substantial federal resources.
Typically, documenting criteria for PHTR removal is completed by US jurisdictions or foreign public
health authorities (1–3). For this event, CDC independently created a mechanism to document that exposed persons remained asymptomatic at the end of
the 14-day period through an active monitoring pro-

cess that continued past the end of Japan’s mandated
quarantine period. Despite rapid implementation,
CDC’s monitoring process worked well: most travelers had access to email either directly through their
personal smartphones or phones provided by the
cruise line or through family members in the United
States who could communicate with them, and they
responded to daily CDC information requests. The
USEMB Japan could track the status of hospitalized
patients, although this process required substantial
resources for translation. Monitored persons and
the involved agencies coordinated a large volume
of communication both in managing emails with active monitoring information from Diamond Princess
travelers and responding to individual travelers’ queries about their situations. However, in situations in
which this level of coordination is unlikely or persons are difficult to contact, active monitoring for the
purposes of PHTR may be challenging to accomplish
(25,26). Before considering use of PHTR, especially
on a large scale, implementors should evaluate what
resources or capacity are available for identifying persons to be placed on PHTR, personnel required across
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Figure 3. Final disposition
(hospitalized for COVID-19
vs. entered active monitoring)
of US citizen passengers and
crew of the Diamond Princess
cruise ship who remained in
Japan following US repatriation
flights and were subject to public
health travel restrictions during
the COVID-19 outbreak, 2020.
Repatriation flights occurred on
February 17, 2020. The Diamond
Princess cruise ship quarantine
mandated by Japan ended on
February 19,,2020; by that date,
67 persons had disembarked,
3 of whom had not tested
positive for SARS-CoV-2 at
that time. CDC, US Centers for
Disease Control and Prevention;
COVID-19, coronavirus
disease; SARS-COV-2, severe
acute respiratory syndrome
coronavirus 2.

all relevant agencies and countries to monitor travelers’ status and document when they are eligible for
removal of PHTR, diagnostic testing capacity, and
communications channels.
Third, it is critical that travel restrictions do not
create undue risk to affected persons. Persons with

Figure 4. Whisker plot for days between notification of a positive
SARS-CoV-2 test result and removal of PHTR for passengers and
crew on board the Diamond Princess cruise ship who remained in
Japan after US repatriation flights, by type of criteria met for PHTR
removal. Horizontal line within the box is the median; bottom
line of box is first quartile (25%), top line of box is third quartile
(75%). Whiskers represent the minimum (bottom) and maximum
(top) number of days. Dots represent outliers. PHTR, public
health travel restrictions; SARS-COV-2, severe acute respiratory
syndrome coronavirus 2.
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positive tests or who became ill could access highquality medical care in Japan; ethics considerations
could be different for persons seeking medical care
in areas with inadequate medical infrastructure. In
such situations, charter travel or medical evacuation
may be options for US citizens and residents to return safely to the United States (1), but this option is
challenging on a large scale and may have been especially difficult in this situation, in which some of
the patients remaining in Japan had complex medical
needs. In this situation, the cruise line covered most
travel expenses incurred by restricted travelers; CDC
can assist travelers whose travel is restricted or delayed for public health reasons by requesting airlines
to waive rebooking fees.
Limitations of the analysis were incomplete information, including hospital locations and clinical severity, and inability to obtain the specimen collection
date. We approximated date of positive test result by
the date of notification.
As with all decisions, overall costs and benefits
should be considered when determining whether to
use PHTR. Protection of the public, individual civil
liberties, and increasing risk for disease transmission are all considerations that can inform use of
PHTR (7). Costs and benefits may vary as outbreaks
or pandemics progress; the benefit was evident in
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this event when the United States had only 15 cases.
By mid-March 2020, the United States had reported
over 6,000 confirmed cases of COVID-19. Most states
implemented community mitigation measures such
as social distancing requirements and cancellation of
mass gatherings, especially once the World Health
Organization declared COVID-19 a pandemic on
March 11 (27,28).
PHTR implementation may have prevented
transmission via air travel among Diamond Princess travelers under active monitoring and never
tested. Transmission on the cruise ship was possible for many days before the vessel quarantine began; it is likely there were many asymptomatic but
SARS-CoV-2–positive persons aboard (6). As the
domestic outbreak grew, CDC shifted to different
containment strategies for cruise ships on which
COVID-19 cases occurred, including requirements
for noncommercial travel after disembarkation and
a No Sail Order for all cruise ships operating in US
waters (29–31).
CDC continues to use individual-level PHTR for
persons with known or suspected COVID-19 or highrisk exposures and advises persons who are symptomatic, test positive for SARS-CoV-2, or have been
exposed to someone with COVID-19 to delay travel
until no longer infectious or at risk of becoming infectious. CDC shares information and considerations for
use of PHTR with health authorities of other countries
but recognizes that many countries may not have the
resources to manage similar systems. Lessons learned
from the Diamond Princess outbreak are essential in
planning future PHTR use during this pandemic or
future outbreaks of novel diseases.
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GeneXpert-based testing with Xpert MTB/RIF or Ultra
assays is essential for tuberculosis diagnosis. However,
testing may be affected by cartridge and staff shortages.
More efficient testing strategies could help, especially during the coronavirus disease pandemic. We searched the
literature to systematically review whether GeneXpertbased testing of pooled sputum samples achieves sensitivity and specificity similar to testing individual samples;
this method could potentially save time and preserve
the limited supply of cartridges. From 6 publications, we
found 2-sample pools using Xpert MTB/RIF had 87.5%
and 96.0% sensitivity (average sensitivity 94%; 95% CI
89.0%–98.0%) (2 studies). Four-sample pools averaged
91% sensitivity with Xpert MTB/RIF (2 studies) and 98%
with Ultra (2 studies); combining >4 samples resulted
in lower sensitivity. Two studies reported that pooling
achieved 99%–100% specificity and 27%–31% in cartridge savings. Our results show that pooling may improve
efficiency of GeneXpert-based testing.

X

pert MTB/RIF (Cepheid, https://www.cepheid.
com) is a cartridge-based nucleic amplification
assay for use with Cepheid’s GeneXpert diagnostic
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instrument systems that detects both Mycobacterium
tuberculosis complex (MTB) and resistance to rifampin
(RIF). In 2010, the World Health Organization endorsed Xpert MTB/RIF for laboratory detection of
tuberculosis (TB) (1), signaling a sea change for diagnosing TB. Xpert MTB/RIF increased sensitivity
over microscopy and its ability to simultaneously detect rifampin resistance led to its rapid adoption in
low- and middle-income countries. Within the first 5
years, 23 million cartridges were procured at the negotiated price of $9.98/each (P. Jacon, Cepheid, pers.
comm., email, April 2020). In 2017, the Cepheid Xpert
MTB/RIF Ultra assay (Ultra) was released for use on
GeneXpert instruments and results determined to be
comparable to those from the Xpert MTB/RIF assay,
with an even lower limit for detection (1).
Coronavirus disease (COVID-19) is severely disrupting health systems and is threatening progress
made by national TB control programs. The new
Xpert Xpress SARS-CoV-2 test is run on the same
GeneXpert instruments as those for Xpert MTB/RIF
and Ultra testing; it is being expedited for large-scale
production and deployment. Consequently, TB-testing capacity, already limited by the availability of
necessary staff, testing modules, and Xpert MTB/RIF
and Ultra cartridges, may be further reduced by the
increased demand for GeneXpert for COVID-19 testing (3). There is an urgent need to develop laboratory
testing approaches to expand TB diagnostic and casefinding services in preparation for crises, such as the
COVID-19 pandemic.
GeneXpert-based testing for TB requires 1 cartridge per sputum sample. However, screening for
other infectious diseases has used sample pooling
methods, in which samples from several patients are
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pooled together for a single test to optimize processing. If a pooled-sample test is negative, all samples in
the pool are considered negative; if the pooled-sample test is positive, all samples in the pool are retested
individually to identify the samples that are positive.
This method is routinely used in situations where the
prevalence of disease is low (e.g., blood banks screening donated blood for hepatitis and syphilis) (4–9).
The method can substantially reduce workload and
cost and, for TB, could more efficiently process samples for diagnosis. We reviewed the literature to determine the accuracy of pooling for Xpert MTB/RIF
and Ultra detection of pulmonary TB, with the aim
of supporting TB programs as they continue to test
for TB in the context of increased resource constraints
during the COVID-19 pandemic.
Methods
We conducted a systematic review following the
Cochrane Collaboration’s Diagnosis Test Accuracy
Working Group protocol (https://methods.cochrane.
org). Our primary aim was to describe whether testing using GeneXpert for pulmonary TB on pooled
samples would result in similar numbers of patients
being confirmed with TB as testing samples individually. Secondarily, we aimed to describe the advantages and disadvantages reported, such as savings in
cartridges used and time required to process samples.
We searched PubMed, CINAHL, Global Health,
and Web of Science for publications from January 2010–March 2020 with no regional or language
restrictions. We used the terms “GeneXpert” OR
“Xpert” OR “Ultra” AND “tuberculos*” AND “pool*”
AND “diagnos*” with associated subject headings
and search terms without filters (Appendix Table,
https://wwwnc.cdc.gov/EID/article/27/3/204090-App1.pdf). S.V.M.A.L. and K.K. eliminated duplicates, screened titles and abstracts, and read full
texts to determine eligibility. We also searched for article references manually and for abstracts published
at the 2019 Union World Conference of Lung Health.
Studies were included if they presented original data,
if data were not duplicated in other publications, and
if the articles were not reviews or opinions. We excluded studies that pooled several samples from the
same patient to increase the yield and those that included samples other than sputum. Given the paucity
of studies, we included both those that directly processed patient samples and those that used leftover
samples to prepare a specimen repository for bench
evaluation of the pooling method. We read selected
studies in full for data extraction; L.E.C. and V.S.S. resolved disagreements by consensus.
720

Data extracted included study identifiers (author, year, country, and setting), methods (study
design, pooling methods, number of participants,
pooling ratio, number of pools, and type of test), and
whether the pooled positive and negative test results
coincided with those obtained through individual
testing. Data are presented as sensitivity and specificity values, considering the individual GeneXpert
test as the reference. Sensitivity was defined as the
proportion of pooled samples correctly identified as
positive when the pool contained at least 1 sample
with a positive individual GeneXpert test. Specificity was defined as the proportion of pooled samples
correctly identified as negative when all samples
in the pool were negative in individual GeneXpert
tests. Data are presented with 95% confidence intervals and ranges.
We assessed the quality of the studies based on
a further reference standard, the use of TB culture by
any method, whether pooled results were recorded
blind to the individual results and whether participants had been recruited consecutively to represent
the range of disease severity. The quality of studies
and the risk of bias were assessed by 2 independent
reviewers (authors) using the QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies) guidelines
(https://www.bristol.ac.uk/media-library/sites/
quadas/migrated/documents/quadas2.pdf). We used
Cochrane Collaboration Rev-Man 5.3 software
(https://training.cochrane.org/online-learning/coresoftware-cochrane-reviews/revman/revman-5-download) to generate the graphs on the risk of bias (Appendix Figures 1, 2). Because the studies were highly
heterogeneous and most (4/6) did not present data on
specificity, we were unable to perform a meta-analysis
to estimate the pooled sensitivity and specificity or to
explore the reasons for heterogeneity through metaregression. Institutional review board approval was
not required because all data sources and publications
were in the public domain and in aggregate format.
Results
We identified 33 publications through the initial publication search. After screening titles and abstracts,
we assessed 5 full-text articles for eligibility and
initially included 2 in data syntheses. In addition, 4
studies were identified from other sources: 1 conference report, 1 preprint article, and 2 articles from the
reference lists of other studies. We included 6 articles
in the final data synthesis (Figure 1). One study was
conducted in South America (10), 2 in Africa (11,12),
and 3 in Asia (13–15); all were published during 2014–
2020, before the COVID-19 pandemic.
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We assessed the quality of the studies and the
risk of bias (Appendix Figures 1, 2). Three studies
used samples collected directly from patients with
presumptive TB, and 3 studies used previously collected stored samples with known GeneXpert results.
Studies pooling direct clinical samples were conducted in high-burden settings in which the proportion
of patients that tested GeneXpert-positive was high
(15%, 16%, and 38.6%), whereas stored samples were
used to prepare pools varying the proportion of positive specimens in each pool to explore the effect on
sensitivity. Pools were prepared with clinical samples
from consecutive patients in 5 studies and in benchprepared spiked sputum in a laboratory setting in 1
study. The latter study had also prepared the pool
using combinations of smear-positive/culture-positive and smear-negative/culture-positive samples.
Generally, the studies followed a similar approach to
pooling: a sample was collected from patients with
presumptive TB and split into aliquots for Xpert
MTB/RIF or Ultra testing following the manufacturer’s guidelines. Studies that processed and homogenized sputum used the same steps for the individual
and pooled GeneXpert tests. One aliquot was used to
obtain an individual result, which was considered the
reference result; and the second aliquot was mixed
with aliquots from other patients and then tested as
a pooled sample. All studies reported that laboratory
technicians were blind to whether they were testing
pooled versus individual samples. One study collected smear and culture results from all participants
in addition to the GeneXpert result (11). Four studies
tested sputum using Xpert MTB/RIF (11–14) and 2
with Ultra (10,15) (Table 1).
These 6 studies tested 1,878 individual samples.
Participants were recruited from hospitals (n = 262),
ambulatory clinics (n = 914), and outreach activities
(n = 702). The percentage of individual patients with
Xpert MTB/RIF-positive tests included in the pools
ranged from 8.9% to 37%, except for 1 in vitro study,
which used spiked samples and prepared pools with
up to 64% of positive samples. Only 15 (0.8%) participants across all studies had rifampin resistance
(Table 1). Overall, of the 690 pools tested, 117 pooled
2 samples, 28 pooled 3 samples, 364 pooled 4 samples,
37 pooled 5 samples, 16 pooled 6 samples, 36 pooled 8
samples, 16 pooled 10 samples, 36 pooled 12 samples,
and 40 pooled 16 samples. Most of the pools with high
numbers of samples (≥6) per pool were in the benchbased study. Only 2 studies reported specificity, 1 in
which pools were tested with Xpert MTB/RIF (99%,
95% CI 94%–100%) and 1 in which pools were tested
with Ultra (100%, 95% CI 96%–100%; Table 2) (12,15).

The 2 studies (13,14) combining 2 sputum samples per pool reported 87.5% and 96.0% Xpert MTB/
RIF sensitivity relative to individual testing (Figure
2, panel A). The 4 studies combining 4 samples per
pool reported sensitivities of 88% (10) and 96% (12)
for Xpert MTB/RIF and 95% (13) and 100% (15) for
Ultra (Figure 2, panel B). In 2 studies (10,13), pools
combining >4 sputum samples reported lower sensitivity ranges for Xpert MTB/RIF (63%–81%) and for
Ultra (80%–100%) (Table 2).
Given that all studies had <200 pools, we combined the results from all studies with similar pool sizes and test type (e.g., all studies that pooled 4 samples
and test them using Xpert MTB/RIF) to evaluate the effect of the number of pooled samples on accuracy. Although this approach has limitations due to variations
in study design and proportion of sample positivity,
we believe the benefit of this preliminary analysis of
the potential use of pooling during the COVID-19 pandemic outweighs these limitations. After combination,
when using Xpert MTB/RIF, 114/117 2-sputa pools

Figure 1. Flow diagram of study selection for a systematic review
of pooling sputum as an efficient method for Xpert MTB/RIF and
Ultra (Cepheid, https://www.cepheid.com) testing for tuberculosis
during the coronavirus disease pandemic.
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Table 1. Characteristics of the studies, number of participants, and pool size used in a systematic review of pooling sputum as an
efficient method for Xpert MTB/RIF and Ultra testing for tuberculosis during the coronavirus disease pandemic*
Participants
GX
RIFrecruited
No.
cartridge Pooling
No.
GX-pos,†
GX-neg,†
pos,
Study Country
from
samples Culture
used
ratio
pools
no. (%)
no. (%)
no.
Comments
(11)
South
Reference
100
Yes
MTB/RIF
1:5
20
20 (20.6)
80 (79.4)
5
Culture and
Africa
laboratory
SM pos
85
1:5
17
17 (20)
68 (32)
3
Culture
pos/SM neg
(12)
Nigeria
OPD
729
No
MTB/RIF
1:4
185‡ 115 (15.8) 614 (84.2)
4
Compared
active and
passive case
finding
(13)
Vietnam
SS
118
No
MTB/RIF
1:2
16
75 (63.6)
43 (36.4)
NR
None
1:4
16
1:6
16
1:8
16
1:10
16
1:12
16
(14)
Vietnam
Hospitals
262
No
MTB/RIF
1:2
101§
99 (37.7)
163 (62.3)
NR
Pools
constructed 1
pos/1 neg
(15)
Cambodia
ACF
584
No
ULTRA
1:4
125
91 (15.6)
493 (84.4)
3
Used chest
1:3
28
radiograph to
screen
(10)
Brazil
Prisons, SS 1,120
Yes
ULTRA
1:4
20
100 (8.9) 1,020 (91.1)
NR
None
1:8
20
1:12
20
1:16
40
*Xpert MTB/RIF and Ultra, Cepheid (https://www.cepheid.com). ACF, active case finding; GX, GeneXpert; hosp, hospitalized patients; neg, negative; NR,
not reported; OPD, outpatient department; pos, positive; RIF, rifampin; SM, smear; SS, spiked samples.
†Single tests.
‡3 had failed results.
§2 had failed results.

and 101/201 4-sputa pools tested contained an Xpert
MTB/RIF-positive sputum; when using Ultra, 93/173
4-sputa pools tested contained an Ultra-positive sputum. If only pools containing a positive sputum sample were considered, 109/114 2-sputa pools tested by
Xpert MTB/RIF had a MTB-positive result (sensitivity
93.2%, 95% CI 87.0%–96.4%), and 94/101 4-sputa pools
tested by Xpert MTB/RIF had a MTB-positive result
(sensitivity 93.0%, 95% CI 86.4%–96.6%). Lastly, 92/93
of the 4-sputa pools tested by Ultra had an MTB-positive result (sensitivity 98.9%, 95% CI 94.1%–99.9%),
an increase in sensitivity over those tested by Xpert
MTB/RIF.
Studies reported slight changes in the cycle
threshold (Ct) values of the pooled samples compared
with the individual tests. Most of the Ct changes were
relatively small, although studies were not sufficiently powered to determine statistical significance. One
study reported that the pooled Xpert MTB/RIF test
was negative in 5/10 samples with very low individual Xpert MTB/RIF semiquantitative results (12).
The South African study that used reconstituted processed sputa to generate pools reported that 20 pools
containing 1 smear-positive and 4 smear-negative,
but culture-positive, samples yielded a median Xpert
MTB/RIF Ct value increase of 12 (IQR 0.3–20.0), and
722

22 pools containing only smear-negative/culturepositive samples had a median Ct increase of 6.2 (IQR
3.2–16.0) (11). Another study (13) also reported that
Xpert MTB/RIF Ct values increased slightly with increasing pool ratios and, although most pools had Ct
values similar to the individual sample tests, pools
containing >12 sputum samples had a median increase in Ct value of 2.1 (IQR 0.0–4.5).
A study from South Africa (11) reported 5 fivesample pools in which 1 was smear-positive/culturepositive and RIF-resistant and 3 five-sample pools in
which 1 was smear-negative/culture-positive and RIFresistant. All 8 pools containing RIF-resistant samples
tested positive for RIF-resistance (11). However, in
Chry et al. (15), of the 3 MTB-positive/RIF-resistant
samples subjected to Ultra testing, the pools containing
the samples yielded MTB-positive but RIF-sensitive results. Abdurrahman et al. (12) included MTB-positive/
RIF-resistant samples in all 4 pools, of which 3 were
detected by Xpert MTB/RIF as MTB-positive/RIF-resistant and 1 as MTB-positive/RIF-sensitive.
Only 2 studies (12–15) reported on the operational effects of using a pooling method, including cartridge costs and time savings. The 2 studies (12,15) using 4 samples per pool reported savings in cartridge
costs alone of 31% ($2,295 on 230 Xpert MTB/RIF
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Table 2. Tuberculosis Xpert results of pools composed of positive and negative samples, with sensitivity and specificity, in a
systematic review of pooling sputum as an efficient method for Xpert MTB/RIF and Ultra testing for tuberculosis during the coronavirus
disease pandemic
Test results, no.
Sensitivity,
Specificity,
Study
Pooling ratio
True pos†
False pos‡
False neg†
True neg‡
% (95% CI)
% (95% CI)
(11)
1:5 (Cult neg/SM pos)
20
NA
0
NA
100 (80–100)
NR
1:5 (Cult pos/SM neg)
13
NA
4
NA
76 (50–92)
NR
(12)
1:4
80
1
5
96
94 (87–98)
99 (94–100)
(13)
1:2
14
NA
2
NA
88 (62–98)
NR
1:4
14
NA
2
NA
88 (62–98)
NR
1:6
11
NA
5
NA
69 (41–98)
NR
1:8
10
NA
6
NA
63 (35–85)
NR
1:10
13
NA
3
NA
81 (54–96)
NR
1:12
13
NA
3
NA
81 (54–96)
NR
(14)
1:2
95
NA
4
NA
96 (90–99)
NR
(15)
1:4
73
0
0
80
100 (95–100) 100 (96–100)
(10)
1:4
19
NA
1
NA
95 (75–100)
NR
1:8
20
NA
0
NA
100 (83–100)
NR
1:12
16
NA
4
NA
80 (56–94)
NR
1:16
39
0
1
0
98 (87–100)
NR
*Xpert MTB/RIF and Ultra, Cepheid (https://www.cepheid.com). Cult, culture, NA, not applicable; neg, negative; NR, not reported; pos, positive;
SM, smear.
†At least one of the patients included in the pool had an Xpert-positive test.
‡All patients included in the pool were Xpert-negative in the individual tests.

cartridges) and 27% ($2,092 on 202 Ultra cartridges).
These 2 studies also reported reductions of 377 (62%)
and 226 (26%) hours in the staff time required to process and run samples (Table 3). All 6 studies included comments indicating the pooling procedure was
feasible and beneficial. The study from South Africa
(11) noted the lower sensitivity found among smearnegative/culture-positive patients. Several studies
mentioned the need for specific training on the pooling procedure. The only negative effect, reported
anecdotally, was the need to process samples more
carefully to avoid handling and reporting errors. No
studies included data on patient outcomes, such as
treatment initiation.
Discussion
This systematic review synthesizes the available literature on the performance of the pooling method

using sputum for GeneXpert testing for detecting pulmonary TB. Although the number of studies is small,
the studies reported high sensitivity and specificity
for 1:2 and 1:4 pooling ratios, replicating single test
results, but pooling >4 samples decreased sensitivity.
Studies reporting Ct values consistently reported a
slight increase in Ct values and corresponding lower
MTB/RIF semiquantitative results for pooled samples. This result is to be expected because testing samples together necessarily dilutes individual samples.
Efficiency gained by pooling samples could increase
the resilience of TB diagnostic services in a time when
health system resources are being challenged by the
COVID-19 pandemic.
The Xpert MTB/RIF Ultra cartridge was expected to help improve the sensitivity of pooled tests because the new assay has a much lower limit for detection than Xpert MTB/RIF (16). Ultra’s improved

Figure 2. Sensitivity and specificity for pooling sputum in the ratio of 1:2 (A) and pooling sputum in the ratio of 1:4 (B) in a systematic
review of pooling sputum as an efficient method for Xpert MTB/RIF and Ultra testing (Cepheid, https://www.cepheid.com) for
tuberculosis during the coronavirus disease pandemic.
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Table 3. Potential cost and time savings and positive and negative effects of pooling in a systematic review of pooling sputum as an
efficient method for Xpert MTB/RIF and Ultra testing for tuberculosis during the coronavirus disease pandemic*
Study
Cartridge savings
Time savings, h (%)
Negative effects
Positive effects
(11)
Model of 1,000 patients with
NR
Lower sensitivity for
Processes higher volume of samples with
TB prevalence rate of 3%
smear-negative
fewer materials; time savings
found 67.5% cartridge
tuberculosis; requires
savings
laboratory infrastructure
and training
(12)
11% cartridge savings for
377 (62%)
Steps involved heighten
High-level agreement with individual Xpert
hospital-based patients
potential for errors
results at reduced cost; substantial time
savings to process hospital samples
41% cartridge savings for
NR
NR
Higher savings on cartridge cost and
patients identified through
processing time for patients identified
active case finding
through active case finding
(13)
NR
NR
NR
Improved feasibility and cost-effectiveness
of large-scale testing; reduced
number of cartridges
(14)
NR
NR
Increase in “error” results
Reduced costs and number of cartridges
when using less buffer for
pooling compared with
standard buffer technique
(15)
27% (lower savings estimate
226/876 (26%) for
NR
Method feasible; potential to reduce
using combination of
all samples; 300/876
costs, increase throughput. Pooling can be
approaches)
(30%) if hybrid
used selectively if another screening test
approach used
(e.g., radiograph) used for additional
savings (hybrid approach)
34.5% (if used in patients
NR
NR
Higher savings if only samples from
with normal chest x-rays)
patients without abnormal chest radiographs
are included
(10)
NR
NR
NR
Method sensitive and cost-effective
*NR, not reported.

performance was confirmed by the higher sensitivities reported in 2 studies included in this review, suggesting that Ultra may be preferred over Xpert MTB/
RIF for pooled sample testing (10,15). Moreover, the
only 2 studies reporting specificity (of 99% and 100%)
indicated that almost all pools containing all negative individual samples correctly reported negative
results for the pooled samples (12–15). This is an important consideration because the additional steps
required to split sputum samples and the need to
keep track of sputum batches with a link between individual samples could be prone to cross contamination and error. Further studies are needed to replicate
these findings under operational conditions.
Regarding the reproducibility of RIF resistance results in pooled samples, in 1 study from South Africa,
all 8 individual RIF-resistant results were detected as
pooled RIF-resistant (11). However, in a study in Cambodia, 3 samples with RIF-resistant results from individual testing were reported as RIF-susceptible in the
pooled testing (15) and in a study from Nigeria, pooling
missed 1 of 4 RIF-resistant results (12). Although pooling seems to be an unreliable method to detect RIF resistance, in practice all samples from MTB-positive pools
would be retested individually, which should replicate
RIF resistance results from individual samples.
Almost all studies reported anecdotal positive
feedback from laboratory staff, and 2 studies (12,15)
724

quantified savings in cartridge costs and staff time
required to process samples. Although both of those
studies reported substantial savings, they were
conducted in populations with a high proportion
of patients testing positive. If a high proportion of
presumptive TB patients is expected to be positive,
presumably a greater proportion of pools would test
positive and require follow-up testing of individual
samples. Savings therefore would be more substantial
when applied within outreach case-finding activities
in the community, where typically around 5% of samples are Xpert MTB/RIF-positive (12) and lower in
referral and congregate centers (e.g., prisons), where
patients might have a higher probability of having
TB. The expected proportion of positive samples may
therefore guide the pooling ratio selected for evaluation. For example, in active case finding, it is likely a
pool ratio of 1:4 would be highly efficient and generate substantial savings, whereas a ratio of 1:2 would
be more suitable for busy TB diagnostic centers where
the proportion of samples that are positive can be as
high as 15%. Pooling is not likely to be useful at a
much higher prevalence than 20%, because most of
the pools would be positive and samples would have
to be retested individually (B.G. Williams, unpub.
data, https://arxiv.org/abs/1007.4903). Moreover,
there are operational issues that need further study,
as it is unclear whether the timing of sputum splitting
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could affect results. For example, splitting samples
before adding the GeneXpert buffers requires dividing thick and infectious samples, which are likely to
have unevenly distributed bacilli, whereas splitting
after adding the buffers could increase the risk of
cross contamination but provide a safer and more liquid sample with more evenly distributed bacilli.
To inform national programs, further research is
needed to determine the effects on time savings from
pooled testing, from sample collection to notification
and treatment initiation. Two studies quantified large
reductions in testing time from pooling (12,15), which
could shorten turnaround times for patient notification, but time to notification was not reported in any
of the studies. Quality management of the pooling
process is critical, as reflected in discussions in the
studies highlighting the importance of sample management and procedure training. As with routine testing procedures, ensuring that pooling is implemented
in a biosafe and quality-assured manner would help
mitigate risk to laboratorians from increased sample
manipulation and prevent errors in sample handling
and testing, which could reduce efficiency and benefit
to both patients and programs.
Our findings are especially relevant during the
ongoing global COVID-19 pandemic, which is severely disrupting health services, the availability of diagnostic and treatment resources, supply chains, and
other disease control efforts. Although the diagnosis
of COVID-19 takes precedence, steps can be taken to
preserve key services for diagnosing and treating patients with presumptive TB. Quarantine and restriction of movement during the pandemic have limited
accessibility to services and reduced the numbers
of patients attending TB diagnostic and treatment
centers. Confinement of the population to households and the resulting increase in contact with other
household members in crowded conditions could increase TB transmission. A surge in undetected cases,
together with increases in treatment interruptions,
will likely lead to increases in incident cases. Demand
for testing also may cause severe resource constraints.
Preparing for this scenario, such as by introducing
pooling strategies, may result in more efficient use of
limited resources.
Before the COVID-19 pandemic, the World
Health Organization issued guidelines promoting a
rapid diagnostic test, such as a GeneXpert-based test,
for all persons with presumptive TB (17). However,
<20% of the GeneXpert TB tests necessary to test the
estimated 100 million people who develop presumptive TB each year have been procured (2). Individual
rapid molecular diagnostic testing for all patients

with presumptive TB remains the standard of care
and a goal for national TB programs worldwide, but
the cost of individually testing all estimated symptomatic persons using GeneXpert would have been
more than US $1 billion in cartridges alone in 2018
(2), more than the total amount of funding provided
by international donors globally for TB in 2019 (18).
Moreover, although passive case finding has long
been the standard approach in many countries, it is
becoming apparent that outreach beyond health facilities is needed to identify those with TB missed by
programs (19). Increasing outreach activities usually
means more testing, requiring more cartridges, will
be needed. However, a typically greater negative-topositive testing ratio in persons identified through
outreach activities means that pooling strategies
might decrease costs.
Despite the potential usefulness of our findings, the quality of evidence we present remains insufficient to support wide adoption of the pooling
method. Because the 6 studies were heterogeneous,
we were unable to conduct a meta-analysis, and we
considered all the studies together with bench evaluations of the technical sensitivity and specificity of the
methods; our findings should therefore be considered
hypothesis-generating to promote and inform further
studies. Moreover, all studies were underpowered
for investigating the performance of the pooled testing method in subpopulations (e.g., HIV-positive vs.
HIV-negative, men vs. women), and very few samples tested rifampin resistant. Ct values also need to
be interpreted with caution.
Although both Xpert MTB/RIF and Ultra tests report Ct values, the test algorithms that determine their
Ct and semiquantitative results differ, which impacts
the interpretation of Ct-based analyses. Moreover,
because Ct ranges vary between multiple tests on the
same homogenized sample, it would have been preferable to describe changes in positivity relative to the
semiquantitative results. However, semiquantitative
results were not reported in most studies. Similarly,
although culture was used in some of the studies,
this information was not used to stratify analyses. A
second reference method would have been useful to
further investigate whether discordant results were
potentially due to improper sample management,
cross-contamination in the laboratory, or random
variation due to the bacilli not being homogeneously
distributed in the sputum sample.
Despite these limitations, we propose that the
pooling method be considered as an interim option to
strengthen capacity of TB laboratories during times of
crisis, such as during the COVID-19 pandemic. Our
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team is currently conducting accelerated evaluations
of the pooling method in Laos and Nigeria. We encourage the TB community to conduct studies on the
pooling strategy and other resource-saving strategies
for TB diagnostic testing that generates data for open
access databases to inform national programs.
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Decentralized Care for
Rifampin-Resistant Tuberculosis,
Western Cape, South Africa
Sarah V. Leavitt, Karen R. Jacobson, Elizabeth J. Ragan, Jacob Bor,
Jennifer Hughes, Tara C. Bouton, Tania Dolby, Robin M. Warren, Helen E. Jenkins

In 2011, South Africa implemented a policy to decentralize treatment for rifampin-resistant tuberculosis (TB)
to reduce durations of hospitalization and enable local
treatment. We assessed policy implementation in Western Cape Province, where services expanded from 6
specialized TB hospitals to 406 facilities, by analyzing
National Health Laboratory Service data on TB during
2012–2015. We calculated the percentage of patients
who visited a TB hospital <1 year after rifampin-resistant
TB diagnosis, the median duration of their hospitalizations, and the total distance between facilities visited.
We assessed temporal changes with linear regression
and stratified results by location. Of 2,878 patients, 65%
were from Cape Town. In Cape Town, 29% visited a TB
hospital; elsewhere, 68% visited a TB hospital. We found
that hospitalizations and travel distances were shorter in
Cape Town than in the surrounding areas.

S

outh Africa has a high tuberculosis (TB) prevalence, complicated by multidrug resistance to rifampin and isoniazid (1). In 2018, multidrug-resistant
(MDR) and rifampin-resistant (RR) TB accounted for
3.4% of new and 7.1% of previously treated cases
in South Africa (1). These forms of TB require more
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complex and lengthy treatments than drug-susceptible TB. Before 2011, most patients with MDR/RR
TB in South Africa were hospitalized in dedicated TB
hospitals, which were considered better than other
facilities for managing infection control, regimen
complexities, and side effects. However, centralized
care might have contributed to delayed initiation of
second-line drugs for MDR/RR TB, high pretreatment death rates caused by limited bed capacity, and
patient loss to follow-up because of long-term hospitalization of clinically stable patients (2,3).
A 2009 pilot program in Khayelitsha township,
Cape Town (4), South Africa, demonstrated that
community-based care improved case detection. It
also reduced death, health system costs, and treatment delays (3,5–11). In 2011, the South African National Department of Health implemented a national
policy to decentralize and deinstitutionalize MDR/
RR TB care (2). In Western Cape, MDR/RR TB care
decentralization enabled clinically stable patients
to initiate second-line TB treatment at 1 of 406 local
facilities offering TB care instead of the province’s 6
specialized TB hospitals (12). The policy also reduced
the required duration of TB hospitalizations for patients who required hospitalization (2). Because of the
reduced density of TB hospitals outside Cape Town,
the potential policy effects are largest in rural areas.
However, long distances between facilities and lack
of resources and experienced providers pose challenges to implementation in rural areas.
Despite these demonstrated benefits of decentralization, data analyzing its effects on hospitalization
rates, duration, and travel distance in Western Cape
are scarce. The National Health Laboratory Service
(NHLS) conducts and records most laboratory tests
in South Africa. We used NHLS data to track where
patients received care for RR TB in the year after their
diagnoses. We identified temporal trends in patient
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contact with TB hospitals, estimated hospital stay duration and distance traveled between facilities during
early implementation of the national decentralization
policy in Western Cape. We compared these metrics
between Cape Town and more rural Western Cape
districts.
Methods

to track patients over time, we used a patient matching algorithm to link samples belonging to the
same patient. This algorithm, previously applied
to NHLS HIV data, estimates the probability that
records belong to the same patient on the basis of
name, birthdate, sex, and facility data (15; J. Bor,
unpub. data, https://www.biorxiv.org/content/
early/2018/11/02/450304) (Appendix).

Data Source

Definitions

We extracted records of TB laboratory tests conducted on clinical samples at the NHLS TB laboratory in
Green Point, Cape Town, during January 1, 2012–July
31, 2015. These tests were used to diagnose and monitor TB cases in the Western Cape. Samples originated
from patients at various facilities, including specialized TB hospitals, primary healthcare clinics, mobile clinics, regional hospitals, and district hospitals.
The NHLS records data on patients receiving tests
through the public healthcare system, which conducts
93% of all TB tests nationally (13). The study was approved by Stellenbosch University’s Health Research
Ethics Committee (protocol no. N09/11/296) and
Boston University’s Institutional Review Board (no.
H-38441). Given the study’s retrospective nature, an
informed consent waiver was granted.
During the study period, the Western Cape’s
TB investigation policy required that facilities submit 2 clinical samples from each patient to the nearest NHLS laboratory (14). Usually, the first sample
was tested with Xpert MTB/RIF (Cepheid, https://
www.cepheid.com). If RR TB was detected, the second sample was sent to the Green Point laboratory for
smear microscopy, culturing with the mycobacterial
growth indicator tube (Becton, Dickinson, and Company, https://www.bd.com), and drug susceptibility
testing (DST). Line probe assays (LPAs) conducted
by using GenoType MTBDRplus (Hain Lifescience
GmbH, https://www.hain-lifescience.de) confirmed
the presence of Mycobacterium tuberculosis and genes
for resistance to rifampin and other first-line drugs.
Phenotypic DST was used to detect genes conferring second-line drug (SLD) resistance. Although
samples from tertiary (non-TB) hospitals with their
own culture laboratories are not included in this dataset, the laboratory in Green Point conducts most
culture-based and LPA confirmatory testing for TB
in the Western Cape; therefore, this dataset includes
most patients with RR TB in this province (Appendix, https://wwwnc.cdc.gov/EID/article/27/3/203204-App1.pdf).
Each NHLS record represents a single laboratory
test but lacks a unique patient identifier. Therefore,

We defined a patient with RR TB as someone who
submitted >1 clinical sample with bacteriological
confirmation of M. tuberculosis and rifampin resistance according to Xpert MTB/RIF, LPA, phenotypic DST, or a combination of these testing methods
at the NHLS laboratory in Green Point. We defined
the taken date as the date the sample was obtained
from a patient. We considered the taken date of the
first RR TB–positive sample to be the patient’s initial
sample date and the diagnosis date (Appendix). We
defined a visit as a unique day in which a patient
submitted >1 laboratory sample. Time in care was
defined as 1 year from the initial RR TB sample or
until the most recent sample in the study timeframe,
whichever was earlier.
Study Population

We analyzed each patient’s TB laboratory samples in
the year after that patient’s initial RR TB sample was
submitted to the NHLS during January 1, 2012–July
31, 2015. Using specific exclusion criteria (Figure 1),
we excluded samples that were from locations outside Western Cape, collected for research purposes,
submitted with invalid identifying data (e.g., names
containing the words “control,” “staff,” “Ecoli”, etc.),
or had facility codes that could not be linked to a
physical location.
After linking samples to individual patients, we
excluded patients whose initial RR TB sample was
submitted after July 1, 2014, enabling us to study 12
months of follow-up for each patient. Some patients
might have had less time in care if they died, moved
out of the province, or were otherwise lost to followup, after which point these patients would no longer
be included in the Western Cape public healthcare
system. Because we could not correlate laboratory
results with clinical records, we excluded patients
whose initial RR TB sample was submitted during the
first 3 months of the study (January 1–March 31, 2012)
because this sample might not have been their diagnostic sample. We excluded patients who had no subsequent laboratory samples submitted to the NHLS
because we assumed that those patients were less
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likely to have initiated treatment or stayed in care.
Finally, we excluded patients who were less likely
to have been affected by the decentralization policy:
those in correctional facilities, those with documented SLD resistance, and children <15 years of age at
diagnosis.
Mapping Patient Movement

In the NHLS database, each sample is registered with
a collecting facility code. We determined the facility name, type, and geocoordinates from NHLS and

National Department of Health reference lists. We
grouped facilities into 3 categories: specialized TB
hospitals, non-TB hospitals (i.e., all other hospitals),
and clinics (i.e., all other location types). We validated geocoordinates on Google Maps (https://maps.
google.com); researchers and healthcare providers in
South Africa resolved discrepancies. We combined
facilities of the same type and geographic location
into a single entity. We used the code associated with
the samples from each patient to track patient movement between facilities.
Figure 1. Flow diagram showing
identification of adult patients with
RR TB, Western Cape, South
Africa, 2012–2014. Patients
did not have second-line drug
resistance and attended >2 clinic
visits. The following test results
were classed as inconclusive:
inconclusive, error, unsuccessful,
specimen container received
empty, no result, lost viability,
contaminated, specimen
accidentally destroyed, insufficient
specimen, or leaky specimen.
The total number of patients
excluded does not equal the
sum of the individual categories
because some patients belonged
to multiple groups. RR, rifampinresistant; TB, tuberculosis.
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Figure 2. Distances to the
nearest tuberculosis healthcare
facility, Western Cape Province,
South Africa. A) Distance to
nearest specialized TB hospital.
B) Distance to nearest facility of
any type: TB hospital, clinic, or
non-TB hospital that was visited
by patients in this study during
2012–2015. TB, tuberculosis.

Decentralization Analysis

The national decentralization policy stated that clinically stable patients with no SLD resistance could
initiate treatment at local hospitals and clinics designated as decentralized treatment initiation sites (2).
According to this policy, although a small proportion of patients would still be hospitalized for clinical or psychosocial reasons, most patients with RR TB
would be treated outside specialized TB hospitals. In
addition, hospitalized patients would have shorter
hospital stays (2).
We first summarized cohort characteristics regarding sex, age, TB type, type of facility submitting
the initial RR TB sample, smear status, number of

visits, and time in care. To assess decentralization
implementation, we calculated the percentage of patients with >1 sample submitted from a TB hospital
<1 year after diagnosis; we stratified these results
by facility type (i.e., TB hospital, non-TB hospital,
clinic). We calculated the percentage of patients who
transitioned to care outside a TB hospital (i.e., patients who submitted samples from a non-TB hospital or clinic <3 months after their most recent sample
from a TB hospital). For these patients, we estimated
duration of TB hospitalization as the time between
the date of the first sample submitted from the TB
hospital to the midpoint between the most recent
sample submitted from the TB hospital and the date
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of the first subsequent sample submitted from a clinic or non-TB hospital.
We then used simple linear regression to estimate temporal trends of all outcomes by quarter
(i.e., 3-month period) of initial RR TB sample during
April 2012–June 2014, for a total of 9 quarters. We ran
2 models for each outcome: 1 stratified by diagnosis
location and 1 combined model with an interaction
term to assess the differences in trend between locations. In addition, we used multivariable logistic regression to test the association between whether or
not a patient submitted a sample from a TB hospital
and quarter of initial RR TB sample adjusting for sex,
age (15–34, 35–54, >55 years of age), TB type (pulmonary, extrapulmonary, both), smear status within 1
month of initial RR TB sample, and number of visits
<1 year after diagnosis. For this analysis only, we excluded patients missing data on age, sex, or both.
One decentralization goal was to enable treatment closer to patients’ homes (2). We calculated the
percentage of patients that had samples from ≥2 facilities, indicating movement between facilities. To
estimate travel distance without home addresses,

we calculated the total Euclidean distance between
all facilities from which a patient submitted samples
during the first year after diagnosis. For multiple
visits, we counted distances multiple times. Because
the number of visits could affect the total distance
between facilities, we also determined each patient’s
number of visits in the first year after diagnosis. We
then controlled for the number of visits by calculating
the median distance between facilities visited consecutively for each patient. We used linear regressions to
assess temporal trends in these travel outcomes.
We stratified analyses by whether patients’ initial RR TB samples were from Cape Town or outside
Cape Town (i.e., the rest of Western Cape) to identify
differential implementation of decentralization. To
demonstrate the potential travel benefit for patients
receiving RR TB treatment in a clinic or local hospital
compared with a specialized TB hospital, we mapped
the distance to the nearest TB hospital from anywhere
in the province and compared this distance to the distance to the nearest facility of any kind that submitted
samples recorded in this study (Figure 2). We used
R version 3.6.1 (16) for analyses and ArcMap version

Table 1. Characteristics of patients with RR TB, Western Cape, South Africa, 2012–2014*
Cape Town, n =
Characteristic†
Overall, n = 2,878
1,878
Sex§
F
1,245 (43.4)
825 (44.1)
M
1,626 (56.6)
1,047 (55.9)
Age group, y¶
15–34
1,420 (50.1)
978 (53.0)
35–54
1,232 (43.5)
761 (41.2)
>55
180 (6.4)
108 (5.8)
Type of TB
Pulmonary only
2,685 (93.3)
1,747 (93.0)
Extrapulmonary only
70 (2.4)
47 (2.5)
Both
123 (4.3)
84 (4.5)
Results of closest smear within 30 d of first RR TB–positive sample
Negative
1,396 (48.5)
913 (48.6)
Scanty positive
310 (10.8)
202 (10.8)
Positive +
262 (9.1)
178 (9.5)
Positive ++
181 (6.3)
118 (6.3)
Positive +++
499 (17.3)
321 (17.1)
Unknown
230 (8.0)
146 (7.8)
Setting of first RR TB–positive result
TB hospital
103 (3.6)
43 (2.3)
Clinic
2,361 (82.0)
1,554 (82.7)
Non-TB hospital
414 (14.4)
281 (15.0)
Median time in care** in first year after RR TB
11 (5–12)
11 (5–12)
diagnosis, mos (IQR)
Median number of visits†† in the first year after RR
9 (5–12)
8 (4–12)
TB diagnosis, (IQR)

Outside Cape Town
n = 1,000
420 (42.0)
579 (58.0)
442 (44.9)
471 (47.8)
72 (7.3)
938 (93.8)
23 (2.3)
39 (3.9)
483 (48.3)
108 (10.8)
84 (8.4)
63 (6.3)
178 (17.8)
84 (8.4)

p value‡
0.32
<0.01

0.72

0.93

<0.01

60 (6.0)
807 (80.7)
133 (13.3)
11 (6–12)

<0.01#

10 (5–12)

<0.01#

*Patients without second-line drug resistance who attended >2 visits. RR, rifampin-resistant; TB, tuberculosis.
†Data are no. (%), except where otherwise indicated.
‡p values determined by 2 test of patients in Cape Town versus outside Cape Town.
§A total of 7 patients were missing data on sex: 6 from Cape Town and 1 from outside of Cape Town.
¶A total of 46 patients were missing data on age: 31 from Cape Town and 15 from outside of Cape Town.
#p values determined by Wilcoxon rank-sum test of patients in Cape Town versus outside Cape Town.
**Time in care is defined as the time between the first and most recent RR TB–positive sample or 1 y from the first RR TB–positive sample, whichever
was earlier.
††Defined as unique days in which a patient submitted >1 sample.
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Table 2. Magnitude and duration of hospitalization and movement of patients with RR TB, Western Cape, South Africa, 2012–2014*
Overall,
Cape Town,
Outside Cape
Description
n = 2,878
n = 1,878
Town, n = 1,000
p value†
Hospitalization in TB hospital, no. (%)
1,228 (42.7)
545 (29.0)
683 (68.3)
<0.01
No. patients with >1 sample from a specialized TB hospital in the
first year after RR TB diagnosis
Moved to care outside TB hospital, no. (%)
837 (68.2)
317 (58.2)
520 (76.1)
<0.01
No. patients with a sample from a TB hospital who had a
subsequent sample from a non-TB hospital <3 mo after the most
recent sample in the TB hospital
Median length of TB hospital stay, d (IQR)
99 (61–136)
79 (50–118)
108 (72–144)
<0.01‡
Median hospitalization period of patients who moved to care outside
of a TB hospital in the first year after RR TB diagnosis
Any movement, no. (%)
1,765 (61.3)
1,012 (53.9)
753 (75.3)
<0.01
No. patients who had samples from >2 different facilities in first year
after RR TB diagnosis
Median no. of visits (IQR)
9 (5–12)
8 (4–12)
10 (5–12)
<0.01‡
No. unique days with >1 laboratory sample in the first year after RR
TB diagnosis
Median total distance, km (IQR)
4.4 (0.0–41)
1.5 (0.0–20)
46.0 (0.2–122)
<0.01‡
Total Euclidian distance between all facilities visited by each patient
in the first year after RR TB diagnosis
Median distance between consecutive visits, km (IQR)
2.7 (0.0–19.8) 1.4 (0.0–12.2) 24.0 (0.2–64.8)
<0.01‡
Median distance between facilities visited consecutively by each
patient in the first year after RR TB diagnosis
*Patients without second-line resistance who attended >2 clinic visits. RR, rifampin-resistant; TB, tuberculosis.
†2 p values of patients in Cape Town versus outside Cape Town.
‡p values determined by Wilcoxon rank-sum test.

10.6 (Environmental Systems Research Institute, Inc.,
https://desktop.arcgis.com) for mapping.
Results
Cohort Description

After excluding ineligible patients, we analyzed a cohort of 2,878 patients who received a diagnosis of RR
TB during April 1, 2012–June 30, 2014 (Figure 1). The
exclusions included 651 (15.3%) patients with only
a diagnostic sample recorded (14.0% of patients in
Cape Town and 17.7% outside Cape Town; Appendix
Table 1). Of the 2,878 patients, 1,878 (65%) submitted
their initial RR TB sample from Cape Town and 1,000
(35%) from outside Cape Town. The mean age was 36
years (SD ±12 years), and 57% were men. Most (93%)
patients had RR TB detected from sputum or lung
samples, suggesting pulmonary disease, and 49% had
negative smear microscopy results when RR TB was
detected (Table 1).
Samples from Specialized TB Hospitals

In total, 2,361 (82%) patients submitted initial RR TB
samples from clinics, 414 (14%) from non-TB hospitals, and 103 (4%) from TB hospitals. Although only
4% of patients submitted their initial RR TB sample
from a TB hospital, 1,228 (43%) patients submitted
>1 sample from a TB hospital <1 year after diagnosis. In particular, 894 (38%) patients who submitted
their initial sample from a clinic and 231 (56%) who

submitted their initial sample from a non-TB hospital submitted >1 additional sample from a TB hospital (Appendix Table 2). Patients in Cape Town were
significantly less likely to submit a sample from a TB
hospital than patients outside Cape Town (29% vs.
68%; p<0.01). Of the 545 patients from Cape Town
who submitted a TB hospital sample, 317 (58%) transitioned to care outside of the TB hospital compared
with 520 (76%) of the 683 patients outside Cape Town
(p<0.01). We estimated that the median first TB hospital stay for those who transitioned to care outside of
the TB hospital was 79 days (interquartile range [IQR]
50–118 days) in Cape Town and 108 days (IQR 72–144
days) outside Cape Town (Table 2).
In Cape Town, the percentage of patients who
submitted a TB hospital sample in the first year on
average decreased by 1 percentage point (95% CI
0.2%–1.7%; p = 0.02) per quarter, representing a 9
percentage point decrease during the study period;
we observed no statistically significant trend outside
Cape Town (Table 3). During the study period, the
percentage of patients who transitioned to care outside of a TB hospital stayed constant in and outside
Cape Town. In Cape Town, the estimated first TB hospital stay duration decreased by 3.6 days per quarter
(95% CI –8.7 to 1.5 days; p = 0.14), for a total decrease
of 32 days during the study. Outside Cape Town, the
duration stayed constant (Table 3; Figure 3). Visual
inspection of all trends indicated that linear trends
were appropriate.
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Table 3. Linear temporal trends in magnitude and duration of movement for adult patients with RR TB, Western Cape, South Africa,
2012–2014*
Outside Cape Town,
Overall, n = 2,878
Cape Town, n = 1,878
n = 1,000
Slope
p
Slope
p
Slope
p
Interaction
Description
(95% CI)
value
(95% CI)
value
(95% CI)
value p value†
Hospitalization in TB hospital, no. (%)
−0.4
0.33
−1.0
0.02
1.1
0.23
0.03
No. patients with >1 sample from a
(−1.2 to 0.5)
(−1.7 to −0.2)
(−0.9 to 3.1)
specialized TB hospital in the first year after
RR TB diagnosis
Moved to care outside TB hospital, no. (%)
0.2
0.69
0.1
0.84
−0.01
0.99
0.89
No. patients with a sample from a TB
(−0.9 to 1.3)
(−1.3 to 1.6)
(−1.8 to 1.8)
hospital who had a subsequent sample
from a non-TB hospital <3 mo after the
most recent sample in the TB hospital
Median length of TB hospital stay, d (IQR)
−1.5
0.42
−3.6 (−8.7 to
0.14
−0.28
0.87
0.24
Median hospitalization period of patients
(−5.7 to 2.6)
1.5)
(−4.3 to 3.7)
who moved to care outside of a TB hospital
in the first year after RR TB diagnosis
Any movement, no. (%)
−0.5
0.19
−0.9
0.04
0.5
0.50
0.10
No. patients who had samples from >2
(−1.2 to 0.3)
(−1.7 to −0.06)
(−1.2 to 2.3)
different facilities in first year after RR TB
diagnosis
Median no. of visits (IQR)
0.04
0.12
0.0
>0.99
0.1
0.06
0.22
No. unique days with >1 laboratory sample
(−0.01 to 0.1)
(−0.2 to 0.2)
(−0.01 to 0.2)
in the first year after RR TB diagnosis
Median total distance, km (IQR)
−0.1
0.43
−0.3
0.04
4.7
0.10
0.07
Total Euclidian distance between all
(−0.4 to 0.2)
(−0.5 to −0.01)
(−1.3 to 10.6)
facilities visited by each patient in the first
year after RR TB diagnosis
Median distance between consecutive
−0.06
0.21
−0.18
0.07
2.5
0.09
0.05
visits, km (IQR)
(−0.2 to 0.04)
(−0.4 to −0.02)
(−0.5 to 5.6)
Median distance between facilities visited
consecutively by each patient in the first
year after RR TB diagnosis
*Patients without second-line drug resistance who attended >2 visits. Estimates are change per quarter (i.e., 3 mos). RR, rifampin-resistant; TB,
tuberculosis.
†p value of interaction term between quarter of diagnosis and location.

We included 2,831 patients in the individuallevel multivariable logistic regression analysis and
adjusted for number of visits. In Cape Town, the
odds of submitting a sample from a TB hospital
decreased by 5% per quarter (p = 0.02); outside
Cape Town, we found no statistically significant
association. Outside Cape Town, increasing smear
grade (i.e., scanty, +, ++, +++) was associated with
increasing odds of submitting a sample from a TB
hospital (Table 4).
Distance Traveled

In the first year after diagnosis, patients with RR
TB had samples submitted from 315 different facilities: 268 clinics, 41 non-TB hospitals, and 6 TB hospitals (Appendix Table 3). Most patient movements
between different facilities involved a TB hospital
(Figure 4). A total of 1,765 (61%) patients submitted
samples from >2 different facilities. Patients outside
Cape Town were more likely to transition between facilities than those in Cape Town (75% vs. 54%; p<0.01)
(Table 2). Overall, the median Euclidean distance
734

traveled between facilities was 4.4 km (IQR 0–41 km).
The median distance traveled was significantly shorter in Cape Town (1.5 km, IQR 0–20 km) than outside
Cape Town (46 km, IQR 0.2–122 km; p<0.01). This
disparity remained after controlling for the number
of visits per patient (Table 2).
In Cape Town, the percentage of patients who
transitioned between facilities decreased by 0.9 percentage points per quarter (95% CI 0.1%–1.7%; p =
0.04) and the total distance between all facilities visited decreased by 0.3 km per quarter (95% CI 0.01–0.5
km; p = 0.04). However, outside Cape Town, this
distance increased by 4.7 km each quarter (95% CI
–1.3 to 10.6 km; p = 0.10). We observed no statistically significant change in median number of visits.
Trends in median distance between consecutive visits
were consistent with total distance trends (Table 3;
Figure 3). In Cape Town, the distances to the nearest TB hospital compared with the nearest clinic or
non-TB hospital were similar. Outside Cape Town,
clinics and non-TB hospitals were often much closer
than the nearest TB hospital (Figure 2).
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Discussion
We used routinely collected laboratory data from
Western Cape, South Africa to evaluate implementation of a national policy to decentralize MDR/RR
TB care. Patients with RR TB in Cape Town facilities
were less likely to have samples submitted from a TB
hospital than patients outside Cape Town (29% vs.
68%, p<0.01), suggesting that persons in Cape Town
were less likely to be hospitalized for RR TB. In addition, the percentage of patients who were likely
hospitalized decreased significantly in Cape Town
but not outside Cape Town. In Cape Town, the estimated average duration of TB hospitalization was
nearly a month shorter and decreased over time compared with stays outside Cape Town, where duration
remained constant.
These findings suggest that after the decentralization policy was implemented, more decentralization occurred in Cape Town than outside Cape Town.
Loveday et al. (9) showed that treatment outcomes
across decentralized sites in KwaZulu-Natal varied
greatly and were highly influenced by health system performance. Health system factors such as long
distances between facilities and limited provision of
resources, training, and support from TB hospitals
might have slowed decentralized care uptake in more
rural areas. Furthermore, the large distances between

patients in rural areas posed challenges to in-home
medication administration. Additional outreach efforts such as mobile clinics have facilitated RR TB
diagnosis. However, because mobile clinics might
not be staffed in the same location each day, they are
unable to administer SLDs, suggesting that broader
access to new oral second-line TB drugs is needed in
these settings (17).
Although the national policy change was introduced in 2011, Cape Town subdistricts had already
begun decentralizing RR TB care after the success of
the pilot program in Khayelitsha in 2009 (2,4). Our
findings are consistent with previous work showing
substantial challenges to healthcare access in rural
areas of South Africa (18–21). The limited timeframe
(2012–2015) of our study might have hindered our
ability to detect slow changes in referral patterns outside Cape Town. However, Hill et al. (18) showed
that in 2016, Cape Town patient travel patterns were
still more consistent with a decentralized model than
those elsewhere in the Western Cape.
In our study, patients outside Cape Town traveled 30 times further than patients in Cape Town (46
km vs. 1.5 km). Over the study period, travel distance
decreased significantly for patients in Cape Town and
increased for those outside Cape Town. This pattern
of longer travel distances for healthcare in more rural

Figure 3. Linear time trends in magnitude and duration of movement for adult patients with RR TB, Western Cape, South Africa, 2012–
2014. Patients did not have second-line drug resistance and attended >2 clinic visits. Linear regression trendlines are colored based
on district of diagnosis (red indicates Cape Town; blue indicates other districts) and styled based on significance (solid line indicates
p<0.05; dotted line indicates p>0.05). A) Number of patients diagnosed with RR TB. B) Percentage of patients who submitted a sample
from a TB hospital <1 year after diagnosis. C) Percentage of patients who transitioned to care outside a TB hospital. D) Median duration
of first stay in a TB hospital. E) Percentage of patients who transitioned to different facilities. F) Median number of visits in which
patient submitted >1 sample. G) Median total Euclidean distance traveled between locations. H) Median Euclidean distance between
consecutive visits. RR, rifampin-resistant; TB, tuberculosis.
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Table 4. Multivariable logistic regression for factors associated with sample submitted from a TB hospital <1 y after diagnosis of RR
TB, Western Cape, South Africa, 2012–2014*
Overall, n = 2,831
Cape Town, n = 1,846
Outside Cape Town, n = 985
Characteristic
OR (95% CI)
p value
OR (95% CI)
p value
OR (95% CI)
p value
Location
Cape Town
Referent
Referent
Referent
Other
5.7 (4.8–6.8)
<0.01
NA
NA
Sex
F
Referent
Referent
Referent
M
1.2 (1.0–1.4)
0.03
1.2 (1.0–1.5)
0.07
1.2 (0.9–1.6)
0.27
Age, y
15–34
Referent
Referent
Referent
35–54
1.1 (0.9–1.3)
0.43
1.2 (0.9–1.5)
0.14
0.9 (0.7–1.3)
0.55
>55
0.8 (0.6–1.2)
0.24
1.0 (0.6–1.6)
0.95
0.6 (0.3–1.0)
0.05
Type of TB
Pulmonary only
Referent
Referent
Referent
Extrapulmonary only
1.0 (0.5–1.7)
0.98
0.8 (0.4–1.7)
0.63
1.3 (0.5–3.5)
0.53
Both
2.7 (1.8–4.2)
<0.01
3.7 (2.3–5.9)
<0.01
1.1 (0.5–2.4)
0.85
Results of most recent smear from <30 d of first RR TB–positive sample
Negative
Referent
Referent
Referent
Scanty positive
1.4 (1.0–1.8)
0.03
1.7 (1.2–2.4)
<0.01
1.0 (0.6–1.6)
>0.99
Positive +
1.5 (1.1–2.1)
<0.01
1.6 (1.1–2.2)
0.02
1.5 (0.9–2.8)
0.16
Positive ++
1.8 (1.3–2.5)
<0.01
1.5 (1.0–2.3)
0.06
3.0 (1.5–6.4)
<0.01
Positive +++
2.1 (1.7–2.7)
<0.01
1.9 (1.4–2.5)
<0.01
3.5 (2.2–5.8)
<0.01
Unknown
1.2 (0.9–1.7)
0.19
1.2 (0.8–1.9)
0.29
1.2 (0.7–2.1)
0.56
Quarter of RR TB diagnosis†
0.98 (0.95–
0.29
0.95 (0.92–0.99)
0.02
1.04 (0.98–1.10)
0.20
1.02)
*Patients without second-line drug resistance who attended >2 visits. All analyses adjusted for no. of visits <1 y after diagnosis. Excludes 47 patients who
are missing data on age, sex, or both. NA, not applicable; OR, odds ratio; RR, rifampin-resistant; TB, tuberculosis.
†Estimated change per quarter (i.e., 3 mos).

areas of South Africa is well-documented (18–20). Although rural areas face more challenges to decentralization, the spread of local facilities throughout Western Cape indicates the potential for a reduction in
travel distances for patients outside Cape Town (12).
Shorter travel distances decrease treatment-related
challenges for patients, enable local clinics to provide
more patient support, and decrease risk for transmission during travel (22).
Although NHLS data are reliable for assessing
aspects of TB and HIV care, its use introduces limitations to our study (18,23–29). These data lack information regarding treatment initiation, hospitalization, admission and discharge dates, and treatment
outcomes. We therefore focused on where patients
submitted samples and assumed repeat samples implied treatment prescription and monitoring (29,30).
We also assumed that providing a sample at a TB hospital implied inpatient admission, which we believe
is reasonable given that TB hospitals in the Western
Cape only provide inpatient care (12). To focus on patients most likely to have started and continued RR
TB treatment, we excluded patients without subsequent samples after the initial RR TB sample. However, this criterion might have excluded patients with
extrapulmonary TB or those unable or unwilling to
produce sputum samples. Furthermore, we could not
account for patients who moved or transferred care to
other provinces.
736

Without admission and discharge dates, our TB
hospital stay duration estimate is a proxy for true hospital stay. In addition, without residential addresses,
our distance traveled measure is a proxy for total
travel distance. We also measured simple Euclidean
distance between facilities, which might not reflect
true traveling distance. Despite these limitations, the
relative differences between Cape Town and outside
Cape Town and the time trends should represent differences and trends in true hospital stays and travel
distances.
Our study is also limited by its timeframe (2012–
2015), which does not extend before the decentralization policy or to the present day, and by our inability
to attribute causality between the decentralization
policy and our estimated measures. Therefore, these
results reflect patterns observed during early policy
implementation and are a proof-of-concept that routinely collected laboratory data can be used to assess
care patterns following policy implementation. However, other interventions, such as the introduction of
GeneXpert, occurred in 2011 and 2012, which might
also have affected TB diagnostic use and care. Our results might not be generalizable to all of South Africa
because the Western Cape has more decentralized TB
care units than other provinces (12), and Hill et al.
(18) showed that in 2016 patients in Eastern Cape and
KwaZulu-Natal had more centralized care patterns
than patients in Western Cape.
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The benefits of the decentralization of MDR/RR
TB care have been documented in South Africa and
elsewhere. In Khayelitsha, Cox et al. (5–7) found that
decentralized care resulted in higher case detection,
better outcomes, and lower costs. In KwaZulu-Natal,
Loveday et al. (9–11) observed that decentralized sites
had shorter time to treatment initiation and higher cul-

ture conversion rates; however, outcomes were poorer
where decentralized services were not integrated into
existing services. These studies concluded that regular
monitoring and support were needed to optimize outcomes (9–11). Although Western Cape was the forerunner for implementing community-based MDR/RR
TB care in South Africa, we have shown that locations
Figure 4. Healthcare facilities
visited and movements between
hospitals by patients in RR TB
cohort, Western Cape Province,
South Africa, 2012–2014. Inset
maps show the Cape Town
Metropole. A) All healthcare
facilities visited <1 y after
diagnosis. B) All movements
made <1 y after diagnosis that
involved TB hospitals. C) All
movements made <1 y after
diagnosis that did not involve
a TB hospital. RR, rifampinresistant; TB, tuberculosis.
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outside Cape Town, and likely rural areas in general,
need more support for implementing these policies
(12,18). We have demonstrated a proof-of-concept that
laboratory data can be used to assess policy implementation. As we work toward TB elimination, we must
maximize our use of available, routinely collected data
as a cost-effective, rapid method for evaluating policy
implementation. Laboratory data can contribute to
evidence-based expansion of policies to improve TB
treatment and reduce incidence.
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Transmission of AntimicrobialResistant Staphylococcus aureus
Clonal Complex 9 between Pigs
and Humans, United States
Pranay R. Randad, Jesper Larsen, Hülya Kaya, Nora Pisanic, Carly Ordak, Lance B. Price,
Maliha Aziz, Maya L. Nadimpalli, Sarah Rhodes, Jill R. Stewart, Dave C. Love, David Mohr,
Meghan F. Davis, Lloyd S. Miller, Devon Hall, Karen C. Carroll, Trish M. Perl, Christopher D. Heaney

Transmission of livestock-associated Staphylococcus aureus clonal complex 9 (LA-SA CC9) between pigs raised
on industrial hog operations (IHO) and humans in the
United States is poorly understood. We analyzed wholegenome sequences from 32 international S. aureus CC9
isolates and 49 LA-SA CC9 isolates from IHO pigs and humans who work on or live near IHOs in 10 pig-producing
counties in North Carolina, USA. Bioinformatic analysis of
sequence data from the 81 isolates demonstrated 3 major
LA-SA CC9 clades. North Carolina isolates all fell within
a single clade (C3). High-resolution phylogenetic analysis
of C3 revealed 2 subclades of intermingled IHO pig and
human isolates differing by 0–34 single-nucleotide polymorphisms. Our findings suggest that LA-SA CC9 from
pigs and humans share a common source and provide
evidence of transmission of antimicrobial-resistant LA-SA
CC9 between IHO pigs and humans who work on or live
near IHOs in North Carolina.

L

ivestock-associated Staphylococcus aureus (LA-SA)
has emerged among pigs raised in industrial hog
operations (IHOs) and persons who work on or live
near IHOs globally, including in the United States
(1–4). IHO workers who are occupationally exposed
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to pigs are at increased risk for intranasal carriage
of S. aureus, including methicillin-resistant S. aureus
(MRSA), multidrug-resistant S. aureus (MDRSA), and
LA-SA (3,5). Furthermore, persons exposed to LA-SA
are at risk of developing mild-to-severe infections, including skin and soft tissue infections (SSTIs), pneumonia, endocarditis, osteomyelitis, and bacteremia
(5–8). Recent evidence supports emergence of diverse
clones associated with IHOs. S. aureus clonal complex
9 (CC9), for example, has been reported as a dominant
LA-SA lineage in Asia and has been described as an
emerging clone in some areas with intensive industrial livestock production in the United States (9–11).
The population structure and transmission dynamics of emerging LA-SA CC9 strains in the United
States remains poorly understood. Previous epidemiologic studies in the top 10 pig-producing counties in
North Carolina, the second leading US pig-producing
state, showed a high prevalence of LA-SA CC9 nasal carriage among IHO pigs and IHO workers (3,12).
Epidemiologic findings provide support for potential
transmission of LA-SA CC9 between IHO workers
and their household contacts, including minor children (<18 years of age; IHO minors), based on nasal
carriage of LA-SA CC9 with concordant spa types at
the same time point (3). Epidemiologic studies have
also identified instances of LA-SA CC9 nasal carriage
among community residents with no known exposure
to livestock in high-density IHO areas of North Carolina (2). Whole-genome sequencing (WGS) analysis
provides an opportunity to characterize the population structure and transmission dynamics of LA-SA
CC9 in the United States. The objectives of this study
were to use WGS and phylogenetic analyses to elucidate the population structure of S. aureus CC9 from
various regions in North America, South America,
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Europe, and Asia and to investigate potential transmission of antimicrobial-resistant LA-SA CC9 among
IHO pigs and humans who work on or live near IHOs
in North Carolina.
Methods
Sources of S. aureus Isolates from Humans and from
Pigs Raised on IHOs in North Carolina

S. aureus isolates from IHO pigs were collected from
a convenience sample of a single IHO in North Carolina (IHO-1), as described previously (12). We collected additional pig samples by hanging a length of undyed, unbleached cotton rope in pig pens of 20 IHOs
in North Carolina (IHO-2–IHO-21) (Appendix). Pig
isolates were recovered from IHO-2, IHO-3, IHO-4,
IHO-5, and IHO-6 for a total of 6 IHOs (IHO-1–IHO6). Isolates from IHO-2–IHO-6 have not been published previously. The spa type for all IHO pig isolates
was characterized, as previously described (12), and
used to assign each isolate to a putative multilocus
sequence type (MLST).
S. aureus isolates from humans were collected
from participants who were previously enrolled into
1 of 3 separate epidemiologic studies (study 1, study
2, and study 3) and screened for nasal carriage of S.
aureus (Appendix, https://wwwnc.cdc.gov/EID/
article/27/3/19-1775-App1.pdf). Sample collection,
sample processing, and S. aureus isolation methods
were described previously (1–3). MLST was previously determined for all study 1 isolates (1). The spa
type was previously characterized for study 2 and
study 3 isolates and used to assign a putative MLST
based on previously published associations between
spa types and MLSTs (2,3).
Selection of S. aureus CC9 Isolates for WGS Analysis

A total of 236 putative or MLST-confirmed S. aureus
CC9 isolates were recovered from IHO pigs (n = 91)
and humans (n = 145) in North Carolina during 2011–
2016 (Appendix). For this study, a convenience sample of 49 isolates from North Carolina were subjected to WGS analysis, including 10 isolates from pigs
raised on 4 different IHOs, 34 isolates from 25 IHO
workers, 1 isolate each from 3 IHO minors, and 1 isolate each from 2 community resident adults (Appendix). For comparative purposes, we also included an
international collection of 32 S. aureus CC9 genomes
available as of August 1, 2018, from the National Center for Biotechnology Information (NCBI) Reference
Sequence Database (http://www.ncbi.nlm.nih.gov/
RefSeq), which included information on source, geographic location, and collection year.

WGS and Bioinformatic Analyses

We prepared DNA for multiplexed, paired-end sequencing by preparing libraries using either the
Nextera XT DNA Library Preparation Kit (Illumina,
Inc.), according to manufacturer instructions, or the
Kapa Hyper Prep Kit (Kapa Biosystems, Inc., https://
www.sigmaaldrich.com) and uniquely barcoded
adaptors from NEXTFLEX-96 Unique Dual Index
barcodes (Bioo Scientific, https://www.biooscientific.com). We prepared equimolar pools of S. aureus
libraries at a concentration of 2 nmol and sequenced
on a MiSeq (Illumina, Inc., https://ww.illumina.com)
at 2 × 300 bp. WGS data are available in the NCBI
Sequence Read Archive (http://www.ncbi.nlm.nih.
gov; BioProject no. PRJNA574434).
We used SPAdes (13) to generate de novo assemblies and compared these against the S. aureus MLST database (14) to assign MLSTs. We used
ABRicate (https://github.com/tseemann/abricate)
to search the ResFinder database for antimicrobial-resistance (AMR) genes (15). We used BLASTN
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to detect
genes in the phage-associated immune evasion cluster (IEC), including scn, chp, sak, sea (GenBank accession no. NC_009641), and sep (GenBank accession no.
BA000018) (16).
We used the NASP pipeline (17) to map sequence
reads against the de novo-assembled genome of North
Carolina isolate IHOW6.1 (BioProject accession no.
PRJNA574434) and to perform single-nucleotide polymorphism (SNP) calling, as described previously (8).
We used Gubbins version 2.3.1 (18) to remove recombination from the SNP alignment and used the remaining SNPs in the core genome to construct a midpointrooted maximum-likelihood tree by using PhyML (19)
with a general time-reversible model of nucleotide
substitution and 100 bootstrap replicates (20). We used
the same methods to perform a separate SNP analysis
of the cluster containing the North Carolina isolates
(clade 3) to improve the resolution of the transmission
analysis. We calculated pairwise SNP differences by
using MEGA5 (21). To define a SNP-based threshold
for assigning isolates into putative transmission clusters, we used the maximum within-farm pairwise SNP
distance among S. aureus CC9 isolates from IHO-1, in
which all isolates were collected from the same IHO at
the same sampling time.
Antimicrobial Susceptibility Testing

Isolates in the North Carolina collection previously
were assessed for susceptibility to a panel of antimicrobial drugs by using the Phoenix Automated Microbiology System (Becton Dickinson, https://www.
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bd.com) or the Kirby-Bauer disk diffusion method
(Appendix Table 2). Testing was completed by the
Clinical Microbiology Laboratory at the Johns Hopkins Hospital based on Clinical Laboratory Standards
Institute (CLSI; https://clsi.org) guidelines specified
in the source studies (1–3) (Appendix Table 2). We
defined MDRSA as S. aureus isolates resistant to >3
classes of antimicrobial drugs (22). We defined MRSA
as S. aureus harboring the mecA gene.
Statistical analysis

We used the χ2 test to compare AMR and IEC genes
between groups. We performed all statistical analyses
by using Stata version 14.2 (StataCorp LLC, https://
www.stata.com).
Results
All 49 isolates from the North Carolina collection used
in WGS analysis were classified as sequence type 9 by
MLST. Among 81 S. aureus CC9 isolates analyzed, 95%
(77/81) were located in 3 major clades, C1, C2, and
C3 (Figure 1; Appendix Tables 3, 4). Despite the small
number of pig isolates, each clade contained both pig
and human isolates (Figure 1; Appendix Table 3).
Among C1–C3 isolates, 61% (47/77) contained
tetracycline resistance genes. By contrast, only 1
(1.3%) of the isolates in C1–C3 contained IEC genes
(Figure 1; Appendix Table 4). The presence of pig
isolates coupled with the absence of IEC genes and
presence of tetracycline resistance genes in C1–C3
suggest that C1–C3 isolates may be members of a
larger LA-SA CC9 clade. LA-MRSA CC9, which harbored the mecA gene, was present in C1 and C2 but
absent from C3.
C1 was composed of isolates primarily originating from Asia (12/13 isolates; 92%), of which 46%
(6/13) were from China and 46% (6/13) were from
Taiwan (Figure 1; Appendix Table 3). All of C2 (14/14
isolates) was composed of isolates originating from
Europe, of which 71% (10/14) were from Germany,
21% (3/14) were from the Netherlands, and 7% (1/14)
were from Denmark (Figure 1; Appendix Table 3). C3
included 100% (49/49) of the North Carolina isolates,
which made up 98% (49/50) of all C3 isolates (Figure
1; Appendix Table 3). Only 2 isolates grouped into a
clade that did not correspond to the continent of predominance within the clade. A single isolate from
Colombia (South America) grouped into C3 with isolates from North Carolina, and a single isolate from
the Netherlands grouped into C1 with isolates from
Asia (Figure 1; Appendix Table 3).
High-resolution phylogenetic analysis of C3 revealed multiple distinct subclades, one of which
742

contained all 6 IHO-1 pig isolates from North Carolina (Figure 2). The pairwise SNP distance among
IHO pig isolates from IHO-1 ranged from 0–43 SNPs.
Thus, we used 43 SNPs as the threshold to identify
putative transmission clusters and found that 19 isolates fell into 2 distinct putative transmission clusters
(Figure 2). The minimum pairwise SNP distance between IHO pig and human isolates within putative
transmission clusters ranged from 12–34 SNPs.
Almost all (94.7%) transmission cluster isolates
were classified as MDRSA (Figure 2). Among 19 putative transmission cluster isolates, 14 were recovered
from IHO workers, all of which were classified as
MDRSA. Among IHO worker isolates, 2 differed from
an IHO pig isolate by only 12 SNPs. An IHO worker
isolate that was associated with a recent SSTI differed
from an IHO pig isolate by only 20 SNPs (Figure 2). One
transmission cluster isolate was from an adult community resident with no known exposure to livestock; this
isolate also was classified as MDRSA (Figure 2). The
minimum SNP distance between this isolate and the
closest IHO pig isolate was 25 SNPs and it was 22 SNPs
from the closest IHO worker isolate. Among 3 isolates
from minors, 2 were identical (0 SNP differences) to
an isolate from an IHO worker in the same household
(Figure 2); 1 of the isolates from a minor was collected
at the same sampling time as the IHO worker isolate.
Among C3 isolates, we noted genetic determinants
conferring resistance to tetracyclines, including tet(K),
tet(L), tet(T); macrolides, including erm(A), erm(C); lincosamides, including lnu(A); aminoglycosides, including aac6’-aph2”, spc, and aadD; and streptogramins, including vga(A)LC (Figure 2).
We noted abundant genetic determinants conferring resistance to several antimicrobial classes among
C3 isolates, including tetracyclines in 50% (25/50),
macrolides in 56% (28/50), and aminoglycosides in
62% (31/50) of C3 isolates (Figure 2; Appendix Table
4). Among LA-SA CC9 clades, 50% (25/50) of C3 isolates were uniquely enriched for erm(A) genes, 16%
(8/50) for vga(A)LC, 42% (21/50) for lnu(A), and 54%
(27/50) for spc (Figure 1; Appendix Table 4). The
mecA gene was absent from C3 but common among
C1 and C2 isolates.
Discussion
Our WGS analysis suggests that the clonal expansion of LA-SA CC9 in North Carolina is distinct from
that in Asia and Europe and that LA-SA CC9 from
IHO pigs and humans in high-density pig-producing
counties of North Carolina come from a common
pool. Considering the high degree of phylogenetic relatedness among intermingled IHO pig and human
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Figure 1. Maximum-likelihood tree demonstrating population structure of Staphylococcus aureus clonal complex (CC) 9 isolates from
humans and livestock in North Carolina, USA, and reference sequences. A total of 81 S. aureus CC9 isolates from human and livestock
specimens were included in this midpoint-rooted maximum-likelihood phylogeny based on 3,847 core genome single-nucleotide
polymorphisms. S. aureus isolates belonged to 3 phylogeographically distinct clades (C1–C3). All the North Carolina collection isolates
were included in C3. IEC genes are shown in columns 1, scn; 2, sak; and 3, chp. MRSA is shown in column 4. AMR genes are shown
in columns 5, mecA; 6, tet(K); 7, tet(L); 8, tet(T); 9, erm(A); 10, erm(B); 11, erm(C); 12, vga(A)LC; 13, lnu(A); 14, lnu(B); 15, str; 16, spc;
17, aadD; 18, aac(6); 19, ant(6)-1a; 20, dfrG; and 21, dfrK. Scale bar indicates nucleotide substitutions per site. AMR, antimicrobial
resistance; Chick, chicken; COO, country of origin; IEC, immune evasion cluster; MRSA, methicillin-resistant S. aureus; MSSA,
methicillin-susceptible S. aureus; NA, not applicable.
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isolates in putative transmission clusters, the results
of this study support potential transmission of antimicrobial-resistant LA-SA CC9 between IHO pigs
and humans in the United States.
Our results also provide evidence of householdlevel transmission of LA-SA CC9 between IHO workers and minors and suggest that potential LA-SA
CC9 transmission is not limited to the occupational
setting. Dissemination of LA-SA CC9 into the general

human population represents a public health concern
for 2 reasons. Globally, communities include a higher
proportion of children, the elderly, and probably immunocompromised persons, who are at higher risk
of developing invasive staphylococcal infections,
compared with IHO workers who are predominantly
healthy adults of working age. Our analysis revealed
an 11-year-old child and an IHO worker residing
in the same household who were carrying identical

Figure 2. High-resolution population structure of clade 3 livestock-associated Staphylococcus aureus clonal complex (CC) 9 isolates
from humans and livestock in North Carolina, USA, and reference isolates. A subset of 50 livestock-associated S. aureus CC9 isolates
that were collected from IHO pigs, IHO workers, IHO minors, and CR adults were included in this midpoint-rooted maximum-likelihood
phylogeny based on 1,198 core genome single-nucleotide polymorphisms. A single subclade, denoted as the IHO pig cluster, included only
pig isolates from IHO-1 and was used to set a threshold of 43 SNPs for identifying transmission clusters; clusters of IHO pig and human
isolates separated by <43 SNPs are considered transmission clusters. Two subclades included intermingled human and IHO pig isolates
with a high degree of phylogenetic relatedness and were considered transmission clusters. IEC isolates are shown in columns 1, scn, 2,
sak, and 3, chp. AMR genes are shown in columns 4, tet(K); 5, tet(L); 6, tet(T); 7, erm(A); 8, erm(C); 9, vga(A)LC; 10, lnu(A); 11, spc; 12,
aadD; and 13, aac(6). MDRSA is shown in column 14. Antimicrobial drug resistance is shown in columns 15, fluoroquinolone resistance,
considered phenotypic resistance to moxifloxacin; 16, lincosamide resistance, considered phenotypic resistance to clindamycin; 17,
macrolide resistance, considered phenotypic resistance to erythromycin; 18, aminoglycoside resistance, considered phenotypic resistance
to gentamicin; 19, tetracycline resistance, considered phenotypic resistance to tetracycline; and 20, penicillin resistance. Scale bar indicates
nucleotide substitutions per site. AMR, antimicrobial resistance; CR, community resident, a person with no known exposure to livestock;
IHO, industrial hog operation; MDRSA, multidrug resistant S. aureus; SSTI, skin and soft tissue infection.
744
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LA-SA CC9 isolates (0 SNP differences) at the same
sampling time, which provides strong evidence of
household transmission of LA-SA CC9 between IHO
workers and their children. Second, clinical implications might arise regarding treatment regimens for LAMDRSA CC9 colonization and infection. Most (63.3%;
31/49) LA-SA CC9 isolates from North Carolina were
multidrug-resistant and carried multiple genes conferring resistance to antimicrobial drug classes critical for
human medicine (23). Of note, the single LA-SA CC9
isolate from an IHO worker who reported a recent SSTI
belonged to a putative transmission cluster, displayed
an MDRSA phenotype, and previously was reported
to display a high degree of pathogenicity compared
with a hypervirulent community-associated MRSA
strain, USA300 (GenBank accession no. CP000255), in
a mouse model of SSTI (24).
Our results support potential transmission of LASA CC9 between IHO pigs and humans, and between
humans and other humans, in the top 10 pig-producing counties in North Carolina. These findings are
consistent with previous publications on LA-SA CC9
and other lineages of LA-SA. First, a separate analysis of LA-MRSA CC9 recovered from IHO pigs in
China suggested potential transmission of LA-MRSA
CC9 between pigs, humans, and cows (11). Second,
an abundance of previous epidemiologic and WGS
analyses support transmission of diverse lineages of
LA-SA from pigs to humans, which can result in human SSTI and bloodstream infections (8,10,25). Last,
prior WGS analyses and epidemiologic studies have
provided support for household transmission of LASA CC9 and CC398 between persons based on spatial,
temporal, and genotypic overlap (2,3,26). In our analysis, the exact transmission pathway remains unclear
because we did not ascertain the direction of transmission or whether transmission occurred through
direct or indirect contact.
Previous studies have suggested a S. aureus mutation rate of 5–10 SNPs per year per genome (27–30),
but our threshold of 43 SNPs was justified for 2 reasons. First, our empirically derived SNP threshold
was consistent with SNP-based thresholds used by
others to identify suspected transmission of MRSA in
clinical settings (31) and previous measures of withinperson S. aureus diversity (32). The robustness of our
findings was supported when we used the median
(32 SNPs), rather than maximum (43 SNPs), pairwise
SNP distance among IHO pig cluster isolates as the
SNP threshold for identification of putative transmission clusters. We excluded only 1 isolate from an IHO
worker from putative transmission clusters, and the
excluded isolate was not the SSTI-associated isolate

(data not shown). Second, the aim of this study was
to clarify whether any SNP-based evidence of transmission between IHO pig and human populations in
North Carolina exists, rather than provide evidence
of recent or incident transmission or to identify specific pathways of transmission. Using 43 SNPs as the
threshold enabled us to observe potential direct or
indirect transmission that might not be observed by
using epidemiologic data alone. Investigations of S.
aureus transmission conventionally combine epidemiologic and strain typing data, but these methods can
fail to identify transmission links in cases in which
spatial and temporal overlap is lacking (31). Using
the epidemiologic data that were available to us, such
as multiple S. aureus CC9 isolates from the same IHO,
household, or individual, we observed SNP-based
evidence of S. aureus CC9 clustering that would be
expected biologically (Appendix Table 5).
Since 2016, tetracyclines have been the most
heavily used antimicrobial drug class in the US pig
production system, followed distantly by macrolides,
lincosamides, aminoglycosides, streptogramins, and
fluoroquinolones (33,34). If antimicrobial-resistant
CC9 strains were enriched through selective pressure, antimicrobial use in pig production possibly has
played a role in the clonal expansion of LA-SA CC9
in North Carolina and other regions of the world. Of
note, resistance to several of these antimicrobial drug
classes was conferred by different AMR genes in C1,
C2, and C3 (Figure 1; Appendix Table 4), highlighting different evolutionary pathways for adaptation to
antimicrobial selection pressures in different regions
of the world. Continued surveillance of IHO pigs and
humans, including during and after regulatory and
policy restrictions on antimicrobial use in animal agriculture, could provide critical insight into the potential contribution of antimicrobial use in the clonal expansion of LA-SA CC9 and its associated AMR genes
in the United States.
The strengths of our study included using SNPbased analyses to examine the population structure
and transmission dynamics of LA-SA CC9 among
pigs and humans in a region of North Carolina with
the highest density of IHOs in the United States (35),
a region in which residents and IHO workers are actively expressing concerns about IHO-related exposures (36). Second, our study used SNP distance to
classify human isolates closely related to IHO pig
isolates, which is an improvement on previous studies that used spa-typing, MLST typing, absence of IEC
genes (specifically scn), phenotypic AMR determination, or combinations of these techniques, to classify S. aureus isolates as livestock-associated (2,3,12).
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Third, the use of a SNP-based definition for cluster
analysis can capture the potential for transmission
between animal and human populations that would
have been missed by using more conventional epidemiologic methods alone (31).
Limitations of our study included that we were
not able to provide evidence for directionality of
transmission. We rooted our high-resolution phylogenetic tree at the midpoint; therefore, we are unsure if the most ancestral clade of S. aureus CC9 is
of human or animal origin. In addition, whereas the
SNP-based evidence for pig-to-human transmission
could have been strengthened by spatial or temporal
data linking pigs and workers at the same IHO, these
data were not available because of efforts to protect
the privacy of participants enrolled in the epidemiologic studies and because of limited access to IHOs
in the United States (37). In contrast to countries in
Europe, the lack of access to IHOs prevents us from
assessing the generalizability of our results in the
United States. We hypothesize that we would see
even closer genetic relatedness between IHO worker
and IHO pig LA-SO CC9 isolates collected from the
same IHO at the same time. Last, our collection of S.
aureus CC9 isolates was limited. The North Carolina
collection was a convenience sample that identified
S. aureus CC9 isolates from only 6 IHOs, which does
not represent the full population of IHOs or pigs in
North Carolina. Also, we excluded many isolates
selected for WGS from SNP-analysis because they
did not pass our quality control criteria (Appendix),
potentially introducing bias into the studied isolate
sample. Additional S. aureus CC9 isolates likely are
available now in the NCBI Reference Sequence Database, but publicly available LA-SA CC9 sequence
data were limited when we accessed the database
for this study. A more representative dataset could
provide more refined estimates on frequency of
transmission in North Carolina and other regions of
the world.
Despite these limitations, our results show a
high degree of phylogenetic relatedness between
IHO pig and human LA-SA CC9 isolates in the top
10 pig-producing counties in North Carolina. The
presence of a highly pathogenic SSTI-associated
LA-SA CC9 isolate with an MDRSA phenotype in
a putative transmission cluster warrants future investigations into the disease burden associated with
these strains in the United States. Future research
could further improve or build on our findings by
including environmental isolates and considering
WGS analysis in conjunction with spatial and temporal data analysis to investigate the frequency of
746

transmission, environmental exposure routes, and
geographic extent of LA-SA CC9. Our reference
dataset might be useful in future investigations of
worker and community health concerns related to
LA-SA CC9 dissemination and acquisition, both in
North Carolina and in other regions of the United
States with high densities of IHOs.
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Epidemiology and Clinical Course
of First Wave Coronavirus
Disease Cases, Faroe Islands
Marnar F. Kristiansen, Bodil H. Heimustovu, Sanna á Borg, Tróndur Høgnason Mohr.,
Hannes Gislason, Lars Fodgaard Møller, Debes H. Christiansen, Bjarni á Steig,
Maria Skaalum Petersen, Marin Strøm, Shahin Gaini

The Faroe Islands was one of the first countries in the
Western Hemisphere to eliminate coronavirus disease
(COVID-19). During the first epidemic wave in the country, 187 cases were reported between March 3 and April
22, 2020. Large-scale testing and thorough contact tracing were implemented early on, along with lockdown
measures. Transmission chains were mapped through
patient history and knowledge of contact with prior cases. The most common reported COVID-19 symptoms
were fever, headache, and cough, but 11.2% of cases
were asymptomatic. Among 187 cases, 8 patients were
admitted to hospitals but none were admitted to intensive care units and no deaths occurred. Superspreading
was evident during the epidemic because most secondary cases were attributed to just 3 infectors. Even with
the high incidence rate in early March, the Faroe Islands
successfully eliminated the first wave of COVID-19
through the early use of contact tracing, quarantine, social distancing, and large-scale testing.

T

he World Health Organization declared coronavirus
disease (COVID-19) a pandemic on March 12, 2020
(1). Initial outbreaks were reported in China during late
2019, and by February 2020 COVID-19 had spread globally and caused clusters of contagion in Europe (2).
Author affiliations: National Hospital of the Faroe Islands,
Tórshavn, Faroe Islands (M.F. Kristiansen, B.H. Heimustovu,
S. á Borg, T.H. Mohr, B. á Steig, S. Gaini); Ministry of Health
COVID-19 Task Force, Tórshavn (M.F. Kristiansen, B.H. Heimustovu,
B. á Steig); University of the Faroe Islands, Tórshavn
(M.F. Kristiansen, H. Gislason, M.S. Petersen, M. Strøm,
S. Gaini); Office of the Chief Medical Officer, Tórshavn
(L.F. Møller); Faroese Food and Veterinary Authority, Tórshavn
(D.H. Christiansen); The Faroese Hospital System, Tórshavn
(M.S. Petersen); Statens Serum Institut, Copenhagen, Denmark
(M. Strøm); Odense University Hospital, Odense, Denmark
(S. Gaini); University of Southern Denmark, Odense (S. Gaini)
DOI: https://doi.org/10.3201/eid2703.202589

The first confirmed case of COVID-19 in the Faroe
Islands was identified on March 3. The Faroe Islands,
located in the North Atlantic Ocean, is a high-income
self-governing country in the Kingdom of Denmark
with a population of 52,428 (3). During March 3–April
22, 2020, 187 persons in the Faroe Islands tested positive for COVID-19 (Figure 1). The last case was diagnosed on April 22 and recovered on May 8, at which
point the first wave of COVID-19 ended in the country. To eliminate COVID-19, the Faroe Islands used
an active suppression strategy that included largescale testing, contact tracing, quarantine, and social
distancing measures.
We describe the epidemiology and clinical course
of COVID-19 during March 3–May 8, 2020, and the
successful elimination of the first wave of COVID-19
in the Faroe Islands. We assessed the effects of contact tracing, quarantine, and social distancing. We
also estimated the average and observed number of
secondary cases caused by each infector at the date of
diagnosis during various stages of the epidemic.
Methods
Identification of COVID-19 Cases and Contacts

The government of Faroe Islands implemented lockdown on March 12, 2020, when only 3 confirmed
cases were known in the country. The main nonpharmaceutical interventions were closing schools,
childcare centers, and nonessential public workplaces. The government discouraged unnecessary travel
and reduced transport to and from the country to
a minimum. The government also promoted social
distancing, frequent handwashing and use of hand
sanitizers, and avoiding large gatherings. After
March 12, all travelers arriving in the Faroe Islands
were asked to self-quarantine for 14 days (Figure 2).
Government authorities implemented all measures
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Figure 1. All confirmed cases of coronavirus disease in the Faroe Islands as of May 8, 2020. Active cases, recovered cases, new cases
per day, and cumulative cases are shown. Vertical gray line indicates change in recovery criteria on March 28, which prolonged the
required time for recovery to >14 days.

as nonmandatory recommendations, which the public generally followed.
The Faroe Islands quickly adapted diagnostic
real-time reverse transcription PCR (RT-PCR) resources to test for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the virus that causes COVID-19. RT-PCR resources normally used in salmon
farming by the Food and Veterinary Authority were
adapted to implement a large-scale COVID-19 testing
strategy early in the epidemic. This strategy enabled
high testing capacity per capita; 600 tests per day were
administered during the first days of the outbreak, and
test results were available within 1–2 days.
The Office of the Chief Medical Officer performed
contact tracing by requesting that all persons with positive RT-PCR test results self-isolate and list persons
with whom they had close contact <48 hours before
symptom onset. Asymptomatic positive persons were
asked to list all contacts <48 hours before diagnosis.
For contact tracing, close contacts were persons who
had face-to-face contact <2 meters of a positive case for
>15 minutes; direct physical contact with a case; direct
750

care of a COVID-19 patient without using proper personal protective equipment; or other equally assessed
exposures, such as living in a household with, having
face-to-face contact for >15 minutes with, or riding in
a vehicle with a confirmed COVID-19 case-patient (4).
The Office of the Chief Medical Officer contacted all
reported close contacts and requested that they quarantine for 14 days. If persons could not quarantine
at home, the government offered hotel rooms free of
charge to both cases and contacts.
The Ministry of Health established a COVID-19
task force (CTF) of medical doctors to maintain contact with all isolated COVID-19 cases and quarantined
contacts. To monitor for symptom development and
clinically evaluate whether cases needed to be hospitalized, task force members contacted diagnosed cases
at intervals of <48 hours during isolation until the end
of the quarantine period. CTF recorded information
on the infection source, including whether the case
was contracted from a known infector, an imported
case, or an unknown source. CTF also recorded information on quarantine before RT-PCR testing and the
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Figure 2. Timeline of government actions taken against COVID-19, Faroe Islands. Restrictions were not mandatory but generally were
followed by the public. It is difficult to conclude which effect every specific nonpharmaceutical intervention had on the Faroese epidemic
as several were implemented successively and some in parallel, although these interventions in concordance with contact tracing and
quarantine managed to eliminate the first wave of the epidemic. COVID-19, coronavirus disease.

number of close contacts asked to quarantine. CTF
recorded symptoms for all patients prospectively. Reported symptoms included cough, headache, throat
pain, dyspnea, and fever. CTF also recorded the dates
of illness onset, end of acute symptoms, and end of
quarantine for patients.
Quarantined contacts were given a telephone
number to call if symptoms developed. Shortly before
the end of their quarantine, contacts were asked again
whether symptoms had developed to determine
whether they should be tested. Some asymptomatic
contacts also were tested, but this was not done routinely. Testing required a referral from a doctor.
During the initial epidemic period, recovery criteria in the Faroe Islands followed guidelines from
Denmark and considered persons who were without
symptoms for >48 hours recovered. However, because observations indicated that 48 hours without
symptoms did not ensure that the infectious period
was over, recovery criteria were changed on March
28 to >14 days after a positive RT-PCR. Retesting was
not recommended for positive cases and negative
tests were not used as part of the recovery criteria.
Statistical Analyses

The serial interval is the time from symptom onset in
a primary case to symptom onset in a secondary case.
The generation time is the time between infection
events in a primary case and a secondary case. Generation time is difficult to observe but is expected to
be approximately equal to the serial interval (5,6). We
chose to use the serial interval in all cases in this study
and we estimated the mean serial interval by using

the EpiEstim package in R (R Foundation for Statistical Computing, https://www.r-project.org). We assumed a gamma distributed model on 124 identified
infector–infectee pairs for which symptom onset was
known for both cases.
The reproduction number (R0) is the average
number of secondary cases each case will infect. A
time-varying reproduction number (Rt) is the average number of secondary cases caused by each primary case at different times in the epidemic. Rt can
be affected by government interventions, behavior
changes, or when a certain fraction of the population
is no longer susceptible to the pathogen because of
immunity. We estimated Rt by using sliding 1-week
windows, which assumes the transmission potential
at given time t is the same as in the time window that
ends at time t. We used the default 1-week window of
the EpiEstim package (7) and took the average of the
transmission potential of that sliding window to estimate Rt. Using sliding windows reduces noise while
retaining the possibility to show changes in real-time
in different phases in the epidemic. We used local serial interval data and the distribution of local and imported case counts as input data.
We determined the observed individual reproductive number (Robs) by using transmission chains in the
Faroe Islands. Robs is the average number of observed
secondary infections caused by each primary case at
different times in the epidemic by date of diagnosis.
We made 2 adjustments to make Rt and Robs data
comparable. For cases of unknown transmission, we
set the infector as diagnosed 5 days earlier by rounding the serial interval from 5.35 to 5 days to avoid
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underestimating Robs by censoring these cases. Because
Robs is based on the infector and Rt is based on the infectee, we displaced Robs forward by the serial interval
of 5 days to facilitate visual comparison of Robs and Rt.
Determining Transmission Chains

We determined transmission chains by interviewing
newly diagnosed patients about their contacts and
whereabouts 2 weeks before symptom onset and linking this with information on previously known cases.
If multiple exposures were known for a case and the
most likely infector was uncertain, we chose the earliest diagnosed case as infector. Persons who had been
abroad during the previous 14 days were classified as
imported cases if no better explanation was known.
When cases could not be linked to previous cases and
had no recent travel history, we classified the transmission as unknown.
All study procedures were in accordance with
the Declaration of Helsinki. The study was approved
by the Data Protection Authority of the Faroe Islands
(approval no. 20/00096-12).
Results
In the first wave of COVID-19, 187 cases were identified; the first case on March 3 and the last on April 22.
On May 8, the Faroe Islands had no active COVID-19
cases. No fatalities or admissions to the intensive care
unit occurred during this first wave. By May 8, a total
of 7,653 RT-PCR tests for SARS-CoV-2 had been performed on 6,957 persons and the Faroe Islands had a
per capita testing rate of 13,339/100,000 population,
the highest globally (8,9). Furthermore, at that time,

the Faroe Islands had the 12th highest confirmed cases per capita, 357/100,000 population (8,9) (Table).
Among identified case-patients, 88.8% experienced
symptoms, the most prevalent of which were fever
(63.1%), headache (47.6%), and cough (44.4%) (Table).
More asymptomatic cases occurred among persons <18
(25%) and >65 years of age (30%) than among persons
18–64 years of age (6.3%) (Table). The mean time from
symptom onset to diagnosis was 3.06 days (range <1–17
days; 95% CI 2.67–3.45 days); 6 cases were diagnosed
before the onset of symptoms. The median age among
case-patients was 40 years (range 0–92 years) (Table).
Among 187 cases, 8 patients were hospitalized,
and the median length of hospitalization was 2 days
(range 0–11 days). The median age of hospitalized
case-patients was 57 years (range 37–92 years); and
1 patient was hospitalized twice. Among the 8 hospitalized case-patients, 7 had >1 underlying condition,
including hypertension, emphysema, asthma, ulcerative colitis, diabetes, and cardiovascular disease.
We noted 10 cases of unknown or uncertain origin and 9 from known contact with a person who was
not tested or who tested negative (Figure 3). We classified 30 cases as imported; 62 cases were acquired in
a household, 39 in a workplace, 11 during an event,
and 45 in other or unknown settings. Among imported cases, 20 did not cause further infections. We noted
4 large transmission chains that led to 105 other cases.
We also noted 3 superspreading cases, each of which
infected >10 secondary cases.
We estimated the serial interval by fitting a gamma distribution on symptom onset of infector–infectee
pairs, resulting in a mean of 5.36 days (95% CI 4.63–6.09

Table. Occurrence, characteristics, and symptoms of 187 coronavirus disease cases during March 3–May 8, 2020, Faroe Islands*
COVID-19 cases
Sex
Age range, y
Variable
All cases
Male
Female
0–17
18–64
>65
All cases
187
88 (47.1)
99 (52.9)
24 (12.8)
143 (76.5)
20 (10.7)
Cases/100,000 population
357
324
393
184
478
218
Cases tested by RT-PCR
6,957
3,091 (45.5)
3,866 (54.5)
1,132 (19.3) 4,965 (68.4)
860 (12.3)
RT-PCR tests/100,000 population
13,339
11,377
15,305
8,660
16,597
9,381
Reported symptoms
Asymptomatic
21 (11.2)
11 (12.5)
10 (10.1)
6 (25.0)
9 (6.3)
6 (30.0)
Fever
118 (63.1)
55 (62.5)
63 (63.6)
12 (50.0)
94 (65.7)
12 (60.0)
Cough
83 (44.4)
47 (53.4)
36 (36.4)
4 (16.7)
71 (49.7)
8 (40.0)
Headache
89 (47.6)
36 (40.9)
53 (53.5)
5 (20.8)
78 (54.5)
6 (30.0)
Sore throat
56 (29.9)
24 (27.3)
32 (32.3)
3 (12.5)
51 (35,7)
2 (10.0)
Dyspnea
20 (10.7)
7 (8.0)
13 (13.1)
1 (4.2)
19 (13.3)
0 (0.0)
Loss of smell or taste†
63 (33.7)
23 (26.1)
40 (40.4)
3 (12.5)
56 (39.2)
4 (20.0)
Fatigue†
26 (13.9)
11 (12.5)
15 (15.2)
0 (0.0)
23 (16.1)
3 (15.0)
Rhinorrhea†
44 (23.5)
21 (23.9)
23 (23.2)
4 (16.7)
35 (24.5)
5 (25.0)
Body aches†
36 (19.3)
22 (25.0)
14 (14.1)
1 (4.2)
30 (21)
5 (25.0)
Chest tightness†
15 (8.0)
8 (9.1)
7 (7.1)
1 (4.2)
14 (9.8)
0 (0.0)
Diarrhea†
11 (5.9)
2 (2.3)
9 (9.1)
2 (8.3)
6 (4.2)
3 (15.0)
Abdominal pain†
11 (5.9)
4 (4.5)
7 (7.1)
3 (12.5)
4 (2.8)
4 (20.0)
*Values are no. (%) except as indicated. COVID-19, coronavirus disease; RT-PCR, reverse transcription PCR.
†Only recorded when mentioned by patients. Other symptoms were systematically collected.
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Figure 3. Transmission chains
of coronavirus disease, Faroe
Islands. All transmission
chains are shown but are not
represented chronologically.
Transmission is based on
persons, not events. The 3 open
symbols represent known cases
that were not tested or that
tested negative for coronavirus.
Blue shading in hectogons
denotes secondary, tertiary,
and quaternary cases infected
from primary case. When
multiple exposures were known
for a case, the first exposure
was chosen as the source of
infection; this choice might
slightly overestimate the number
of secondary cases caused
some infectors. The 20 cases
shown in the top right were
imported and led to no further
infections. Among 9 cases that
originated from contact with
known but untested persons
or persons with negative test
results (denoted by open circles), we presume the tests were false negative; those who were not tested had relevant symptoms and
contact with later cases but had left the country or the course of the disease was over before their case was discovered. We classified
cases that caused >10 secondary infections superspreading cases.

days; SD 4.12 days, 95% CI 3.56–4.93 days). Rt peaked
at 4.88 on March 16, after which it fell to <1 from March
24 onward. On April 22, we saw a short peak of >1
with the last case. After the last case, Rt rose to >1 again
on May 4, even though no new cases were detected,
but the 95% CI was quite large (95% CI 0.06–2.99). Robs
roughly followed Rt when displaced by the serial interval with a peak of 4.0 on March 17 (Figure 4).
During March 2–April 22, a total of 854 persons
were quarantined because of close contact with a COVID-19 case; 132 (15%) were later confirmed as having
COVID-19 cases. Fourteen persons were quarantined
before diagnosis because of recent travel (Figure 5).
For each identified case, the mean number of contacts
quarantined was 5.1 (Figure 6).
Discussion
The Faroe Islands were one of the first countries in
the Western Hemisphere to eliminate COVID-19,
showing the feasibility of elimination in a country
with well-defined borders, even starting with a high
incidence. Testing, contact tracing, quarantine, and
social distancing measures were instrumental to
success in the Faroe Islands. These strategies have
proven effective in suppressing the infection in other
countries, including Iceland, Taiwan, Switzerland,

and New Zealand (10–13). A notable success is that
only 10.7% of COVID-19 cases in the Faroe Islands
were among persons >65 years of age, even though
this group constitutes 17.6% of the population (3).
Low incidence among persons >65 years of age reflects the timely government restrictions on access
to care homes, nursing homes, and hospitals, which
might explain why no COVID-19 deaths or intensive care unit admissions occurred and only 8 casepatients were admitted to hospitals during the first
wave in the Faroe Islands.
After the initial success of eliminating COVID-19,
government travel restrictions remained strict, and a
14-day quarantine was recommended for travelers arriving in the country. Travel restrictions were loosened
on June 15, quarantine was no longer requested, and
only 1 test was required at the border. Lifting travel restrictions did not lead to an instant influx of cases, but
some sporadic cases were found among tourists at the
borders and foreign workers at harbors in the Faroe Islands. However, on August 4, two locally transmitted
cases of unknown origin put an end to a streak of 104
days without locally transmitted cases.
The number of close contacts put in quarantine
fell quickly after government recommendations were
implemented (Figure 6). After the outbreak’s initial

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

753

RESEARCH

days, implemented restrictions resulted in quarantine
of most new cases before diagnosis because of travel
or contact with a previous case (Figure 5). This finding demonstrates that contact tracing and quarantine
were effective strategies, despite some cases persisting
without quarantine. Unquarantined cases were among
cases of unknown origin or contacts not included in the
close contact quarantine guidelines. Cases diagnosed
outside of quarantine might indicate that contact tracing and quarantine would not have been enough to
eliminate the epidemic without simultaneously implementing social distancing measures.
Mapping the transmission chains of COVID-19
revealed that most cases infected few or no secondary
contacts, whereas 3 superspreading cases set off long,
aggressive chains that led to most of the identified

secondary locally transmitted cases. When we
mapped transmission chains, among cases that had
multiple exposures but the most likely infector was
unclear, we chose the first diagnosed case in the chain
as the infector, which might slightly overestimate the
number of secondary cases caused by some infectors.
The observation of superspreading persons aligns
with previous findings in many infectious disease
outbreaks, including the 2002–2003 SARS outbreaks,
in which a small percentage of cases in a population
caused most transmission events, known as the 20/80
rule (14). Our observations support other reports that
indicated super-spreading has played a major role in
the current outbreak of COVID-19 (15).
Variation in demonstrated infectiousness can be
affected by host, pathogen, or the environment. The 3

Figure 4. Time-varying reproduction number (Rt) and observed reproduction number (Robs) for coronavirus disease by date, Faroe
Islands. Green shading indicates 95% CI for Rt. We noted a rapid decrease in Rt, from 4.88 on March 16. From March 24 onward,
Rt and Robs were <1 until April 22 when the last case was confirmed in the Faroe Islands. After May 4, Rt rose >1 due to increasing
uncertainty in the estimate. We calculated Rt by using the EpiEstim package in R (R Foundation for Statistical Computing, https://www.rproject.org) and local data on serial interval and imported cases. Robs was determined by information from the transmission chains. We
made 2 adjustments to compare Robs to Rt: we moved Robs 5 days forward (equal to the serial interval) because Robs is measured on the
infector; and we set Rt on the infected case. When the infector was unknown, we set transmission as 5 days earlier, equal to the serial
interval, to avoid underestimating Robs by censoring those cases. R0, reproduction number; Robs, observed reproduction number; Rt, timevarying reproduction number.
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Figure 5. Percentage of known coronavirus disease cases quarantined by date, Faroe Islands. During March 3–12, 2020, no cases
were quarantined because no previous infection was diagnosed in the Faroe Islands and travel quarantine was not enforced yet.
After March 12, most cases were quarantined, either as a result of recent travel or close contact with a positive case. However, some
nonquarantined cases persisted and an unquarantined case was identified on April 3.

superspreading cases in our study had many sporadic
contacts, were of varying ages and of both sexes, and
had no underlying conditions. Although we do not
have data to speculate on why these persons spread
the disease more effectively than others, known risk
factors for superspreading described in the literature
for other infectious disease epidemics include co-infections, a higher viral load in superspreaders, or that superspreaders had more close contacts than other cases
(14,16). Other hypotheses for these apparent differences
in COVID-19 spread could be that some transmission
chains in the Faroe Islands had more contagious strains
of SARS-CoV-2 than others, which other preliminary
studies might support (17,18). Further studies, including sequencing of SARS-CoV-2 viruses from the Faroe
Islands, will further investigate these aspects.
Of note, infection in the Faroe Islands appears to
have been spread by a small number of quarantined
children who tested negative, presumably because
of false-negative tests. The children were exposed independently and were quarantined with their family

members who later tested positive for SARS-CoV-2
without exposure to positive cases themselves. The
children continued to test negative with repeated tests.
The Faroe Islands are a unique place to investigate the effects of COVID-19. Because of large-scale
testing in the country, few unrecorded cases would be
expected, and this was confirmed by seroprevalence
study. The study, conducted during April–May in a
representative 2% sample of the population, assessed
SARS-CoV-2 seroprevalence at 0.7%, indicating only
a few unrecorded cases (19). The performance and
sensitivity of RT-PCR tests in community settings has
been in doubt because the likelihood of a false-negative test is assumed to be higher among persons with
mild or no symptoms compared with hospitalized
patients. However, our practical experience shows
that elimination is possible with large-scale testing,
even if some cases might be missed due to false-negative results. One consequence of the intensive testing regime in the Faroe Islands is that clinical data reflect symptoms in the milder spectrum of COVID-19
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disease. Studies in other countries might overestimate
the prevalence of severe symptoms because severe
cases are more likely to be tested in those settings,
and some milder cases might be missed.
Studies from other countries have shown proportions of asymptomatic cases ranging from 11.9%
to 51.7% (12,20–22). We found 11.2% of cases in our
study were asymptomatic. One reason for the difference might be that COVID-19 symptoms initially
were used as criteria for testing in the Faroe Islands
and some asymptomatic cases might have been
missed. Another explanation of the different proportion of asymptomatic cases might be misclassification
of symptoms in previous reports from the country,
meaning COVID-19 cases categorized as asymptomatic patients were presymptomatic. The most prevalent symptoms reported by COVID-19 cases in our
study were fever, headache, and cough, similar to
findings in other studies (12,21,23,24).
In the Faroe Islands, both Rt and Robs showed a
rapid decrease as effects of social distancing, contact
tracing, and quarantine were established, which indicates that the measures had the desired effect. Toward
the end of the epidemic, after May 4, Rt increased to

>1 and had an increasingly high 95% CI, even though
no new cases were detected after April 22. Rt should
not increase without new cases, but the increase seen
here is likely due to the small size of the dataset and
increasing uncertainty.
If R0 falls to <1, an epidemic will die out, indicating that measures to suppress the spread are working.
Changes in R0 should be interpreted with caution, and
assigning causal effects to specific government measures is challenging because several measures were
implemented at the same time or over short periods
(Figure 2); their effects on the contagion only can be
seen after some delay. The changes in individual behavior caused by the media focus on the pandemic
probably also have had an independent effect from
any government measures. Furthermore, the statistical methods we used frequently overestimate R0 in
the early stages of an epidemic, which would make
the decrease in R0 seem more rapid than it was (25).
Most countries have pursued a strategy to mitigate the spread of COVID-19 and flatten the epidemic
curve, but others, such as New Zealand, announced a
goal to eliminate COVID-19 (13,26). The Faroe Islands
successfully eliminated COVID-19 on May 8, 2020,

Figure 6. Mean number of contacts per coronavirus disease case placed in quarantine each day, Faroe Islands. The number of close
contacts per case quickly dropped after March 12, 2020, and the effects of social distancing due to government measures, changes in
social behaviors, and quarantine is apparent.
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but because controls on incoming travelers were reduced, elimination did not last (27).
A strength of this study is the use of nationwide
data that includes all confirmed cases and prospective
reporting of symptoms, which gives a more accurate
description of COVID-19 symptoms compared with
studies focusing on admitted patients. Furthermore,
because the Faroe Islands had some of the world’s
highest per capita testing rates, few unreported cases
could be expected, strengthening the representation
of the general course of the illness in the country.
Limitations of our study include the limited sensitivity of oropharyngeal swabs used for RT-PCR, which
might lead to false-negative test results and, thus, underestimating the total number of cases. However, a
follow-on seroprevalence study in the Faroe Islands
indicated few unrecorded infections (19). With 187
cases, no fatalities, and few hospital admissions, ascertaining much about severe COVID-19 in the Faroe
Islands is difficult, but the country shows a good representation of the most general course of disease. The
Faroe Islands only have sea borders, and COVID-19
elimination here might not be readily generalizable to
countries with land borders because control of incoming travelers can be more difficult in such settings.
In conclusion, our study includes all nationwide
cases during the first wave of COVID-19 in the Faroe
Islands, adds to the knowledge of COVID-19 symptoms
in mild cases, and further supports to the role of superspreading in the pandemic. An effective suppression
strategy led to eliminating the first wave of COVID-19
in the Faroe Islands, but the infection reappeared after
the borders were reopened. This reemergence is indicative that other countries with easily monitored borders
could feasibly eliminate COVID-19 by using a combination of large-scale testing, contact tracing, social distancing measures, and border restrictions. The rise of a
second COVID-19 wave also is a warning that relaxing
border restrictions will lead to a rise in infections.
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Methicillin-resistant Staphylococcus aureus, better known as MRSA, is often found on human skin.
But MRSA can also cause dangerous infections that
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transmission modes that might lead to the spread of
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spread of MRSA from livestock to humans.
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Oral Human Papillomavirus
Infection in Children during the
First 6 Years of Life, Finland
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Human papillomavirus (HPV) infections are found in children, but transmission modes and outcomes are incompletely understood. We evaluated oral samples from 331
children in Finland who participated in the Finnish Family
HPV Study from birth during 9 follow-up visits (mean time
51.9 months). We tested samples for 24 HPV genotypes.
Oral HPV prevalence for children varied from 8.7% (at
a 36-month visit) to 22.8% (at birth), and 18 HPV genotypes were identified. HPV16 was the most prevalent
type to persist, followed by HPV18, HPV33, and HPV6.
Persistent, oral, high-risk HPV infection for children was
associated with oral HPV carriage of the mother at birth
and seroconversion of the mother to high-risk HPV during follow-up (odds ratio 1.60–1.92, 95% CI 1.02–2.74).
Children acquire their first oral HPV infection at an early
age. The HPV status of the mother has a major impact
on the outcome of oral HPV persistence for her offspring.

C

utaneous warts are common in children and are
acquired mostly through horizontal transmission,
but also through vertical transmission; lesions can
persist asymptomatically for years (1). Unlike human
papillomavirus (HPV) infections of the skin, mucosal
HPV infections have mostly been regarded as sexually
transmitted diseases. However, certain mucosal HPVs
(α-HPVs) have also been found in virgins, infants,
and children in oral and genital mucosa, implicating
a nonsexual mode of transmission (2–6). From the
clinical point of view, virus clades 7, 9, and 10, which
include high-risk HPV genotypes, are the major subgroups of α-HPVs. These high-risk HPVs are known
to be involved in development of anogenital and head
and neck cancers, and estimated to be causally associated with ≈4.5% of all human cancers (7).
Author affiliations: University of Turku, Turku, Finland (S. Syrjänen,
M. Rintala, J. Willberg, J. Rautava, H. Koskimaa, A. Paaso,
S. Grenman, K. Louvanto); Central Hospital of Lahti, Lahti, Finland
(M. Sarkola); Biohit Oyj, Helsinki, Finland (K. Syrjänen)
DOI: https://doi.org/10.3201/eid2703.202721

Nonsexual HPV transmission modes includes
vertical or horizontal transmission and autoinoculation (i.e., multisite HPV infections, which can spread
from 1 site to another within an individual). Vertical
transmission can be further categorized as periconceptual (time around fertilization), prenatal (during
pregnancy), and perinatal (during birth or immediately thereafter) (3,8). Perinatal transmission has been
regarded as the most likely explanation for HPV detection in newborns. Several studies have shown that
children born to HPV-positive mothers have a higher
risk of becoming HPV positive (9–14). Meta-analysis
of 3,128 mother–child pairs showed that children born
to HPV-positive mothers were 33% more likely to be
HPV positive than children born to HPV-negative
mothers (6). This risk was even higher (45%) when
only high-risk HPV infections were considered (6).
Periconceptual transmission could theoretically
occur through infected oocytes or spermatozoa. HPV
DNA has been detected in semen, sperm, seminal plasma, spermatozoa, and vas deferens (15). Studies have
shown that the placenta is not a sterile microenvironment; instead, it has been shown to harbor both viruses
and bacteria, which can further influence the maternal
part of periconceptual transmission (16). HPV has been
found in the placenta and shown to replicate in trophoblasts, which could feasibly explain prenatal transmission (2). A recent systematic review on intrauterine
HPV transmission showed that the pooled percentage
of antenatal vertical HPV transmission was 4.9% (95%
CI 1.65%–9.85%), and the mode of delivery had no effect on this transmission (17).
Elucidation of the early HPV infections is needed
to generate a comprehensive overview on the natural
history of HPV infections. The main aims of this study
were to characterize oral HPV prevalence and genotype variation in children in Finland and determine
infection outcomes during the first 6 years of life.
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Material and Methods
Participants

The Finnish Family HPV Study is a prospective cohort study conducted at the University of Turku and
Turku University Hospital, Turku, Finland, since
1998. Members of 329 families were enrolled (329
mothers, 131 fathers, and 331 newborns) as described
(13,14,18). Women were enrolled at a minimum of
36 weeks of their index pregnancy and subsequently
followed up for 6 years. HPV status of mothers was
not available before enrollment. All parents provided written, informed consent at the first visit for the
study. The Research Ethics Committee of Turku University Hospital approved the study protocol and its
amendments (#2/1998 and #2/2006).
We collected demographic data from parents by
using structured questionnaires at baseline and at
3-year and 6-year visits. General health of children
was recorded at the 36-month visit (Appendix Table
1,
https://wwwnc.cdc.gov/EID/article/27/3/202721-App1.pdf), and examination of oral mucosa was
performed at the 6-year follow-up visit.
Samples and HPV Genotyping

Oral scrapings for HPV testing were obtained at birth;
at day 3 before leaving the hospital; and at 1-, 2-, 6-,
12-, 24-, and 36-month and 6-year follow-up visits.
Oral scrapings were obtained by using a brush (Cytobrush; MedScan Medical AB, https://www.diapath.
com) and covering the entire oral mucosa as described
(13). HPV DNA was extracted from oral scrapings
by using the high salt method, as described (13). For
HPV testing, we used nested PCR (MY09/MY11 external primers and GP05+/bioGP06+ internal primers) because the viral load/cell and the number of
infected cells among uninfected cells was expected to
be low in oral samples.
After nested PCR, HPV genotyping was performed by using the Multimetrix Kit (Progen Biotechnik GmbH, https://www.progen.com), which
detected 24 low-risk, putative high-risk, and highrisk HPV genotypes as follows: 6 low-risk genotypes
(HPV6, 11, 42, 43, 44, and 70); 3 putative high-risk
genotypes (HPV26, 53 and 66); and 15 high-risk genotypes (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
68, 73, and 82 (19). Blood samples from the mother
and father were taken at baseline and at 12, 24, and 36
months of the follow-up and stored as described (20).
Antibodies to the major capsid protein L1 of HPV6,
11, 16, 18, and 45 were analyzed by using multiplex
HPV serologic analysis based on glutathione S-transferase fusion protein capture on fluorescent beads, as
760

described (21). Serum samples were scored as positive when antigen-specific medium fluorescence intensity values exceeded the cutoff level of 200 for L1
antigen of individual HPV types.
Statistical Analysis

Times in months to incident oral HPV infections were
calculated from the baseline visit to the first incident
event. Genotype-specific HPV persistence was recorded whenever >2 consecutive follow-up samples
were positive for the same individual HPV genotype
as a single infection or as part of a multiple-type infection. Clearance was defined as an event at any follow-up visit for which a previously HPV-positive test
result turned out to be negative and remained HPV
negative to the end of the follow-up. Times in months
to the first clearance event were calculated as the time
of the first visit by an HPV-positive patient to the first
clearance event.
Predictors of incident HPV infection and genotype-specific HPV clearance or persistence were
analyzed by using the most prevalent high-risk HPV
types (species α7: HPV18, 39, 45, 59, 68, and 70; species α9: HPV16, 31 ,33, 35, 52, and 58). To model incident infections and genotype-specific HPV clearance,
Poisson regression analysis was used. For persistence,
a generalized estimating equation (GEE) modeling
was used. In the univariate GEE model, all covariates recorded at baseline and previously implicated
as potential risk factors for HPV infections were tested (13,14). The following risk factors were analyzed
for the both parents: age; age at time of first sexual
encounter; number of lifetime sexual partners; smoking; use of alcohol; history of skin warts, oral/genital
warts, and papillomas; history of sexually transmitted infections; drug consumption; oral and genital
HPV DNA status; and HPV serologic results at baseline before the birth of the index child. For the mother, the risk factors were a Pap test at baseline, delivery mode, rupture of membrane, and breast-feeding.
In the multivariate GEE model, only variables that
were significant in the univariate model were entered
and adjusted for age. All statistical tests performed
were 2-sided, and a p value <0.05 indicated significance. Statistical analyses were performed by using
SPSS (https://www.ibm.com) and Stata version 15
(https://www.stata.com) software packages.
Results
Our study focused on oral HPV infections among the
331 infants born to the 329 mothers in the Finnish
Family HPV Study cohort. The mean ± SD age of the
mothers at enrollment was 25.5 ± 3.35 years. Of the
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331 newborns, 5 did not participate in oral samplings
at any visit, and 2 others had only 1 visit, resulting
in a longitudinal cohort of 324 (171 girls and 153
boys) children (Figure). Participants had a follow-up
mean ± SD age of 51.9 ± 28.9 months (range 0.03–99.7
months). Of these children, 77.6% were born by vaginal delivery and 22.4% by cesarean section.
We collected general background information
for the general health of the children recorded at the
36-month visit as given by their parents (Table 1).
Hand warts were reported only for 3 children, and
a common childhood viral disease (molluscum contagiosum) was reported in for 18 children (n = 203).
Allergy/atopic symptoms were identified in 26.6%
of the children at the 36-month visit. For 54% of the
index families, the child was a firstborn. At the 6-year
follow-up visit, 11% (20/180) of the children had clinical lesions on their oral mucosa. The most common lesions were small hyperplastic lesions (3.9%), aphtous
ulcers (2.8%), and red lesions (2.2%). Only 1 child had
a papillary lesion; this child was positive for HPV16
at day 3, month 1, and month 24 and subsequently
HPV negative at other visits. Hand warts at the time
of examination were detected in 3% of the children.
There was no correlation recorded between the presence of hand warts and oral HPV at the 6-year visit.
We also provide an overview of oral HPV infections in children who had HPV genotypes and
their point prevalence during the follow-up period (Table 1). The prevalence of oral HPV varied
from 8.7% to 22.8% over time, and was lowest at
the 3-year visit and highest at birth. Altogether, 18
different HPV genotypes were identified in the oral
mucosa. HPV16 was the most prevalent genotype,
followed by HPV18, 6, 33, and 31. The prevalence of
multiple-type infections varied from 0.3% to 3.7%.
Overall, 22.9% of the oral samples collected immediately after birth were positive for HPV DNA. At that
time point, the genotype distribution was also the
widest (15 different HPV types), and the frequency
of multiple-type infections was the highest (3.7%).
At the 36-month visit, only 8.7% of the oral samples
were positive for HPV, and only 4 genotypes (HPV6,
11, 16, and 18) were identified. At the 6-year visit,
HPV prevalence increased again to 20.4%, and 8 different HPV genotypes were identified. A total of 25
different combinations of HPV co-infections (with
>2 genotypes) were recorded, HPV16 was present
in 56% (14/25) of these samples. When analyzed by
sex, we found differences in HPV prevalence at 1-,
2-, 12-, and 36-month visits, but none at the 6-year
visit. HPV positivity at birth or later was unrelated
to the mode of delivery. Overall, 41.4% (135/329) of

Figure. Oral HPV infection in 324 children in the Finnish Family
HPV Study during the first 6 years of life. Each visit shows the
number of children who participated in the specific follow-up,
timeline of the visit, and samples obtained at each visit. HPV,
human papillomavirus.
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Table 1. Prevalence and genotype variation of oral HPV infections among 324 children from birth to 6 y of age*
Variable
At birth
3d
1 mo
2 mo
6 mo
12 mo
24 mo
36 mo
Oral sample
324
309
300
296
295
291
264
265
0
Mean  SD age, mo
0.08 
1.14 
2.23 
6.41 
12.61 
24.90 
36.98 
0.37
0.18
0.33
0.45
0.67
1.01
1.31
Any HPV+
74 (22.8)
41 (13.3)
57 (19) 48 (16.2) 44 (14.9) 34 (11.7) 25 (9.5)
23 (8.7)
Girls, any HPV+
35 (47.9)
19 (46.3) 25 (43.9) 29 (60.4) 20 (46.5) 20 (58.5) 14 (56.0) 10 (43.5)
Boys, any HPV+
39 (52.1)
22 (53.7) 32 (56.1) 19 (39.6) 24 (53.5) 14 (51.5) 9 (44.0)
13 (56.5)
Single HPV+
62 (19.1)
36 (11.7) 55 (18.3) 44 (14.8) 36 (12.2) 33 (11.0) 20(7.6)
21 (7.9)
Multiple HPV (>2)
12 (3.7)
5 (1.6)
2 (0.7)
4 (1.4)
8 (2.7)
1 (0.3)
4 (1.5)
2 (0.8)
No. HPV genotypes
15
5
8
7
9
10
7
4
Low-risk HPV
HPV6
11 (3.4)
5 (1.6)
3 (1.0)
7 (2.4)
4 (1.4)
3 (1.0)
1 (0.4)
2 (0.8)
HPV11
1(0.3)
–
1 (1.0)
5 (1.7)
4 (1.4)
1 (0.3)
–
1 (0.4)
HPV70
2 (0.6)
–
–
1 (0.3)
1 (0.3)
1 (0.3)
2 (0.8)
–
High-risk HPV
HPV16
25 (7.7)
28 (9.1)
30 (10)
16 (5.4)
14 (4.7)
14 (4.8)
9 (3.4)
17 (6.4)
HPV18
4 (1.2)
1 (0.3)
9 (3.0)
11 (3.7)
7 (2.4)
8 (2.7)
4 (1.5)
1 (0.4)
HPV31
31 (0.9)
–
–
2 (0.7)
–
1 (0.3)
–
–
HPV33
2 (0.6)
–
8 (2.7)
2 (0.7)
1 (0.3)
–
2 (0.8)
–
HPV39
1 (0.3)
–
1 (0.3)
–
–
–
–
–
HPV45
1 (0.3)
–
1 (0.3)
–
1 (0.3)
–
–
–
HPV51
–
–
–
–
1 (0.3)
1 (0.3)
–
–
HPV52
–
–
–
–
–
1 (0.3)
–
–
HPV53
1 (0.3)
1 (0.3)
–
–
…
–
–
HPV56
3 (0.9)
–
–
–
–
1 (0.3)
1 (0.4)
–
HPV58
2 (0.6)
–
–
–
–
1 (0.3)
–
–
HPV66
4 (1.2)
1 (0.3)
2 (0.7)
–
1 (0.3)
–
1 (0.4)
–
HPV68
1 (0.3)
–
–
–
–
–
–
–
HPV82
1 (0.3)
–
–
–
–
–
–
–

6y
201
77.47 
11.01
41 (20.4)
20 (49.9)
21 (51.2)
35 (17.4)
6 (3.0)
8
4(2.0)
–
–
20(10)
2 (1.0)
3 (1.5)
2 (1.0)
2 (1.0)
1 (0.5)
–
–
–
–
1 (0.5)
–
–
–

*Values are no. (%) unless indicated otherwise. Two cases where excluded because of missing sample at birth. HPV, human papillomavirus. –, HPV
genotype not found at that visit.

the children remained negative for all oral samples
collected during the follow-up.
Incident HPV infection (baseline negative) was
determined for 107 (32.8%) of 326 children: 107
cases/5,754 person-months at risk (PMR), which
resulted in an incidence rate of 18.6 cases/1,000
PMR. Ten children (9.4%) had multiple-type infections among this group of incident infections. Kaplan-Meier analysis showed that there were no significant differences in the acquisition of oral HPV
between the different species (Appendix Figure).
The incidence of new HPV genotypes during the
follow-up were also investigated by HPV clades.
The results indicated that none of the HPV genotypes present at birth would promote acquisition of
another specific HPV genotype, not even an HPV
from the same clade. However, newborns with oral
HPV6 or HPV11 (n = 4) acquired only HPV16 or
HPV18 genotypes. We provide the type distribution of children who were positive at 6-year visit
across different time points (Appendix Table 2).
The results showed that 63% (26/41) had the same
genotype detectable already at birth, and 14.6%
(6/41) of the children had the same genotype at
some visit during the follow-up, but not at birth. Of
the children, 22% (9/41) had the genotype present
only at most recent (6-year) follow-up visit. Four of
762

the children positive for HPV6 at birth still had this
genotype at their 6-year follow-up visit.
A total of 99 children cleared their oral HPV infection during the follow-up, resulting in a clearance
rate of 19.1 cases/1,000 PMR (99/5,183). The mean
clearance times for clades 10 (HPV6/11 and their
closest relative), 9 (HPV16 group), and 7 (HPV18)
genotypes were not significantly different: 28.6, 34.2,
and 30 months, respectively (Appendix Figure).
A total of 14.9% (48/323) of the children had persistent oral HPV infection. The mean time of persistence was 20.6 months (range 0.1–92.2 months). We
provide type-specific HPV persistence times (Table
2). The most prevalent type to persist was HPV16,
which had a persistence time of 19.8 months, followed by multiple-type infections (persistence time
14.2 months), HPV18 (persistence time 11.8 months),
HPV33 (persistence time 14.2 months), and HPV6
(persistence time 19.7 months). The 6 children who
had multiple-type HPV infections at birth still had
them at the most recent visit. Our results show that
clade α9 resulted most frequently in the full-time persistence of oral HPV infection in early childhood, followed by clade α7.
We summarized the predictors of incident,
cleared, and persistent oral high-risk HPV infections in
these children (Table 3). All established or implicated
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Table 2. Duration of genotype and species-specific persistence of oral HPV infection in children*
HPV genotypes/clades
No.
Mean persistence, mo (range)
HPV6
2
19.7 (1.8–37.5)
HPV16
36
19.8 (0.1–82)
HPV18
3
11.8 (5.0–18.6)
HPV31
1
92.2 (92.2)
HPV33
3
14.2 (1.0–40.6)
HPV39
1
89.0 (89.0)
HPV58
1
88.7 (88.7)
Multiple-type infections (>2)
20
14.2 (1.0–91.0)
Clade A7: HPV18, 39, 45, 59, 68, 70, 85
4
31.2 (5.0–89.0)
Clade A9: HPV16, 31, 33, 35, 52, 58
41
22.8 (0.1–92.2)
Clade A10: HPV6, 11, 13, 44, 55, 74
2
19.7 (1.8–37.7)
*Persistence is defined as having >2 consecutive visit HPV-positive results for the same HPV genotype or clade. HPV, human papillomavirus.

risk factors in our previous studies were tested as covariates, but we report only those that showed any
significant predictive value (Table 3). Demographic
data obtained at the 36-month visit for children did
not show any association for oral HPV (Appendix
Table 1). High-risk HPV seropositivity was associated with oral high-risk HPV incidence for fathers and
clearance for children. Incidence rates were 3.32 (95%
CI 1.24–8.91) for fathers and 5.84 (95% CI 2.09–16.32)
for children. Conversely, baseline oral carriage for
mothers, as well as high-risk HPV seroconversion,
were associated with persistent oral high-risk HPV
infection for children. Odds ratios were 1.92 (95% CI
1.35–2.74) for baseline oral carriage and 1.60 (95% CI
1.02–2.50) for high-risk HPV seroconversion.
Discussion
HPV infections in the oral cavity have been detected
in young children, but the outcome of these infections
has remained unknown. We found that the prevalence
of HPV and multiple-type infections was highest and
the spectrum of HPV genotypes was widest at birth.
The mode of delivery had no association with oral
HPV carriage, and some sex differences were found

in oral HPV prevalence during the early months, but
not at the end of the follow-up period. Results indicate that none of the HPV genotypes present at birth
would promote acquiring another specific HPV genotype, not even an HPV from the same clade. Although
most of the oral HPV infections were cleared during
the 6-year follow-up period, persistent oral HPV infection was found in 14.9% of these children. The 6
children who had multiple-type HPV infections at
birth still harbored those infections at the most recent
visit. Thus, clade α9 resulted most frequently in the
full-time persistence of oral HPV infection during the
early childhood, followed by α7 as the second most
frequent clade.
HPV acquisition at birth has been regarded to be
caused by vertical transmission, although controversial opinions have been reported (3,5,6). The debate
is ongoing, particularly regarding the magnitude of
risk, as well as route and timing, and whether mother-to-child transmission of HPV is a major infection
route. Neonatal HPV infection through vertical transmission is believed to be transient, although there
have been only a few follow-up studies (5,11,12,22).
One of those studies showed that 37% (39/106) of

Table 3. Predictors of incident, cleared, and persistent high-risk HPV infection in oral mucosa of children*
Oral high-risk HPV infection
Predictor
Incident, IRR (95% CI)†
Clearance, IRR (95% CI)†
Persistence,‡ OR (95% CI)†
Oral HPV DNA
Mother
1.05 (0.49–2.27)
1.72 (0.95–3.10)
1.92 (1.35–2.74)
Father
1.80 (0.79–4.08)
1.60 (0.70–3.65)
1.39 (0.57–3.39)
Seropositive to high-risk HPV at baseline
Mother
1.67 (0.67–4.12)
1.76 (0.74–4.20)
1.15 (0.75–1.76)
Father
3.32 (1.24–8.91)
5.84 (2.09–16.32)
1.25 (0.61–2.53)
Seroconversion to high-risk HPV
Mother
2.20 (0.90–5.36)
2.86 (1.15–7.10)
1.60 (1.02–2.50)
Father
1.10 (0.57–2.10)
1.44 (0.46–4.49)
0.92 (0.39–2.17)
Child
0.83 (0.56–1.23)
1.48 (0.55–3.95)
0.93 (0.58–1.48)

*Values in bold are significant. Analyses were performed by using generalized estimating equation modeling (persistence) and Panel Poisson (incident
and cleared) restricted to high-risk HPV types from species 7 (HPV genotypes: 18, 39, 45, 59, 68, 70, 85) and 9 (HPV genotypes: 16, 31, 33, 35, 52, 58).
HPV70 was also included in the analyses even if labeled as a low-risk HPV genotype in the insert of the Multiplex Kit (Progen Biotechnik GmbH,
https://www.progen.com). HPV70 can be a possible carcinogen (limited evidence according to International Agency for Research on Cancer classification.
HPV, human papillomavirus; IRR, incidence rate ratio; OR, odds ratio.
†Adjusted for age and all significant (and borderline significant) univariates in the model.
‡Binary outcome (persistent/not persistent), as defined by persistence of the 2 original HPV species (same genotype) during the follow-up.
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nasopharyngeal aspirates of newborns were HPV
positive, and concordance between HPV types in the
mother (genital tract) and newborn was 69% (12). In a
few days, HPV positivity disappeared in 38% of these
newborns. However, 10.4% of the infants had the
same HPV type detectable at birth and after 3 months
to 3 years (12). Another study reported that 32%
(31/98) of the children (age range 3.6 months–11.6
years) born to mothers who had cervical HPV infections at the time of delivery had HPV detectable in
their oral mucosa (11). A total of 52% of these children
had an HPV type identical with that of their mothers;
HPV16/18 was most prevalent (81%).
Our results are consistent with previous results
because they show that oral HPV is detectable in
22.8% of newborns. This HPV detection rate is almost identical to what Castellsague et al. reported in
2009, showing that the overall oral HPV prevalence
at any visit was 18.2% during the mean follow-up
of 14 months, by using PCR (MY09/MY11 primers),
followed by subsequent hybridization with specific
probes for HPV6, 11, 16, 18, 31, 33, and 39 (22). That
study reported HPV positivity of 12.7% (14/110) at 6
weeks of age; in our study, HPV positivity at month
2 was 16.2% (48/296). Similar to our present results,
HPV16 was the most frequent genotype, followed by
HPV6/11, HPV18, and HPV31 (22) and in this study
by HPV18, 6, 31, and 33.
Our results are derived from a longitudinal study
rather than a cross-sectional study, in which autocorrelation (intrasubject variability) has been controlled
by models for panel data (GEE and panel Poisson).
Trottier et al. published their first results from the
HERITAGE study on perinatal transmission and risk
for HPV persistence in children (23). The design of
their study is nearly identical with that of our study,
but they extended sampling to conjunctival, pharyngeal, and genital sites. Their preliminary results
on 75 HPV-positive participating mothers and their
67 infants sampled at birth and at 3-month visits
showed that overall HPV positivity in children was
11% (range 5%–22%). Site-specific HPV positivity for
conjunctival and genital areas were 4.8% and 4.8%,
respectively (23). However, the HPV detection rate
was only 8.1% for oral sites and 1.6% for oropharyngeal sites, which was lower than that reported in
our study. Oral sampling (brushing of the entire oral
mucosa vs. Dacron swab of buccal mucosa) and HPV
amplification (nested vs. single PCR) might explain
the differences in oral HPV detection rates between
these 2 studies.
HPV data for mothers were not included in our
report because these data have been reported in other
764

studies (14,20,24,25). In brief, HPV DNA was detected
in 17.9% of baseline oral samples from newborns and
in 16.4% of maternal cervical samples (14). The HPV
genotype-specific concordance between the newborns at delivery and the mothers was almost perfect (weighted κ = 0.988; 95% CI 0.951–0.997), but this
concordance disappeared in 2 months (14). We have
also shown that oral HPV carriage in newborns was
most significantly associated with HPV presence in
the placenta or cord blood (9,14). Together with these
previous baseline data, our study strongly supports
the hypothesis that HPV can be transmitted vertically and cause a true infection of oral mucosa of the
newborn. Some of these oral HPV infections acquired
at birth can also persist for years without any major
clinical lesions. We reported the detection of HPV16specific cell-mediated immunity in a small number
of sexually inexperienced children from this cohort
(25,26). However, we cannot determine by detection
of HPV DNA the time when HPV-evoked immune
recognition occurred. It has also been shown that half
of healthy adults demonstrate HPV-specific cell-mediated immunity, irrespective of their partner/sexual
status (27,28).
Oral HPV persistence during the 6-year followup period was predicted by oral HPV infection and
seroconversion to high-risk HPV of the mother during the follow-up. We have recently shown that human leukocyte antigen G has a role in predicting the
likelihood of the newborn for oral HPV infection at
birth (29). However, human leukocyte antigen G had
no association with HPV genotype-specific concordance between the mother and her child at birth or
influence on perinatal HPV status of the child. This
finding suggests that some persistent oral HPV infections after birth are not caused by vertical transmission but are acquired horizontally from the mother.
This finding also indicates that transmission from a
mother to her child continues during early childhood.
In addition, some of the so-called persistent HPV infections could be reinfections among the family, and
the incident HPV infections for a child were predicted
by HPV seropositivity of the father. However, reinfection of the child needs to be further studied.
In our study, 41% of children remained constantly HPV negative during the follow-up period (<9 consequent oral samples). We do not know yet whether
these children will continue to remain HPV negative
later in life. We suspect that these children might be
less prone to HPV infections in general, and would be
interesting to evaluate again later in life.
In conclusion, our results indicate that HPV infection can be acquired nonsexually and is already
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common at an early age. The oral cavity is the common site of the first HPV exposure, and the mother
is the most likely source of first HPV infection in her
child. These results have several major implications
in HPV vaccination programs. If a subgroup of children can acquire a persistent HPV infection, the timing of prophylactic HPV vaccination is imperative.
Maternal HPV antibodies, irrespective of whether
they are acquired by natural HPV infection or vaccination, might protect the fetus, newborn, and young
child against early HPV infection. In addition, children who have persistent HPV infections (caused by
immunologic tolerance) might also benefit from vaccination, as has been the case with hepatitis B virus–
infected newborns or children (30).
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Daily Forecasting of Regional
Epidemics of Coronavirus Disease
with Bayesian Uncertainty
Quantification, United States
Yen Ting Lin, Jacob Neumann, Ely F. Miller, Richard G. Posner, Abhishek Mallela,
Cosmin Safta, Jaideep Ray, Gautam Thakur, Supriya Chinthavali, William S. Hlavacek

To increase situational awareness and support evidencebased policymaking, we formulated a mathematical model for coronavirus disease transmission within a regional
population. This compartmental model accounts for quarantine, self-isolation, social distancing, a nonexponentially
distributed incubation period, asymptomatic persons, and
mild and severe forms of symptomatic disease. We used
Bayesian inference to calibrate region-specific models for
consistency with daily reports of confirmed cases in the 15
most populous metropolitan statistical areas in the United
States. We also quantified uncertainty in parameter estimates and forecasts. This online learning approach enables early identification of new trends despite considerable variability in case reporting.

C

oronavirus disease (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2) (1), was detected in the United States in January
2020 (2). Researchers documented deaths in the United States caused by COVID-19 in February (3). Thereafter, surveillance testing expanded nationwide (4).
These and other efforts revealed community spread
across the United States and exponential growth of
new COVID-19 cases throughout most of March.
Growth of cases during February–April had a doubling time of 2–3 days (5), similar to the doubling time
of the initial outbreak in China (6). The rapid increase
in cases prompted broad adoption of social distancing practices such as teleworking, travel restrictions,
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use of face masks, and government mandates prohibiting public gatherings (7). The United States soon
became a hotspot of the COVID-19 pandemic. In the
United States, detection of new cases peaked in late
April and steadily declined until mid-June (4). The
decline in case numbers suggest that mandates and
social distancing interventions effectively slowed
COVID-19 transmission. Efforts to quantify the effects of these measures indicate that they substantially reduced disease prevalence (8,9).
In mid-June and mid-September 2020, the daily incidence of COVID-19 cases in the United States increased
a second and third time (4). Public health officials must
effectively monitor ongoing COVID-19 transmission
to quickly respond to dangerous upticks in disease. To
contribute to situational awareness of COVID-19 transmission dynamics, we developed a mathematical model
for the daily incidence of COVID-19 in each of the 15
most populous US metropolitan statistical areas (MSAs)
(10). Each model is composed of ordinary differential
equations (ODEs) characterizing the dynamics of various populations, including subpopulations that did or
did not practice social distancing.
We used online learning to calibrate our models
for consistency with historical case reports. We also
applied Bayesian methods to quantify uncertainties
in predicted detection of new cases. This approach
enabled identification of new epidemic trends despite
variability in case detection. These findings can inform
policymakers designing evidence-based responses to
regional COVID-19 epidemics in the United States.
Methods
Data Used in Online Learning

We obtained reports of new confirmed cases from
the GitHub repository maintained by The New York
Times newspaper (11). Each day, at varying times
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of day, we updated the model using cumulative
data since January 21, 2020. The data in this analysis is from January 21–June 26, 2020. We aggregated
county-level data to obtain case counts for each of
the 15 most populous US MSAs, which encompass
the following cities: New York City, New York; Los
Angeles, California; Chicago, Illinois; Dallas, Texas;
Houston, Texas; Washington, DC; Miami, Florida;
Philadelphia, Pennsylvania; Atlanta, Georgia; Phoenix, Arizona; Boston, Massachusetts; San Francisco,
California; Riverside, California; Detroit, Michigan;
and Seattle, Washington.
The political entities comprising each MSA are
those delineated by the federal government (10). The

Figure 1. Illustration of the populations and processes considered
in a mechanistic compartmental model of coronavirus disease
daily incidence during regional epidemics, United States, 2020.
The model accounts for susceptible persons (S), exposed
persons without symptoms in the incubation phase of disease
(E), asymptomatic persons in the immune clearance phase of
disease (A), mildly ill symptomatic persons (I), severely ill persons
in hospital or at home (H), recovered persons (R), and deceased
persons (D). The model also accounts for social distancing,
which establishes mixing (M) and protected (P) subpopulations;
quarantine driven by testing and contact tracing, which establishes
quarantined subpopulations (Q); and self-isolation spurred by
symptom awareness. Persons who are self-isolating because of
symptoms are considered to be members of the IQ population.
The incubation period is divided into 5 stages (E1–E5), which
enables the model to reproduce an empirically determined
(nonexponential) Erlang distribution of waiting times for the onset
of symptoms after infection (12). The exposed population consists
of persons incubating virus and is comprised of presymptomatic
and asymptomatic persons. The A populations consist of
asymptomatic persons in the immune clearance phase. The
gray background indicates the populations that contribute to
disease transmission. An auxiliary measurement model (Appendix
Equations 23, 24, https://wwwnc.cdc.gov/EID/article/27/3/20-3364App1.pdf) accounts for imperfect detection and reporting of new
cases. Only symptomatic cases are assumed to be detectable
in surveillance testing. Red indicates the mixing population;
yellow indicates the protected population; green indicates the
quarantined population; white indicates the recovered population;
black indicates the deceased population.
768

number of political units (i.e., counties and independent cities) in the MSAs of interest ranged from 2
(for the Los Angeles and Riverside MSAs) to 29 (for
the Atlanta MSA). The median number of counties
in an MSA was 7; the mean was 10. The number of
states encompassing an MSA ranged from 1 (for 8/15
MSAs) to 4 (for Philadelphia). The median number of
encompassing states was 1; the mean was 2.
COVID-19 Transmission Model and Parameters

We used daily reports of new cases to parameterize
a compartmental model for the regional COVID-19
epidemic in each of the 15 MSAs of interest. Until
June 2020, we also parameterized curve-fitting models. However, curve-fitting models can generate only
single-peak epidemic curves, so we abandoned this approach after the MSAs of interest all experienced multiple waves of disease (Appendix 1, https://wwwnc.cdc.
gov/EID/article/27/3/20-3364-App1.pdf).
Each MSA-specific model accounted for 25 populations (Figure 1; Appendix 1 Figure 1). We considered infectious persons to be exposed and incubating virus (i.e., presymptomatic), asymptomatic
while clearing virus, or symptomatic. The parameter
ρE characterized the relative infectiousness of exposed
persons and ρA characterized that of asymptomatic
persons compared with symptomatic persons. In
our model, infected persons quarantined with rate
constant kQ and symptomatic persons with mild disease quarantined with rate constant jQ. We modeled
social distancing by enabling the movement of susceptible and infectious persons between mixing and
socially distanced (i.e., protected) populations. The
size of the protected population was determined by
2 parameters: λi, a rate constant; and pi, a steady-state
population setpoint, where index i refers to the current social distancing period. The model accounts
for varying adherence to social distancing practices
over time by using n distinct social distancing periods after an initial period of social distancing. Persons in the protected population were less likely to
be infected and less likely to transmit disease by a
factor mb. Within the mixing population, disease was
transmitted with rate constant β. The model reproduced a nonexponentially distributed incubation
period by dividing the incubation period into 5 sequential stages of equal mean duration, given by 1/
kL. We considered infected persons in the first stage
of the incubation period to be noninfectious and undetectable. A fraction of exposed persons, fA, left the
incubation period without symptoms. The remaining persons left with symptoms. The other symptomatic persons, fH, progressed to severe disease; the
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remainder had mild disease and recovered. The
fraction of persons with severe disease who recovered is denoted as fR; the others died. We considered
hospitalized persons (or those at home with severe
disease) to be quarantined. Persons left the asymptomatic state with rate constant cA, left the mild disease state with rate constant cI, and left the severe
disease/hospitalized state with rate constant cH.
The model consisted of 25 ODEs (Appendix 1
Equations 1–17). Each state variable of the model
represented the size of a population. In addition to
the 25 ODEs, we considered an auxiliary 1-parameter
measurement model that related state variables to expected case reporting (Appendix 1 Equations 23, 24)
and a negative binomial model for variability in new
case detection (Appendix 1 Equations 25–27). We designed the model to consider multiple periods of social distancing with distinct setpoints for the quasistationary protected population size. The model always
included an initial period of social distancing. The
number of additional social distancing periods was
given by n. Here, we considered only 2 cases: n = 0
and n = 1. We determined the best value of n by using
model selection (Appendix 1).
The compartmental model and the auxiliary measurement model for n = 0 had a total of 20 parameters.
We considered 6 of these parameters to have adjustable values (Table 1) and 14 to have fixed values (Tables 2, 3) (12–20; Appendix 1). The adjustable model
parameters were t0, the start time of the local epidemic; σ>t0, the time at which the initial social distancing
period began; p0, the quasistationary fraction of the
total population practicing social distancing; λ0, an
eigenvalue characterizing the rate of movement between the mixing and protected subpopulations and
establishing a timescale for population-level adoption
of social distancing practices; and β, which characterized the rate of disease transmission in the absence of
social distancing. The measurement model parameter
fD represented the time-averaged fraction of new cases detected. Inference of adjustable parameter values
was based on a negative binomial likelihood function
(Appendix 1 Equation 27). The dispersal parameter r
of the likelihood was adjustable; its value was jointly
inferred with those of t0, σ, p0, λ0, β, and fD.
The compartmental model had 3 adjustable parameters for each additional social distancing period after the initial. For 1 additional period of social
distancing (n = 1), the additional adjustable parameters were τ1>σ, the onset time of second-phase social distancing; p1, the second-phase quasistationary
setpoint; and λ1, which determined the timescale for
transition from first- to second-phase social distancing

Table 1. Inferred values of parameters in models for forecasting
regional epidemics of coronavirus disease, United States
Parameter*
Estimate†
Definition
t0
33 d
Start of transmission
33 d
Start of social distancing

p0
0.87
Social distancing setpoint
0.10/d
Social distancing rate
0
2.0/d
Disease transmission rate

fD
0.12
Fraction of active cases
reported
r
12
Dispersal parameter of
NB(r,p)‡

*t0, , p0, 0, and  are adjustable parameters of the compartmental model;
fD is a parameter of the auxiliary measurement model; and r is a parameter
for the associated statistical model for noise in case detection and
reporting.
†All estimates are region-specific and inference-time-dependent.
Inferences were conducted daily. These findings reflect the maximum a
posteriori estimates inferred for the New York City metropolitan statistical
area using all confirmed coronavirus disease case count data available in
the GitHub repository maintained by The New York Times newspaper (11)
for January 21–June 21, 2020. Time t = 0 corresponds to midnight on
January 21, 2020.
‡The probability parameter of NB(r,p) is constrained (i.e., its reportingtime-dependent value is determined by Appendix 1 Equation 26,
https://wwwnc.cdc.gov/EID/article/27/3/20-3364-App1.pdf).

behavior. For a second social distancing period, we
replaced p0 with p1 and λ0 with λ1 at time t = τ1. If adherence to effective social distancing practices began
to relax at time t = τ1, then p1<p0.
Statistical Model for Noisy Case Reporting

We used a deterministic compartmental model to
predict the expected number of new confirmed COVID-19 cases reported daily. In other words, we assumed that the number of new cases reported over
a 1-day period was a random variable and that
the expected value would follow a deterministic
Table 2. Estimates for the fixed parameters of compartmental
model for forecasting regional epidemics of coronavirus disease,
United States
Parameter
Estimate
Source
S0
19,216,182*
US Census Bureau (13)
I0
1
Assumption
n
0†
Assumption
mb
0.1
Assumption
1.1
Arons et al. (14)
E
0.9
Nguyen et al. (15)
A
kL
0.94/d
Lauer et al. (12)
kQ
0.0038/d
Assumption
jQ
0.4/d
Assumption
fA
0.44
(16,17)
fH
0.054
Perez-Saez et al. (18)
fR
0.79
Richardson et al. (19)
cA
0.26/d
Sakurai et al. (17)
cI
0.12/d
Wölfel et al. (20)
cH
0.17/d
Richardson et al. (19)
*All estimates listed in this table are considered to apply to all regions of
interest except for n, the number of distinct social distancing periods after
an initial social distancing period, and S0, the region-specific initial number
of susceptible persons. The value given here for S0 is the US Census
Bureau estimated total population of the New York City metropolitan
statistical area.
†n = 0, unless stated otherwise.
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Table 3. Description of the fixed parameters of the
compartmental model for forecasting regional epidemics of
coronavirus disease, United States
Parameter
Definition
S0
Initial size of susceptible population*
I0
Initial no. infected individuals†
n
No. prior social distancing periods (e.g., 0 or 1)
mb
Protective effect of social distancing‡
Relative infectiousness of an exposed person
E
without symptoms during the incubation period§
Relative infectiousness of an asymptomatic
A
person in the immune clearance phase of
infection§
kL
Rate constant for progression through each stage
of the incubation period¶
kQ
Rate constant for entry into quarantine for a
person without symptoms
jQ
Rate constant for entry into quarantine for a
person with mild symptoms
fA
Fraction of all cases that are asymptomatic
fH
Fraction of all cases of severe disease (including
patients requiring hospitalization or isolation at
home)
fR
Fraction of persons with severe disease who
eventually recover
cA
Rate constant for recovery of asymptomatic
persons in the immune clearance phase of
infection
cI
Rate constant for recovery of symptomatic
persons with mild disease or progression to
severe disease#
cH
Rate constant for recovery of symptomatic
persons with severe disease or progression to
death**

*Initial susceptible population within a given region is assumed to be the
total regional population.
†Assuming that there is initially a single infected, symptomatic person.
‡This parameter defines the reduction in disease transmission caused by
the protective effects of social distancing.
§This parameter characterizes infectiousness relative to a symptomatic
person with all other factors being equal (i.e., a symptomatic person
exhibiting the same social distancing behavior).
¶The incubation period is divided into 5 stages, each of equal duration on
average.
#In the model, after a mean waiting time of 1/cI, symptomatic persons with
mild disease recover or progress to severe disease.
**In the model, after a mean waiting time of 1/cH, symptomatic persons
with severe disease recover or die.

trajectory. We further assumed that day-to-day
fluctuations in the random variable were independent and characterized by a negative binomial distribution, denoted as NB(r,p). We used NB(r,p) to
model noise in reporting and case detection. The
support of this distribution is the nonnegative integers, which is natural for populations. Furthermore,
the shape of NB(r,p) is flexible enough to recapitulate an array of unimodal empirical distributions.
With these assumptions, we obtained a likelihood
function (Appendix 1 Equation 27) in the form of
a product of probability mass functions of NB(r,p).
Formulation of a likelihood is a prerequisite for
standard Bayesian inference; however, some related methods, such as approximate Bayesian computation, do not rely on a likelihood function.
770

Online Learning of Model Parameter Values
through Bayesian Inference

We used Bayesian inference to identify adjustable
model parameter values for each MSA of interest. In
each inference, we assumed a uniform prior and used
an adaptive Markov chain Monte Carlo algorithm
(21) to generate samples of the posterior distribution
for the adjustable parameters (Appendix 1).
The maximum a posteriori (MAP) estimate of a
parameter is the value corresponding to the mode
of its marginal posterior, where probability mass is
highest. Because we assumed a uniform prior, our
MAP estimates were maximum-likelihood estimates.
Forecasting with Quantification of Prediction
Uncertainty: Bayesian Predictive Inference

In addition to inferring parameter values, we quantified uncertainty in predicted trajectories of daily case
reports. We obtained a predictive inference of the expected number of new cases detected on a given day
by parameterizing a model using a randomly-chosen
parameter posterior sample generated in Markov
chain Monte Carlo sampling. We then predicted the
number of cases detected by adding a noise term,
drawn from NB(r,p), where r is set at the randomly
sampled value and p is set using an equation (Appendix 1 Equation 26).
We used LSODA (22; SciPy, https://scipy.org) to
numerically integrate the described ODEs and obtain
a prediction of the compartmental model for any given (1-day) surveillance period and specified settings
for parameter values (Appendix 1 Equations 1–17,
23). The initial condition was defined by the inferred
value of t0 (Table 1) and the fixed settings for S0 and I0
(Tables 2, 3). We predicted the actual number of new
cases detected by entering the predicted expected
number of new cases into an equation (Appendix 1
Equation 29).
The 95% credible interval (CrI) for the predicted
number of new case reports on a given day is the central part of the marginal predictive posterior capturing 95% of the probability mass. This region is bounded above by the 97.5th percentile and below by the
2.5th percentile.
Results
The objective of our study was to detect notable new
trends in daily COVID-19 incidence as early as possible. We achieved this goal by systematically and
regularly updating mathematical models capturing
historical trends in regional COVID-19 epidemics
using Bayesian inference and making forecasts with
Bayesian uncertainty quantification.
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Our analysis focused on the populations of US
cities and their MSAs instead of regional populations
within other political boundaries, such as those of US
states. The boundaries of MSAs are based on social and
economic interactions (10), which suggests that the
population of an MSA is likely to be more uniformly
affected by the COVID-19 pandemic than, for example,
the population of a state. Accordingly, daily reports of
new COVID-19 cases for the New York City MSA (Figure 2, panel A) are more temporally correlated than
for the 3 states that make up the New York City MSA:
New York (Figure 2, panel B), New Jersey (Figure 2,
panel C), and Pennsylvania (Figure 2, panel D). Daily
case counts for New Jersey resembled those for New
York City because the 2 populations overlap considerably: ≈74% of New Jersey’s population is part of the
New York City MSA and ≈32% of the population of the
New York City MSA is part of New Jersey (13).

For each of the 15 most populous US MSAs, we
defined parameters for a compartmental model using
MSA-specific surveillance data, namely aggregated
county-level reports indicating the number of new
confirmed COVID-19 cases within a given MSA each
day. We made daily predictions by using Bayesian
parameterization and forecasting with uncertainty
quantification (UQ) for each of the 15 MSAs (Figure
3). Predictions took the form of a predictive posterior
distribution and varied because of the uncertainties
in adjustable model parameter estimates, which were
characterized quantitatively through Bayesian inference. For these inferences we used the complete time
series of available daily new case counts for the region of interest.
We conducted predictive inferences for all 15
MSAs of interest (Figure 4). We conditioned our
predictions on the compartmental model with n = 0.

Figure 2. Temporal correlations of fractional case counts of coronavirus disease in and around the New York City, New York,
metropolitan statistical area, United States, March 1–June 13, 2020. The fractional case count for a county on a given date is defined
as the reported number of cases on that date divided by the total reported number of cases in the county over the entire time period of
interest. Panels show the fractional cast counts for: A) the 23 counties comprising the New York City metropolitan statistical area (Fano
factor 0.0026); B) the 62 counties comprising New York state (Fano factor 0.021); C) the 21 counties comprising New Jersey (Fano
factor 1.2); and D) the 67 counties comprising Pennsylvania (Fano factor 0.028). Within each plot, different colors indicate the data
points from each distinct county. Purple–yellow gradient indicates alphabetical order of the counties. A smaller Fano factor indicates less
county-to-county variability.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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Figure 3. Illustration of Bayesian
predictive inference for daily
new case counts of coronavirus
disease in the New York City,
New York, metropolitan statistical
area, United States, March 1–
June 21, 2020. Daily reports
of new cases forecasted with
rigorous uncertainty quantification
through online Bayesian learning
of model parameters. Each
day considers all daily casereporting data available up to
that point. We conducted Markov
chain Monte Carlo sampling of
the posterior distribution for a
set of adjustable parameters.
Subsampling of the posterior
samples enabled the relevant
model to generate trajectories of
the epidemic curve that account
for parametric and observation
uncertainty. Crosses indicate
observed daily case reports. The
shaded region indicates the 95%
credible interval for predictions of daily case reports. The color-coded bands within the shaded region indicate alternate credible intervals.
The model was parametrized with uncertainty quantification data from January 21–June 21, 2020. The uncertainty bands/inferred model
was used to make predictions for 14 days after the last observed data: the last prediction date was July 5, 2020.

These results demonstrate that, for the timeframe of
interest, the compartmental model with n = 0 can reproduce many of the empirical epidemic curves for
the MSAs of interest, which vary in shape.
We also calculated predictive inferences for the
New York City and Phoenix MSAs over time (Figure
5; Appendix 2 Videos 1, 2, https://wwwnc.cdc.gov/
EID/article/27/3/20-3364-App2.pdf). These results
illustrate that accurate short-term predictions are
possible; however, continual updating of parameter
estimates is required to maintain accuracy.
We found that the adjustable parameters of the
compartmental model had identifiable values, meaning that their marginal posteriors were unimodal
(Figure 6). In the context of a deterministic model,
the significance of identifiability is that, despite uncertainties in parameter estimates, we can expect predictive inferences of daily new case reports to cluster
around a central trajectory. The results are representative (Figure 6); we routinely recovered unimodal
marginal posteriors. However, we do not have a
mathematical proof of identifiability for our model.
Usually, when we forecasted with UQ, the empirical new case count for the day immediately following our inference (+1), and often for each of several additional days, fell within the 95% CrI of the
predictive posterior. When the reported number of
new cases falls outside the 95% CrI and above the 97.5
772

percentile, we interpret this upward-trending rare
event to have a probability of <0.025, assuming the
model is both explanatory (i.e., consistent with historical data) and predictive of the near future. If the
model is predictive of the near future, the probability of 2 consecutive rare events is far smaller, <0.001.
Thus, consecutive upward-trending rare events,
called upward-trending anomalies, can indicate that
the model is not predictive. An anomaly suggests
that the rate of COVID-19 transmission has increased
beyond what can be explained by the model.
We did not observe upward-trending anomalies for the New York City MSA (Figure 7, panel A).
However, for the Phoenix MSA, we observed several
anomalies that preceded rapid and sustained growth
in the number of new cases reported per day in June
(Figure 7, panel B).
We assumed these anomalies arose from behavioral changes. To explain them, we enabled the compartmental model to account for a second social distancing
period by increasing the setting for n from 0 to 1. With
this change, the number of adjustable parameters increased from 7 to 10. One of the new parameters was
τ1, the start time of the second social distancing period.
The other new parameters, λ1 and p1, replaced λ0 and
p0 at time t = τ1. The compartmental model with 2 social distancing periods better explained the data from
Phoenix than the compartmental model with only 1
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Figure 4. Bayesian predictive inferences for daily new case counts of coronavirus disease in the 15 most populous metropolitan
statistical areas, United States, March 1–June 21, 2020. Predictions conditioned on the compartmental model with structure defined by n
= 0, which accounts for a single initial period of social distancing. Inferences shown for the metropolitan statistical areas for the following
cities: A) New York City, New York; B) Los Angeles, California; C) Chicago, Illinois; D) Dallas, Texas; E) Houston, Texas; F) Washington,
DC; G) Miami, Florida; H) Philadelphia, Pennsylvania; I) Atlanta, Georgia; J) Phoenix, Arizona; K) Boston, Massachusetts; L) San
Francisco, California; M) Riverside, California; N) Detroit, Michigan; and O) Seattle, Washington. Crosses indicate observed daily case
reports. The shaded region indicates the 95% credible interval for predictions of daily case reports. The color-coded bands within the
shaded region indicate alternate credible intervals. The model had parameters set by using uncertainty quantification by using data from
January 21–June 21, 2020. The uncertainty bands/inferred model was used to make predictions for 14 days after the last observed data:
the last prediction date was July 5, 2020.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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Figure 5. Illustration of the
need for online learning for
modeling daily new case counts
of coronavirus disease in the
New York City, New York, and
Phoenix, Arizona, metropolitan
statistical areas, United States,
2020. Predictions made over
a series of progressively later
dates as indicated for the New
York City area (A, C, E, G, I)
and the Phoenix area (B, D, F,
H, J). Predictive inferences are
data driven and conditioned on a
compartmental model. Crosses
indicate observed daily case
reports. The shaded region
indicates the 95% credible
interval for predictions of daily
case reports. The color-coded
bands within the shaded region
indicate alternate credible
intervals. Predictions are accurate
but only over a finite period of
time into the future. New data
must be considered as these data
become available to maintain
prediction accuracy. The model
had parameters set by using
uncertainty quantification using
all data up to a terminal date,
which differs in each panel. The
uncertainty bands/inferred model
was used to make predictions for
14 days after the last observed
data point. For the New York
City area, visualization began on
March 1, 2020; the terminal dates
were A) March 20, C) March 30,
E) April 3, G) April 19, and I) May
19, 2020. For the Phoenix area,
visualization began on March 11,
2020; the terminal dates were B)
April 9, D) April 19, F) May 29, H)
June 8, and J) June 18, 2020.

social distancing period (Figure 8, panels A and B).
This conclusion is supported by the Akaike and Bayesian information criteria values for the 2 scenarios (Appendix 1 Table 1). Although these criteria are crude
model selection tools in the context of non-Gaussian
posteriors, we decided that they were adequately discriminatory. Each strongly indicates that the model
with 2 social distancing periods better represented the
data than the model with 1 social distancing period.
Furthermore, the MAP estimate for p1 (≈0.38) was less
than that for p0 (≈0.49) (Figure 8, panels C, D) and the
marginal posteriors for these parameters were largely
nonoverlapping (Figure 8, panel D). These findings
suggest that the increase in COVID-19 cases in Phoenix
774

can be explained by relaxation in social distancing
practices, quantified by our estimates for p0 and p1.
The MAP estimate of the start time of the second period of social distancing corresponds to May 24, 2020
(95% CrI May 20–28, 2020). Overall, 8 of the 9 observed
anomalies occurred after this period, the first of which
occurred on June 2, 2020 (Figure 8, panel B).
We hypothesized that a single event generating
thousands of new infections, such as a mass gathering, might prompt a new upward trend in COVID-19
transmission. However, simulations for New York
City and Phoenix did not support this hypothesis
(Appendix 1 Figure 2). In each of these simulations,
we moved a specified number of persons from the
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mixing susceptible population SM into the exposed
population E1 at the indicated time, May 30, 2020.
Each perturbation increased disease incidence but
had minimal effect on the slope of the trajectory of
new case detection.
In addition to Phoenix, 4 other MSAs had contemporaneous trends explainable by relaxation of
social distancing (Appendix 1 Table 1, Figure 3).
MAP estimates for τ1 indicate that the second social
distancing period began on May 27, 2020 in Houston;

April 19, 2020 in Miami; May 24, 2020 in Phoenix;
June 12, 2020 in San Francisco; and June 7, 2020 in
Seattle (Appendix 1 Figure 3). We detected upwardtrending anomalies for these 5 MSAs (Appendix 1
Figure 4, panels A–D), but not for 3 of 4 other MSAs
that had epidemic curves consistent with sustained
social distancing (Appendix 1 Figure 4, panels E–H;
Appendix 2 Videos 3–10). We assessed the overall
prediction accuracy of the region-specific compartmental models (Appendix 1 Figure 5).

Figure 6. Matrix of 1- and 2-dimensional projections of the 7-dimensional posterior samples obtained for the adjustable parameters
associated with the compartmental model (n = 0) for daily new case counts of coronavirus disease in the New York City, New York,
metropolitan statistical area, United States, January 21–June 21, 2020. Plots of marginal posteriors (1-dimensional projections) are
shown on the diagonal from top left to bottom right. Other plots are 2-dimensional projections indicating the correlations between
parameter estimates. Brightness indicates higher probability density. A compact bright area indicates absence of or relatively low
correlation. An extended, asymmetric bright area indicates relatively high correlation.
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Figure 7. Rare events and anomalies in daily new case counts of coronavirus disease in (A) the New York City, New York metropolitan
statistical area during April 5–June 4, 2020 and (B) Phoenix, Arizona, metropolitan statistical area during April 19–June 18, 2020, United
States. Crosses indicate observed daily case reports. Orange line indicates 97.5% probability percentile; blue line indicates 2.5%
probability percentile. Yellow arrows mark upward-trending rare events. Red arrows mark upward-trending anomalies.

Discussion
We found that online learning of model parameter
values from real-time surveillance data is feasible
for mathematical models of COVID-19 transmission.
Furthermore, we found that predictive inference of
the daily number of new cases reported is feasible
for regional COVID-19 epidemics occurring in multiple US MSAs. We are continuing to perform daily
forecasts and to disseminate the results (23,24). Inferences are computationally expensive and the cost
increases as new data become available; thus, daily
inferences using these methods might be impractical
in some circumstances.
These predictive inferences can be used to identify harbingers of future growth in COVID-19 transmission rates. We found that 2 consecutive upward-

trending rare events in which the number of new
cases reported is above the upper limit of the 95%
CrI of the predictive posterior might indicate potential for increased transmission during the following
days to weeks. This feature might be especially predictive when anomalies are accompanied by increasing prediction uncertainty, as seen in Phoenix (Figure 7, panel B).
We found that the June increase in transmission
rate of COVID-19 in the Phoenix metropolitan area
can be explained by a reduction in the percentage of
the population adhering to effective social distancing practices from ≈49% to ≈38% (Figure 8, panel D).
However, our study sheds no light on which social
distancing practices are effective at slowing COVID-19 transmission. We inferred that relaxation of
Figure 8. Predictions of the
compartmental model for daily
new case counts of coronavirus
disease in the Phoenix, Arizona,
metropolitan statistical area,
United States, January 21–June
18, 2020. A) Model using 1 initial
period of social distancing (n
= 0). B) Model using an initial
period of social distancing
and a subsequent period of
reduced adherence to social
distancing practices (n = 1).
C) The marginal posteriors for
the social-distancing setpoint
parameter p0 inferred in panel A.
D) The marginal posteriors for
the social-distancing parameters
p0 and p1 inferred in panel B.
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social distancing measures began around May 24,
2020 (Figure 8, panel B). Contemporaneous upward
trends in the rate of COVID-19 transmission in the
Houston, Miami, San Francisco, and Seattle MSAs
can also be explained by relaxation of social distancing (Appendix 1 Table 1, Figure 3). These findings are
qualitatively consistent with earlier studies indicating
that social distancing is effective at slowing the transmission of COVID-19 (7,8). These results also suggest
that the future course of the pandemic is controllable,
especially with accurate recognition of when stronger
nonpharmaceutical interventions are needed to slow
COVID-19 transmission.
One limitation of our study is that trend detection is data-driven, which means that a new trend
cannot be detected until enough evidence has accumulated. Our analysis used reports of new cases,
which reflect transmission dynamics of the past days
to weeks rather than the current moment. Other types
of surveillance data, such as assays of viral RNA in
wastewater samples, also might improve situational
awareness. Another limitation is that our inferences
are based on a mathematical model associated with
considerable structure and fixed parameter uncertainties and simplifications. Among the simplifications is
the replacement of certain time-varying parameters,
such as those characterizing testing capacities, with
constants, which are assumed to provide an adequate
time-averaged characterization. In this study, we
used a deterministic compartmental model. If disease
prevalence decreases, a stochastic version of the model might be more appropriate for forecasting efforts.
Although the model can reproduce historical data
and make accurate short-term forecasts, its structure
and fixed parameters are subject to revision as we
learn more about COVID-19. Furthermore, the model
will need to be revised to account for vaccination. Results from serologic studies and estimates of excess
deaths should enable model improvements.
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We investigated the clinical outcomes and molecular
mechanisms of fluconazole-resistant (FR) Candida glabrata bloodstream infections. Among 1,158 isolates collected during multicenter studies in South Korea during
2008–2018, 5.7% were FR. For 64 patients with FR
bloodstream infection isolates, the 30-day mortality rate
was 60.9% and the 90-day mortality rate 78.2%; these
rates were significantly higher than in patients with fluconazole-susceptible dose-dependent isolates (30-day mortality rate 36.4%, 90-day mortality rate 43.8%; p<0.05).
For patients with FR isolates, appropriate antifungal therapy was the only independent protective factor associated with 30-day (hazard ratio 0.304) and 90-day (hazard
ratio 0.310) mortality. Sequencing of pleiotropic drug-resistance transcription factor revealed that 1–2 additional
Pdr1p amino acid substitutions (except genotype-specific
Pdr1p amino acid substitutions) occurred in 98.5% of
FR isolates but in only 0.9% of fluconazole-susceptible
dose-dependent isolates. These results highlight the high
mortality rate of patients infected with FR C. glabrata BSI
isolates harboring Pdr1p mutations.

C

andida glabrata is a commensal yeast in the human
gut, genitourinary tract, or oral cavity; however,
it can cause serious bloodstream infections (BSIs) that
result in substantial illness and death (1). Unlike other
common Candida species, C. glabrata exhibits intrinsically low susceptibility to azole drugs, especially fluconazole, and rapidly acquires antifungal resistance
in response to azole or echinocandin exposure (1–3).
Although the incidence of echinocandin- and multidrug-resistant (MDR) C. glabrata BSIs is low, fluconazole resistant (FR) C. glabrata BSI isolates have been
increasingly reported worldwide, typically at rates of
2.6%–10.6%, although these rates can reach 17% (4–6).
Fluconazole resistance in C. glabrata is of particular
concern because of the increased incidence of BSIs
caused by this species in various locations worldwide (1,4,5). Acquired azole resistance in C. glabrata
is most commonly mediated by overexpression of the
drug-efflux transporter genes CgCDR1, CgCDR2, and
CgSNQ2 through a gain-of-function (GOF) mutation
in the transcription factor pleiotropic drug-resistance
(PDR1) (2,7,8), although other mechanisms might
contribute (9–11).
PDR1 mutations in C. glabrata associated with
azole resistance have been shown to cause hypervirulence in a mouse model of systemic candidiasis,
suggesting the need for careful monitoring of FR C.
glabrata BSI isolates and their PDR1 mutations (7,12).
To date, little substantial research has been conducted on PDR1 mutation incidence among FR C. glabrata
BSI isolates from multicenter surveillance cultures
or on mortality rates of patients infected with these
780

PDR1 mutants. This deficit might be attributable to
Pdr1p amino acid substitutions (AAS) found in FR
and fluconazole-susceptible dose-dependent (F-SDD)
isolates (7,13,14), which can impede determination of
whether specific Pdr1p AAS result in fluconazole resistance. Therefore, the aim of this study was to investigate the clinical outcomes, molecular mechanisms,
and genotypes associated with antifungal-resistant
BSI isolates of C. glabrata collected during multicenter
studies in South Korea during an 11-year period
(2008–2018). We focused on the mortality rates of patients infected with FR C. glabrata BSI isolates harboring the Pdr1p mutation.
Materials and Methods
Microorganisms and Antifungal Susceptibility Testing

A total of 1,158 BSI isolates of C. glabrata were collected from 19 university hospitals in South Korea during January 2008–December 2018 (Appendix Table
1, https://wwwnc.cdc.gov/EID/article/27/3/203482-App1.pdf). All isolates were collected from
routine blood cultures by using methods that varied
among laboratories; only the first isolate from each
patient was included. The hospitals participating in
this laboratory-based nationwide multicenter surveillance system differed each year. All C. glabrata
isolates were submitted to Chonnam National University Hospital (Gwangju, South Korea) for testing.
Species identification was based on matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (Biotyper; Bruker Daltonics, https://www.
bruker.com) with library version 4.0, or sequencing
of the D1/D2 domains of the 26S rRNA gene, to differentiate C. glabrata from cryptic species (C. nivariensis and C. bracarensis) within the C. glabrata complex
(15). In vitro testing of susceptibility to fluconazole,
micafungin, caspofungin, voriconazole, and amphotericin B was performed for all isolates according
to the Clinical and Laboratory Standards Institute
broth microdilution method (16). MICs were determined after 24 hours of incubation. Two reference
strains, Candida parapsilosis ATCC 22019 and Candida
krusei ATCC 6258, were included in each antifungal
susceptibility test as quality-control isolates. The
MIC interpretive criteria included species-specific
Clinical and Laboratory Standards Institute clinical
breakpoints for fluconazole, micafungin, and caspofungin (17), as well as epidemiologic cutoff values
(ECVs) for voriconazole and amphotericin B (18).
Echinocandin resistance was confirmed through
DNA sequence analysis of FKS genes to identify resistance hot-spot mutations in FKS1 and FKS2 (19).
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Multidrug resistance was defined as resistance to
both fluconazole and echinocandins (2).
Clinical Characteristics

Candidemia was defined as the isolation of Candida
from >1 blood culture (20), and cases with invasive
candidiasis without candidemia or colonization were
excluded. All demographic characteristics and clinical
conditions potentially related to candidemia mortality rates at the time of candidemia onset were investigated (21–23). Previous use of antifungal agents was
defined as administration within 3 months before the
onset of candidemia. A lack of antifungal therapy was
deﬁned as no antifungal therapy or treatment with
antifungals for <3 days; appropriate antifungal therapy was defined as the administration of >1 in vitro–
active antifungal (according to the susceptibility pattern of the isolate) for >72 hours (23,24). Therapeutic
failure was defined as either persistence of Candida in
the bloodstream despite >72 hours of antifungal therapy or development of breakthrough fungemia during treatment with the indicated antifungal agents for
>72 hours (23,24). All-cause mortality rates were assessed at 30 and 90 days after the first positive blood
culture result. Mortality rates also were analyzed for
patients with candidemia who were infected with
297 SDD isolates of C. glabrata as controls. This study
was approved by the Institutional Review Board of
Chonnam National University Hospital (approval no.
CNUH-2020-117).
Multilocus Sequence Typing and Molecular Mechanisms

Multilocus sequence typing (MLST) and PDR1 sequencing were performed for all antifungal-resistant isolates of C. glabrata and for 212 F-SDD control isolates by using methods described previously
(14,21,25). PDR1 sequences of each isolate were compared and analyzed on the basis of the reference
PDR1 sequence of C. glabrata (GenBank accession
no. FJ550269) (14). The FKS1 and FKS2 sequences of
79 isolates that exhibited full or intermediate resistance to micafungin (MIC >0.12 mg/L) or caspofungin (MIC >0.25 mg/L) were compared with those of
C. glabrata (GenBank reference sequence nos. FKS1
XM_446406 and FKS2 XM_448401) (14). The expression levels of CgCDR1, CgCDR2, and CgSNQ2 were
evaluated for 30 FR isolates of C. glabrata harboring FR-specific Pdr AAS and for 65 F-SDD control
isolates without FR-specific Pdr AAS, as described
previously (26,27). The cycle threshold (Ct) of each
gene was normalized to that of URA3 to determine
the ΔCt value. For all isolates, relative gene expression (ΔΔCT) was reported as fold change calculated

as the mean normalized expression level relative to
that of C. glabrata ATCC 90030 (fluconazole MIC 8
mg/L, set as 1.0).
Statistical Analysis

Quantitative variables are expressed as means with
standard deviations, whereas categorical variables
are expressed as counts and percentages. Categorical variables were compared by using the χ2 test or
Fisher exact test, Student t–test or the Mann–Whitney U test to compare quantitative variables, as appropriate. Cox proportional hazards models were
used to evaluate potential risk factors for 30- and
90-day mortality rates by calculating the hazard ratio (HR). The Kaplan–Meier and log–rank (Mantel–
Cox) tests were used to calculate the 30- and 90-day
survival probabilities in subgroup analyses. All data
were analyzed by using SPSS Statistics 26.0 (IBM,
https://www.ibm.com). Statistical significance was
determined at a level of p<0.05.
Results
Incidence of Antifungal Resistance

The annual proportion of C. glabrata BSI isolates
among all Candida BSI isolates increased from 11.7%
to 23.9% (mean 18.6%) during the study period (Table
1). The rate of fluconazole resistance (MIC >64 mg/L)
increased from 0% (0/68 isolates) to 8.3% (14/168
isolates) during the study period. Among the 1,158
BSI isolates of C. glabrata, 66 (5.7%) were resistant to
fluconazole, 16 (1.4%) were resistant to echinocandin,
and 6 (0.5%) were resistant to multiple drugs. Of the
16 echinocandin-resistant isolates, 6 (37.5%) were
also resistant to fluconazole; thus, these isolates were
MDR. Isolates of echinocandin-resistant and MDR C.
glabrata were initially found in 2013 and then annually from 2016 to 2018. Resistance to amphotericin B
(MIC >2 mg/L) was not detected in any isolate, but 79
(6.8%) isolates had voriconazole MICs that exceeded
the ECV (0.25 mg/L). All 64 FR isolates were associated with a voriconazole MIC >0.5 mg/L.
Mortality Rate of FR Candida glabrata BSIs

The mortality rate for 64 patients with FR C. glabrata
BSI isolates was 60.9% at 30 days (Appendix Table
2). Univariate Cox regression analyses revealed
that a high Charlson comorbidity index (p = 0.051),
liver disease (p = 0.015), intensive-care unit admission (p = 0.071), severe sepsis (p = 0.039), lack of
antifungal therapy (p<0.001), azole monotherapy
(p = 0.005), any combination antifungal therapy
(p = 0.014), and appropriate antifungal therapy
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Table 1. Incidence of antifungal resistance in Candida glabrata BSI isolates, based on cultures collected during a multicenter
surveillance study, South Korea, 2008–2018*
No. (%) C. glabrata BSI isolates‡
Study
No. participating
% C. glabrata of all
No. BSI isolates of
Fluconazole
Echinocandin
Multidrug
year
hospitals†
Candida BSI isolates
C. glabrata tested
resistance
resistance§
resistance¶
2008
13
11.7
68
0
0
0
2009
8
16.0
67
4 (6.0)
0
0
2010
8
16.8
60
4 (6.7)
0
0
2011
10
16.0
85
4 (4.7)
0
0
2012
11
17.0
108
3 (2.8)
0
0
2013
7
16.9
73
4 (5.5)
1 (1.4)
1 (1.4)
2014
7
22.1
123
11 (8.9)
0
0
2015
10
17.2
110
5 (4.5)
3 (2.7)
0
2016
10
21.2
123
4 (3.3)
4 (3.3)
2 (1.6)
2017
13
21.6
173
13 (7.5)
4 (2.3)
1 (0.6)
2018
13
23.9
168
14 (8.3)
4 (2.4)
2 (1.2)
Total
19
18.6
1158
66 (5.7)
16 (1.4)
6 (0.5)

*BSI, bloodstream infection.
†Hospitals participating in this laboratory-based nationwide multicenter surveillance system differed each year.
‡Antifungal susceptibility was determined by using the Clinical and Laboratory Standards Institute M27–4ED broth microdilution method (16). Interpretive
categories of resistance were determined by using Clinical and Laboratory Standards Institute document M60-ED (17). We deposited 76 antifungalresistant isolates of C. glabrata in the Korea Collection for Type Culture (KCTC; Jeongeup-si, Korea), including those showing resistance to fluconazole
alone (60 isolates, KCTC nos. 37113–37172), echinocandin alone (10 isolates, KCTC nos. 37176–37185), and both fluconazole and echinocandin (6
multidrug-resistant isolates, KCTC nos. 37110–37112, 37173–37175). All 76 isolates were identified as C. glabrata by sequence analysis using the D1/D2
domain (GenBank accession nos. MW349716–90 and MW351777).
§Echinocandin resistance was confirmed by the identification of resistance hot-spot mutations in FKS1 and FKS2 in isolates that exhibited full or
intermediate resistance to micafungin (MIC >0.12 mg/L) or caspofungin MIC (>0.25 mg/L).
¶Multidrug resistance was defined as resistance to both fluconazole and echinocandins.

(p = 0.001) were associated with the 30-day mortality
rate. The 30-day mortality rates were 88.9% (8/9)
in patients with azole monotherapy, 69.2% (9/13)
in patients with echinocandin monotherapy, 70%
(7/10) in patients with amphotericin B monotherapy, 36.4% (8/22) in patients with combination antifungal therapy, 90% (18/20) in patients with inadequate antifungal therapy, and 47.7% (21/44) in
patients with appropriate antifungal therapy. Patients treated with azole monotherapy or inadequate
antifungal therapy showed significantly higher 30day mortality rates than those receiving combination therapy or appropriate antifungal therapy (all
p<0.05). In multivariate Cox regression analysis, no
independent risk factors for 30-day mortality were
identified, but appropriate antifungal therapy (HR
0.304 [95% CI 0.134–0.689]; p = 0.004) was independently protective with respect to 30-day mortality.
The mortality rate for 64 patients with FR C. glabrata
BSI isolates was 78.2% at 90 days; appropriate antifungal therapy (HR 0.31 [95% CI 0.138–0.695]; p =
0.004) was the only protective factor with respect to
90-day mortality (Appendix Table 3). Kaplan–Meier
survival analysis showed that the mortality dynamics of the FR group (64 patients) decreased during
the study period, whereas the F-SDD group (297
patients) exhibited a plateau period of decreasing
cumulative survival from 30 to 90 days, which was
similar in each of the 4 years of the study period
(Figure). The median survival of patients with FR
C. glabrata BSI was significantly shorter than that of
782

patients with F-SDD C. glabrata (17 days for FR vs. 90
days for F-SDD; p<0.001 by log-rank test).
MLST Genotypes and AAS in Pdr1p

MLST revealed that 56.1% (37/66) of FR, 56.3% (9/16)
of echinocandin-resistant, and 100% (6/6) of MDR
isolates belonged to sequence type (ST) 7. Table 2 lists
the sequencing results for PDR1 and the MLST genotypes for the 66 FR isolates of C. glabrata, as well as
212 control F-SDD isolates. In total, 68 types of AAS
in Pdr1p were found in the 278 isolates of C. glabrata
tested. When Pdr1p polymorphisms were compared
between >2 isolates in the same ST (257 isolates in 11
STs), excluding 21 STs that were unique to a single
isolate, all 50 ST3 isolates harbored the same 3 Pdr1p
AAS (P76S, P143T, and D243N), all 8 ST55 isolates
harbored E259G, and all 4 ST59 isolates harbored
T745A, irrespective of FR. However, these 5 Pdr AAS
were not found in any ST7 isolates or any isolates of
the other 7 ST groups, each of which contained >2
isolates. Excluding 5 Pdr1 AAS (P76S, P143T, D243N,
E259G, and T745A), 1 additional Pdr1p AAS was
found in each of 2 F-SDD isolates (0.9%, n = 212); 1 (59
FR isolates) or 2 (6 FR isolates) additional Pdr1p AAS
was found in 65/66 (98.5%) FR isolates.
AAS in Pdr1p Shown in Only FR isolates

Each of the 49 Pdr1p AAS was found alone in 59 FR
isolates of C. glabrata and their MLST genotypes (Table 3). In 38 (64.4%) isolates, AAS were found in 3 domains of Pdr1p, the inhibition (33.9%), fungal-specific
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transcription factor (11.9%), and activation (18.6%)
domains; AAS were outside the main domains in 21
(35.6%) isolates. Of 49 Pdr1p AAS, 16 were described
previously for FR isolates, whereas 33 (67.3%) were
newly found in this study. Of these potentially novel Pdr1p AAS, 5 (P327L, G346S, H576Y, T607A, and
G788W) were shared by 2 isolates with the same genotype. Among these, 2 AAS (G346S [ST2] and H576Y
[ST7]), were shared by 2 isolates from the same hospital in the same year. Quantitative reverse transcription PCR revealed that 30 FR isolates harboring the
Pdr mutation exhibited significantly higher mean
expression levels of CgCDR1, CgCDR2, and CgSNQ2
than 65 control F-SDD isolates (FR vs. F-SDD; 11.5- vs.
1.5-fold for CgCDR1, p<0.0001; 43.4- vs. 27.0-fold for
CgCDR2, p = 0.0408; and 4.9- vs. 3.5-fold for CgSNQ2,
p = 0.0174) (Appendix Figure).
Discussion
After C. albicans, C. glabrata is the most common Candida species isolated from BSI in North America and
in countries of central and northern Europe (1,4). C.
glabrata was the fourth most common BSI-causing
Candida species in many countries in Asia besides
South Korea (6,28,29); however, increasing rates of C.
glabrata with FR have been reported in China (30), and
this strain is now the second most common species
in South Korea (31). In this study, the FR rate of BSI
isolates of C. glabrata were found to have increased
from 0% (0/68) in 2008 to 8.3% (14/168) in 2018. No
C. glabrata isolate collected during 2008–2012 was

resistant to echinocandins, whereas 2%–3% were resistant to echinocandins during 2015–2018. The emergence of echinocandin-resistant BSI isolates of C. glabrata in South Korea might reflect the increased use
of echinocandin antifungals as the initial option for
candidemia after insurance coverage for echinocandins began in 2014 (32). Of 16 echinocandin-resistant
isolates, 6 (37.5%) were also resistant to fluconazole,
indicating multidrug resistance. Overall, our 11-year
nationwide surveillance revealed an increasing incidence of C. glabrata causing BSI and an increasing
propensity for development of antifungal resistance
in South Korea, consistent with surveillance data
from other countries (1,2,4,5,30).
Data are scarce regarding the mortality rates for
patients with candidemia who are infected with FR
C. glabrata BSI isolates. The 30-day mortality rates
in patients infected with C. glabrata BSI isolates are
21.3%–48.6% (16,33–37) but can reach 50%–60%
among patients in intensive care units (38,39). However, few FR C. glabrata isolates were included in
previous studies. We found that FR BSI isolates of
C. glabrata in South Korea were associated with significantly higher 30-day (60.9%) and 90-day (78.2%)
mortality rates, compared to BSIs caused by F-SDD
strains (30-day mortality rate 36.4%, 90-day mortality rate 43.8%). The mortality dynamics of FR isolates
indicated a rapid rise in cumulative mortality from
7 to 90 days after BSI onset. This mortality dynamic
was distinct from that of patients with F-SDD BSIs,
who exhibited a steady curve after 60 days, consistent

Figure. Kaplan–Meier and log-rank (Mantel–Cox) pairwise analyses of survival of patients with Candida glabrata candidemia, based
on patient data and cultures collected during a multicenter surveillance study, South Korea, 2008–2018. A) Cumulative survival curves
of 64 patients infected with fluconazole-resistant (FR) bloodstream infection (BSI) isolates. The cumulative mortality rates of 64
patients infected with FR C. glabrata BSIs increased over time (day 7 [29.7%], day 30 [60.9%], day 60 [68.8%], and day 90 [78.1%]).
B) Cumulative survival curves of patients infected with fluconazole-susceptible dose-dependent (F-SDD) BSI isolates (297 patients
total) in 2009 (75 patients in 6 hospitals), 2014 (97 patients in 7 hospitals), 2017 (75 patients in 9 hospitals), and 2018 (50 patients in 8
hospitals). The 30-day mortality rate of the F-SDD group was 34.7% in 2010, 39.2% in 2014, 37.3% in 2017, and 32.0% in 2018. The
cumulative mortality rates of 297 patients infected with F-SDD BSI isolates of C. glabrata were found to be 18.5% at day 7 (p = 0.084),
36.4% at day 30 (p = 0.001), 41.8% at day 60 (p<0.001), and 43.8% at day 90 (p<0.001).
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with previous reports of C. glabrata BSIs (34,40). The
median survival of patients with FR C. glabrata BSIs
(17 days) was also significantly shorter than that of
patients with F-SDD C. glabrata BSIs (90 days). These
findings are consistent with the results in a recent report regarding C. glabrata BSIs in South Korea, which
showed that a high fluconazole MIC was associated
with a poor outcome, although only 5 isolates in that
study were FR (37).
In this study, MLST revealed that 56.1% of FR
and 56.3% of echinocandin-resistant BSI isolates
belonged to ST7, which accords with ST7 being the
most common MLST genotype (47.8%) in South Korea (21). We found that 100% (6/6) of MDR isolates
belonged to ST7, which harbored the V239L mutation in the mismatch repair gene (MSH2) associated
with hypermutability (21,25). Given that the utility
of MSH2 gene mutations as antifungal-resistance
markers remains controversial (41,42), further surveillance studies are needed. To date, few studies
have been conducted on MLST genotype–specific
differences in Pdr1p polymorphism among C. glabrata BSI isolates. We found that all 50 isolates of
ST3 harbored the same Pdr1p AAS (P76S/P143T/

D243N), all 7 isolates of ST55 harbored E259G,
and all 4 isolates of ST59 harbored T745A, suggesting the presence of MLST genotype–specific Pdr1p
AAS. P76S/P143T/D243N in Pdr1p was found to be
common in China, Iran, and Australia (13,14,43,44),
which accords with the high prevalence of ST3 in
the study collections. Thus, the results of this study
suggest that 5 Pdr1p AAS are MLST genotype–specific; because these AAS were found in both FR and
F-SDD isolates, we confirmed that they cannot be responsible for azole resistance.
A single-point mutation in PDR1 can contribute
to azole resistance in C. glabrata (7,8). Our results
show that, in FR isolates, AAS are scattered throughout the entire protein without distinct hotspots, as reported previously (7,13,41,45). Therefore, determining whether a certain Pdr1p AAS is a GOF mutation is
difficult without data from gene editing experiments
for all variable regions. A previous study identified
57 FR-specific AAS by comparing azole-susceptible
and azole-resistant matched isolates recovered from
different clinical specimens (7). Furthermore, 91%
(74/81) of FR isolates from BSIs or vaginal infections
contained a Pdr1 mutation, compared with 5.6%

Table 2. Pdr1 AAS in 66 FR isolates and 212 F-SDD BSI isolates of Candida glabrata and their MLST genotypes, based on cultures
collected during a multicenter surveillance study, South Korea, 2008–2018*
No. isolates with 5 Pdr1p AAS found in
No. isolates with additional Pdr1p
No.
No. with
both FR and F-SDD isolates
AAS except for 5 Pdr1p AAS
MLST
Fluconazole isolates echinocandin
genotype
susceptibility tested
resistance
P76S P143T D243N E259G T745A
1
2
Total
ST7
FR
37
6†
34
3
37
F-SDD
98
3
0
0
ST3
FR
7
0
7
7
7
6
1
7
F-SDD
43
1
43
43
43
0
0
ST26
FR
7
0
6
6
F-SDD
10
1
0
0
ST22
FR
1
0
1
1
F-SDD
16
1
0
0
ST10
FR
2
0
2
2
F-SDD
9
0
0
0
ST55
FR
2
0
2
2
2
F-SDD
6
1
6
1
1
ST2
FR
2
0
2
2
F-SDD
3
0
0
0
ST6
FR
1
0
1
1
F-SDD
5
2
0
0
ST59
FR
1
0
1
1
1
F-SDD
3
1
3
0
0
ST1
FR
2
0
2
2
ST12
F-SDD
2
0
0
0
Other STs‡
FR
4
0
1
2
2
4
F-SDD
17
0
2
2
2
1
1
Total, no. (%)
FR
66
6
7
7
7
3
1
59
6§
65 (98.5)
F-SDD
212
10
45
45
45
6
3
2¶
2 (0.9)
*AAS, amino acid substitution; BSI, bloodstream infection; FR, fluconazole-resistant; F-SDD, fluconazole-susceptible dose-dependent; MLST, multilocus
sequence typing; ST, sequence type.
†All 6 isolates showed multidrug resistance, defined as resistance to both fluconazole and echinocandins.
‡Includes 21 STs that were each unique to a single isolate.
§Each of 6 FR isolates harbored 2 additional Pdr1 AAS (E340G/D919Y [ST7], Y556C/F580I [ST7], N132S/G1099S [ST7], F832L/L833V [ST3],
G189V/E340G [other ST], and L366P/E555D [other ST]).
¶Two F-SDD isolates harbored additional Pdr1 AAS (V502I [ST55] and R250K [other ST]).
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Table 3. Pdr1 AAS in 59 FR isolates of Candida glabrata BSI isolates and their MLST genotypes, based on cultures collected during a
multicenter surveillance study, South Korea, 2008–2018*
Pdr1 AAS (no. isolates)†
MLST
No.
Fungal-specific
genotype
isolates
Inhibition domain
transcription factor domain
Activation domain
Other regions
ST7
34
P327L (2), G334V (1),
H576Y (2), G583C (1)
P927S (1), G943S (1),
S236N (1), P258S (1),
E340G (1), E340K (1),
S947L (1), D954N (1), P258L (1), V260A (1),L280S
G346S (1), L347F (1),
G1088E (1), Y1106N (1) (1), Y556C (1), E714D (1),
L375P (1), R376Q (1),
T752I (1), N768D (1), R772K
S391L (1)
(1), K776E (1), G788W (2),
L825P (1), T885A (1)
ST26
6
K365E (1), R376Q (1),
N1091D (1)
S316I (1)
F377I (1), E388Q (1)
ST3
6
L347F (1)
Y584D (1)
T1080N (1), Y1106N (1)
A731E (1), N764D (1)
ST1
2
T607A (2)
ST2
2
G346S (2)
ST10
2
S337F (1), I392M (1)
ST55
2
F294S (1), P258S (1)
ST6
1
G1079R (1)
ST22
1
Y932C (1)
ST59
1
E369K (1)
Others
2
L935F (1)
P696L (1)
No. (%)
59
20 (33.9)
7 (11.9)
11 (18.6)
21 (35.6)
isolates
No. (%)
49
15 (30.6)
5 (10.2)
10 (20.4)
19 (38.8)
Pdr1 AAS
*AAS, amino acid substitutions; BSI, bloodstream infection; FR, fluconazole-resistant; MLST, multilocus sequence typing; ST, sequence type.
†Previously reported Pdr1 AAS are shown in bold.

(1/18) of F-SDD isolates (25). In our study, we found
that 98.5% (65/66) of FR BSI isolates and 0.9% (2/212)
of F-SDD BSI isolates harbored an additional 1 or 2
Pdr1p AAS after exclusion of 5 genotype-specific
AAS (P76S, P143T D243N, E259G, and T745A). After
exclusion of 6 additional FR isolates that harbored 2
Pdr1p AAS (because determining which of the 2 AAS
was critical for fluconazole resistance was difficult to
determine), we found 49 Pdr1p AAS that were present alone in 59 FR isolates, strongly suggesting that
these AAS were FR-specific. Of the 49 Pdr1p AAS,
16 have been described for FR isolates (7,13,14,25,43–
46). In this study, FR isolates exhibited higher mean
CgCDR1, CgCDR2, or CgSNQ2 expression levels,
compared with F-SDD isolates; all FR C. glabrata isolates were also resistant to voriconazole (MIC >0.5
mg/L), implying that fluconazole and voriconazole
resistance are governed by the same mechanism (i.e.,
a GOF mutation in the transcription factor for Pdr1p)
(7,8). Overall, our findings demonstrate that most FR
BSI isolates of C. glabrata in South Korea harbor FRspecific Pdr1p AAS.
The cause of the high mortality rate associated with FR C. glabrata BSIs remains unclear. In this
study, we focused on FR-specific Pdr1p AAS. PDR1
mutations are associated with increased virulence
of C. glabrata, expression of adhesins, and adherence
to host epithelial cells (7,12,47,48). The fungal loads
in the kidney, spleen, and liver were higher in mice
infected with the FR Pdr1 mutant of C. glabrata than

in mice infected with F-SDD isolates (12). C. glabrata
might persist in the body by replicating inside phagocytes, eventually leading to cell lysis, rather than by
active escape (the method used by C. albicans) (47,49).
This process might partly explain the elevated cumulative mortality rate for patients with Pdr1 mutants.
Appropriate antifungal therapy was the only independently associated protective factor, with respect
to 30- and 90-day mortality rates, in patients infected
with FR C. glabrata isolates. In patients who received
inadequate antifungal therapy and azole monotherapy, the 30-day mortality rates were 90% (antifungal
therapy) and 88.9% (azole monotherapy), which were
significantly higher than those of the patients receiving combination therapy (36.4%) or appropriate antifungal therapy (47.7%). Previous antifungal exposure
was not an independent risk factor for death among
patients with FR isolates, although it was identified
in 62.5% (40/64) of patients. Given that previous
antifungal exposure is a risk factor for antifungalresistant Candida BSI (50), further studies including FSDD C. glabrata BSIs might elucidate the relationship
between previous antifungal exposure and death.
Taken together, these findings suggest that the high
mortality rate associated with FR C. glabrata BSIs can
be explained by the combination of FR and the virulence of Pdr1 mutants.
The first limitation of our study is that a Candida
species might develop resistance within a patient during antifungal therapy; such resistance can be identified
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through serial isolates, but we tested only the first
isolate from each patient during 2016–2018. Second,
our results did not show that FR, PDR1 mutants, or
previous antifungal exposure were independent risk
factors for death in patients with C. glabrata BSIs. A
total of 1,158 nonduplicate BSI isolates of C. glabrata
from 19 university hospitals in South Korea were obtained during the 11-year study period, and the hospitals participating differed each year; therefore, we could
not select an appropriate control group of F-SDD isolates. These limitations were partly overcome in a recent
study involving 197 adult patients with C. glabrata BSI
during January 2010–February 2016 at 7 university hospitals in South Korea. In that study, FR was shown to be
associated with the 30-day mortality rate in a multivariate analysis (37). Third, only limited numbers of patients
infected with F-SDD BSI isolates of C. glabrata were included in our mortality analysis. Nevertheless, we included a total of 297 patients infected with F-SDD BSI
isolates of C. glabrata, which included all patients with
C. glabrata from the participating hospitals in 2010, 2014,
2017, and 2018. The 30-day mortality rates of patients
infected with F-SDD C. glabrata isolates were similar
among those 4 years (32.0%–39.2%), despite differences
in participating hospitals and collection periods; the 30day mortality rate was similar to those reported in previous studies (21,33–37).
In conclusion, we demonstrated that nearly all
FR BSI isolates of C. glabrata in South Korea harbored
FR-specific Pdr1p mutations by excluding MLST
genotype–specific Pdr1p AASs and that the isolates
were associated with higher 30-day (60.9%) and 90day (78.2%) mortality rates. These results suggest
that Pdr1 mutants are associated with a risk for death
in such patients. In addition, appropriate antifungal
therapy was the only independent protective factor
against death in patients with FR isolates. Because of
the increasing prevalence of FR BSI isolates of C. glabrata worldwide, improved detection and appropriate antifungal treatments are critical.
This research was supported by the Basic Science Research
Program through the National Research Foundation of
South Korea funded by the Ministry of Education (grant
no. NRF-2019R1A2C1004644).
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To provide insight into the mortality burden of coronavirus
disease (COVID-19) in Japan, we estimated the excess
all-cause deaths for each week during the pandemic,
January–May 2020, by prefecture and age group. We applied quasi-Poisson regression models to vital statistics
data. Excess deaths were expressed as the range of differences between the observed and expected number of
all-cause deaths and the 95% upper bound of the 1-sided
prediction interval. A total of 208–4,322 all-cause excess
deaths at the national level indicated a 0.03%–0.72% excess in the observed number of deaths. Prefecture and
age structure consistency between the reported COVID-19 deaths and our estimates was weak, suggesting
the need to use cause-specific analyses to distinguish
between direct and indirect consequences of COVID-19.

S

evere acute respiratory syndrome coronavirus 2
(SARS-CoV-2) first appeared in December 2019 in
Wuhan, China, and has rapidly led to a global pandemic (1). Globally, accurate figures on deaths caused
by coronavirus disease (COVID-19) have been difficult to obtain because of limited availability and
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quality of virus testing (2,3) (Y. Yang et al., unpub. data,
https://www.medrxiv.org/content/10.1101/2020.0
2.11.20021493v2); it is generally accepted that many
deaths caused by COVID-19 have not yet been recorded (4). Lockdown measures are in place in many countries and regions around the world, but such measures can lead to reduced access to health services,
exacerbating chronic diseases and delaying response
to acute diseases (5). Access to hospitals for elective
surgery may also be hampered by the collapsing medical system associated with the increased number of
COVID-19 patients (6). The cause of death, especially
among elderly persons in care homes or living alone,
may not be adequately diagnosed or even recorded
during a pandemic situation (7).
When comprehensive testing is lacking, the
mortality burden of a new pandemic is commonly
estimated by an increase in the number of deaths
that is greater than would be expected under normal circumstances (e.g., in the absence of a pandemic)—the so-called excess-death approach (8,9).
This approach can be applied to specific causes of
death directly related to the pathogen, such as for
pneumonia or other respiratory diseases, or to other
categories of death that are directly or indirectly affected by a pandemic. For example, excess-death
methods have been used to quantify formal underestimation of the mortality burden of COVID-19 in
many heavily affected countries (10–17).
The early and comprehensive response to the
COVID-19 pandemic in Japan probably enabled the
A part of the estimates of excess all-cause deaths through May
2020, including those for all ages, reported in this article was
also reported on the website of the National Institute of Infectious
Diseases in Japan on August 31, 2020 (https://www.niid.go.jp/niid/
ja/from-idsc/493-guidelines/9835-excess-mortality-20aug.html).
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country to avoid the severe epidemics experienced in
Europe; as of September 2, 2020, a total of 68,392 COVID-19 cases and 1,296 related deaths had occurred in
Japan (18). Nonetheless, despite an effective response,
in early April as cases began to increase rapidly, the
health system began to experience pressures similar
to those in other countries, and the government declared a state of emergency (19). Perhaps uniquely
among global movement restrictions, in Japan, these
restrictions were completely voluntary, with no legal force; routine healthcare functions continued, including elective surgery and outpatient services for
nonurgent health issues. Given the relatively limited
spread of the epidemic in Japan and the voluntary nature of the lockdown, it is possible that the pattern of
excess deaths in Japan differs from that in other countries. To provide insight into the mortality burden of
COVID-19 in Japan, we estimated excess deaths from
all causes during each week from the early COVID-19
outbreak in Japan, January–May 2020, by prefecture
and patient age. Ethics approval was granted by the
ethics committee of the National Institute of Infectious Diseases (authorization no. 1174).
Methods
Data

For this study, we used mortality data from the Vital
Statistics System of Japan, which compiles the Vital
Statistics Survey data prepared by each municipality
under the Family Registration Law and the Provisions
on the Notification of Stillbirths (20). Vital statistics
are divided into 3 major types: annual vital statistics,
monthly vital statistics, and prompt vital statistics.
Annual vital statistics are compiled for 1 year (January–December) from the monthly vital statistics and
are published around September each year. Monthly
vital statistics are published ≈5 months after the month
in which the survey forms are collected from the municipalities. Prompt vital statistics are published ≈2
months after the month of survey form collection.
According to the Family Registration Law, a notification of death must be submitted to a municipal
office within 7 days of the day on which the person’s
death was confirmed. The notification must be submitted by a relative or a person who lived with the
deceased or, in some cases, by landlords, house managers, or persons with similar roles. For the Prompt
Vital Statistics report, data for a given month are
based on death notifications reported to the municipality by the 14th of the following month. In other
words, a death notification reported on or after the
15th with a death date of the previous month is placed
790

in the dataset for the current month, not the previous
month. For example, if a death notification is reported by February 14 with a death date of January 20,
the data will be included in the January Prompt Vital
Statistics report, but if the death is reported on February 15, it will be included in the February Prompt
Vital Statistics report, referred to as a reporting delay.
The delay in reporting deaths addressed in this study
refers to any delays between the death confirmation
process to submission of the death notifications to the
municipal offices, perhaps depending on where the
death occurs. The observed numbers of deaths in the
Prompt Vital Statistics report were adjusted for this
reporting delay up to 3 months to avoid a possible
undercount of observed deaths. We used these adjusted data in our excess deaths analysis.
For this analysis, we used data from 2012 on (including the last few days of 2011 for weekly analysis
purposes): Annual Vital Statistics report for 2011–2018,
Monthly Vital Statistics report for 2019, and Prompt
Vital Statistics report for January–May 2020. The target
population was all persons who had resident cards and
died in Japan, regardless of nationality. However, the
analysis excluded those who died abroad, those who
were staying in Japan for a short time (without a resident card), and those whose place of residence or date
of birth was unknown. Our data did not include causeof-death information; only age at death and place of
residence (prefecture) were available for analysis.
Excess Deaths Analysis

To estimate excess deaths in Japan, we used the Farrington algorithm, which is commonly used to estimate excess deaths and is used by the US Centers
for Disease Control and Prevention to estimate excess deaths associated with COVID-19 (21). The Farrington algorithm uses a quasi-Poisson regression
(a generalized linear model accounting for overdispersion) to estimate the expected number of deaths
per week. The algorithm is designed to limit the data
used for estimation: the expected number of deaths at
a certain week t is estimated by using only the data
during t − w and t + w weeks of years h − b and h − 1,
where w and b are predetermined parameters and h is
the year of t, referred to as the reference period. Data
for a period of 1 year that is not included in the reference period are divided equally and included in the
regression model as dummy variables, which enables
the model to capture seasonality. Thus, the regression model is log(E(Yt) = α + βt + fT(t)γf(t), where Yt is
the number of deaths at a certain week t, α and β are
regression parameters, γf(t)is a regression parameter
vector representing seasonality, and f(t) is a vector of
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dummy variables that equally divides the time points
outside the reference period.
In this study, we divided the data into 9 periods,
as was done in a previous study (21). More details can
be found elsewhere (8,9). In our study, we considered
data up to 5 years ago (b = 5) and used data for 3 weeks
(w = 3) before and after a certain point as the reference
period, as was done in previous studies (21,22). We
checked for overdispersion by comparing mean and
variance of weekly deaths and used an overdispersed
Poisson model where significant overdispersion was
found after a regression-based (1-sided) test for overdispersion in the Poisson model (23). Also, as a sensitivity analysis, we changed the reference period to
confirm the robustness of the results based on combinations of b = 3 or 4 and w = 2 or 4.
The model estimation was stratified by prefecture
and age group (all ages, <25 years, 25–44 years, 45–64
years, 65–74 years, 75–84 years, >85 years). Age group
was determined by considering the age structure and
the number of persons sufficient for analysis. All
age estimates (for all persons) do not add up to age
group–specific estimates. The conversion from daily
data to weekly data is based on the epidemiologic
week of the National Institute of Infectious Diseases’
Infectious Diseases Weekly Report (24).
Number of Excess All-Cause Deaths

On the basis of the model equation shown in the previous section, we estimated the expected number of
all-cause deaths per week and the associated 95% upper bound of the 1-sided prediction interval, which is
an indicator of uncertainty. We set these 2 thresholds
(point estimate and upper bound) for excess death according to previous studies (21). We report the range of
differences between the observed number of all-cause
deaths and each of these thresholds as excess deaths.
To obtain the national level of excess all-cause
deaths for each week, we summed the observed and
the expected number of all-cause deaths separately
across all prefectures in each week and computed
the weekly differences for the country. The total (cumulative) number of excess all-cause deaths in each
prefecture during the COVID-19 pandemic was calculated by summing the excess all-cause deaths (with
negative values set to 0) in each week, from the beginning of 2020 (December 30, 2019–January 5, 2020)
through May 2020 (May 25–31, 2020). We calculated
the national cumulative number of excess all-cause
deaths for the given period by summing the prefecture-specific excess deaths, a method consistent with
US Centers for Disease Control and Prevention methods used (8). Last, we defined the percentage of ex-

cess deaths during the COVID-19 pandemic as the
cumulative number of excess deaths divided by the
observed cumulative number of deaths.
Adjusting for Reporting Delays

The observed number of deaths in the Prompt Vital
Statistics report may differ from the actual number of
deaths because of delays in reporting deaths (i.e., fewer deaths in the Prompt Vital Statistics report than in
Monthly or Annual Vital Statistics reports published
later). We took into account the reporting delay of up
to 3 months by calculating the reporting delay rate
(deaths reported 1, 2, and 3 months behind) for each
prefecture and then adjusting the observed number of
deaths in the latest 3 months (March–May 2020). Thus,
the observed number of deaths in March was adjusted
for a 3-month reporting delay (such as June deaths not
available in our data; similarly, those in April were adjusted for 2- and 3-month reporting delays and those
in May were adjusted for 1-, 2-, and 3-month reporting delays (Appendix, https://wwwnc.cdc.gov/EID/
article/27/3/20-3925-App1.pdf).
To verify the validity of this adjustment method,
we compared the weekly observed number of allcause deaths in February, based on the Prompt Vital
Statistics report through May with no adjustment for
the reporting delay, and those in February, based on
the Prompt Vital Statistics report through April with
adjustment for reporting delays in May. The proportionate differences were then calculated for each
week of February 2020. The largest difference was observed in Tokyo Prefecture (January 27–February 2,
2020) and Fukuoka Prefecture (January 27–February
2, 2020) at 5 deaths (Appendix Table 1), and the largest proportionate difference was observed in Tottori
Prefecture (January 27–February 2, 2020) at 0.694%.
Results
We calculated mean and variance of the outcome (i.e.,
no. deaths/week among age- and prefecture-combined
populations) to test the overdispersion; on the basis of
the results (p<0.01), we used the quasi-Poisson regression for analysis. The cumulative number of excess
all-cause deaths of the 47 prefectures was 208–4,322
(0.03%–0.72% excess) (Table). Weeks with observed
all-cause deaths exceeding the 95% upper bound of
the 1-sided interval of predicted deaths from the beginning of 2020 through May 2020 were detected in
13 prefectures. The cumulative numbers of excess allcause deaths (percent excess) over the period for the 13
prefecture were as follows: Ibaraki, 1–87, 0.01%–0.60%;
Tochigi, 13–137, 0.14%–1.42%; Gunma, 31–146, 0.30%–
1.43%; Saitama, 14–334, 0.05%–1.10%; Chiba, 51–253,
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0.19%–0.94%; Tokyo, 32–330, 0.06%–0.63%; Toyama,
18–120, 0.32%–2.11%; Shizuoka, 2–109, 0.01%–0.59%;
Aichi, 7–214, 0.02%–0.70%; Osaka, 6–277, 0.01%–0.69%;
Nara, 21–107, 0.32%–1.65%; Tokushima, 4–71, 0.09%–
1.64%; and Kagawa, 8–135, 0.15%–2.51%.
Of the 32 prefectures in which COVID-19 deaths
were confirmed through end of May 2020, the
observed number of all-cause deaths for all ages exceeded the 95% upper bound in 11 prefectures (34.4%,
11 of 32) for some weeks and the point estimates in all

prefectures. Of the remaining 15 prefectures in which
no deaths from COVID-19 had been confirmed, the observed number of all-cause deaths for all ages exceeded
the 95% upper bound in 2 (13.3%) of the 15 prefectures
for some weeks and the point estimate in 14 (93.3%) of
the 15 prefectures. Only in Niigata Prefecture did the
observed number of all-cause deaths for all ages not
exceed the point estimates for the period.
Sensitivity analyses in which the reference period
was changed to confirm the robustness of the results

Table. Number of observed and excess all-cause deaths, and reported number of COVID-19 deaths, Japan, December 30, 2019–May
31, 2020*
No. all-cause deaths
Prefecture
Observed
Excess
Percentage
No. COVID-19 deaths
No. tests
Hokkaido
27,661
0–115
0.00–0.42
86
14,000
Aomori
7,713
0–36
0.00–0.47
1
850
Iwate
7,588
0–81
0.00–1.07
0
662
Miyagi
10,725
0–57
0.00–0.53
1
2,944
Akita
6,656
0–72
0.00–1.08
0
933
Yamagata
6,606
0–49
0.00–0.74
0
2,659
Fukushima
10,714
0–34
0.00–0.32
0
4,452
Ibaraki
14,443
1–87
0.01–0.60
10
4,628
Tochigi
9,623
13–137
0.14–1.42
0
3,871
Gunma
10,175
31–146
0.30–1.43
19
3,655
Saitama
30,426
14–334
0.05–1.10
48
20,735
Chiba
26,841
51–253
0.19–0.94
45
14,688
Tokyo
52,350
32–330
0.06–0.63
305
38,566
Kanagawa
36,174
0–89
0.00–0.25
82
9,446
Niigata
12,704
0–0
0.00–0.00
0
4,180
Toyama
5,689
18–120
0.32–2.11
22
3,144
Ishikawa
5,538
0–33
0.00–0.60
25
2,723
Fukui
4,045
0–47
0.00–1.16
8
2,631
Yamanashi
4,276
0–60
0.00–1.40
1
3,877
Nagano
11,148
0–29
0.00–0.26
0
2,714
Gifu
9,889
0–31
0.00–0.31
7
3,610
Shizuoka
18,554
2–109
0.01–0.59
1
3,521
Aichi
30,583
7–214
0.02–0.70
34
9,970
Mie
9,056
0–57
0.00–0.63
1
2,505
Shiga
5,606
0–65
0.00–1.16
1
1,856
Kyoto
11,814
0–84
0.00–0.71
17
7,933
Osaka
40,017
6–277
0.01–0.69
83
31,156
Hyogo
25,490
0–69
0.00–0.27
42
11,128
Nara
6,474
21–107
0.32–1.65
2
2,545
Wakayama
5,547
0–66
0.00–1.19
3
3,701
Tottori
3,156
0–44
0.00–1.39
0
1,338
Shimane
4,203
0–73
0.00–1.74
0
1,125
Okayama
9,493
0–75
0.00–0.79
0
1,705
Hiroshima
13,250
0–45
0.00–0.34
3
6,907
Yamaguchi
8,171
0–50
0.00–0.61
0
1,701
Tokushima
4,339
4–71
0.09–1.64
1
741
Kagawa
5,374
8–135
0.15–2.51
0
2,187
Ehime
7,913
0–50
0.00–0.63
4
2,074
Kochi
4,383
0–58
0.00–1.32
3
1,793
Fukuoka
23,346
0–77
0.00–0.33
26
12,634
Saga
4,412
0–53
0.00–1.20
0
1,417
Nagasaki
7,686
0–85
0.00–1.11
1
2,754
Kumamoto
9,340
0–43
0.00–0.46
3
3,924
Oita
6,279
0–52
0.00–0.83
1
3,988
Miyazaki
6,101
0–120
0.00–1.97
0
1,368
Kagoshima
9,309
0–59
0.00–0.63
0
1,859
Okinawa
5,334
0–44
0.00–0.82
6
2,863
Total
596,214
208–4,322
0.03–0.72
892
269,661
*The national-level cumulative number of excess all-cause deaths was calculated by summing the excess all-cause deaths of 47 prefectures (25).
COVID-19, coronavirus disease.
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showed that, depending on the model parameter settings, weeks with observed all-cause deaths exceeding
the 95% upper bound were also observed in additional
prefectures, including Shiga, Shimane, Kochi, Fukuoka,
Kumamoto, Oita, and Miyazaki (Appendix Table 2). As
of the end of May 2020, deaths from COVID-19 had not
been confirmed in Shimane and Miyazaki Prefectures.
The totals of excess all-cause deaths (percent excess) at the national level by age group were as follows: <25 years of age, 47–751 (1.61–25.76); 25–44
years, 66–1,302 (0.84–16.66); 45–64 years, 207–2,958
(0.47–6.67); 65–74 years, 143–2,959 (0.17–3.48); 75–84
years, 110–3,100 (0.07–1.86); and >85 years, 73–2,466
(0.03–0.85) (Appendix Table 3). Weeks with observed
all-cause deaths exceeding the 95% upper bound for
each age group were observed in 28, 23, 25, 25, 20,
and 8 prefectures for these age groups, respectively.
Weeks in which observed all-cause deaths exceeded
point estimates were observed for all 47 prefectures
and age groups.
Weekly observed and expected number of allcause deaths in 4 prefectures reflect the large number of reported COVID19 deaths as of the end of May
2020 (Tokyo, Hokkaido, Osaka, and Kanagawa) for
all ages and by age group (Appendix Figure 1). For all
age groups, weeks of excess deaths occurred in previous years, not only during the COVID-19 pandemic.
Data for the other 43 prefectures and national-level
data are also shown (Appendix Figure 2).
Discussion
Excess-death monitoring has been used to track influenza epidemics worldwide and to identify the
high potential mortality burden of COVID-19 in
some hard-hit countries. We used a similar approach
to capture the overall mortality burden of COVID-19. Monitoring changes and trends in all-cause
deaths provides insight into the magnitude of the
overall mortality burden caused by COVID-19, both
directly and indirectly, which was overlooked in the
official number of COVID-19 deaths. Given the variability in testing intensity among prefectures, this
type of monitoring provides valuable information
about the social effects of a pandemic and the extent
to which virus testing may miss deaths caused by
COVID-19. Useful indicators of the severity of the
pandemic may include syndromic endpoints such as
COVID-19 deaths, outpatient visits, and emergency
department visits for fever or other COVID-19–associated symptoms (26). However, in the absence of
comprehensive testing for COVID-19, estimates of
the number of excess all-cause deaths may be more
reliable than the reported number of COVID-19

deaths, especially in areas where testing is not widespread, so as to assess the progression of a pandemic
and the effects of interventions.
During January–May 2020, the 208–4,322 excess
deaths in all 47 prefectures represented just 0.03%–
0.72% of all deaths observed in Japan through May
31, 2020. Although a complete country comparison
is not possible, given the different methods for estimating excess deaths in each country (2,3) (Y. Yang
et al., unpub. data, https://www.medrxiv.org/
content/10.1101/2020.02.11.20021493v2), the number
of deaths caused by COVID-19 in Japan, which was
≈0.7 deaths/100,000 population as of May 31 (and
1.3 deaths/100,000 population as of October 31), is
10 to 100 times lower than that for many countries in
Europe and for the United States (27), indicating the
relative low overall mortality burden from COVID-19
in Japan. This low overall mortality burden probably
reflects the benefits of Japan’s rapid and comprehensive response to the COVID-19 pandemic, which began with voluntary restrictions of public events in
mid-February 2020 (28).
The excess all-cause deaths that we report can
be interpreted as the sum of the following scenarios: 1) COVID-19 was the primary cause of death; 2)
although other causes were diagnosed as the primary cause of death, the actual cause of death was
COVID-19; 3) COVID-19 was not diagnosed as the
primary cause of death, but because of the effects of
the COVID-19 epidemic, death was caused by other
diseases. For example, persons may hesitate to visit a
hospital because of the declaration of an emergency
or self-restraint in going out, or their chronic disease
may worsen because of lifestyle changes, resulting in
death (21). On the other hand, if deaths from causes
other than COVID-19 decrease under the pandemic
situation (as may have occurred with deaths from
traffic accidents and suicide [29]), excess deaths directly caused by COVID-19 may be offset by the negative portion of those deaths. In fact, traffic accidents
in Japan had decreased because of decreased traffic
volume resulting from stay-at-home requests by central and local governments, and it is possible that the
number of deaths from injuries had decreased (29).
Weeks with observed all-cause deaths exceeding
the 95% upper bound of the 1-sided prediction interval
were observed for 13 prefectures, of which COVID-19
deaths have been confirmed for 11. On the other hand,
COVID-19 deaths have been observed in 22 other prefectures where no all-cause excess deaths were observed,
suggesting that COVID-19 deaths in these prefectures
were not high enough to overcome natural weekly variations in mortality rates, that there may be an offsetting
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reduction in deaths because of the indirect effects of the
pandemic in these communities, or both.
According to Ministry of Health, Labour and
Welfare data as of May 27, 2020, proportions of COVID-19 deaths were higher for persons in older age
groups: 55.8% at >80 years of age, followed by 27.3%
at 70–79 years (30). Although the officially reported
number of COVID-19 deaths may not be free of bias
(e.g., different likelihood of testing by age group),
these data indicate that prefecture and age structure
of the reported COVID-19 deaths were not consistent with our estimates, suggesting the need to distinguish between direct and indirect consequences of
COVID-19 by using cause-specific analyses. For the
design of future broad-based infectious disease countermeasures such as lockdowns, knowing whether
excess deaths in vulnerable age groups arises from
direct COVID-19 deaths, indirect causes, or preventable deaths from unrelated causes would be useful.
The limitations of our analysis are the same as
those for other excess-deaths studies (15,31). First, for
this study, we did not take into account the cause of
death, so the excess death estimates we present are
not necessarily estimates of excess deaths caused by
COVID-19. In addition, data from January–May 2020
are incomplete in the Prompt Vital Statistics report,
especially in the most recent month. We have not considered the cause of the delay in reporting (e.g., delay
mechanism) because we believe that adjusting for the
delay by cause was impossible. Therefore, we selected a comprehensive adjustment method that does not
depend on the cause of the delay by setting 3 assumptions (Appendix). We have also confirmed that validity is sufficient. Validity evaluation indicated that our
adjustment for the reporting delay was reasonable to
some extent, although this evaluation is within the
scope of our 3 assumptions. Although waiting until
Monthly Vital Statistics reports are published before
analyzing the complete data would be ideal, during a
public health emergency it is necessary to analyze the
data in a timely manner and the limitations of data
adjustment are a trade-off. Last, the method we used
in this study is an algorithm for identifying excess
deaths, which was not designed for assessing death
reduction (8,9). If the expected number of deaths in a
week was less than the actual number of deaths (negative value), the negative value was set to 0. However,
as noted above, the effect of COVID-19 on mortality
burden has not necessarily been positive (an increasing effect) but may be negative (a decreasing effect).
For example, no deaths caused by COVID-19 were observed in Niigata Prefecture as of May 2020, and this
study estimated 0–0 excess deaths in the prefecture
794

during January–May 2020. In prefectures where the
effect of COVID-19 is relatively small, an algorithm
that identifies exiguous deaths might provide more
suggestive data than an algorithm that identifies excess deaths. However, our aim with this study was to
evaluate the increase in the mortality burden caused
by COVID-19, using the methods of previous studies
conducted in other countries; exiguous deaths will be
evaluated in future analyses.
In conclusion, we found a much lower overall excess mortality burden from COVID-19 in Japan than
in Europe and the United States. However, a weak
prefecture and age structure consistency between the
reported COVID-19 deaths and our estimates also
suggest the need to distinguish between direct and
indirect consequences of COVID-19 by cause-specific
analyses, which can provide more information about
the severity and progression of the COVID-19 pandemic. More detailed cause-specific analyses of excess
deaths in Japan, especially among persons in older age
groups, will enable better design of future interventions to protect vulnerable age groups and also offer
lessons to other countries on proper management and
implementation of movement restrictions. By paying
careful attention to the excess death patterns in Japan,
countries more heavily affected by COVID-19 can improve their own future response and better respond to
the health needs of critically affected countries.
This study was supported in part by a grant from the
Ministry of Health, Labour and Welfare of Japan
(no. JPMH20HA2007 to M.S. and M.H.).
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We conducted a serologic survey in public service agencies in New York City, New York, USA, during May–July
2020 to determine prevalence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
among first responders. Of 22,647 participants, 22.5%
tested positive for SARS-CoV-2–specific antibodies.
Seroprevalence for police and firefighters was similar to
overall seroprevalence; seroprevalence was highest in
correctional staff (39.2%) and emergency medical technicians (38.3%) and lowest in laboratory technicians
(10.1%) and medicolegal death investigators (10.8%).
Adjusted analyses demonstrated association between
seropositivity and exposure to SARS-CoV-2–positive
household members (adjusted odds ratio [aOR] 3.52
[95% CI 3.19–3.87]), non-Hispanic Black race or ethnicity (aOR 1.50 [95% CI 1.33–1.68]), and severe obesity (aOR 1.31 [95% CI 1.05–1.65]). Consistent glove
use (aOR 1.19 [95% CI 1.06–1.33]) increased likelihood of seropositivity; use of other personal protective
equipment had no association. Infection control measures, including vaccination, should be prioritized for
frontline workers.
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C

oronavirus disease (COVID-19) was recognized in
New York City (NYC), New York, USA, in late February 2020 and had spread throughout the community
by March 2020 (1). First responders and public safety
personnel have played a critical role in the COVID-19
pandemic response. Understanding the occupational
risks for severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection is vital for designing workplace prevention protocols to reduce transmission. Serologic surveys can identify the prevalence of previous
SARS-CoV-2 infection in the population.
We conducted a serologic survey to estimate
SARS-CoV-2 infection prevalence among first responders, public safety personnel, and other public
service workers in NYC. The study objectives were to
determine the prevalence of IgG against SARS-CoV-2
and to examine associations between characteristics
and occupational exposures and previous infection
among workers in emergency response and public
safety settings.
Methods
This cross-sectional survey was conducted during
May 18–July 2, 2020, in the 5 NYC boroughs: Brooklyn, Manhattan, Queens, Staten Island, and the Bronx.
The Institutional Review Board of the NYC Department of Health and Mental Hygiene and Centers
for Disease Control and Prevention (CDC) human
subjects research officials determined this activity
to be public health surveillance as defined in 45 CFR
46.102(l) (2).
Adults >18 years of age working onsite in a public
service agency were eligible to participate, including

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

SARS-CoV-2 Antibodies in Public Safety Personnel

employees of city departments of corrections, police,
fire, medical examiner, and education, for a total of
≈60,000 persons. Educational settings were limited
to Regional Enrichment Centers that served children
of first responders and healthcare personnel. Persons
who self-reported a positive result for SARS-CoV-2 or
occurrence of COVID-19 symptoms <2 weeks before
completing the questionnaire were ineligible.
A questionnaire assessed participant demographics and relevant household, occupation, and
workplace risk factors for SARS-CoV-2 infection
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/3/20-4030-App1.pdf). Participation was
voluntary. Consenting participants completed the
questionnaire online and provided a blood specimen at a collection site located at or near their workplace during May 18–July 2, 2020. Samples were
tested for SARS-CoV-2 antibodies by using the VITROS Immunodiagnostic Products Anti-SARS-CoV-2
IgG Test (ORTHO Clinical Diagnostics Inc., https://
www.orthoclinicaldiagnostics.com). Data for this
test submitted to the Food and Drug Administration
indicated a sensitivity of 90% and a specificity of
100% (2). Some tests were not performed because of
lipemia or insufficient serum. CDC did not receive
personal identifiers, and individual results were not
shared with employers.
Participants self-reported their race or ethnicity.
Reported height and weight were used to calculate
body mass index (BMI); weight status categories
were defined as underweight or normal (BMI <25),
overweight (BMI >25 but <30), obese (BMI >30 but
<40), and severely obese (BMI >40). Nonhospital
healthcare workers (physicians, midlevel clinicians,
nurse assistants, nurses, therapists, phlebotomists,
imaging technicians, and dentists) were categorized
as other direct patient care providers. Frequency of
use of personal protective equipment (PPE) within
6 feet of a person with suspected or confirmed COVID-19 was categorized as all of the time, not all of
the time (never or rarely, sometimes, and most of the
time), and not applicable.
A total of 22,647 participants were included in our
analysis (Appendix Figure 1). Percentage of SARSCoV-2 IgG seropositivity and 95% CIs were calculated by selected characteristics and exposures. In subsequent analyses assessing seropositivity by frequency
of aerosol-generating procedures and PPE use, we focused on occupations for which CDC-issued recommendations for PPE were in place: police (including
traffic officers), medicolegal death investigators, firefighters, correctional staff, security guards, firefighters
or medical first responders, paramedics, emergency

medical technicians (EMTs), dispatchers (fire, emergency medical service [EMS], or police), and other
direct patient-care providers (3–6). We performed
multivariable logistic regression with seropositivity
as the outcome variable. Covariates were chosen a
priori and checked for collinearity. Participants with
implausible weight or height (n = 15) or missing housing status (n = 6) were excluded. We used SAS version
9.4 (SAS Institute, https://www.sas.com) to perform
statistical analyses. We considered 2-sided p values
<0.05 to be statistically significant.
Results
A total of 5,091 (22.5% [95% CI 21.9%–23.0%]) participants tested positive for SARS-CoV-2 IgG (Table); however, only 10.1% (95% CI 9.8%–10.5%]) of
participants reported previous positive results for
SARS-CoV-2 by reverse transcription PCR. Seroprevalence was higher among women than men, higher
among non-Hispanic Black persons than other racial
or ethnic groups, higher among persons 18–24 years
of age compared with older age groups, and higher
among persons who were severely obese compared
with those with a lower weight status (Table). Seropositivity was highest among those with exposure to
a household member who tested positive for SARSCoV-2 (48.3% [95% CI 46.3%–50.3%]). In addition, seropositivity was highest among persons who resided
in the Bronx (28.8% [95% CI 26.8%–30.9%]) and lowest among those residing outside of NYC (18.3% [95%
CI 17.5%–19.2%]). Participants who lived in multiunit
housing had higher seropositivity than those who
lived in single-family housing, as did participants in
very large households (>8 persons) compared with
households of <7 persons (Appendix Figure 2).
Seroprevalence was higher among those who
worked in correctional facilities (36.2% [95% CI
33.6%–39.0%]) and EMS agencies (35.2% [95% CI
33.3%–37.2%]) compared with those who worked in
other workplaces (range 11.7%–21.3%) (Table). Seroprevalence also varied by occupation (Figure 1). We
also observed differences in seroprevalence by workplace borough; prevalence was highest in the Bronx
(26.8%) and lowest in Staten Island (17.4%) (Table).
The remainder of the analysis focused on first responders and public safety personnel (n = 19,909) (3–
6). Seropositivity increased with increasing frequency
of aerosol-generating procedures performed per shift
(p = 0.002), ranging from 20.7% among persons who
did not conduct these procedures to 31.6% among
those who conducted procedures >25 times on average per shift (Figure 2). Seropositivity also varied by
frequency of PPE use when within 6 feet of a person
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with confirmed or suspected COVID-19, including
stratification by occupation (Figure 2; Appendix Figure 3). Overall, for each PPE component, those who
reported use all of the time had a significantly higher
percent positivity than those who reported not all of
the time (p<0.05).

In adjusted analyses, women and those exposed
to a patient with suspected or confirmed COVID-19
were less likely to be seropositive than their counterparts (Figure 3; Appendix Table 2). Characteristics associated with increased odds of seropositivity were
self-reported exposure to a household member who

Table. Percentage of respondents who were seropositive for SARS-CoV-2 IgG, by demographic and health characteristics, in a study
of first responders and public safety personnel, New York City, New York, USA, May 18–July 2, 2020*
Characteristic
No. (%)
% Seropositive (95% CI)
Total
22,647 (100.0)
22.5 (21.9–23.0)
Sex
M
17,118 (75.6)
21.9 (21.3–22.5)
F
5,529 (24.4)
24.2 (23.1–25.4)
Age group, y
18–24
795 (3.5)
32.0 (28.7–35.3)
25–34
6,677 (29.5)
26.4 (25.3–27.5)
35–44
8,034 (35.5)
20.2 (19.4–21.1)
45–59
6,328 (27.9)
20.3 (19.4–21.4)
60–64
589 (2.6)
20.7 (17.5–24.2)
>65
224 (1.0)
18.3 (13.5–24.0)
Race/ethnicity
Non-Hispanic White
10,013 (44.2)
18.5 (17.7–19.2)
Non-Hispanic Black
3,292 (14.5)
30.1 (28.5–31.7)
Non-Hispanic Asian
1,647 (7.3)
21.3 (19.4–23.4)
Hispanic or Latino
5,460 (24.1)
26.9 (25.7–28.1)
Non-Hispanic other race†
548 (2.4)
20.3 (17.0–23.9)
Decline to answer
1,687 (7.5)
19.3 (17.4–21.2)
Weight status, n = 22,632‡
Underweight or normal weight
4,048 (17.9)
21.4 (20.2–22.7)
Overweight
10,386 (45.9)
22.1 (21.3–22.9)
Obese
7,500 (33.1)
23.1 (22.1–24.1)
Severely obese
698 (3.1)
27.8 (24.5–31.3)
Housing, n = 22,641
Single family
15,455 (68.3)
21.1 (20.5–21.8)
Multiunit
7,186 (31.7)
25.3 (24.3–26.4)
Residence borough
Outside New York City
8,654 (38.2)
18.3 (17.5–19.2)
Bronx
1,948 (8.6)
28.8 (26.8–30.9)
Brooklyn
3,329 (14.7)
28.0 (26.5–29.5)
Manhattan
1,207 (5.3)
21.4 (19.1–23.8)
Queens
4,834 (21.3)
25.4 (24.2–26.6)
Staten Island
2,675 (11.8)
19.8 (18.3–21.3)
Workplace§
Correctional facility
1,272 (5.6)
36.2 (33.6–39.0)
Emergency medical services
2,418 (10.7)
35.2 (33.3–37.2)
Childcare setting (Regional Enrichment Center)
677 (3.0)
21.3 (18.2–24.6)
Fire services
6,087 (26.9)
20.8 (19.8–21.9)
Police department
11,885 (52.5)
19.8 (19.1–20.5)
Medical examiner office
394 (1.7)
11.7 (8.7–15.3)
Workplace borough
Bronx
3,524 (15.6)
26.8 (25.4–28.3)
Brooklyn
6,075 (26.8)
24.1 (23.1–25.2)
Manhattan
5,755 (25.4)
19.7 (18.6–20.7)
Queens
6,200 (27.4)
21.9 (20.9–23.0)
Staten Island
1,093 (4.8)
17.4 (15.2–19.8)
Exposure to persons who tested positive for SARS-CoV-2‡
Household member
2,393 (10.6)
48.3 (46.3–50.3)
Coworker
14,912 (65.9)
23.7 (23.0–24.3)
Patient
6,502 (28.7)
26.9 (25.8–28.0)
Other person
7,721 (34.1)
26.8 (25.8–27.8)
*BMI, body mass index; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Non-Hispanic other race includes Native Hawaiian and other Pacific Islander and American Indian and Alaska Native.
‡Weight status categories defined as underweight or normal weight (BMI <25), overweight (BMI >25 but <30), obese (BMI >30 but <40), and severely
obese (BMI >40).
§Workplace and self-reported exposure to persons who tested positive for SARS-CoV-2 are not mutually exclusive.
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Figure 1. Percentage of respondents who were seropositive for severe acute respiratory syndrome coronavirus 2 IgG, by occupation,
in a study of first responders and public safety personnel, New York City, New York, USA, May 18–July 2, 2020. Numbers within bars
indicate percentage of seropositive respondents. Error bars indicate 95% CIs. Other includes students or trainees, pharmacists, medical
registrars, orderlies, dietitians, medical assistants, counselors, social workers, dietary services staff, environmental services staff,
and participants who selected this category and were not reassigned to an existing category. Firefighters includes fire inspectors and
fire marshals. Other direct patient care providers include dentists, diagnostic imaging technicians, midlevel clinicians, nurses, nurse
assistants, occupational therapists, speech therapists, physical therapists, phlebotomists, physicians, respiratory therapists, and therapy
aides. EMS, emergency medical service.

tested positive for SARS-CoV-2, non-Hispanic Black
versus non-Hispanic White race or ethnicity, severe
obesity versus underweight or normal weight status,
and residing or working in Brooklyn versus Staten
Island. Correctional staff, EMTs, traffic officers, paramedics, security guards, dispatchers (EMS or fire and
police), and firefighters were more likely than police
to be seropositive; correctional staff had the highest likelihood of seropositivity (adjusted odds ratio
[aOR] 2.55 [95% CI 2.18–2.99]). The aOR for seropositivity when using any PPE component all of the time
was not significant. However, workers who reported
using gloves all of the time were significantly more
likely than those who used gloves not all of the time
to be seropositive (aOR 1.19 [95% CI 1.06–1.33]).
Discussion
SARS-CoV-2 seroprevalence among public service
agencies personnel (22.5%) was similar to the 19.5%
seroprevalence estimate for NYC residents during

comparative dates (7). However, seroprevalence varied nearly 4-fold by occupation, ranging from 10.1%
in laboratory technicians to 39.2% in correctional staff.
Similar to other studies, we found seroprevalence varied by nonoccupational factors such as race or ethnicity, age group, weight status, housing type, residence
borough, and exposure to household members with
COVID-19 (8; J.M. Baker, unpub. data, https://doi.or
g/10.1101/2020.10.30.20222877). However, even when
controlling for these factors, we found that seroprevalence for police and firefighters was close to that of the
general population; conversely, correctional staff and
EMTs, the occupations with the highest seropositivity
in our study, had a seroprevalence twice as high (7).
These populations face unique challenges when working in congregate or uncontrolled settings and would
be a critical population for vaccination and other public health efforts to reduce SARS-CoV-2 infection.
Correctional facility workers had the highest
seroprevalence of SARS-CoV-2 antibodies, and the
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odds of seropositivity were more than double for
these workers compared with police, a group with
a seroprevalence similar to the general population.
COVID-19 in congregate settings has spread rapidly
because of crowded living conditions and few options for isolation of exposed persons (9–11). Recent
data from mass testing in correctional facilities found

SARS-CoV-2 prevalence ranged from 0% to 87% (12).
In New York state, 3,762 COVID-19 cases had been
reported among staff of 28 correctional and detention facilities as of September 6, 2020 (13). Such recommendations as grouping persons with laboratoryconfirmed infection are crucial to prevent COVID-19
outbreaks in correctional facilities, but additional

Figure 2. Unadjusted percentage of respondents who were seropositive for severe acute respiratory syndrome coronavirus 2 IgG, by
aerosol-generating procedure frequency (A) and use of personal protective equipment (B), in a study of first responders and public safety
personnel, New York City, New York, USA, May 18–July 2, 2020. Numbers within bars indicate percentage of seropositive respondents.
Error bars indicate 95% CIs. First responders and public safety personnel include police, medicolegal death investigators, firefighters,
correctional staff, security guards, traffic officers, police dispatchers, firefighters or medical first responders, paramedics, emergency medical
technicians, dispatchers (emergency medical service or fire), and other direct patient-care providers. COVID-19, coronavirus disease.
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Figure 3. Adjusted odds ratios of seropositivity for severe acute respiratory syndrome coronavirus 2 IgG in a study of first responders
and public safety personnel, New York City, New York, USA, May 18–July 2, 2020. Adjusted model includes all variables shown. Black
boxes indicate statistically significant results; error bars indicate 95% CIs. Participants of other racial or ethnic groups or who declined
to provide their race or ethnicity are included in the models but not shown as separate categories. Variables for exposure to person with
COVID-19 are not mutually exclusive. AGP, aerosol-generating procedure; COVID-19, coronavirus disease; EMS, emergency medical
service; ref, referent; PAPR, powered air-purifying respirator; PPE, personal protective equipment.
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strategies are needed for settings in which isolating
multiple persons infected with SARS-CoV-2 might
not be possible (5,14).
Among healthcare workers, EMTs had a seroprevalence of 38.3% and the strongest association with
seropositivity after adjustment. In contrast, other
SARS-CoV-2 studies among NYC hospital-based
healthcare workers found a seroprevalence ranging
from 14% to 27% (15,16). EMS often occur in uncontrolled, unpredictable environments in which space
is limited (e.g., ambulances) and require rapid decisions that might increase employee exposure risk.
Although EMTs and paramedics both conduct procedures with a high risk for exposure (e.g., airway
management), paramedics had a significantly lower
seroprevalence than EMTs (17). Unmeasured factors,
such as level of training, might account for the higher
likelihood of seropositivity among EMTs compared
with paramedics, who undergo an additional >1,000
training hours (18).
Other occupations with notably elevated seropositivity included traffic officers, security guards, and
emergency dispatchers. Persons in these occupations
have frequent and close interactions with the general
public or work in environments in which space between coworkers is limited. Conversely, medicolegal
death investigators and laboratory technicians, occupations with the lowest seroprevalence, might have less
frequent close contact with other persons. Our findings also suggest that infection rates in the workplace
might correlate with underlying community transmission, and not all observed associations are consistent
with occupational risk. After adjustment, persons who
worked or resided in the Bronx or Brooklyn had higher
seropositivity compared with persons who worked or
lived in Staten Island. This finding aligns with test results reported to the NYC Department of Health and
Mental Hygiene, which found higher community seroprevalence in the Bronx (32.2%) and Brooklyn (27.0%)
than in Staten Island (19.6%) (1).
Our finding that consistent use of gloves was associated with seropositivity was unexpected. However, among occupations without extensive training
in glove use, a paradoxical association with infection
has been previously observed: higher infection rates
among consistent glove users was caused by crosscontamination and lack of hand hygiene after glove
removal (19–22). PPE use has been demonstrated to
be effective among healthcare workers in facility settings, but our study of first responders and public
safety personnel in nonfacility settings demonstrates
a different pattern, which warrants further investigation (23). Studies among healthcare workers found
802

improper use of PPE, insufficient training, and perceived inadequacy of supplies increased transmission
of other coronaviruses and might explain the higher
seroprevalence documented in our study (24–26).
Greater PPE use might be a surrogate for greater exposure to COVID-19 in the workplace. According to
the hierarchy of controls, engineering and administrative controls (e.g., isolation and indoor ventilation)
are preferred, and PPE should be the last line of defense to protect workers (27).
Public service personnel exposed to a SARSCoV-2–positive household member also had higher
seropositivity, a finding consistent with another
study (28). This finding indicates the importance of
managing exposure risk within households of frontline workers. Another factor to consider in NYC is the
high density of living conditions, which was associated with greater likelihood of infection in our study.
Even after controlling for occupation and housing
type, racial and ethnic minority groups had higher seropositivity than non-Hispanic White workers. This
pattern might be explained by unmeasured social disparities, such as lower income status, lack of paid sick
leave, and mass transit use, which have been found
to be associated with seropositivity among racial and
ethnic minority groups in NYC (29; D. Carrion, unpub. data, https://doi.org/10.1101/2020.06.02.20120
790; K.T.L Sy, unpub. data, https://doi.org/10.1101/
2020.05.28.20115949). Mitigation measures should address persons working or residing in areas with high
levels of SARS-CoV-2 transmission and racial or ethnic disparities.
Limitations of our study include that it was a
convenience sample of public service agency personnel with limited numbers of healthcare professionals; participation ranged from an estimated 11% of
≈11,600 eligible correctional facility personnel to 81%
of ≈10,300 fire services personnel. Participation might
have been influenced by prior results of testing by
reverse transcription PCR, expanded access to free
antibody testing in the city, household exposure, and
worker availability. Data collection occurred during
May 18–July 2, 2020; recall bias could have affected
responses for exposures 3 months before the survey.
Study participants were also asked to recall PPE use
during a wide period, and questions were not designed to measure adaptation to evolving PPE use.
Temporality also limits our ability to know whether
infection occurred before or after a potential exposure. Despite these limitations, our study provides
seroprevalence estimates and factors associated with
SARS-CoV-2 infection across a diverse set of occupations for which little data exist.
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Nearly 25% of first responders and public safety
personnel in our study were infected with SARSCoV-2 before July 2020. Seroprevalence varied by
nearly 4-fold among occupations; correctional staff
and EMTs demonstrated highest levels of seropositivity. Other occupations with frequent close contact
with the public also had elevated seroprevalence.
We did not observe lower seroprevalence levels as
expected from self-reported consistent PPE use, possibly because persons with consistent use had higher
and more frequent exposure to SARS-CoV-2. Nevertheless, these results have identified high-risk occupations for which enhanced prevention measures including engineering and administrative controls and
vaccination are required.
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In Karachi, Pakistan, a South Asian megacity with a high
prevalence of tuberculosis (TB) and low HIV prevalence,
we assessed the effectiveness of fluoroquinolone-based
preventive therapy for drug-resistant (DR) TB exposure.
During February 2016–March 2017, high-risk household
contacts of DR TB patients began a 6-month course of
preventive therapy with a fluoroquinolone-based, 2-drug
regimen. We assessed effectiveness in this cohort by
comparing the rate and risk for TB disease over 2 years
to the rates and risks reported in the literature. Of 172
participants, TB occurred in 2 persons over 336 personyears of observation. TB disease incidence rate observed in the cohort was 6.0/1,000 person-years. The incidence rate ratio ranged from 0.29 (95% CI 0.04–1.3) to
0.50 (95% CI 0.06–2.8), with a pooled estimate of 0.35
(95% CI 0.14–0.87). Overall, fluoroquinolone-based preventive therapy for DR TB exposure reduced risk for TB
disease by 65%.

T

uberculosis (TB) is the leading infectious cause of
death globally and the 9th leading cause overall
(1). TB causes ≈10 million new cases and 1.7 million
deaths annually (1). Annually, ≈650,000 TB patients
have multidrug-resistant (MDR) TB, defined as TB
that is resistant to both isoniazid and rifampin (1).
Treatment for MDR TB is toxic, complex, and prolonged, and it has a success rate of only 55% (1–3).
Therefore, preventive interventions, including preventive therapy and future vaccines, are essential to
reduce cases and deaths from MDR TB (4,5).
Delivering effective treatment for exposure to
drug-resistant (DR) TB is central to the work of Zero
TB Initiative coalitions, which aim to rapidly drive
down TB rates worldwide (6). Household contacts of
persons with DR TB are at high risk for TB (7) and
are prime candidates for preventive interventions
(8). Available standard preventive therapies are not
expected to protect persons exposed to MDR TB because the infecting TB strain in the exposed person is
highly likely to be resistant to isoniazid and rifampin.
A meta-analysis of 33 studies found that >80% of
household contacts of persons with DR TB in whom
TB occurred also had isoniazid-resistant strains (9).
Thus, household contacts of persons with DR TB
should receive treatment under the assumption that
they, too, are infected with a DR Mycobacterium tuberculosis strain (9).
Evidence is limited regarding effective preventive regimens for MDR TB, in contrast to the abundant evidence available for preventive therapy in
isoniazid-sensitive TB (10). Although data from randomized controlled trials are not available to guide
the approach to preventive therapy for MDR TB,
observational studies from the Federated States of
806

Micronesia, United States, United Kingdom, and
South Africa have shown efficacy of fluoroquinolone-based preventive therapy in adults and children
(11–17). The largest observational study with a comparison arm, from the Federated States of Micronesia, described 104 household contacts of persons with
MDR TB who received preventive therapy with a
fluoroquinolone-based regimen for 12 months. During 3 years of follow-up, TB did not occur in any of
the contacts who received preventive therapy; in 3
(20%) of the 15 contacts who refused treatment, MDR
TB occurred. A meta-analysis of observational studies determined MDR TB preventive therapy to be 90%
effective, and a wide range of 9%–99% effectiveness
was reported (18).
Most studies of preventive therapy for MDR TB
have been conducted in either high-resource settings
or settings with a high prevalence of HIV. Hence,
evaluations of the effectiveness of MDR TB preventive
therapy in other settings are needed. In Karachi, Pakistan, which has a high TB burden and low HIV prevalence setting (annual TB incidence of 265/100,000
and HIV prevalence [among persons 15–49 years of
age] of 0.1%) (1,19), we examined the effectiveness of
fluoroquinolone-based 2-drug preventive therapy for
high-risk household contacts of persons with DR TB.
Methods
Setting, Study Design, and Population

During February 2016–March 2017, we prospectively
enrolled household contacts of 100 consecutive (index)
patients beginning treatment for culture-confirmed
DR TB at the Indus Hospital in Karachi, Pakistan. Because this study was conducted in a programmatic
setting, we identified index patients with any DR TB,
not only the subset of patients with MDR TB. Household contacts of index patients whose isolates were
shown in drug-susceptibility testing to be resistant to
a fluoroquinolone in addition to other first-line drugs
but not resistant to any of the second-line injectables
were eligible for the study. Of the 100 index patients,
97 had documented resistance to rifampin; 15 also
had documented resistance to a fluoroquinolone. Full
details of the cohort are reported elsewhere (20,21).
The study cohort consisted of all children and
adults residing with index patients at the time of
the diagnosis of DR TB. At the baseline evaluation, all household contacts were evaluated for TB
clinically, including chest radiograph and sputum
testing if they were able to produce sputum. We
conducted HIV testing if the person had HIV risk
factors or if the index patient had HIV co-infection.
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We excluded household members already receiving treatment for TB at the time of this evaluation
(n = 8) or those in whom TB was diagnosed in the
clinical evaluation (i.e., co-prevalent TB patients [n
= 3]). We offered preventive therapy with a fluoroquinolone-based 2-drug regimen for 6 months to
remaining household contacts who met these criteria: 0–4 years of age; 5–17 years of age with a positive tuberculin skin test (TST) result or evidence of
immunocompromising condition, such as diabetes,
HIV, or malnutrition (body mass index [BMI] <18.5
kg/m2); or >18 years of age with evidence of an immunocompromising condition, such as diabetes,
HIV, or malnutrition (BMI <18.5 kg/m2). Persons
who did not meet these criteria were not prescribed
preventive therapy but were followed for the occurrence of active TB disease.
We provided 1 of 4 preventive regimens, each
consisting of 2 drugs for a duration of 6 months
(Table 1). Moxifloxacin-based regimens were given
to household contacts of index patients with a levofloxacin-resistant TB strain. Ethambutol was the
companion drug of choice unless it was not available
in the correct dosing form; in that case, ethionamide
was used.
A study physician clinically evaluated persons
on preventive therapy every 2 months for 6 months.
Between clinic visits, a study worker visited each
household monthly to monitor for occurrence of TB
symptoms or adverse events and to assess treatment
adherence. Treatment adherence was self-reported
and cross-checked through pill counts during home
visits. We conducted follow-up on persons who
completed the 6-month preventive regimen every 2
months at home or by telephone to monitor for occurrence of TB symptoms. We conducted follow-up
symptom screening on persons who did not receive
preventive therapy every 2 months at home or by
telephone to monitor for occurrence of TB symptoms
until the end of the study period. Any household contact experiencing TB symptoms was referred to The
Indus Hospital clinic for further evaluation, including chest radiography and sputum testing if able to
produce sputum.

Analysis

The primary outcome of interest was the effectiveness of preventive therapy in household contacts,
defined as disease-free survival 2 years after the diagnosis of DR TB in the index patient. To establish
an historical untreated group for comparison, we
searched the published literature to find systematic
reviews and meta-analyses of studies of the incidence of TB disease in close contacts after exposure
to a person with TB. We found 2 such studies (7,22).
We then searched for studies that were conducted
after these meta-analyses were published. We did
not restrict the search to studies that evaluated TB
incidence only in persons exposed to drug-resistant
TB disease, because no difference is expected in
transmissibility or progression on the basis of drugresistance profile (7,23). We used the definition of an
incident case of TB disease and TST positivity as defined by each study.
From the identified studies, we extracted the incidence of TB disease among untreated household contacts by age, year postexposure, TST-positive results
or high-risk classification, and preventive therapy
status, if provided (22,24–29) (Table 2).
We calculated the observed incidence rate of TB
disease in contacts who received preventive therapy by dividing the number of persons in whom
TB occurred by the person-years accumulated by
the cohort over 2 years. Cumulative incidence of
TB over 2 years was calculated by dividing the
number of persons in whom TB occurred by the
total number of persons who received preventive
therapy. We applied the incidence rates extracted
from the literature (Table 2) to our cohort to calculate the expected number of persons in whom TB
disease would have occurred within 2 years of exposure to a person with DR TB in the absence of
preventive therapy. We calculated the expected
incidence rate by dividing the expected number of
persons in whom TB disease would have occurred
by the total person-years accumulated in our cohort
over 2 years. To assess the effectiveness of preventive therapy, we then compared the expected incidence rate and cumulative incidence of TB from the

Table 1. Preventive therapy regimens in study of persons exposed at home to drug-resistant tuberculosis, Karachi, Pakistan, February
2016–March 2017*
Regimen
Drug 1, dose
Drug 2, dose
Levofloxacin/ethambutol
Levofloxacin, <5 y: 15–20 mg/kg, >5 y: 7.5–10 mg/kg; Ethambutol, 15–25 mg/kg; max. dose 2,000 mg/kg
max. dose 1,000 mg/d
Levofloxacin/ethionamide Levofloxacin, <5 y: 15–20 mg/kg, >5 y: 7.5–10 mg/kg; Ethionamide, 15–20 mg/kg; max. dose 750 mg/kg
max. dose 1,000 mg/d
Moxifloxacin/ethambutol
Moxifloxacin, 7.5–10 mg/kg; max. dose 400 mg/d
Ethambutol, 15–25 mg/kg; max. dose 2,000 mg/kg
Moxifloxacin/ethionamide
Moxifloxacin, 7.5–10 mg/kg; max. dose 400 mg/d
Ethionamide, 15–20 mg/kg; max. dose 750 mg/kg
*Max., maximum.
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Table 2. Details of studies from which data were extracted for analysis in study of persons exposed at home to drug-resistant
tuberculosis, Karachi, Pakistan, February 2016–March 2017*
Reichler et al. Martin-Sanchez
Saunders et
Characteristic
Becerra et al. (25)
Fox et al. (22)
(26)
et al. (27)
Sloot et al. (28)
al. (29)
Setting
Peru
Global
US and Canada
Spain
Netherlands
Peru
Year
2013
2013
2019
2019
2014
2017
HHC age group, y
<15
1,299
N/A
879
77
1,489
NA
>15
3,411
N/A
3,611
876
7,757
1,910
IR or risk
IR and risk
IR and risk
IR and risk
IR and risk
Risk
Risk
IR or risk by PT status
No PT for DR TB
No
Yes
Yes
Yes
No
exposure
IR or risk by age and
Yes
Not by age but
No
No cases in
No
No
year of follow-up
by year of
children
follow-up
IR or risk by risk group
No
No
Yes
Yes
No
Yes
IR or risk reported
<15 y, Y 1:
Y 1:
Rate:
Rate:
2 y risk in TST2.5 y risk for
2,079/100,000 p-y; 1,478/100,000 951/100,000 p- 1970/100,000
positive
medium- to
<15 y, Y 2:
p-y; Y 2:
y; 5 y risk for
p-y; 5 y risk for
contacts
high-risk
315/100,000 p-y;
831/100,000 pTST-positive
TST-positive
without PT:
contacts in
>15 y, Y 1:
y; risk:
contacts
contacts not
9/372 (2.4%)
validation
898/65,935
without PT:
completing PT:
cohort:
2,610/100,000 p-y;
(1.4%)
49/446 (11.0%)
6/72 (8.3%)
57/1,335
>15 y, Y 2:
(4.3%)
1,309/100,000 p-y;
risk: 163/4,515
(3.6%)
Other limitations
Some children
NA
P-y
No cases in
Definition of
HHCs >15 y
received isoniazidaccumulated
children less
incidence >6
based PT
over 5 y
than 15 y; p-y
mo
accumulated
over 5.3 y

*DR TB, drug-resistant tuberculosis; HHC, household contacts; IR, incidence rate; PT, preventive therapy; p-y, person-years; TST, tuberculin skin test; Y,
year of follow-up; NA, data not available.

studies in Table 2 with the observed incidence rate
and cumulative incidence in our cohort. Incidence
rate ratio (IRR), risk ratio (RR), incidence rate difference (IRD), and risk difference were used for
comparison, depending on the available data. We
calculated the number needed to treat to prevent 1
case of TB as the total number of persons receiving
preventive therapy divided by the number of TB
cases averted. Number of TB cases averted was calculated by subtracting the observed number of TB
cases from the expected number of TB cases.
We generated pooled estimates of IRR and RR by
using inverse-variance weighting with random effects
for the effectiveness of preventive therapy that are robust to a range of different assumptions. We evaluated the validity of the pooled estimation method
from the random effects model by a simulation study
with 10,000 replications using a Poisson distribution
for the incidence rate and a binomial distribution
for risk for each study. Data were analyzed by using
Stata version 15 (StataCorp, https://www.stata.com)
and SAS software version 9.4 (SAS Institute, https://
www.sas.com). This study was approved by the Institutional Review Boards of Interactive Research
and Development, Harvard Medical School, and
Emory University.
808

Results
Of the 800 household members enrolled in the study,
8 were receiving treatment for TB disease at the time
of the baseline evaluation. Of the 792 remaining persons, we verbally asked 737 (93.1%) about symptoms; 402 (54.5%) met criteria for further evaluation,
and we evaluated 326 (81.1%), none of which were
infected with HIV. Active TB disease was diagnosed
in 3 (0.9%) persons. Of the remaining 323 persons,
215 met the study criteria and were offered preventive therapy; within that cohort, median age was 7
years (interquartile range [IQR] 3–16) and median
BMI was 14.8 kg/m2 (IQR 13.4–16.9); 52% persons
were male. Of the persons offered preventive therapy, 172 accepted and contributed 336 person-years of
observation; 7 of these participants were household
contacts of patients with rifampin-susceptible strains
of TB. Preventive therapy was declined by 43 of 215
persons who were eligible for treatment, but they remained under observation. The 43 persons who did
not start treatment were older (median age 16 years
[IQR 3–22]) than those who started preventive treatment (median age 7 years [IQR 3–15]). The 2 groups
had no other notable differences (Table 3). Of the
whole cohort (91% [n=157] of those who began preventive therapy), 82% (n = 654) completed 2 years of
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Table 3. Demographics and clinical characteristics of household contacts exposed to drug-resistant tuberculosis free of disease at
baseline in study of preventive therapy in Karachi, Pakistan, February 2016–March 2017*
No. (%) or median [IQR]
Characteristic
Total, n = 789†
On PT, n = 172
Did not start PT, n = 43 Not eligible for PT, n = 574
Age group, y
19 [10–32]
7 [3–15]
16 [3–22]
24 [15–36]
<15
283 (36)
128 (74)
21 (49)
134 (23)
>15
506 (64)
44 (26)
22 (51)
440 (77)
Sex
M
423 (54)
91 (53)
20 (47)
312 (54)
F
366 (46)
81 (47)
23 (53)
262 (46)
BMI, kg/m2
18.1 [14.8–24.0],
14.8 [13.4–16.9],
15.2 [13.4–16.9],
21.6 [17.1–26.0],
n = 616
n = 171
n = 42
n = 403
Presence of symptoms
n = 737
n = 172
n = 43
n = 522
Cough, duration
10 (1)
3 (2)
2 (5)
5 (1)
Fever
7 (1)
1 (1)
3 (7)
3 (1)
Weight loss
12 (2)
1 (1)
2 (5)
9 (2)
Additional TB risk factors
n = 737
n = 172
n = 43
n = 522
History of TB
9 (1)
0 (0)
0 (0)
9 (2)
TST >5 mm
6/136 (4)
6/64 (9)
0/11 (0)
0/61 (0)
Index patient resistant to FQ
138 (19)
16 (9)
11 (26)
111 (21)
Regimen given
Levofloxacin/ethambutol
NA
102 (59)
NA
NA
Levofloxacin/ethionamide
NA
54 (31)
NA
NA
Moxifloxacin/ethambutol
NA
11 (6)
NA
NA
Moxifloxacin/ethionamide
NA
5 (3)
NA
NA
TB disease occurred during follow-up
2 (0.3)
2 (1)
0
0
*FQ, fluoroquinolone; NA, not applicable; PT, preventive therapy; TB, tuberculosis; TST, tuberculin skin test.
†Excluding 3 contacts found to have TB and 8 already on treatment for TB at time of screening.

observation, and 70% (n = 121) of those who started
treatment completed it. There were no deaths during
the follow-up period.
We calculated the expected incidence of TB disease in the group that received preventive therapy in
Karachi by using incidence rates stratified by age and
year of observation from a DR TB household cohort
from Peru (24,25). Had no preventive therapy been
given, we would have expected TB disease to occur
in 4.7 patients, on the basis of the 336 person-years
accumulated by our cohort (incidence rate 14/1,000
person-years). Only 2 patients in our study had TB
over the 2 years of observation, resulting in a TB incidence rate of 6.0/1,000 person-years and cumulative
incidence of 1.2%. Both case-patients had received
preventive therapy (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/27/3/20-3916-App1.
pdf). IRR comparing observed and expected number
of TB cases was 0.40 (95% CI 0.05–2.0) and IRD was
−8.0/1,000 person-years (95% CI –23 to 7.1). Number
needed to treat to avert 1 TB case was 64.

We performed the same exercise by using TB
incidence rates from 2 other studies and a meta-analysis to demonstrate the potential range
of IRR and IRD (22,26,27) (Table 4). Equivalent results were achieved by using rates from
Reichler et al. (26) and Martin-Sanchez et al. (27);
the expected number of TB cases was 6.6 and
IRR was 0.29 (95% CI 0.04–1.3). By using rates
of TB disease incidence in household contacts
of TB patients as determined by Fox et al. (22), we
calculated the IRR to be 0.50 (95% CI 0.06–2.8). The
pooled estimate for IRR was 0.35 (95% CI 0.14–0.87)
(Figure 1). Using the simulation study, the median
IRR was 0.42 (2.5th–97.5th percentile 0.18–0.79).
We found 6 studies that estimated the risk for TB
disease in household contacts exposed to a TB patient
in the absence of preventive therapy, including the 4
studies we used for incidence rate calculations (22,24–
29). By using risk figures from these 6 studies, we estimated the pooled RR to be 0.28 (95% CI 0.15–0.53)
(Figure 2; Appendix Table 2). By using the simulation

Table 4. Incidence rate comparison of effectiveness of preventive therapy for tuberculosis in published studies in study of persons
exposed at home to drug-resistant tuberculosis, Karachi, Pakistan*
Characteristic
Becerra et al. (25)
Fox et al. (22)
Reichler et al. (26) Martin-Sanchez et al. (27)
No. expected cases
4.7
3.9
6.6
6.6
Expected IR per 1,000 p-y
15
12
20
20
IRR (95% CI)
0.40 (0.05–2.0)
0.50 (0.06–2.8)
0.29 (0.04–1.3)
0.29 (0.04–1.3)
IR difference per 1,000 p-y (95% CI)
−8.0 (–23.0 to 7.1)
−5.7 (–20.0 to 8.5)
−14 (–31.0 to 3.4)
−14 (–31.0 to 3.4)
NNT
64
91
37
37
Preventive fraction in exposed, %
57.5
48.7
69.5
69.7
*IR, incidence rate; IRR, incidence rate ratio; NNT, number needed to treat; p-y, person-years.
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Figure 1. Incidence rate ratios for effectiveness of preventive
therapy using data from published studies and a summary
measure in study of preventive therapy for persons exposed at
home to drug-resistant tuberculosis, Karachi, Pakistan, February
2016–March 2017. Solid line on y axis indicates null. Dotted line
indicates pooled estimate of preventive therapy effectiveness.
Blue diamond indicates 95% CI. Small diamonds indicate point
estimates of preventive therapy effectiveness using data from
each study with its CI. IRR, incident rate ratio.

study, we calculated the median RR to be 0.36 (2.5th–
97.5th percentile 0.17–0.68).
When we applied an alternative definition of an
incident TB case, in which diagnosis occurred earlier
(>30 days as opposed to >180 days after diagnosis in
the index patient), and used data from Sloot et al. (28)
as a sensitivity analysis, the estimated RR for preventive therapy was 0.11 (95% CI 0.03–0.44). Using this
figure in the pooled analysis resulted in an estimated
pooled RR of 0.22 (95% CI 0.12–0.42).
Discussion
In our cohort of 172 DR TB household contacts who
received fluoroquinolone-based preventive therapy,
we observed 2 patients with TB disease over the
course of 2 years. Applying the rates observed in a
cohort of DR TB households from Lima, Peru (25), we

Figure 2. Risk ratios for effectiveness of preventive therapy using
data from published studies and a summary measure in study of
preventive therapy for persons exposed at home to drug-resistant
tuberculosis, Karachi, Pakistan, February 2016–March 2017. Solid
line on y axis indicates null. Dotted line indicates pooled estimate
of preventive therapy effectiveness. Blue diamond indicates 95%
CI. Small diamonds indicate point estimates of preventive therapy
effectiveness using data from each study with its CI. RR, risk ratio.
810

would have expected to observe almost 5 TB cases
over the same period. Thus, by providing preventive
therapy, we averted almost 3 TB cases resulting in an
effectiveness rate of 60%.
Household contacts are a combination of several populations with different risk levels and biologic susceptibility. Saunders et al. (29), in a study
from Peru, created a risk score to predict the persons
in whom TB would occur after at-home exposure
to TB; they demonstrated that 90% of TB cases occurred among persons at high or medium risk over
10 years. In that study, 2 of the risk factors for TB
were low BMI and age; the score predicted the risk
for TB independent of TB-infection status (29). Other
studies have also documented increased risk for TB
in children <5 years of age and persons with low
BMI. We provided preventive therapy to household
members at known high risk for TB on the basis of
demographics and clinical manifestation; 35% of
those started on preventive therapy were <5 years
of age. Hence, the 60% effectiveness rate is likely an
underestimate of its true effectiveness because the
rates we used to calculate expected TB cases came
from the whole household cohort and not only from
persons at highest risk for incident TB. Some of the
children in the comparison cohort also received isoniazid-based preventive therapy, which might have
lowered their risk for TB.
By using TB incidence rates from 2 studies from
the United States and Spain and a meta-analysis by
Fox et al. (22), we calculated a range of 2–5 TB cases
averted through this program and an effectiveness
of 50%–71%. The meta-analysis also included persons who were prescribed preventive therapy, and
it did not differentiate between those at higher and
lower risk for incident TB disease, which probably
resulted in lower overall incidence rate. The other 2
studies measured TB incidence rate over 5 years of
follow-up, but the highest risk for incident TB disease is within the first 2 years after exposure. Thus,
applying the rate measured over 5 years to a cohort
followed for 2 years might result in underestimation of expected number of incident TB cases. The
pooled estimate of effectiveness of the preventive
therapy in this Karachi cohort compared with all 4
studies was 65%.
By using the pooled relative risk, we estimated
the effectiveness of preventive therapy to be 72%.
This estimate is comparable to the effectiveness
that we found by using incidence rate data from
other studies (22,25–27) and gives more confidence
in interpretation of our results. Of note, these studies also had some of the limitations highlighted
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previously. Our results are also consistent with the
TB risk reduction reported with use of isoniazidbased preventive therapy for drug-susceptible TB
(relative risk 0.40, 95% CI 0.31–0.52) (30). For MDR
TB, Marks et al. (18), in their meta-analysis of published observational studies on preventive therapy
for MDR TB exposure, estimated a risk reduction of
90% (range 9%–99%).
A key limitation of our study was reliance on
at-home symptom screening for diagnosis of incident TB and on household members to report TB
diagnoses or initiation of treatment for TB during
the study period. The parent study was designed to
evaluate operational feasibility of providing preventive therapy and was not designed as an effectiveness study, which explains these design features.
This limitation could have led to an ascertainment
bias. We do not, however, expect that our estimates
would be substantially biased with this approach.
In the same population during 2008–2011, Amanullah et al. (31) conducted a household cohort study
by using a similar approach and found a high TB
incidence of 5.4% among children in the first year
after exposure to a person with DR TB. Our use of
rates from countries with low to moderate TB burden, such as Peru, for comparison with the rates
from this study in Pakistan, a country with a high
burden of TB, might also have biased our results,
potentially underestimating the protective effect of
preventive therapy. Furthermore, the use of 5-year
risks from some of the comparison studies might
have overestimated the effectiveness of preventive
therapy, given that in our study we calculated cumulative incidence at 2 years. This possibility is not
very likely because, in those studies, most of the TB
cases occurred within the first 2 years.
Strengths of our study include the prospective design, which resulted in >91% retention at 2 years and
a high completion rate of preventive therapy. Our results were robust to a range of different assumptions
and showed a similar decrease in TB incidence after
provision of preventive therapy to that demonstrated
in other observational studies.
In summary, in a setting with high TB burden
and low HIV prevalence, we found that a fluoroquinolone-based, 2-drug preventive therapy reduced the
risk for TB disease in high-risk persons exposed at
home to DR TB by 65%. This study adds to the growing evidence base for effectiveness of preventive therapy for DR TB and MDR TB and is consistent with evidence that a fluoroquinolone-based 2-drug regimen
can be used to protect children and adults exposed at
home to DR M. tuberculosis strains.
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Multidrug-resistant tuberculosis (MDR TB), pre-extensively
drug-resistant tuberculosis (pre-XDR TB), and extensively
drug-resistant tuberculosis (XDR TB) complicate disease
control. We analyzed whole-genome sequence data for
579 phenotypically drug-resistant M. tuberculosis isolates
(28% of available MDR/pre-XDR and all culturable XDR
TB isolates collected in Thailand during 2014–2017). Most
isolates were from lineage 2 (n = 482; 83.2%). Cluster
analysis revealed that 281/579 isolates (48.5%) formed
89 clusters, including 205 MDR TB, 46 pre-XDR TB, 19
XDR TB, and 11 poly–drug-resistant TB isolates based on
genotypic drug resistance. Members of most clusters had
the same subset of drug resistance-associated mutations,
supporting potential primary resistance in MDR TB (n =
176/205; 85.9%), pre-XDR TB (n = 29/46; 63.0%), and
XDR TB (n = 14/19; 73.7%). Thirteen major clades were
significantly associated with geography (p<0.001). Clusters of clonal origin contribute greatly to the high prevalence of drug-resistant TB in Thailand.

T

uberculosis (TB), caused by Mycobacterium tuberculosis, is a major global public health issue. Southeast Asia contributes notably (44%) to global TB cases.
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Thailand is in the top 30 countries for drug-resistant
(DR) TB incidence (1). DR TB, including rifampinresistant TB and strains with additional resistance to
isoniazid (multidrug-resistant [MDR] TB), remains a
great challenge for TB control. In 2018, ≈500,000 new
cases of rifampin-resistant TB were reported globally, of which 78% were MDR TB (1). More worrisome is extensively drug-resistant (XDR) TB, which
further exhibits resistance to 1 fluoroquinolone and 1
injectable second-line drug. The average proportion
of global MDR TB cases with XDR TB is 6.2% (1). In
Thailand, despite the reducing incidence of TB, the
reported number of MDR TB cases nearly doubled
during 2014–2018 (1); some are likely to be XDR TB.
Treatment for patients with DR TB is prolonged and
expensive, and outcomes are poor.
Whole-genome sequencing (WGS) of M. tuberculosis provides insights into drug resistance, in which
mechanisms almost exclusively involve mutations
(mostly single-nucleotide polymorphisms [SNPs], but
also insertion/deletions) in genes coding for drug targets or drug-converting enzymes. WGS data can also
provide insights into transmission and the dating of
clusters (2), in which strains with near-identical genetic
variants are likely to be part of a transmission chain
(3). Analysis of M. tuberculosis WGS data from isolates
across Thailand could provide much-needed insights
into MDR/XDR TB transmission. Previous studies of DR TB have used genotyping techniques (e.g.,
spoligotyping, mycobacterial interspersed repetitive
unit–variable-number tandem-repeat, and restriction
fragment length polymorphism) (4,5), but these methods have limited resolution for inferring transmission
because they investigate <1% of the M. tuberculosis
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genome. A recent WGS analysis revealed possible clonal transmission of 4 MDR TB isolates in Kanchanaburi
Province (6). However, the extent of MDR TB and XDR
TB clusters across Thailand is unknown. Our aim was to
investigate the clustering patterns and risk factors of
possible MDR TB, pre-XDR TB, and XDR TB transmission clusters across Thailand using WGS data.
Methods
Study Population and Setting

During 2014–2017, a total of 2,071 M. tuberculosis
culture-confirmed MDR TB, pre-XDR TB, and XDR
TB cases were listed in the laboratory records of the
National Tuberculosis Reference Laboratory (NTRL;
Ministry of Public Health) and Siriraj Hospital, Mahidol University, Thailand. These 2 laboratories cover 230 hospitals handling most DR TB cases in Thailand (Appendix 1 Tables 1, 2, https://wwwnc.cdc.
gov/EID/article/27/3/20-4364-App1.xlsx) (7). We
randomly selected 547 M. tuberculosis isolates from
MDR TB and pre-XDR TB cases across 6 regions and
71 of 77 provinces nationally. We also included all
retrievable (n = 32) XDR TB isolates (Appendix 1
Table 3). For 11 cases, we used pairs of isolates collected at different times as internal controls for SNP
distances. In each control pair, we included the isolate with the most mutations associated with drug
resistance or the chronologically earlier isolate in
the studied population (n = 579). We retrieved demographic data from laboratory records. The study
protocol was approved by the Center for Ethics in
Human Research, Khon Kaen University (approval
no. HE601249).
Phenotypic Drug-Susceptibility Testing

We performed phenotypic drug-susceptibility testing
(DST) using the standard agar proportional method
in Lowenstein-Jensen medium (8). Drug concentrations used were 0.2 µg/mL for isoniazid; 40.0 µg/mL
for rifampin, ethionamide, capreomycin, and cycloserine; 2.0 µg/mL for ethambutol, ofloxacin, and levofloxacin; 4.0 µg/mL for streptomycin; 30.0 µg/mL
for kanamycin; and 0.5 µg/mL for para-aminosalicylic
acid. We used M. tuberculosis H37Rv as the susceptible reference strain.
Whole-Genome Sequence Analysis

We used multiple loops of M. tuberculosis colonies for
genomic DNA extraction (with the cetyl-trimethylammonium bromide-sodium chloride method) (9).
WGS data for 590 M. tuberculosis isolates were produced by NovogeneAIT (https://en.novogene.com)
814

using the HiSeq (Illumina, https://www.illumina.
com) platform generating 150-bp paired-end reads.
We checked the quality of sequence reads using
FastQC version 0.11.7 (10). We mapped high-quality
reads from each isolate onto the H37Rv reference genome (GenBank accession no. NC_000962.3) using
BWA-MEM version 0.7.12 (Li H, unpub. data, https://
arxiv.org/abs/1303.3997). The average depth of sequencing coverage was high (341.01 ± 61.98). We used
SAMtools version 0.1.19 (11) and GATK version 3.4.0
(12) to call SNPs and insertion/deletions. We filtered
variants on the basis of a minimum coverage depth
of 10-fold and Q20 minimum base-call quality score,
and the intersection set of GATK and SAMtools variants was retained. We used the online tool TB-Profiler
version 2.8.6 (13,14) to infer drug resistance and M.
tuberculosis lineage membership on the basis of SNPs
from the WGS data. The WGS data are available in
the ENA Sequence Read Archive (https://www.
ebi.ac.uk/ena/browser/home) (accession nos. PRJNA598981 and PRJNA613706).
Phylogenetic Analysis

We constructed a phylogenetic tree based on 26,541
high-confidence SNPs among 590 isolates using the
maximum-likelihood method with the selected general time-reversible with gamma-distribution model,
implemented within MEGA version 10.1 (15). We excluded the 130 SNPs known to be associated with DR
TB found in this study to ensure that they would not
affect the phylogenetic analysis. We inferred a bootstrap consensus tree from 1,000 replicates. We produced the phylogenetic tree image using iTOL (16).
Data Analysis

Isolates forming monophyletic groups in which many
or all pairs differed by <25 SNPs were placed in the
same clade. Clusters included isolates differing by
0–11 SNPs. We regarded members of a single cluster
as possibly descended from a single clone through recent transmission. Less-recently transmitted isolates
within a clade differed by 12–25 SNPs. We calculated
the clustering percentage as (no. clustering isolates/
total no. isolates) × 100. We differentiated isolates
with acquired DR TB from possible primary DR TB
(MDR TB, pre-XDR TB, and XDR TB) isolates on the
basis of acquisition of additional resistance-associated mutations, especially those associated with resistance to fluoroquinolones, kanamycin, or capreomycin, drugs that are used for DR TB classification.
For clusters containing isolates with different types of
DR TB (such as MDR TB and XDR TB), we used the
acquisition of additional drug-resistance SNPs and
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co-ancestral relationships to differentiate between 2
patterns of acquired resistance: chronological (ancestral strain had fewer mutations, lesser type of DR, or
both) or nonchronological (ancestral strain had more
mutations, stronger type of DR, or both). Although
XDR TB and pre-XDR TB could be considered as subsets of MDR TB, we have treated all 3 as separate categories in our analyses.
We analyzed all data using R statistical software
version 3.6.1 (https://www.r-project.org) and considered p values <0.05 to be statistically significant.
We analyzed associations between clades/clusters
and geography using χ2 tests and visualized them
with the R package vcd version 1.4–8. We calculated
odds ratios (ORs) with 95% CIs using the R package
epiR version 1.0–4. We tested factors associated with

clustering isolates using the Student t-test (numerical
data), χ2 test, or Fisher exact test (categorical data),
when applicable. We constructed graphs using the R
package ggplot2 version 3.2.1 and built phylo-maps
using the package phytools version 0.7–20.
Results
Study Population and Characteristics

Most (466; 80.5%) of the 579 culture-confirmed DR
TB cases in the studied population were MDR TB,
followed by 81 pre-XDR TB (14.0%) (Appendix 1
Table 2). We included all available XDR TB isolates
(n = 32), constituting 5.5% of our samples but only
1.5% of the culture-confirmed 2,071 DR TB isolates
collected nationally during 2014–2017. Central and
Figure 1. Geographic and lineage
distribution of 579 drug-resistant
Mycobacterium tuberculosis
isolates in Thailand, 2014–2017.
A) Geographic distribution of
MDR TB, pre-XDR TB, and XDR
TB. B) Lineage distribution of
drug-resistant M. tuberculosis. C)
Drug-resistant types, enlarged
from panel A. D) Lineage
distribution, enlarged from
panel B. The size of each circle
is proportional to the number
of isolates. MDR, multidrug
resistant; TB, tuberculosis; XDR,
extensively drug-resistant.
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northeast regions of Thailand had the highest DR
TB proportions (Figure 1). The 3 provinces with the
highest number of DR TB cases were Bangkok (n =
85; 14.7%), Kanchanaburi (n = 51; 8.8%), and Chonburi (n = 37; 6.4%) (Figure 1; Appendix 1 Table 3).
Most patients were male (n = 419; 73.1%) and mean
age was 43.5 (±14.7) years (Appendix 1 Table 4).
Phylogenetic Analysis

Most of the M. tuberculosis isolates belonged to the
East-Asian lineage (lineage 2) (n = 482; 83.2%), followed by the Indo-Oceanic lineage (lineage 1) (n = 67;
11.6%), the Euro-American lineage (lineage 4) (n = 29;
5.0%), and the East African-Indian lineage (lineage 3)

(n = 1; 0.2%) (Figure 2; Appendix 1 Table 5). Lineage
2.2.1 (n = 413; 71.3%) was the main sublineage among
MDR, pre-XDR, and XDR TB.
Clustering and Possible Transmission Clusters

The phylogenetic tree (Figure 2) showed enormous diversity among the DR TB isolates from Thailand. Many
isolates were distinct, differing from all others at a mean
±SD of 657 ± 626 SNPs. Most isolates (n = 319; 55.1%)
grouped into 13 clades, each consisting of 5–86 isolates
(Figure 3; Appendix 2 Figure 1, https://wwwnc.cdc.
gov/EID/article/27/3/20-4364-App2.pdf). Clades 1,
6, 11, and 13 each consisted of a single small cluster of
closely related isolates; the remaining clades included
Figure 2. Phylogenetic tree
for the 590 drug-resistant
Mycobaterium tuberculosis
isolates from Thailand, 2014–
2017. From inner to the outer
circles: culture-based phenotypic
drug-susceptibility test, wholegenome sequencing–based
drug-resistance profile (DR TB,
MDR TB, pre-XDR TB, and XDR
TB), drug-resistance mutations,
lineage, year of collection,
regions, and provinces. Red
triangles indicate the paired
isolates from the same patients
(n = 11). Scale bar indicates the
genetic distance proportional
to the total number of single
nucleotide polymorphisms.
M. canettii was used as an
outgroup. DR TB, drug-resistant
tuberculosis; MDR, multidrug
resistant; TB, tuberculosis; XDR,
extensively drug-resistant.
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Figure 3. Geographic distribution of 13 major clades of drug-resistant tuberculosis in Thailand. A) The 13 clades are highlighted in the
outer circle. Scale bar indicates the genetic distance proportional to the total number of single nucleotide polymorphisms. B–N) Each of
the 13 major clades is associated with particular geographic regions, as shown. Mycobacterium canettii was used as an outgroup.

>1 possible clusters (Appendix 2 Figure 2). The isolates
grouped in each clade were significantly associated
with a particular geographic region (p<0.001; Appendix 2 Figure 3, panel A). Clade 1 (Figure 3, panel B) was
found only in Trat Province and clade 13 predominated
in Kanchanaburi (Figure 3, panel N).
A total of 89 clusters contained 281 isolates (48.5%)
(Appendix 1 Table 6). Sixty clusters (isolates differing
by ≤11 SNPs), containing 2–34 isolates, fell within the
major clades. A further 29 smaller clusters occurred
elsewhere in the tree. Most isolates within a cluster
shared geographic links (Figure 4, panels A–F; Appendix 1 Table 6). The percentages of MDR TB, preXDR TB, and XDR TB isolates (based on phenotypic
DST) that fell into clusters were 46.1% (215/466) for
MDR TB, 49.4% (40/81) for pre-XDR TB, and 81.3%
(26/32) for XDR TB (Appendix 1 Table 6). Pairwise
SNP distances within and between each of the 89
clusters are given summarized (Appendix 1 Table 7).
Some clusters included isolates with different
types of DR TB. Nineteen of the 89 clusters (C2, C7,
C10, C16, C22, C36, C37, C40, C43, C49, C59, C60, C63,
C70, C72, C76, C80, C83, and C89) had a chronological pattern based on the progressive increase in numbers of DR mutations from base to tips in the phylogeny (Appendix 1 Table 8). The pattern of DR mutation
changes was nonchronological in clusters C21, C23,
C32, C35, C41, C55, C71, and C75. Among the 281
clustering isolates, 81.9% were classified as possible
primary DR TB (n = 230), including MDR TB (n =
176/205; 85.9%), pre-XDR TB (n = 29/46; 63.0%), and
XDR TB (n = 14/19; 73.7%). In addition, we identified

10 phenotypically MDR isolates and 1 phenotypically
pre-XDR TB isolate as possible examples of primary
isoniazid resistance (n = 11) based on genotypic DR.
Other clustering isolates (n = 51/281, 18.1%) exhibited acquired DR TB (MDR TB [n = 29/205; 14.1%], preXDR TB [n = 17/46; 37.0%], and XDR TB [n = 5/19;
26.3%]) (Table 1).
Among clustered isolates, there was some discordance between phenotypic DST findings (MDR
TB [n = 215], pre-XDR TB [n = 40], and XDR TB [n =
26]) and genotypic DST results (poly-DR TB [n = 11],
MDR TB [n = 205], pre-XDR TB [n = 46], and XDR
TB [n = 19]) (Appendix 1 Table 8). We identified 11
isolates of phenotypically MDR TB genotypically as
poly-DR TB (resistant to >1 drug but not to both isoniazid and rifampicin). We identified 66 MDR TB,
9 pre-XDR TB, and 10 XDR TB clusters on the basis
of phenotypic DST (Appendix 1 Table 9; Appendix
2 Figure 4, panels A–F). Most pre-XDR TB and XDR
TB clusters had hospital-based links (Appendix 1
Table 9). All phenotypic DR TB clusters and resistance types, stratified by province, are shown (Appendix 1 Table 10).
Factors Associated with Possible DR TB
Transmission Clusters

TB patients from whom clustering isolates were obtained had an average age of ≈42 years. Isolates falling within clusters were significantly associated with
geographic regions (p = 0.001; Appendix 2 Figure 3,
panel B). Patients with TB who lived in western provinces had a higher risk of being within possible DR
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Figure 4. All clusters of DR TB isolates from Thailand. A) A total of 89 clusters are highlighted in the outer circle. Scale bar indicates the
genetic distance proportional to the total number of single nucleotide polymorphisms. B–F) Phylogeographical links of each cluster are
shown. For clarity, clusters are divided among 5 phylomaps. Some isolates in closely related clusters (C64–C65, C79–C80, and
C85–C89) crossed localities. Mycobacterium canettii was used as an outgroup. DR TB, drug-resistant tuberculosis.

TB transmission clusters than those elsewhere (OR
2.44, 95% CI 1.53–3.89; Table 2). Lineage 2.2.1 (versus
other lineages) was associated with a higher risk of
possible DR TB transmission clusters (OR 3.59, 95%
CI 2.42–5.32). Lineage 1 had the lowest risk of being
represented in DR TB transmission clusters (OR 0.03,
95% CI 0.01–0.11). Clustering isolates had drug-resistance mutations such as katG S315T, rpoB S450L, and
embB G406D (Table 2).
Discussion
MDR TB and XDR TB are serious global problems,
but few studies have focused on their transmission at
a nationwide resolution. Thailand has a high burden
of MDR TB and increasing numbers of MDR TB cases
(1). We sourced 579 DR TB isolates across 71 provinces during 2014–2017. Nearly half of these were in
possible transmission clusters, mostly involving M.
tuberculosis lineage 2.2.1. A total of 89 clusters, most
distributed among 13 major clades, contributed to
818

multiclonal MDR TB outbreaks associated with specific regions in Thailand. Bangkok, Kanchanaburi,
and Chonburi were the provinces with the highest proportions of MDR TB, pre-XDR TB, and XDR
TB clusters (i.e., groups of isolates differing by <11
SNPs). We used 2 criteria to select SNP cutoff values.
First, the <11 SNP difference cutoff for a cluster was
derived directly from the maximum number of differences between the 11 paired isolates used as an internal control. Second, we used an SNP cutoff concordant with, or more stringent than, those in previous
studies (17–20). Our 11-SNP cutoff was proportionally 0.0004 of the 26,541 SNPs in our total set. This
proportion was concordant with that in a previous
study (21), and more stringent than those in other
studies (18,20). A <12-SNP cutoff has been previously
proposed as the upper boundary for possible cluster
transmission events (2).
Phylogenetic analysis identified 13 major clades,
each associated with a particular region(s). Pairwise
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Table 1. Characteristics of isolates within 89 DR TB clusters, Thailand, 2014–2017*
DR TB types, no. (%)†
Clustered isolates, n = 281
INH-R, n = 11
MDR TB, n = 205
Pre-XDR TB, n = 46
Possible primary DR TB,‡ n = 230, 81.85%
11 (100.0)
176 (85.85)
29 (63.04)
Possible acquired DR TB,‡ n = 51, 18.15%
0
29 (14.15)
17 (36.96)

XDR TB, n = 19
14 (73.68)
5 (26.32)

*Using a pairwise-difference range of 0–11 single nucleotide polymorphisms, 89 clusters (minimum cluster size = 2 isolates) were recognized. DR, drugresistant; INH-R, isoniazid resistant; MDR, multidrug-resistant; TB, tuberculosis; XDR, extensively drug-resistant.
†DR TB types based on genotypic drug susceptibility tests.
‡Possible primary DR TB isolates were differentiated from acquired DR TB isolates based on the acquisition of mutations associated with DR TB and
from co-ancestral relationships.

SNP differences between isolates within clades ranged
from >11 to ≈25, suggesting a range of divergence
times from a common ancestor (Appendix 2 Figure 2).
On the basis of the transmission time estimates (0.5
SNP/ge-nome/year) for M. tuberculosis (2), some of
these major clades might have begun to circulate in
Thailand ≈20–40 years ago, others more recently.
Isolates differing by 12–25 SNPs nevertheless often
shared geographic links. For example, 17 of 21 (81%)
isolates in clade 7 (Figure 3, pan-el H), which had
pairwise differences indicating a rela-tively nonrecent
common ancestor, were located within

neighboring provinces of southern Thailand. Clades 1,
6, 11, and 13 each consisted of isolates differing at very
few SNPs, giving us confidence that these were likely
examples of recent transmission. Nonetheless, isolates
in clade 6 often occurred in different provinces.
The largest and most recent clade was clade 13
(Figure 3, panel N), comprising 62 cases (46 MDR
TB, 11 pre-XDR TB, and 5 XDR TB based on phenotypic DST) found in the western region, especially in
Kanchanaburi. This finding suggests that clones of
pre-XDR TB and XDR TB may emerge from recent

Table 2. Demographic and other factors associated with clustering (≤11 SNP difference) of TB isolates, Thailand, 2014–2017*
Clustering isolates
Isolates falling within
Nonclustering isolates,
Characteristic
All isolates, n = 579
clusters, n = 281
n = 298
Odds ratio (95% CI)
Sex, n = 573
M
419 (73.12)
198 (70.71)
221 (75.43)
0.79 (0.54–1.14)
F
154 (26.88)
82 (29.29)
72 (24.57)
1.27 (0.88–1.84)
Age, y, n = 508
Mean ± SD
43.51 ± 14.68
42.02 ± 15.23
44.94 ± 14.03
NA
Region
Central
183 (31.61)
79 (28.11)
104 (34.90)
0.73 (0.51–1.04)
Eastern
88 (15.20)
47 (16.73)
41 (13.76)
1.26 (0.80–1.98)
Northeastern
125 (21.59)
56 (19.93)
69 (23.15)
0.83 (0.56–1.23)
Northern
17 (2.94)
4 (1.42)
13 (4.36)
0.32 (0.10–0.98)
Southern
73 (12.61)
33 (11.74)
40 (13.42)
0.86 (0.52–1.40)
Western
93 (16.06)
62 (22.06)
31 (10.40)
2.44 (1.53–3.89)
Lineage
2.1
31 (5.35)
12 (4.27)
19 (6.38)
0.66 (0.31–1.38)
2.2.1
413 (71.33)
236 (83.99)
177 (59.40)
3.59 (2.42–5.32)
2.2.1.1
32 (5.53)
16 (5.69)
16 (5.37)
1.06 (0.52–2.17)
2.2.1.2 and 2.2.2
6 (1.04)
2 (0.71)
4 (1.34)
0.53 (0.05–3.71)
4
29 (5.01)
13 (4.64)
16 (5.35)
0.86 (0.41–1.82)
1
67 (11.57)
2 (0.71)
65 (21.81)
0.03 (0.01–0.11)
3
1 (0.17)
0 (0.00)
1 (0.34)
NA
Drug-resistance mutations
Isoniazid, n = 565
katG S315T
448 (79.29)
252 (89.68)
196 (69.01)
3.90 (2.46–6.18)
inhA −15c/t
52 (9.20)
7 (2.49)
45 (15.85)
0.14 (0.06–0.31)
Rifampin, n = 554
rpoB S450L
279 (50.36)
176 (65.19)
103 (36.27)
3.29 (2.32–4.66)
Ethambutol, n = 335
embB M306V
85 (25.37)
44 (20.75)
41 (33.33)
0.52 (0.32–0.86)
embB G406D
66 (19.70)
59 (27.83)
7 (5.69)
6.39 (2.81–14.51)
embB M306I
56 (16.72)
27 (12.74)
29 (23.58)
0.47 (0.26–0.84)
Streptomycin, n = 349
rpsL K43R
295 (84.53)
188 (89.95)
107 (76.43)
2.76 (1.52–5.01)
Ethionamide, n = 268
ethA 639–640del
143 (53.36)
105 (73.43)
38 (30.40)
6.33 (3.72–10.77)
inhA −15c/t
65 (24.25)
9 (6.29)
56 (44.80)
0.08 (0.04–0.18)
Para-aminosalicylic acid, n = 99
folC S150G
39 (39.39)
32 (50.79)
7 (19.44)
4.28 (1.63–11.19)
*Values are no. (%) except as indicated. Bold type indicates statistical significance. NA, not applicable.
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MDR TB ancestors. We confirmed a previous report
(22) that there was a large MDR TB outbreak in Kanchanaburi. In addition, clade 13 is sister to clade 12,
which consists of strains that spread in both central
(especially Bangkok) and northeast Thailand and
contain less recently transmitted strains. Therefore,
the MDR TB outbreak clade in Kanchanaburi was
derived from a less recently transmitted clade elsewhere in Thailand.
We identified 89 clusters (isolates in each differing by <11 SNPs) of DR TB in Thailand. The clustered
isolates showed a strong association with geographic region. The largest cluster (C89), within clade 13
in Kanchanaburi, comprised 34 isolates (27 MDR
TB and 7 pre-XDR TB based on phenotypic DST). In
South Africa, WGS analysis of a large XDR TB cohort
(>400 cases) from a single province showed that only
30% of participants had clear epidemiologic links
(person–person or hospital link): 70% of transmission events may have resulted from casual contact
between persons not known to one another (23). Another study in South Africa showed that 19% of XDR
TB patients discharged from the hospital caused secondary XDR TB cases in the community (24). Here,
we found 9 clusters of pre-XDR TB (the largest with
7 isolates) and 10 clusters (the largest with 4 isolates)
of XDR TB in Thailand (Appendix 1 Table 9; Appendix 2 Figure 4).
To reflect the extent of the DR TB outbreak in
Thailand, we calculated the proportion of isolates
falling into the 89 DR TB clusters (Table 1). In some
clusters, isolates exhibited different types of DR TB
associated with chronology, revealing the progression of DR mutations in the phylogeny, moving from
the ancestor toward the tips of the tree (Appendix
1 Table 8). Based on mutation-acquisition analysis
within this phylogeny, we saw examples of possible
primary resistance in 85.9% of MDR TB, 63.0% of preXDR TB, and 73.7% of XDR TB cases. Eight clusters
included isolates with different types of DR and more
resistance-associated mutations in the ancestral strain
than in its descendants. This situation might be explained by different durations of the latency stage occurring after transmission events leading to the emergence of less troublesome DR TB cases (such as MDR
TB) later than the more troublesome cases (such as
XDR TB) (25). Because not all cases from the possible
transmission chain could be included, undetected
primary resistance might exist. Data from all DR TB
cases in the community and information on treatment
history and known exposure are needed to accurately
and completely estimate the extent of primary DR
TB. The proportion of primary DR TB cases could be
820

higher because we reported numbers of MDR TB cases excluding pre-XDR TB and XDR TB (each of which
was reported as a separate subset). In addition, some
index cases might not have been included in the selected population.
Previously reported factors contributing to MDR
TB transmission include illicit drug usage (26); delayed
TB diagnosis and being >45 years of age (18); and being single, having low income, suffering frequent
stress and other diseases, and lacking medical insurance (27). Lineage 2 predominated in previous studies
of transmission of MDR TB (18,26,28). We found that
infection with lineage 2.2.1 is the strongest predictor
(3.6-fold) of DR TB clusters, whereas infection with
lineage 1 had the lowest risk. Living in the western region of Thailand increased the risk of being in DR TB
clusters by 2.4-fold. The western region, being close to
the border with Myanmar, differs from other regions
of the country in terms of both ethnicity and economic
development. These differences might explain the increased risk there (29). Previously, clustering isolates
were more likely to have mutations of rpoB S450L
(18,30), katG S315T, or the inhA promoter (31). We also
found a pattern of drug resistance-associated mutations (katG S315T, rpoB S450L, embB G406D, rpsL K43R,
ethA 639–640del, and folC S150G) in clusters.
The DR TB situation in Thailand is a major concern and requires urgent implementation of control
measures such as active case finding to disrupt the
transmission chain and targeted intervention and
contact tracing in hotspot regions. The mortality rate
and cost of treatment of XDR TB is very high (32);
therefore, these DR types should be the priority for
intervention. The large size of some clusters might
reflect their high transmissibility (33); thus, tracking
clade 13 at Kanchanaburi should be a priority. Besides the 13 major clades, several small clusters of DR
TB were found in many provinces. The potential for
expansion of these small clusters is unknown. Here,
we also identified the hotspot provinces to help prioritize locations for intervention.
Globally, few studies at the nationwide scale
have used WGS analysis of MDR TB, pre-XDR
TB, and XDR TB (26,30,34–36). Older studies have
used blunt genotyping tools (e.g., IS6110 restriction fragment length polymorphism, spoligotyping, and mycobacterial interspersed repetitive
unit–variable-number tandem-repeat) with limited
or convenient sample sizes. DR TB studies using
WGS in Saudi Arabia and Portugal have revealed
transmission clusters of MDR TB; however, they
had small samples and provided limited data on
epidemiologic links (36,37). Extrapolating from our
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findings, primary-resistant TB strains may be the
main contributors to the current global problem of
high MDR TB and XDR TB prevalence.
The primary limitations of our study were that
it was retrospective rather than prospective, lacked
socioeconomic data for analysis and lacked fine-scale
data of epidemiologic links: possible transmission
clusters were presumed only from the genetic distances among isolates and each patient’s hospital and
province of residence. In addition, an accurate estimation of the exact time of the possible transmission
cannot be made: clusters originating years ago may
be continuing to spread. We also lacked information about treatment and exposure history and of the
complete population to identify all index cases to differentiate between primary and acquired DR TB. In
addition, the prevalence and clustering of MDR TB,
pre-XDR TB, and XDR TB isolates in some provinces
might be underestimated because of the low coverage
of DST for the first-line drugs among TB cases (1).
In conclusion, we have demonstrated the usefulness of WGS for DR TB epidemiology. We have shown
that close to half of MDR TB, pre-XDR TB, and XDR
TB cases in Thailand might be caused by transmission
clusters. Two thirds of pre-XDR TB and three quarters
of MDR TB and XDR TB clustering isolates were possible examples of primary resistance. These results
indicate that the emergence of MDR TB, pre-XDR
TB, and XDR TB cases in Thailand might be from a
narrow base of ancestral strains. The high prevalence
of MDR/XDR TB in Thailand might be the result of
multiclonal outbreaks. People living in the western
region of Thailand had a 2.4-fold increased risk of
DR TB clusters, and lineage 2.2.1 conferred a 3.6-fold
increased risk of forming DR TB clusters relative to
other lineages.
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Severe Acute Respiratory
Syndrome Coronavirus 2
Seropositivity among Healthcare
Personnel in Hospitals and
Nursing Homes, Rhode Island,
USA, July–August 2020
Lara J. Akinbami, Philip A. Chan, Nga Vuong, Samira Sami, Dawn Lewis, Philip E. Sheridan,
Susan L. Lukacs, Lisa Mackey, Lisa A. Grohskopf, Anita Patel, Lyle R. Petersen

Healthcare personnel are recognized to be at higher
risk for infection with severe acute respiratory syndrome coronavirus 2. We conducted a serologic survey
in 15 hospitals and 56 nursing homes across Rhode
Island, USA, during July 17–August 28, 2020. Overall seropositivity among 9,863 healthcare personnel
was 4.6% (95% CI 4.2%–5.0%) but varied 4-fold between hospital personnel (3.1%, 95% CI 2.7%–3.5%)
and nursing home personnel (13.1%, 95% CI 11.5%–
14.9%). Within nursing homes, prevalence was highest among personnel working in coronavirus disease
units (24.1%; 95% CI 20.6%–27.8%). Adjusted analysis showed that in hospitals, nurses and receptionists/
medical assistants had a higher likelihood of seropositivity than physicians. In nursing homes, nursing assistants and social workers/case managers had higher
likelihoods of seropositivity than occupational/physical/
speech therapists. Nursing home personnel in all occupations had elevated seropositivity compared with
hospital counterparts. Additional mitigation strategies
are needed to protect nursing home personnel from infection, regardless of occupation.
Author affiliations: Centers for Disease Control and Prevention,
Hyattsville, Maryland, USA (L. Akinbami, S.L. Lukacs); US Public
Health Service, Rockville, Maryland, USA (L. Akinbami,
S.L. Lukacs, L.A. Grohskopf); Rhode Island Department of
Health, Providence, Rhode Island, USA (P.A. Chan, D. Lewis,
P.E. Sheridan); Centers for Disease Control and Prevention,
Fort Collins, Colorado, USA (N. Vuong, L. Mackey, L.R. Petersen);
Centers for Disease Control and Prevention, Atlanta, Georgia,
USA (S. Sami, L.A. Grohskopf, A. Patel)
DOI: https://doi.org/10.3201/eid2703.204508

H

ealthcare personnel face higher risk of infection during the coronavirus disease (COVID-19)
pandemic because of their essential role in identifying and treating persons affected (1,2). Although essential workers in many occupations have higher risk
of infection because of face-to-face interaction with
the public, personnel in hospitals and nursing homes
have more frequent and prolonged contact with persons known to be infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
Hospitals and nursing homes are potential
hotspots of infection transmission. Hospital personnel conduct activities ranging from infection screening to administering advanced life support measures
and may be exposed to patients with high viral loads
(3). Infection risk can be exacerbated by shortages in
personal protective equipment (PPE) and other resources, including staff (4,5). Nursing homes have
been referred to as “ground zero” (6) of the pandemic because resident deaths have contributed disproportionately to overall COVID-19 mortality (2,7).
Several factors may increase intrafacility transmission, including residents with risk factors for severe
COVID-19 disease and prolonged viral shedding
(e.g., advanced age, underlying conditions), a large
proportion of asymptomatic infections, and new
resource constraints alongside long-standing challenges (8–11). Assessing SARS-CoV-2 seropositivity
among hospital and nursing home personnel may
reveal risk factors that can be addressed through additional interventions. Community transmission has
been identified as a primary determinant of transmission in both nursing homes and hospitals (12,13),
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but the relative impact in each of these settings has
not been simultaneously compared.
The Rhode Island Department of Health (RIDOH)
and the US Centers for Disease Control and Prevention (CDC) collaborated on a serologic survey of
personnel in hospitals, nursing homes, and first responder agencies (e.g., fire, law enforcement) across
Rhode Island. As of July 17, 2020, when the survey
was initiated, there were >17,700 persons positive
for COVID-19 in Rhode Island, of whom 2,675 were
nursing home residents and 1,210 nursing home staff,
and just more than 1,000 deaths, most among nursing
home residents (14). Because of the disproportionate
impact on nursing homes, we made an added effort
to include as many nursing home facilities as possible
in the survey. This analysis compares SARS-CoV-2
seroprevalence among nursing homes and hospital
personnel and assesses characteristics and factors related to seropositivity.
Methods
The serologic survey was conducted throughout
Rhode Island during July 17–August 28, 2020. RIDOH
performed outreach to all agencies to encourage participation. The protocol was reviewed by CDC human subjects research officials, who determined that
the activity was public health surveillance as defined
in 45 CFR 46 (15). Participation was voluntary, results
were not shared with employers, and CDC did not
have access to personally identifying information.
RIDOH provided participating agencies with
study information and a link to the secure web-based
survey to distribute to employees (Appendix Table
1,
https://wwwnc.cdc.gov/EID/article/27/3/204508-App1.pdf). Upon completing the screening and
questionnaire on a personal device, participants received information about blood collection events at
their workplace or nearby facility. Each participant
provided 10–15 mL of blood using standard venipuncture techniques. Centrifuged serum samples
were transferred to a central laboratory for SARSCoV-2 antibody testing using the ORTHO Clinical
Diagnostics VITROS Immunodiagnostic Products
Anti-SARS-CoV-2 IgG Test (https://www.orthoclinicaldiagnostics.com). The emergency use authorization data submitted to the US Food and Drug Administration indicated that this test measures IgG directed
at the S1 domain of the spike protein with a sensitivity of 90% and a specificity of 100% (16). Results were
reported to participants as negative (signal-to-cutoff
ratio <1.0), positive (>1.0), or lack of valid result.
A total of 11,987 participants ≥18 years of age consented to phlebotomy and reported no new symptoms
824

of cough, shortness of breath, fever, change in sense
of taste/smell, or positive test for SARS-CoV-2 by
reverse transcription PCR (RT-PCR) in the 2 weeks
before survey participation. Seven were excluded for
lack of valid serologic test result because of lipemia or
insufficient sample volume and 1,860 did not work in
either a hospital (inpatient units and/or ambulatory
clinics) or nursing home. Of the remaining 10,120 participants, 9,863 had occupations in direct patient care
and support (Appendix Table 2) and were included
in this analysis.
We calculated seropositivity (percent positive for
SARS-CoV-2 antibodies) overall and for subgroups.
We estimated exact Clopper-Pearson 95% CIs and assessed significant statistical differences by evaluating
nonoverlapping 95% CI or χ2 tests for categorical variables and Cochran-Armitage trend tests for ordinal
variables (2-sided with α = 0.05).
We classified participants who reported race/
ethnicity as non-Hispanic Native Hawaiian or other
Pacific Islander, non-Hispanic American Indian or
Alaska Native, or other race as other race (n = 231,
2.3%) and those who declined to specify race/ethnicity as declined (n = 240, 2.4%). We stratified analyses
by primary agency selected by participants: hospital
or nursing home. Participants could then choose one
or more specific workplaces from a precategorized
list or free-text workplaces not listed. Hospital emergency department was inadvertently omitted from
the response categories for specific workplace but was
included in the analysis based on free-text responses.
Some hospital and nursing home participants reported working in additional settings that were not the focus of the analysis (e.g., emergency medical services)
or in the other agency type (e.g., 1% of hospital and 2%
of nursing home personnel worked in both hospital
and nursing home settings). These participants were
retained in the analysis, but these other workplaces
were reported infrequently and are not shown separately. A precategorized list and free-text option were
also provided for occupation. Prespecified categories
with low frequencies were combined (Appendix Table 2). Among nursing home occupations, 4 with low
sample size were combined (other nursing home: engineer/maintenance staff, pharmacist, receptionist/
medical assistant, and physician, n = 56). Analyzing
workplace and occupation simultaneously resulted
in small sample sizes. Only occupation/workplace
groups with sample size >20 or with absolute 95% CI
width >30% were shown to ensure estimate reliability
(17). Each workplace was represented as a separate
dichotomous variable to allow modeling of non–mutually exclusive categories.
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Participants reported the frequency at which
they performed aerosol-generating procedures; if
they needed complete PPE, as defined by CDC recommendations by occupation and patient contact; if,
since March 1, they ever used PPE shortage protocols
(extended use, reuse, or both); if they lacked specific
PPE components when in contact with a person with
suspected/confirmed COVID-19 in the workplace;
and if they received training in the previous year on
PPE donning/doffing techniques. Participants also
reported whether their work involved in-person interaction with the community, patients, or both and if
they were exposed (spent >10 minutes within 6 feet)
to any COVID-19 positive co-workers, household
members, patients, or other persons.
We used generalized estimating equations to
model likelihood of seropositivity, accounting for
clustering by facility (15 hospitals and 56 nursing
homes, using an independence correlation structure).
PPE variables had a common category (never use
PPE) and were thus collinear. Therefore, only PPE
shortage protocol use was included in the model, given evidence that shortages may contribute to transmission (12). Similarly, questions assessing use of individual PPE components had a common category,
not applicable. Of these, only use of an N95/powered
air-purifying respirator (PAPR) was included in the
model, because it had an unadjusted association with
seroprevalence. For hospital occupations, physicians

were the reference group for comparability to a previous study (18). There were not enough physicians
in nursing homes to categorize separately, so occupational/physical/speech therapists were the reference
group for nursing homes. No interaction terms were
explored. We used SAS 9.4 software (SAS Institute,
https://www.sas.com) for all analyses.
Results
Overall seropositivity for 9,863 participants was
4.6% (95% CI 4.2%–5.0%) but differed between hospital personnel (3.1%; 95% CI 2.7%–3.5%) and nursing home personnel (13.1%; 95% CI 11.5%–15.0%)
(Table 1). Generally, we found higher facility-level
seropositivity in nursing homes than in hospitals, as
well as lower or 0% seropositivity in facilities in rural
western Rhode Island (Figure 1). Demographic characteristics were similar between hospital and nursing
home personnel, but some seropositivity patterns differed. Seropositivity was highest among hospital personnel 18–24 years of age, but there were no age differences among nursing home personnel (p = 0.64 by
χ2 test). For both groups, there were no differences by
sex (p>0.05), and Hispanic and non-Hispanic Black
personnel had higher seropositivity compared with
non-Hispanic White personnel (pairwise p<0.001 for
both groups). Among nursing home personnel, those
who lived in multiunit housing had higher seroprevalence than those in single-family housing (p = 0.001).

Table 1. SARS-CoV-2 seropositivity among hospital and nursing home personnel, by demographic characteristics, Rhode Island,
USA, July–August 2020*
Hospital
Nursing home
Seropositive,
Seropositive, %
Seropositive,
Seropositive, %
Characteristic
No. (%)
no.
(95% CI)
No. (%)
no.
(95% CI)
Total
8,370 (100)
256
3.1 (2.7–3.5)
1,494 (100)
196
13.1 (11.5–15.0)
Age group, y
18–24
275 (3.3)
21
7.6 (4.8–11.4)
68 (4.6)
7
10.3 (4.2–20.1)
25–34
1,987 (23.7)
71
3.6 (2.8–4.5)
254 (17.0)
37
14.6 (10.5–19.5)
35–44
1,874 (22.4)
56
3.0 (2.3–3.9)
328 (22.0)
45
13.7 (10.2–17.9)
45–59
2,890 (34.5)
81
2.8 (2.2–3.5)
569 (38.1)
78
13.7 (11.0–16.8)
60–64
896 (10.7)
22
2.5 (1.6–3.7)
170 (11.4)
20
11.8 (7.3–17.6)
>65
448 (5.4)
5
1.1 (0.4–2.6)
105 (7.0)
9
8.6 (4.0–15.7)
Sex
M
1,582 (18.9)
44
2.8 (2.0–3.7)
227 (15.2)
39
17.2 (12.5–22.7)
F
6,788 (81.1)
212
3.1 (2.7–3.6)
1,267 (84.8)
157
12.4 (10.6–14.3)
Race/ethnicity
Non-Hispanic White
6,829 (81.6)
182
2.7 (2.3–3.1)
1,165 (78.0)
119
10.2 (8.5–12.1)
Non-Hispanic Black
284 (3.4)
20
7.0 (4.4–10.7)
87 (5.8)
24
27.6 (18.5–38.2)
Non-Hispanic Asian
316 (3.8)
10
3.2 (1.5–5.7)
28 (1.9)
6
21.4 (8.3–41.0)
Hispanic
554 (6.6)
31
5.6 (3.8–7.9)
130 (8.7)
28
21.5 (14.8–29.6)
Other†
191 (2.3)
11
5.8 (2.9–10.1)
40 (2.7)
8
20.0 (9.1–36.7)
Decline
196 (2.3)
2
1.0 (0.1–3.6)
44 (2.9)
11
25.0 (13.2–40.3)
Housing
Single family
6,924 (82.7)
204
3.0 (2.6–3.4)
1,136 (76.0)
131
11.5 (9.7–13.5)
Multiunit
1,446 (17.3)
52
3.6 (2.7–4.7)
358 (24.0)
65
18.2 (14.3–22.6)
*SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Other race/ethnicity includes non-Hispanic Native Hawaiian and other Pacific Islander, non-Hispanic American Indian and Alaska Native, and
participants who indicated other non-Hispanic race.
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Figure 1. Seropositivity for severe
acute respiratory syndrome
coronavirus 2 among hospital and
nursing home personnel, by facility,
Rhode Island, USA, July–August
2020. Map based on average of
longitude and average of latitude.
Marker size is proportional to
facility-level seroprevalence.
Facilities with participant sample
size <10 are not shown.

Among hospital personnel, nurse assistants had
higher seropositivity (5.9%, 95% CI 3.8%–8.7%) than
the overall hospital level of 3.1% (Table 2). Among
nursing home personnel, nurse assistants had higher
seropositivity (19.9%, 95% CI 15.5%–24.9%) than the
overall nursing home level of 13.1%. Overall, 27.3%
of participants reported working at >1 workplace.
Among hospital personnel, seropositivity was higher
among those working in hospital COVID-19 units
(5.0%, 95% CI 4.0%–6.3%) than the overall hospital level. Among nursing home personnel, those working in
nursing home COVID-19 units had higher seropositivity (24.1%, 95% CI 20.6%–27.8%) than the overall nursing home level. Figure 2 shows workplace and occupation together in non–mutually exclusive categories.
Occupation/workplace groups with seroprevalence
significantly elevated above the overall level of 4.6%
included nurse assistants (31.4%, 95% CI 23.7%–39.9%),
nurses (24.6%, 95% CI 18.7%–31.4%), and occupational
therapists (13.4%, 95% CI 7.3%–21.8%) who worked in
nursing home COVID-19 units; social workers/case
managers (17.7%, 95% CI 6.8%–34.5%), nurse assistants
(14.4%, 95% CI 10.0%–20.0%), and nurses (10.2%, 95%
826

CI 7.1%–14.0%) who worked in nursing home non–
COVID-19 units; and nurses (7.5%, 95% CI 5.5%–9.9%)
who worked in hospital COVID-19 units. Across all occupational groups, seropositivity was higher for those
who worked in nursing homes compared with those
with the same occupation in hospitals.
Among hospital personnel, 27.2% of those exposed to a household member who tested positive
for COVID-19 were seropositive versus 2.4% of those
unexposed (Table 3). For nursing home personnel,
54.0% of those exposed to a household member with
COVID-19 were seropositive versus 10.9% of those
unexposed. For both hospital and nursing home personnel, exposure versus no exposure to a co-worker
was associated with higher seropositivity, as was
exposure to a patient (with or without PPE use) and
exposure to some other person. Seropositivity was
higher among personnel with community or patient
interaction as part of work responsibilities compared
with those without for both hospital (3.2% vs. 0.9%)
and nursing home personnel (13.7% vs. 7.3%).
For both hospital and nursing home personnel, we found a significant linear trend of increasing
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Table 2. SARS-CoV-2 seropositivity among hospital and nursing home personnel, by occupation and work location, Rhode Island,
USA, July–August 2020*
Hospital
Nursing home
Seropositive, Seropositive, %
Seropositive,
Seropositive, %
Category
No.
no.
(95% CI)
No.
no.
(95% CI)
Occupation
Administrative/office staff/clerk
903
19
2.1 (1.3–3.3)
200
11
5.5 (2.8–9.6)
Diagnostic Imaging
369
11
3.0 (1.5–5.3)
0
NA
NA
Dietician/dietary services
135
3
2.2 (0.5–6.4)
114
10
8.8 (4.3–1.6)
Engineer/maintenance
108
2
1.9 (0.2–6.5)
26
6
23.1 (9.0–43.7)
Environmental services/cleaning
114
3
2.6 (0.6–7.5)
69
9
13.0 (6.1–23.3)
Laboratory technologist/technician
281
4
1.4 (0.4–3.6)
0
NA
NA
Nurse
2,733
114
4.2 (3.5–5.0)
413
63
15.3 (11.9–19.1)
Nurse assistant
392
23
5.9 (3.8–8.7)
296
59
19.9 (15.5–24.9)
Occupational/physical/speech therapist
283
8
2.8 (1.2–5.5)
163
16
9.8 (5.7–15.5)
Other healthcare
573
12
2.1 (1.1–3.6)
65
4
6.2 (1.7–15.0)
Pharmacist/pharmacist assistant
256
7
2.7 (1.1–5.6)
5
2
40.0 (5.3– 85.3)
Physician
1,001
22
2.2 (1.4–3.3)
10
0
0.0
Physician assistant
100
1
1.0 (0.0–5.5)
0
NA
NA
Receptionist/medical assistant
296
12
4.1 (2.1–7.0)
15
1
6.7 (0.2–32.0)
Social worker/case manager/counselor
432
7
1.6 (0.1–3.3)
46
10
21.7 (11.0–36.4)
Supervisor/manager
393
8
2.0 (0.9–4.0)
72
5
6.9 (2.3–15.5)
Workplace†
Administrative office
1,132
21
1.9 (1.2–2.8)
218
12
5.5 (2.9–9.4)
Ambulatory healthcare/dental office
2,122
48
2.3 (1.7–3.0)
NA
NA
NA
Hospital COVID-19 unit
1,435
72
5.0 (4.0–6.3)
NA
NA
NA
Hospital general inpatient unit
3,752
138
3.7 (3.1–4.3)
NA
NA
NA
Hospital intensive care unit
1,250
37
3.0 (2.1–4.1)
NA
NA
NA
Hospital surgical unit
1,234
31
2.5 (1.7–3.6)
NA
NA
NA
Hospital emergency department
288
7
2.4 (1.0–4.9)
NA
NA
NA
Other hospital location
963
20
2.1 (1.3– 3.2)
NA
NA
NA
Nursing home COVID-19 unit
NA
NA
NA
565
136
24.1 (20.6–27.8)
Nursing home non–COVID-19 unit
NA
NA
NA
1,088
111
10.2 (8.5–12.2)

*Gray shading indicates nursing home occupation categories that had a sample size <30 and were combined into an other nursing home category, with a
combined n = 56, percent seropositive 16.1% (7.6%–28.3%). COVID-19, coronavirus disease; NA, not applicable; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
†Work location categories are not mutually exclusive: 27.3% of participants reported working in >1 workplace. Hospital and nursing home participants
also reported working in other workplaces not shown in the table: corrections facilities (n = 16), Rhode Island Department of Health (n = 4), emergency
medical services (n = 15), fire department (n = 6), law enforcement (n = 1), Rhode Island emergency management (n = 8), Rhode Island alternative
hospital setup site (n = 14), Rhode Island remote COVID-19 testing site (n = 21), Rhode Island state warehouse (n = 1), or Rhode Island traffic and
perimeter control (n = 1). Some worked in facilities in the other agency category; that is, 84 hospital personnel also worked in nursing home COVID-19
and non–COVID-19 units, and 34 nursing home personnel also worked in hospital COVID-19 units and general inpatient units.

seropositivity with greater procedure frequency of
performing aerosol-generating procedures (Table 4).
For both groups, seropositivity decreased with decreasing frequency of needing complete PPE. Among
hospital personnel, those who reported no shortage
of PPE had higher seropositivity than those who reused PPE (p = 0.006). Among nursing home personnel, there were no significant differences in seropositivity between those who reported no PPE shortages
and those who reported extended use, reuse, or both.
Among all personnel, there were no differences in seroprevalence between those who received PPE donning/doffing training versus those with no training
(p>0.05 by χ2 test). For each equipment type, there
were no differences in seropositivity between those
who reported having versus not having a specific
PPE component, with one exception: hospital personnel who did not have an N95 respirator/PAPR were
more likely to be seropositive than those who had this
equipment (4.4% vs. 2.6%) (Figure 3).

In adjusted models (Figure 4; Appendix Table
3), both hospital personnel (Figure 4, panel A) and
nursing home personnel (Figure 4, panel B) with exposure to a household member with COVID-19 had
the highest odds of being seropositive. Otherwise,
seropositivity patterns diverged by facility type. For
hospital personnel, older age compared with 18–24
years of age was associated with lower seropositivity
and non-Hispanic Black and Hispanic race/ethnicity
were associated with higher seropositivity. Among
nursing home personnel, there was no significant
pattern of seropositivity by age or race/ethnicity.
Personnel with work responsibilities including faceto-face interaction with members of the community
or patients had a higher likelihood of seropositivity among hospital but not nursing home personnel.
Among hospital personnel, nurses and receptionists
or medical assistants had a higher likelihood of being seropositive compared with physicians. Among
nursing home personnel, nurse assistants and social
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workers or case managers had higher likelihood compared with occupational, physical, and speech therapists. Finally, hospital personnel working in surgical
units had lower likelihood of being seropositive. There
were no associations by frequency of aerosol-generating procedures, use of PPE shortage protocols, or not

having or using an N95 respirator/PAPR among either hospital or nursing home personnel.
Discussion
In this study, we compared SARS-CoV-2 seroprevalence among nursing home personnel to hospital per-

Figure 2. Seropositivity for severe acute respiratory syndrome coronavirus 2 among hospital and nursing home personnel, by selected
workplace and occupation, Rhode Island, USA, July–August 2020. Error bars indicate 95% CIs. Workplace/occupation categories are
not mutually exclusive: 27.3% of participants indicated >1 workplace. Occupations not included in the figure had 0% seroprevalence,
sample size below n = 20, or absolute CI width >0.30 (unreliable estimate). Other healthcare category also not included. COVID-19,
coronavirus disease.
828
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Table 3. SARS-CoV-2 seropositivity among hospital and nursing home personnel, by exposure to persons testing positive for COVID19 and in-person interaction in the workplace, Rhode Island, USA, July–August 2020*
Hospital
Nursing home
Seropositive, Seropositive, %
Seropositive, Seropositive, %
Question
No.
no.
(95% CI)
No.
no.
(95% CI)
Exposed to COVID-19–positive co-worker?
Exposed
2,070
122
5.9 (4.9–7.0)
550
113
20.6 (17.2–24.2)
Not exposed/don't know
6,299
134
2.1 (1.8–2.5)
944
83
8.8 (7.1–10.8)
Exposed to COVID-19–positive household member?
Exposed
213
58
27.2 (21.8–33.7)
76
41
54.0 (42.1–65.5)
Not exposed/don't know
8,156
198
2.4 (2.1–2.8)
1,418
155
10.9 (9.4–12.7)
Exposed to COVID-19–positive patient?
Exposed while not wearing PPE
1,317
60
4.6 (3.5–5.8)
173
28
16.2 (11.0–22.5)
Exposed while wearing PPE
2,630
108
4.1 (3.4–4.9)
498
119
23.9 (20.2–27.9)
Not exposed/don't know
4,422
88
2.0 (1.6–2.5)
823
49
6.0 (4.4–7.8)
Exposed to other COVID-19–positive person?
Exposed
827
67
8.1 (6.3–10.2)
163
54
33.1 (26.0–40.9)
Not exposed/don't know
7,542
189
2.5 (2.2–2.9)
1,331
142
10.7 (9.1–12.5)
In-person interaction with public/patients in the workplace?
Work involves in-person interaction
7,795
251
3.2 (2.8–3.6)
1,370
187
13.7 (11.9–15.6)
No in-person interaction
574
5
0.9 (0.3–2.0)
124
9
7.3 (3.4–13.3)
*Exposure defined as being within 6 feet for at least 10 min. COVID-19, coronavirus disease; PPE, personal protective equipment; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.

sonnel within 1 state. Nursing home personnel had a
significantly higher seroprevalence (13.1%) than hospital personnel (3.1%), who had levels comparable
to statewide seroprevalence of 2.8% based on commercial laboratory data as of August 2020 (19). High
prevalence among nursing home personnel was observed across all occupations studied. A study analyzing Centers for Medicare and Medicaid Services
facility-level data found that community COVID-19
prevalence was the strongest predictor of COVID-19

cases and deaths in nursing homes (12). In this study,
the association between facility and community seroprevalence may hold, but with exaggerated SARSCoV-2 transmission in nursing homes versus hospitals. SARS-CoV-2 seropositivity among nursing home
COVID-19 unit personnel was nearly 5 times higher
than among hospital-based COVID-19 unit personnel. Nursing home non–COVID-19 unit personnel
had seropositivity nearly 3 times higher than hospital
general inpatient unit personnel. As of November 17,

Table 4. SARS-CoV-2 seropositivity among hospital and nursing home personnel, by frequency of conducting aerosol-generating
procedures frequency and use of PPE, Rhode Island, USA, July–August 2020*
Hospital
Nursing home
Seropositive, Seropositive, %
Seropositive,
Seropositive, %
Characteristic
No.
no.
(95% CI)
No.
no.
(95% CI)
Aerosol-generating procedure frequency
0 times per shift per week
4,121
108
2.6 (2.2–3.2)
858
93
10.8 (8.8–13.1)
1–5 times
1,679
62
3.7 (2.8–4.7)
114
25
21.9 (14.7–30.7)
6–10 times
380
22
5.8 (3.7–8.6)
36
7
19.4 (8.2–36.0)
11–25 times
277
11
4.0 (2.0–7.0)
23
4
17.4 (5.0–38.8)
>25 times
366
19
5.2 (3.2–8.0)
41
12
29.3 (16.1–45.5)
NA
1,546
34
2.2 (1.5–3.1)
422
55
13.0 (10.0–16.6)
PPE use
Never use PPE
2,939
64
2.2 (1.7–2.8)
322
19
5.9 (3.6–9.1)
Used PPE and reported frequency of needing complete PPE
Daily
1,809
66
3.7 (2.8–4.6)
632
125
19.8 (16.7–23.1)
Few times a week
1,860
75
4.0 (3.2–5.0)
332
42
12.7 (9.3–16.7)
Less than once a week
1,761
51
2.9 (2.2–3.8)
208
10
4.8 (2.3–8.7)
Use of PPE shortage protocol
No shortage
511
25
4.9 (3.2–7.1)
238
28
11.8 (8.0–16.6)
Reuse
934
21
2.3 (1.4–3.4)
186
21
11.3 (7.1–16.7)
Extended use
1,341
42
3.1 (2.3–4.2)
253
45
17.8 (13.3–23.1)
Extended and reuse
2,644
104
3.9 (3.2–4.8)
495
83
16.8 (13.6–20.4)
Donning/doffing training in past year
Yes
5,140
184
3.6 (3.1–4.1)
1,135
170
15.0 (13.0–17.2)
No
199
5
2.5 (0.8–5.8)
15
3
20.0 (4.3–48.1)
Don't know
91
3
3.3 (0.7–9.3)
22
4
18.2 (5.2–40.3)
*Significant linear trend of seropositivity with rising frequency of aerosol-generating procedures and decreasing frequency of needing complete PPE for
hospital and nursing home settings (p<0.001 for all). NA, not applicable; PPE, personal protective equipment; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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2020, all 85 Rhode Island nursing homes had reported
>1 COVID-19 cases; weekly counts of new cases were
approximately equal for nursing home residents and
staff, at ≈185 each as of November 25, 2020, according to RIDOH SARS-CoV-2 surveillance. Nursing
homes have been deemed tinderboxes because of a
constellation of factors that may perpetuate transmission, including resident populations with risk factors
for severe COVID-19 and prolonged viral shedding,
residents who may be asymptomatic or have nonspecific symptoms of infection (e.g., increased confusion), shared caretakers between patients, chronic
staffing shortages that may be exacerbated by worker
illness, and lack of testing and PPE (10,12,20–22). In
addition, suboptimal infection control practices have

Figure 3. Seropositivity for severe acute respiratory syndrome
coronavirus 2 among hospital and nursing home personnel, by
having/not having specific PPE, Rhode Island, USA, July–August
2020. Excludes participants who reported no PPE use (19.6% of
those in hospital settings, seropositivity 3.4%; 12.4% of those in
nursing home settings, seropositivity 12.4%). Asterisk (*) indicates
statistically significant difference (p<0.05 by χ2 test). PPE,
personal protective equipment.
830

been noted in direct observation studies of nursing
home personnel (23).
We found patterns among hospital and nursing
home personnel that suggest both community- and
workplace-acquired infection. In both settings, contact with a COVID-19–positive household member
was the strongest risk factor for seropositivity. Adjusted odds ratios for seropositivity by age group and
race/ethnicity reflected community patterns (24–26)
among hospital personnel but not among nursing
home personnel. Other studies have found that seroprevalence was correlated with local cumulative
COVID-19 incidence in general (12,13,18). Workplace
transmission is suggested by higher likelihood of seropositivity among occupations with frequent and
prolonged patient contact or working in common
areas: nurses and receptionists/medical assistants
in hospital settings and nurse assistants and social
workers/case managers in nursing homes. Similar findings were noted in other studies (2,18,27). In
hospitals, interaction with patients and community
members was associated with higher seropositivity than was having no interaction as part of work
responsibilities. Finally, in agreement with results
from other hospital studies, our study found lower
seropositivity among personnel in a controlled environment: hospital surgical units (5,18). However, in
nursing homes, workplace factors appeared to dominate community factors given the elevated risk across
occupation and seroprevalence >4 times greater than
community levels (2.8%). Intrafacility transmission
was found in a study of 2 skilled nursing facilities in
which viral strains within each facility were genetically more similar than between the 2 facilities or the
community; within 1 facility, there were 2 genetically distinct strains, which suggested community
introduction into the facility followed by intrafacility
transmission (27). That is, this group of studies suggest that community introduction into nursing homes
may result in higher level of intrafacility transmission
compared with hospital settings.
In at least 2 ways, the higher seroprevalence
among nursing home COVID-19 unit personnel
could have been partially driven by cohorting residents. First, even if the probability of transmission in
facilities were equal, a higher percentage of infectious
patients and residents in COVID-19 units would result in a greater number of transmitted infections.
Second, if previously infected staff were assigned
to COVID-19 units, seroprevalence among facility
staff would be increased through staffing decisions
rather than transmission. Without longitudinal or
genotyping data, it is not possible to disentangle
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Figure 4. Adjusted odds ratios and 95% CIs for seropositivity, Rhode Island, USA, July–August 2020. The adjusted models were
estimated using generalized estimating equations including all variables shown. Error bars indicate 95% CIs; black boxes denote
adjusted odds ratios for which the 95% CI excludes 1.0. Workplace was represented by non–mutually exclusive dummy variables
entered simultaneously into the model; the referent group for each workplace is not working in that specific workplace. Participants in
workplaces with sample size <30 or with 0% seropositivity were included in the model but the workplace was not entered into the model.
*For the hospital model, physicians were the referent occupation group. For the nursing home model, occupational/physical/speech
therapists were the referent occupation group. Ref, referent; NH, non-Hispanic; PPE, personal protective equipment.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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intrafacility transmission. Staff in Rhode Island
were rarely transferred between facilities according
to past infection status. Two facilities designated as
COVID-19 facilities accepted infected residents, and
the other 54 facilities cohorted patients within the facility or transferred residents to other facilities with
COVID-19 units. No data were gathered on staff
transfers within facilities between COVID-19 and
non–COVID-19 units. Despite these gaps in fully
understanding transmission, seroprevalence was
still greatly elevated in nursing homes compared
with hospitals among both COVID-19 and non–COVID-19 unit personnel.
Unadjusted analyses showed that those with daily requirements for complete PPE were more likely
to be seropositive for both groups. However, there
were no significant adjusted associations between
seropositivity and frequency of requirement for
complete PPE or PPE shortage protocol use. These
findings suggest that PPE use was likely a marker
for increased occupational risk (i.e., frequent close
contact with infected patients or residents) and that
personnel with the most frequent or intense patient
contact may have received priority for PPE supplies
or that PPE shortages did not have a major role in
transmission in this study. More detailed studies are
necessary to disentangle the complex factors surrounding PPE use.
Limitations include the cross-sectional study
design. Patient or resident infection status was not
ascertained. Infection timing relative to different
exposures is unknown. For example, it is unknown
whether participants who reported exposure to a
COVID-19 positive household member were infected by that contact or introduced the infection into
the household. Similarly, among seropositive participants who reported working in >1 workplace, it
is not possible to ascertain their contribution, if any,
to transmission between facilities. Furthermore, seroprevalence is a cumulative measure; antibody responses are reported to persist for >4 months (28).
The extent to which seroprevalence was related to
exposures early in the pandemic, when PPE shortages were more acute and infection control measures
were still being developed, is unknown. Participation was voluntary among a convenience sample, so
representativeness of the population is unknown.
However, 56 of 85 nursing homes in Rhode Island
were included and seropositivity among nursing
home participants was related to resident and staff
case counts in facilities, with higher seropositivity with rising quartile of case counts (Appendix
Table 4). No information was collected about other
832

possible exposures, such as travel and commuting
(e.g., use of public transportation). In addition, there
could be uncontrolled confounding, including factors related to other socioeconomic factors, such as
less flexibility for household members to telework or
otherwise reduce occupational exposures. Strengths
included a large sample size that allowed stable estimates among subgroups.
This study highlights the increased risk among
nursing home personnel for SARS-CoV-2 infection
compared with hospital personnel. Although this
study was not designed to pinpoint mechanisms
underlying the higher seroprevalence among nursing home personnel, 2 patterns strongly suggest
that additional workplace protections may mitigate risk in this setting: the elevated risk among all
nursing home occupations compared with hospital
counterparts and the weaker signals of community
transmission among nursing home settings (i.e., no
association between age group and race/ethnicity
with seropositivity). Continued attention to adherence with current infection control recommendations (e.g., PPE use, handwashing) and ensuring adequate testing, equipment, training, and staffing are
the foundations for bolstering the safety of nursing
home personnel (22,23,29).
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Population-Based Geospatial and
Molecular Epidemiologic Study
of Tuberculosis Transmission
Dynamics, Botswana, 2012–2016
Nicola M. Zetola, Patrick K. Moonan, Eleanor Click, John E. Oeltmann, Joyce Basotli,
Xiao-Jun Wen, Rosanna Boyd, James L. Tobias, Alyssa Finlay,1 Chawangwa Modongo1

Tuberculosis (TB) elimination requires interrupting transmission of Mycobacterium tuberculosis. We used a multidisciplinary approach to describe TB transmission in 2
sociodemographically distinct districts in Botswana (Kopanyo Study). During August 2012–March 2016, all patients
who had TB were enrolled, their sputum samples were
cultured, and M. tuberculosis isolates were genotyped
by using 24-locus mycobacterial interspersed repetitive units–variable number of tandem repeats. Of 5,515
TB patients, 4,331 (79%) were enrolled. Annualized TB
incidence varied by geography (range 66–1,140 TB patients/100,000 persons). A total of 1,796 patient isolates
had valid genotyping results and residential geocoordinates; 780 (41%) patients were involved in a localized TB
transmission event. Residence in areas with a high burden
of TB, age <24 years, being a current smoker, and unemployment were factors associated with localized transmission events. Patients with known HIV-positive status had
lower odds of being involved in localized transmission.

T

uberculosis (TB) was declared a public health
emergency by the World Health Assembly in 2014,
and the development of an ambitious global strategy
to eliminate TB by 2035 soon followed (1,2). Five years
later, progress toward elimination remains slow (3),
in part because of the lack of effective interventions
to interrupt the cycle of TB transmission (4). Ongoing
transmission is the main driver of TB prevalence in
high-burden communities (5,6). Historically, TB was
believed to be the result of prolonged exposure to infectious TB patients, such as household contacts (7). More
recently, molecular epidemiologic studies highlighted
the possible role of casual exposures in the community
Author affiliations: University of Pennsylvania Partnership,
Philadelphia, Pennsylvania, USA (N.M. Zetola, C. Modongo);
Centers for Disease Control and Prevention, Atlanta, Georgia,
USA (P.K. Moonan, E. Click, J.E. Oeltmann, J. Basotli, X.-J. Wen,
R. Boyd, J.L. Tobias, A. Finlay)
DOI: https://doi.org/10.3201/eid2703.203840

(8,9). TB incidence and rates of TB transmission vary
considerably across communities and might be dependent on high-risk behaviors, social determinates of disease (e.g., malnutrition, overcrowding, poverty), population dynamics, and transmission venues (10–12).
Accordingly, interest has been renewed in increasing
yield and cost-effectiveness of geographically targeted
interventions.
Incremental progress toward elimination is possible with careful evidence-guided policy development, planning, and implementation. The design of
effective, targeted TB interventions should be tailored
to local epidemiology and program performance. In
this population-based study, named the Kopanyo
Study, we used a multidisciplinary approach combining classic epidemiologic approaches (i.e., relying on
the behavioral, clinical, demographical, geospatial,
social, and temporal characteristics of cases) with mycobacterial genetics to describe TB transmission in 2
large districts in Botswana.
Methods
Study Objective and Design

Kopanyo means “people gathering together” in the
local Tswana language in Botswana. Consistent with
this name, the overarching goal of the Kopanyo Study
was to use geospatial analysis and patient interviews
to define TB transmission networks and locations of
TB transmission in 2 districts in Botswana, a country
characterized by high rates of TB and HIV. More precisely, we aimed to describe and compare the clinical and microbiological characteristics of TB patients
given a diagnosis in Gaborone and Ghanzi districts;
describe and compare the spatial clustering and genotype clustering of patients and strains across and
within districts; and determine the factors associated
1
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with genotype clustering, spatial clustering, as well
as combined genotype and spatial clustering across
and within districts. The design and procedures of
this population-based, prospective study have been
described in detail elsewhere (8,13).
Setting

Botswana is an economically and politically stable
sub-Saharan country that has a universal healthcare
system for its citizens. We recruited participants from
2 distinct geographic areas: the capital city and surrounding suburbs, Gaborone district; and the rural
district of Ghanzi (Figure 1). The study sites were
purposefully selected because they were believed to

represent disparate populations in Botswana in terms
of demographic, environmental, epidemiologic (i.e.,
HIV prevalence, TB prevalence) and socioeconomic
characteristics. With a population of 354,380 persons,
Gaborone is the largest and most crowded urban area
in the country. In 2013, at the start of this study, 17%
of the general population in Gaborone was estimated
to be living with HIV (14). Annual TB rates in Gaborone ranged from 440 to 470 cases/100,000 population during the 5 years before study implementation;
≈70% of TB patients were co-infected with HIV (15).
In contrast, Ghanzi is a rural district in northwestern Botswana, and most of the 44,100 persons in this district live in congregate housing; the town of Ghanzi has
Figure 1. Catchment areas for
population-based geospatial
and molecular epidemiologic
study of tuberculosis
transmission dynamics,
Botswana, 2012–2016
(Kopanyo Study). The 2
catchment areas are outlined
in black. The neighborhoods
within the Gaborone district
(A–K, enlarged at bottom right)
and Ghanzi district (W, DK,
KU, and Y) are shown in gray.
Inset map shows location of
Botswana in Africa.
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a population of 12,179 persons. Most of the population
in the district is of San ethnicity. The San kept a traditionally hunter-gatherer lifestyle until early 1990s, when
they were forced to transition to farming as a result of
government-mandated modernization programs. Since
then, most San live in large and crowded private freehold farms most of the year. For short periods during
the year (ranging from days to several weeks), they transition through mid-size villages and the town of Ghanzi.
Migration between farms and villages in the district is
the norm and it is seasonal. However, because of cultural and geographic reasons there is little migration
outside the district. Thus, despite major rotational migration between villages and farms, the community remains highly insular. Altogether, these unique cultural
and social conditions contribute to the higher rates of TB
transmission in Ghanzi. Over the past 2 decades, the TB
notification rate in Ghanzi district has consistently been
the highest in the country (722 cases/100,000 persons)
(14,15). In 2013, the proportion of the general population
in Ghanzi estimated to be living with HIV (17%) was
similar to that for Gaborone; however, only 36% of TB
patients are co-infected with HIV (14).
Recruitment

Participants were enrolled during August 2012–
March 2016. All patients given a diagnosis of TB were
eligible for enrollment. Participants were recruited
from TB clinics and directly observed treatment centers in greater Gaborone (n = 24) and Ghanzi District
(n = 6). Patients receiving TB treatment for >14 days
before study screening, incarcerated persons, or those
who did not consent were excluded from the study.
Data Sources, Measurements, and Variables

Behavioral, clinical, and demographic information
were obtained by medical record abstraction and standardized interview at enrollment. Primary residential
address, work place address at diagnosis, and address
of social gathering venues of patients were obtained
through patient interview. All addresses were verified
by site visit geotagging, or through a reference layer
created by manually relocating addresses in satellite
imagery by using OpenStreetMap (http://www.openstreetmap.org) (16), Google Maps, and ArcGIS (Environmental System Research Institute, https://www.
esri.com) online geocoding services. WGS 84 projection system latitude and longitude coordinates (with
1.1-m precision) were exported for each address. Botswana population and housing data was used to define geographic boundaries and enumerate localized
populations necessary for TB incidence rates (17). We
defined high-burden geographic areas if the estimated

annualized TB incidence was >305 TB patients/100,000
persons, which is the estimated national TB incidence
rate at the start of the study period.
HIV status was determined for all enrolled participants. Following national guidelines, we offered
HIV testing to all participants who did not have documented HIV test results or had negative test results
from >12 months before enrollment. Patients were
asked to report the average number of alcoholic beverages consumed on the same occasion in the previous 30 days, the number of days consuming alcohol
in the previous 30 days, and if they currently smoke
tobacco. We defined excessive alcohol consumption
as a self-report of >5 drinks on the same occasion or
drinking on >5 days within the previous 30 days (18).
Venues for social gathering were classified as alcohol-related (e.g., bars, liquor stores, pubs, shebeens),
places of work, places of worship (e.g., churches,
mosques, temples), and healthcare facilities.
Sputa Collection and Laboratory Methods

At least 1 expectorated sputum sample was obtained
from each enrolled patient. Patients unable to produce enough sputum or high-quality sputum underwent inhaled nebulized hypertonic saline solution
induction. Sputa were decontaminated by using the
N-acetyl-L-cysteine and NaOH method with a final concentration of 1% NaOH, and then inoculated
into 1 Mycobacterial Growth Indicator Tube (MGIT;
Becton Dickinson, https://www.bd.com). MGIT cultures were incubated at 35°C–37°C in the MGIT960
instrument (Becton Dickinson) for <6 weeks. MGIT
cultures scored as positive were examined by microscopy and Ziehl-Neelsen staining to identify acidfast bacilli. SD. The Bioline TB Ag MPT64 Rapid Test
(Abbott, https://www.globalpointofcare.abbott/en/
product-details/sd-bioline-tb-ag-mpt64-rapid.html)
was used to identify the M. tuberculosis complex. Cultures positive for acid-fast bacilli but with negative TB
Ag MPT64 results were classified as nontuberculous
mycobacteria. Cultures with evidence of both Mycobacterium species and other potential contaminating
species were redecontaminated by using the standard
method described above. Drug susceptibility testing
(DST) for first-line anti-TB drugs was performed by
using MGIT DST. Susceptibility was set at 0.1 µg/mL
for isoniazid and 1.0 µg/mL for rifampin. We used
DST with Lowenstein-Jensen medium in instances for
which MGIT DST results were not available.
M. tuberculosis Genotyping

The first culture isolate per patient was genotyped
(Genoscreen, https://www.genoscreen.fr) by using
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24-locus mycobacterial interspersed repetitive units–
variable number of tandem repeats (MIRU-VNTR)
and standardized methods (19). MIRU-VNTR results with >1 copy number at >1 loci (i.e., double alleles) as seen with mixtures of different clonal subpopulations, or with missing or indeterminate copy
number at any locus, were considered noninterpretable for cluster assignment and were excluded from
analysis (20). Two or more patient isolates that had
valid, complete, and matching MIRU results were
classified as a genotype cluster.
Localized Transmission Events

We used SaTScan (https://www.satscan.org) to identify geographic areas with a larger-than-expected rate
of unique genotype clusters. We also used data for
all other culture-positive TB patients reported during the study as the background rate (20–22). In brief,
all individual MIRU-VNTR results were assigned to
the corresponding geocoordinates of the patient’s
residence. Each unique MIRU-VNTR result was then
scanned separately, applying a purely spatial analysis, in which the number of events in an area was assumed to be Poisson distributed to generate circular
zones of various sizes up to a maximum radius of 50
km. A log-likelihood ratio was calculated for each
zone in comparison with all possible zones, with
the maximum likelihood ratio representing the zone
most likely to identify statistically significant spatial
concentrations for each MIRU-VNTR result. Thus, by
definition, localized transmission was characterized
by genotypic and spatial clustering. A Monte Carlo
simulation with 9,999 repetitions was used to determine the distribution of the scan statistic under the
null hypothesis of spatial randomness; significant
spatial clusters were chosen by using an α of p<0.05.
No duplicative case counting occurred. The purpose
of the spatial scan was to characterize each patient
(based on residence) for a dichotomous outcome:
member of a localized transmission event or not.
Statistical Methods

Annualized TB incidence per 100,000 persons and 95%
CIs, assuming a Poisson distribution, were calculated
for local geographies on the basis of the number of cases
enrolled from each geography divided by the population estimates for each geography annualized to the duration of the study period. Estimates were assigned to
the geographic centroid in ArcGIS. Isopleth cartographic images were produced by using a raster layer interpolated with inverse distance weighting (21). Differences
in proportions between behavioral, clinical, and demographic variables by geographic location were assessed
838

by using the χ2 test. Multivariable logistic regression
analysis was conducted to assess the association of involvement in a localized transmission event (coded as
a binary yes/no variable) and select variables by using
adjusted odds ratios (aORs) that were significant at the
95% CIs. All variables statistically associated with the
main outcome in bivariable analyses (p<0.1) were included in the multivariate model.
Ethics

This study was approved by the Centers for Disease
Control and Prevention Institutional Review Board; the
Health Research and Development Committee, Ministry of Health and Wellness, Botswana; and the University of Pennsylvania Institutional Review Boards. Participants provided written informed consent.
Results
Patient Characteristics

A total of 5,515 patients were given a diagnosis of TB
during the study period; 4,331 (79%) were enrolled
(Figure 2). Primary residence was geocoded and validated for 3,736 (86%) participants. Of these participants, 2,659 (71%) resided in Gaborone District, 723
(19%) resided in Ghanzi District, and 354 (10%) resided in other locations outside Gaborone or Ghanzi Districts. There were no significant differences in proportions with regards to sex (p = 0.116) and having valid
MIRU results (p = 0.555) between the 3 locations (Table
1). However, there were differences in proportions for
Gaborone, Ghanzi District, and other locations, respectively, regarding age (p<0.001), residence in a highburden neighborhood (14% vs. 73% vs. 0%; p<0.001),
excessive alcohol use (25% vs. 32% vs. 14%; p<0.001),
current smoking (20% vs. 43% vs. 13%; p<0.001), unemployment (30% vs. 67% vs. 58%; p<0.001) history
of incarceration (5% vs. 8% vs. 5%; p = 0.007), positive
HIV status (66% vs. 37% vs. 64%; p<0.001), culturepositive TB (68% vs. 78% vs. 48%; p<0.001), and MDR
TB at baseline (1% vs. 2 vs. 6%; p<0.001) (Table 1).
Geographic Distribution of TB

The estimated annualized TB incidence for the overall
study population was 306 TB patients/100,000 persons
(95% CI 228–339) (Table 2). The incidence rate varied
considerably by geography, ranging from 66 (95% CI
44–99) TB patients/100,000 persons in the suburban
areas of Gaborone to 1,140 (95% 836–1,556) TB patients/100,000 persons in remote, rural villages of the
Ghanzi District. The degree of heterogeneity was more
pronounced in Gaborone than in Ghanzi District. For
example, a 7.3-fold difference in annualized incidence
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Figure 2. Flowchart of study
enrollment for populationbased geospatial and molecular
epidemiologic study of
TB transmission dynamics,
Botswana, 2012–2016. TB,
tuberculosis.

was found between the highest (location A) and lowest
(location J) burden areas in Gaborone. This difference
was 1.3 fold in Ghanzi District (highest location W and
lowest location KU). In this context, we observed that
certain neighborhoods contributed disproportionally to
the district-level burden of TB. Some locations that had
the lowest TB prevalence had the highest number and
proportion of patients co-infected with HIV (Table 1).
Patient Isolate Characteristics

A total of 2,462 (56%) patients had >1 positive culture
result; 2,162 (88%) were classified as M. tuberculosis
complex, whereas 300 (12%) were classified as nontuberculous mycobacteria and were excluded. MIRUVNTR results were available for 2,137 patient isolates.
We excluded 213 (10%) patient isolates that had incomplete or noninterpretable genotyping results;
this exclusion was described elsewhere (23,24). Thus,
1,924 patients were included in phylogenetic analysis.
Among these patients, 128 had no residential geocoordinates, which resulted in 1,796 patients available
for localized transmission analysis (Figure 2).

Localized Transmission

A total of 780 (43%) patients were members
of localized transmission events. Among these patients, 537 (69%) resided in Gaborone, 241 (31%) resided in the Ghanzi District, and 2 (0.3%) resided
elsewhere. Localized transmission was independently associated with younger age (<15 years of
age, aOR 2.20, 95% CI 1.67–4.15; 16–24 years of age,
aOR 1.41, 95% CI 1.05–1.89), residing in a high-burden neighborhood (aOR 2.75, 95 CI% 2.21–3.41), being a current smoker (aOR 1.71, 95% CI 1.38–2.11),
and being unemployed (aOR 1.31, 95 CI% 1.08–
1.59) (Table 3; Appendix Table, https://wwwnc.
cdc.gov/EID/article/27/3/20-3840-App1.pdf).
Patients who had a known HIV-positive status had
lower odds of being a member of localized transmission (aOR 0.71, 95CI % 0.58–0.85). When we superimposed the SaTScan results over the interpolated with inverse distance-weighted TB incidence
estimates, the spatial concentration for localized
transmission coincided with higher TB incidence
rates (Figure 3).
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Table 1. Characteristics of enrolled patients by geography venues for population-based geospatial and molecular epidemiologic study
of tuberculosis transmission dynamics, Botswana, 2012–2016*
No. (%) patients
Characteristic
Gaborone, n = 2,659
Ghanzi District, n = 723
Other, n = 354†
Sex
M
1,501 (56.4)
403 (55.7)
181 (51.1)
F
1,158 (43.6)
320 (44.3)
173 (48.9)
Age, y
<15
111 (4.2)
91 (12.6)
47 (13.7)
16–24
329 (12.4)
126 (17.5)
32 (9.0)
25–40
1,388 (52.)
269 (37.3)
134 (37.9)
41–64
760 (28.6)
185 (25.6)
113 (31.9)
≥65
71 (2.7)
51 (7.1)
28 (7.9)
Income, Pula
None
855 (32.3)
536 (74.4)
223 (63.4)
<800
186 (7.0)
89 (12.4)
17 (4.8)
801–1,500
646 (24.4)
53 (7.4)
21 (6.0)
1,501–2,999
479 (18.1)
23 (3.2)
39 (11.1)
3,000–4,999
225 (8.5)
9 (1.3)
21 (6.0)
5,000–9,999
184 (7.0)
8 (1.1)
18(5.1)
>10,000
68 (2.6)
2 (0.3)
13 (3.7)
Resided in high-burden geographic area‡
370 (13.9)
530 (73.3)
NA
Excessive alcohol use§
661 (24.9)
230 (31.8)
51 (14.4)
Current smoker
517 (19.5)
307 (42.5)
45 (12.7)
Unemployed
760 (29.8)
421 (66.6)
178 (58.0)
History of incarceration
143 (5.4)
61 (8.4)
18 (5.1)
HIV status
Positive
1,706 (66.2)
259 (37.4)
221 (63.5)
Negative
872 (30.7)
434 (60.0)
127 (35.9)
Unknown
81 (3.1)
30 (2.6)
6 (0.6)
CD4+ cells/mm3 at diagnosis, if HIV positive
0–199
436 (44.7)
62 (30.8)
83 (54.2)
200–499
383 (39.2)
85 (42.3)
46 (30.1)
≥500
157 (16.1)
54 (26.9)
24 (15.7)
Previous TB episode
444 (16.7)
219 (30.3)
90 (25.4)
Culture positive
1,449 (68.1)
435 (78.0)
125 (47.9)
MDR TB at baseline
27 (1.1)
14 (2.1)
17 (5.8)

*Values are no. (%). MDR TB, multidrug-resistant tuberculosis; NA, not applicable; TB, tuberculosis.
†Includes patients with primary residence outside Gaborone and Ghanzi. Missing residential address, n = 595.
‡Residing in a geographic area with an estimated annualized TB incidence >305 patients/100,000 persons. Excludes 407 patients with culture results but
no geocoded residence.
§Five or more drinks/session or drinking on >5 days/month.

Self-Reported Social Gathering Venues

The proportion matched by TB genotype was significantly larger in Ghanzi District (80%) than in
Gaborone (64%) and other locations (4%; p<0.001)
(Table 4). A total of 494 (22%) patients resided at
the same address as another patient; among these,
29% matched by TB genotype. The proportion
matched by TB genotype was significantly larger in
the Ghanzi District (50%) than in Gaborone (18%;
p<0.001). A total of 605 (32%) patients reported the
same place of worship as another patient; among
these, 11% matched by TB genotype. The proportion matched by TB genotype was significantly
larger in Ghanzi District (24%) than in Gaborone
(9%; p = 0.002). A total of 585 (30%) reported the
same alcohol-related venue as another patient;
among these, 28% matched by TB genotype. The
proportion matched by TB genotype was significantly larger in Ghanzi District (57%) than in Gaborone (16%; p<0.001).
840

Discussion
Interrupting TB transmission is paramount for achieving TB elimination in high-burden settings. Accordingly, increasing interest exists on determining where,
when, and among whom TB transmission occurs. Our
study helps clarify factors fueling the TB epidemic in
Botswana and highlights the necessity of understanding local epidemiology to design effective interventions
aimed at interrupting TB transmission. We combined
isolate genotype and spatial clustering as an indicator
consistent with localized transmission. Although we
acknowledge that some misclassification might occur
with this approach, it enabled us to broadly consider
geographic and individual characteristics that might
be associated with localized transmission.
We found high incidence rates and substantial
variation in TB incidence between neighborhoods
and districts. Actual incidence rates are likely higher
because we calculated estimates on the basis of numbers of enrolled patients, but not all persons with TB
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were enrolled in this study. Residing in a high-burden
geographic area was associated with localized transmission, likely reflecting more cumulative exposures
leading to more infections, reinfections, and opportunities to progress to TB. In addition, the local differences in TB incidence likely overlaps with differences
in the local distribution of social determinants of health
(e.g., poverty, overcrowding, and housing conditions),
which also influence TB epidemiology (12).
Our finding that localized transmission was associated with young age might be reflective of differences in the frequency and intensity of social activities
across the course of life (25). Younger patients might
have had more social connections and relationships
with nonfamily members (25).
In addition, older patients might have progressed
to having TB with non-genotype clustered strains from
infections in the distant past (26). The large number of
patients living in the same neighborhoods of another patient, and high proportion matching another patient by
TB genotype, suggests targeted screening and treatment
in high-burden neighborhoods might be cost-effective.
Overall, a substantial proportion of patients (22%) resided at the same address as another patient; among these
patients, 29% were matched by TB genotype. However,
major differences occurred by geography. Among pa-

tients residing at the same address in Ghanzi, 50% were
matched by genotyping, suggesting that household
contact investigations in this district would be particularly effective at reducing transmission.
Social venue data suggested that communitybased interventions might be effective for interrupting transmission. A substantial number of patients
named the same places of worship (32%) or alcoholrelated venues (30%) as another patient. Among persons naming the same alcohol-rated venue in Ghanzi,
57% were matched by TB genotype. These findings
might help prioritize resources and guide effective
strategies to interrupt M. tuberculosis transmission,
such as intensified TB case finding in higher-burden
geographic areas and targeted screening of frequently named social gathering venues.
Our results also highlight the need for using local
data for local solutions. Comparative differences in
spatial and genotypic clustering within and between
communities reinforce the relative role of local factors
that drive TB transmission and incidence. The proportion of patients attributed to localized transmission
was higher in Ghanzi than in Gaborone. This finding
suggests that, although TB transmission is a serious issue in both communities, a relatively higher proportion of TB cases might be caused by recent exposure to

Table 2. Demographic and clinical characteristics by geographic area venues for population-based geospatial and molecular
epidemiologic study of tuberculosis transmission dynamics, Botswana, 2012–2016*
No. (%) enrolled No. Mycobacte
Population No. enrolled
No. who had TB
HIV-positive
tuberculosis
Area
Population† Size, km2
density†
TB patients
(95% CI)‡
patients
genotypes§
Gaborone
A
19,143
1.4
13,973
370
483 (438–536)
245 (66.2)
107
B
32,805
21.8
1,505
183
139 (121–161)
109 (59.6)
71
C
59,100
16.0
3,694
591
250 (231–271)
379 (64.1)
168
D
51,190
53.9
950
574
280 (259–305)
364 (63.4)
170
E
34,262
39.5
867
249
182 (161–206)
165 (66.3)
97
F
71,957
27.5
2,617
388
135 (122–149)
243 (62.6)
148
G
28,639
17.9
1,600
139
121 (104–144)
79 (56.8)
64
H
12,094
24.6
492
71
147 (117–185)
54 (76.1)
26
I
7,677
77.7
99
28
91 (63–132)
17 (60.7)
14
J
8,729
88.2
99
23
66 (44–99)
17 (73.9)
7
K
14,104
72.4
195
43
76 (58–105)
34 (79.1)
16
Ghanzi District
W
12,179
45.8
266
419
860 (783–945)
158 (37.7)
80
DK
1,668
9.7
172
73
1,094 (874–1,369)
17 (23.3)
16
KU
833
7.5
111
38
1,140 (836–1,556)
16 (42.1)
9
Y
2,203
1,607
1.3
193
NA
68 (35.2)
45
Other location
354
NA
NA
354
NA
221 (62.4)
89
Not geocoded
NA
NA
NA
595
NA
366 (61.5)
100
Total
354,380
NA
NA
4,331
306 (228–339)
2,552 (58.9)
686

*NA, not applicable; TB, tuberculosis.
†Persons residing/km2. Based 2011 Population and Housing Census. Statistics Botswana.
‡TB incidence/100,000 persons; 95% CIs assume a Poisson distribution);based on no. cases enrolled from each geography divided by the population
estimates for each geography annualized to the duration of study period.
§Rows are not mutually exclusive; strains might be found in multiple locations.
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Table 3. Characteristics associated with localized tuberculosis transmission venues for population-based geospatial and molecular
epidemiologic study of tuberculosis transmission dynamics, Botswana, 2012–2016*
Member of localized TB
Not a member of localized
Characteristic
transmission, n = 780
TB transmission, n = 1,016 Adjusted odds ratio (95% CI)
Sex
M
436 (55.9)
555 (54.6)
1.05 (0.87–1.27)
F
334 (44.1)
461 (45.4)
Age, y
<15
26 (3.3)
18 (1.8)
2.20 (1.67–4.15)
16–24
157 (20.1)
170 (16.7)
1.41 (1.05–1.89)
25–40
418 (53.6)
558 (54.9)
1.14 (0.90–1.45)
41–64
158 (20.3)
241 (23.7)
Referent
>65
21 (2.7)
29 (2.9)
1.11 (0.61–3.00)
Resided in high-burden geographic area†
291 (37.1)
181 (17.8)
2.75 (2.21–3.41)
Excessive alcohol use‡
160 (20.6)
205 (20.2)
1.03 (0.82–1.30)
Current smoker
250 (32.1)
220 (21.7)
1.71 (1.38–2.11)
Unemployed
314 (41.6)
352 (35.3)
1.31 (1.08–1.59)
History of incarceration
49 (6.3)
56 (5.5)
1.15 (0.78–1.71)
HIV positive
366 (48.5)
570 (57.2)
0.71 (0.58–0.85)
Previous TB episode
156 (20.0)
178 (17.5)
1.17 (0.93–1.49)
*Values are no. (%). Bold indicates statistical significance at α = 0.05. Localized transmission defined by SaTScan (https://www.satscan.org)–identified
geographic areas with a larger-than-expected rate of unique genotype clustering compared with all other culture-positive TB patients as the background
rate; excludes 128 patients with valid genotype results and no residential address. TB, tuberculosis.
†Residing in a geographic area with an estimated annualized TB incidence > 305 patients/100,000 persons.
‡Five or more drinks/session in the previous 30 d or drinking on >5 days in the previous 30 d.

an infectious TB case-patient in Ghanzi than in Gaborone. Differences in population density and behavioral
factors, such as smoking, drinking, and social mixing,
highlight the potential impact of targeting interventions for these vulnerable populations. However, in
settings that have prevalent endemic strains, genotype
clustering might not be caused by recent transmission;
higher resolution molecular characterization, such as
whole-genome sequencing, might help further distinguish recent transmission from reactivation of highly
prevalent, closely related strains.
The trend toward an inverse population- and
individual-level association between HIV and localized transmission is consistent with findings from
previous TB molecular epidemiologic studies in

Africa and highlights the complex time-dependent
interactions between the TB and HIV epidemics (27–
32). At the population-level, Gaborone neighborhoods, which had the highest proportion of HIV–coinfected TB patients also demonstrated the lowest
TB incidence, and HIV infection was negatively associated with localized transmission. HIV–co-infected TB patients progress more rapidly to active disease after M. tuberculosis infection and are generally
less infectious and have higher mortality rates (33).
As HIV care improves and antiretroviral therapy becomes more widely available, TB incidence among
the HIV-infected persons decreases, leading to decreasing the rates of progression to active disease
(34). Furthermore, being infected with HIV often

Figure 3. Annualized estimated TB incidence with the most probable localized transmission events superimposed, Botswana, 2012–
2016. A) Gaborone; B) Ghanzi District. Shown are areas with most probable clusters identified by using spatial scan statistics (discrete
Poisson) for 10 major clusters in Gaborone and Ghanzi (black circles). Data are superimposed on the inverse distance weighted map of
annualized incidence of TB patients by neighborhood. TB, tuberculosis.
842
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Table 4. Self-reported social gathering venues for population-based geospatial and molecular epidemiologic study of tuberculosis
transmission dynamics, Botswana, 2012–2016*
Total, n = 1,924
Gaborone, n = 1,524
Ghanzi District, n = 400
Naming same
Naming same
Naming same
Naming
venue and same
Naming
venue and same
Naming
venue and same
Venue
same venue genotype result†
same venue genotype result†
same venue genotype result†
Alcohol-related‡
585 (30.4)
164 (28.0)
409 (26.8)
65 (4.3)
171 (42.8)
98 (24.5)
Place of worship‡
605 (31.4)
64 (10.6)
540 (35.4)
49 (3.2)
62 (15.5)
15 (3.8)
Same residence§
494 (29.4)
123 (28.8)
337 (22.1)
60 (3.9)
126 (31.5)
63 (15.8)

*Values are no. (%).
†Does not imply temporality.
‡Includes patients with residential location that is outside Gaborone or Ghanzi or that is unknown.
§Missing residential address, n = 128.

means more visits to healthcare facilities in which
TB screening is part of routine visits.
Our population-based design and multidisciplinary approach enables a high degree of confidence
in our results and conclusions. However, major limitations need to be considered. First, although our study
was multiyear and covered a broad geographic area,
it is possible that some members of the transmission
networks were missed (e.g., given a diagnosis before
the study period or resided in areas not covered by the
study, or refused enrollment) leading to genotype clustering misclassification. Also, not all enrolled TB patients produced sputum samples, and not all samples
led to M. tuberculosis isolation or valid genotype results.
This limitation might result in missed transmission
links. Second, our molecular techniques characterized
only part of the M. tuberculosis genome (17). It possible
that genetic heterogeneity in loci not covered by this
method might have been missed, resulting in misclassification (17). Moreover, the use of 1 isolate/patient,
exclusion of mixed infections, missing data, and recall
bias for naming potential transmission venues should
also be acknowledged as potential limitations.
The Kopanyo Study adds to understanding of
TB transmission dynamics in settings hyperendemic
for TB and HIV by providing empirical data demonstrating the role of localized TB transmission during
district-level epidemics. Thus, interrupting TB transmission in Botswana might warrant local solutions
tailored for community differences and based on local epidemiology.
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Extrapulmonary Nontuberculous
Mycobacteria Infections in
Hospitalized Patients, United
States, 2009–2014
Emily E. Ricotta, Jennifer Adjemian,1 Rebekah A. Blakney, Yi Ling Lai, Sameer S. Kadri, D. Rebecca Prevots

Nontuberculous mycobacteria (NTM) cause pulmonary
and extrapulmonary infections in susceptible persons.
To characterize the epidemiology of skin and soft tissue
(SST) and disseminated extrapulmonary infections
caused by NTM in the United States, we used a large
electronic health record database to examine clinical,
demographic, and laboratory data for hospitalized
patients with NTM isolated from extrapulmonary sources
during 2009–2014. Using all unique inpatients as the
denominator, we estimated prevalence and summarized
cases by key characteristics. Of 9,196,147 inpatients,
831 had confirmed extrapulmonary NTM. The 6-year
prevalence was 11 cases/100,000 inpatients; sourcespecific prevalence was 4.4 SST infections/100,000
inpatients and 3.7 disseminated infections/100,000
inpatients. NTM species varied across geographic
region; rapidly growing NTM were most prevalent in
southern states. Infection with Mycobacterium avium
complex was more common among patients with
concurrent HIV and fungal infection, a relevant finding
because treatment is more effective for M. avium
complex than for other NTM infections.

N

ontuberculous mycobacteria (NTM) are opportunistic bacteria that are abundant in soil and
water, including natural and plumbing-associated
water sources (1,2). For a minority of susceptible
persons, exposure to NTM can result in extrapulmonary infections (3), including skin, joint, lymph
node, and disseminated infections. Extrapulmonary
infections, especially disseminated disease, typically
occur among persons with congenital or acquired
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immunodeficiencies (e.g., HIV infection) (4) but can
also be associated with medical or cosmetic procedures that expose a wound to sources contaminated
with mycobacteria (5,6). A recently described outbreak identified disseminated infections with Mycobacterium chimaera after open heart surgery, arising
from contamination of heater–cooler units (6).
Few studies describe the epidemiology of
extrapulmonary NTM in the United States at the
national level. One recent study in Oregon evaluated
the prevalence of extrapulmonary NTM by using
statewide population-based laboratory surveillance
data for 2007–2012, which included data for
pulmonary and extrapulmonary NTM (4). The
researchers estimated a stable annual incidence of
extrapulmonary NTM infection of 1.5 cases/100,000
population. The average age of extrapulmonary
NTM patients (median 51 years) was younger
than that of pulmonary NTM patients. In addition,
rapidly growing NTM species were identified at a
much greater frequency in extrapulmonary than
in pulmonary NTM patients and represented one
third of all cases in Oregon (4). Epidemiologic
studies of pulmonary NTM disease show
tremendous geographic variation in prevalence
and mycobacterial species (7,8), suggesting the
possibility of differences for extrapulmonary NTM
as well, given the environmental influences on NTM
disease dynamics. To characterize the epidemiology
of skin and soft tissue (SST) and disseminated NTM
infections and evaluate regional differences in
incidence and mycobacterial species distribution, we
examined laboratory-confirmed cases from a large
electronic health record (EHR)–based repository
of inpatient encounters from a national sample of
US hospitals.
Current affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA.
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Methods
The nationally distributed, hospital-based Cerner
Health Facts EHR database (https://sc-ctsi.org/resources/cerner-health-facts) includes linked demographic, clinical, and microbiological information
for ≈9 million US inpatients. Using this database,
we identified all US patients hospitalized during
2009–2014 with positive NTM cultures from extrapulmonary sources (excluding M. gordonae because
it is considered an environmental contaminant)
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/3/20-1087-App1.pdf). Patients were classified as having SST disease, disseminated disease
(including those with infections in blood, central nervous system, and sterile bone and joint sources), or
both; patients with infections from abdominal sites,
urinary system, or other body sites were also identified and grouped as other sources (Table 1; Appendix
Tables 2, 3). Sources were further classified as sterile
or not sterile and whether they were associated with
a device, prosthesis, or surgical procedure (Table 2).
We excluded from analysis 142 patients with isolates
from unknown sources and 4,385 patients with isolates from pulmonary sources.
Patients with extrapulmonary NTM were
described by demographic factors (age, sex, race, and
Table 1. Classification of extrapulmonary nontuberculous
mycobacterial infection type, by body site, United States, 2009–
2014*
Infection type
Site
Skin and soft tissue
Arm, boil, cheek, ear, foot, genital,
groin, incision, leg, lymph node,
mass, neck, node, nodule, skin,
thigh, tissue, wound
Disseminated
Blood
Blood, blood capillary, blood line,
blood venous, blood whole, central
line
Bone and joint (sterile)
Bone, bone marrow, wrist, synovial
fluid, jaw, joint fluid, knee, hip
Central nervous system
Cerebrospinal fluid
Other
Abdominal
Liver, ascites fluid, gastric tube,
abdominal fluid, gastric fluid,
nasogastric aspirate, peritoneal,
peritoneal dialysis fluid, peritoneal
fluid, gastric aspirate, perianal,
colonic wash, feces, rectal,
percutaneous endoscopic
gastrostomy site
Urinary
Urine, urine catheterized, urine
clean catch, urine midstream, urine
voided
Other
Eye fluid, cervical, pericardial fluid,
sternal, exit site, foreign body,
pacemaker, plate, prosthesis,
surgical, nasopharynx, throat,
nonsterile bone and joint
*Data from in Cerner Health Facts database (https://scctsi.org/resources/cerner-health-facts).

846

geographic region) and clinical factors (underlying
conditions and procedural history via codes from
the International Classification of Diseases, Ninth
and Tenth Revisions, and Current Procedural
Terminology). To compare demographics by
infection type, we used the Pearson χ2 test or analysis
of variance, where appropriate. We calculated
overall and annual inpatient prevalence estimates by
determining the number of unique inpatients with
>1 positive extrapulmonary NTM culture divided
by the total number of unique inpatients identified
during the study period among hospitals reporting
>1 case of extrapulmonary NTM. Patients whose
cultures grew multiple NTM species or had isolates
cultured from multiple extrapulmonary sites were
counted in each group unless specified. Statistical
analyses were conducted by using R version 4.0.2
(https://www.R-project.org).
Results
Of 9,196,147 unique inpatients from 275 inpatient
facilities reporting culture results throughout the
United States, laboratory-confirmed extrapulmonary NTM was reported for 998 unique species/
source isolates from 831 patients at 89 hospitals. Isolates represented 321 (39%) patients with SST infections, 269 (32%) with disseminated infections, and
337 (41%) with infection at other sites. Both disseminated and SST infections were reported for 23 (2.8%)
patients. Most isolates identified to the species level
were Mycobacterium avium complex (MAC) (50%),
followed by M. fortuitum (10%), M. abscessus (9.4%),
M. chelonae (5.3%), and M. chelonae/abscessus (4.3%).
Other species were rapidly growing NTM (8.7%),
non–rapidly growing NTM (3.7%), or not speciated
(7.9%) (Table 3).
The overall 6-year prevalence of extrapulmonary
NTM in hospitals reporting >1 inpatient with
extrapulmonary NTM was 11 cases/100,000 inpatients.
Site-specific infections were 4.4 SST infections/100,000
inpatients, 3.7 disseminated infections/100,000
inpatients, and 0.3 cases of both types of infection/100,000
inpatients. Annual prevalence of disseminated NTM
remained stable over the study period, whereas SST
infections increased 8.2% (95% CI 1%–15%) (Figure 1).
Prevalence was highest in the Midwest (13 cases/100,000
inpatients), South (13 cases/100,000 inpatients), and
Northeast (11 cases/100,000 inpatients) and lowest in
the West (5.3 cases/100,000 inpatients).
Among patients, 49% were female, 58% were
White, and 60% were >40 years of age; 32% were
Black and 11% were <18 years of age. Relative
to patients with SST infections, those with
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Table 2. Sources of extrapulmonary nontuberculous mycobacterial infection, by site sterility and association with medical device,
prosthetics, and surgery, United States, 2009–2014*
Not sterile,
Device/prosthesis
Surgery-associated,
Source
Sterile, no. (%)
no. (%)
associated, no. (%)
no. (%)
Skin and soft tissue, n = 340
33 (10)
307 (90)
59 (17)
129 (38)
Disseminated, n = 290
Blood, n = 259
259 (100)
NA
72 (28)
26 (10)
Bone and joint, n = 26
26 (100)
NA
7 (27)
7 (27)
Central nervous system, n = 5
5 (100)
NA
3 (60)
3 (60)
Other, n = 362
Abdominal, n = 110
21 (19)
89 (81)
27 (24)
17 (15)
Urinary, n = 11
0
11 (100)
2 (18)
1 (9)
Other, n = 241
64 (27)
177 (73)
49 (20)
87 (36)
*Data from in Cerner Health Facts database (https://sc-ctsi.org/resources/cerner-health-facts). NA, not applicable.

disseminated cases were more frequently male (60%
vs. 45%; p<0.001), younger (mean age 40 vs. 50 years;
p<0.001), and Black (56% vs. 13%; p<0.001). Among
patients with both SST and disseminated infection,
61% were female, most (52%) were White, and mean
age was 52 years (Table 4). Among patients with SST
infections, 15% had undergone a surgical procedure
(e.g., invasive, minimally invasive, surgical biopsy)
compared with 4% of patients with disseminated
infection. Among all patients, 20% had ever taken
an immunosuppressive drug (Table 4); among
these, 19% had SST infection, 23% had disseminated
infection, and 22% had both. Crude overall mortality
rate was 5% (11% among those with disseminated
and 2% among those with SST infections); 1 patient
with both types of infection died.
MAC accounted for more than half of
disseminated (54%) and SST infections (52%), and
rapidly growing NTM accounted for 34% of SST
infections and 37% of disseminated infections.
Distribution of cases by source and species varied by
region (Table 4). SST infections were more common in
the Midwest (30% vs. 18%; p = 0.002) and Northeast
(32% vs. 18%; p<0.001), and disseminated infections
were more common in the South (60% vs. 32%;
p<0.001). MAC was found at a higher proportion
than rapidly growing NTM in the Northeast (30% vs.
13%; p<0.001), and rapidly growing NTM were found
at a higher proportion in the Midwest (32% vs. 23%;

p = 0.004) and South (52% vs .40%; p = 0.001). When
infections were broken down further by species and
infection type, a significantly higher proportion of
MAC was found in the Northeast for disseminated
(62% vs. 29%; p = 0.002) and SST infections (72%
vs. 12%; p<0.001) and in the South for disseminated
infections (54% vs. 36%; p<0.001). Compared with
MAC, the proportion of rapidly growing NTM
causing SST infections was higher in the South (51%
vs. 33%; p = 0.009) (Figure 2).
Underlying conditions included fungal coinfections (11%), HIV infection (13%), cancer (4%), and
other immunodeficiencies (2%); 14 (2%) NTM patients
had a history of invasive cardiac procedures (Table 4).
A higher proportion of patients with MAC than with
rapidly growing NTM had HIV infection (21% vs. 1.5%;
p<0.001) and fungal infections (16% vs. 6.7%; p<0.001),
and a higher proportion of patients with rapidly
growing NTM had cancer (6.7% vs. 1.4%; p<0.001). Coinfections (including pulmonary pathogens) identified
during the same hospitalization as NTM isolation were
common; >1 concomitant pathogen of interest grew for
42% of patients (Appendix Table 4).
By extrapulmonary NTM infection type, coinfection was found for 37% of patients with SST,
47% with disseminated, and 61% with both. Among
all persons with co-infection, 13% had Staphylococcus
spp., 10% had Candida spp., 9.0% had Enterococcus spp.,
7.0% had Streptococcus spp., 6.6% had Pseudomonas

Table 3. Nontuberculous mycobacteria species distribution overall and by source, United States, 2009–2014*
Skin and soft tissue,
Species
Total no. (%)
Disseminated, no. (%)
no. (%)
Mycobacterium avium complex
501 (50)
157 (54)
177 (52)
M. abscessus
94 (9)
24 (8)
27 (8)
M. abscessus/chelonae
43 (4)
13 (4)
15 (4)
M. chelonae
53 (5)
14 (5)
21 (6)
M. fortuitum
104 (10)
20 (7)
36 (11)
M. kansasii
26 (3)
6 (2)
9 (3)
Mycobacterium spp.
79 (8)
17 (6)
20 (6)
Other non–rapidly growing NTM
37 (4)
3 (1)
20 (6)
Other rapidly growing NTM
61 (6)
36 (12)
15 (4)
Total
998 (100)
290 (29)
340 (34)
*Data from in Cerner Health Facts database (https://sc-ctsi.org/resources/cerner-health-facts).
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Other, no. (%)
167 (45)
43 (12)
15 (4)
18 (5)
48 (13)
11 (3)
42 (11)
14 (4)
10 (3)
368 (37)
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Figure 1. Annual prevalence
of extrapulmonary
nontuberculous mycobacteria
cases by year and site of
infection among hospitalized
patients in the United States,
2009–2014. SST, skin and
soft tissue.

spp., 5.2% had Escherichia coli, 3.8% had Klebsiella spp.,
and 8.2% had M. tuberculosis complex (MTBC) (Table
5). Of patients with both SST and disseminated NTM,
36% were co-infected with Enterococcus spp., 26%
with MTBC, and 29% with Staphylococcus spp. (Figure
3). Patients with disseminated NTM had a higher
proportion of Acinetobacter spp., Bacillus spp., Candida
spp., Clostridium spp., Coccidioides spp., Cryptococcus
spp., Enterococcus spp., E. coli, Stenotrophomonas spp.,
and Streptococcus spp. infection; patients with SST
NTM infection had a higher proportion of Aeromonas
spp., Aspergillus spp., Corynebacterium spp.,
Enterobacter spp., Klebsiella spp., MTBC, Salmonella
spp., and Staphylococcus spp., although the differences
were not significant (Table 5; Figure 3).
Discussion
Using the Cerner Health Facts EHR database, we
found that the annual prevalence of extrapulmonary
NTM overall was stable over time and that SST NTM
infections increased significantly, which could result
from the increased number of patients taking immunosuppressive drugs (20% of patients in this cohort)
or increased cosmetic procedures (e.g., tattooing,
pedicures) (10,11). Although population-based studies have found a lower and stable prevalence of extrapulmonary NTM, it is possible that the higher prevalence we found results from patients having more
severe infections that necessitate testing, increasing
the chances of diagnosing this disease (4,11).
NTM infections varied by geographic region
in prevalence, infection type, and mycobacterial
species. Specifically, prevalence of extrapulmonary
848

NTM was higher among hospitalized patients in
the South, Midwest, and Northeast than in the
West, although these high rates resulted from
disseminated infection in the South versus a more
even distribution of SST infections in other regions.
Recent studies of extrapulmonary NTM in the
United States have focused on specific geographic
locations. In Oregon, Shih et al. (12) and Henkle
et al. (4) analyzed all extrapulmonary NTM cases
identified via statewide laboratory-based active
surveillance efforts and estimated incidence rates
to be 1.1–1.5 cases/100,000 persons/year, with
only one third of those patients hospitalized (12).
These estimates are substantially lower than those
reported in North Carolina (13), where a similar
surveillance-based study estimated the prevalence
among residents of 3 counties to be ≈3 cases/100,000
persons. The differences in prevalence estimates
between Oregon and North Carolina similarly
reflect the regional differences that we observed;
prevalence was higher in southern than in western
states. The geographic variations in prevalence of
extrapulmonary NTM cases that we found are also
similar to what has been shown in US population–
level pulmonary NTM studies (8,14,15), that
residents of southern states are at increased risk
for NTM lung disease, particularly among highrisk groups such as persons with cystic fibrosis
(15–17). Differences by geographic region are
largely associated with environmental factors, such
as greater amounts of water on land and in the
lower level atmosphere (14–16), which probably
contributes to increased environmental abundance
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Table 4. Demographic and clinical characteristics of extrapulmonary nontuberculous mycobacteria cases among hospitalized patients
from 82 hospitals, United States, 2009–2014*
Extrapulmonary NTM,
Disseminated, no.
SST, no. (%),
Other, no. (%), Both, no. (%),
Characteristics
no. (%), n = 831
(%), n = 246
n = 298
n = 264
n = 23
Patient characteristic
Sex
F
409 (49)
98 (40)
164 (55)
133 (50)
14 (61)
M
422 (51)
148 (60)
134 (45)
131 (50)
9 (39)
Race/ethnicity
White
478 (58)
93 (38)
228 (77)
145 (55)
12 (52)
Black
269 (32)
138 (56)
38 (13)
83 (31)
10 (43)
Other
84 (10)
15 (6)
32 (11)
36 (14)
1 (4)
Age group, y
<18
91 (11)
13 (5)
43 (14)
35 (13)
0
>18–40
244 (29)
121 (49)
47 (16)
70 (27)
6 (26)
>40–60
266 (32)
86 (35)
93 (31)
78 (30)
9 (39)
>60
230 (28)
26 (11)
115 (39)
81 (31)
8 (35)
Ever had
Fungal Infection
92 (11)
53 (22)
13 (4)
22 (8)
4 (17)
HIV infection
104 (13)
63 (26)
9 (3)
26 (10)
6 (26)
Invasive cardiac procedure
18 (2)
4 (2)
6 (2)
7 (3)
1 (4)
Cancer
31 (4)
11 (4)
9 (3)
11 (4)
0
Other immunologic disorder†
18 (2)
8 (3)
3 (1)
7 (3)
0
In-hospital death or discharged
47 (6)
29 (12)
5 (2)
12 (5)
1 (4)
to hospice
Hospital characteristic
Region
South
375 (45)
147 (60)
94 (32)
125 (47)
9 (39)
Northeast
202 (24)
44 (18)
95 (32)
56 (21)
7 (30)
Midwest
200 (24)
44 (18)
88 (30)
64 (24)
4 (17)
West
54 (6)
11 (4)
21 (7)
19 (7)
3 (13)
Setting
Urban
764 (92)
231 (94)
278 (93)
234 (89)
21 (91)
Rural
67 (8)
15 (6)
20 (7)
30 (11)
2 (9)
Teaching status‡
Teaching facility
686 (83)
210(85)
247 (83)
209 (79)
20 (87)
Not teaching facility
112 (13)
30 (12)
35 (12)
209 (17)
3 (13)
*Data from in Cerner Health Facts database (https://sc-ctsi.org/resources/cerner-health-facts). Both, disseminated and SST infection; SST, skin and soft
tissue.
†Antineoplastic and immunosuppressive drugs causing adverse effects in therapeutic use, autoimmune disease, not elsewhere classified, common
variable immunodeficiency, encounter for antineoplastic immunotherapy, immunodeficiency with predominant T-cell defect, unspecified, other and
unspecified nonspecific immunological findings, other specified disorders involving the immune mechanism, personal history of immunosuppression
therapy, unspecified disorder of immune mechanism, unspecified immunity deficiency.
‡Status unknown for 33 patients.

of mycobacteria. In addition to higher levels of
exposure to mycobacteria, studies have identified
that these high-risk areas also tend to have a higher
proportion of rapidly growing NTM species relative
to MAC or other mycobacteria (7,15,17), which can
result in more severe disease with limited effective
treatment options (3).
Among extrapulmonary NTM cases, mycobacteria
species also varied greatly by infection source and
underlying condition. Although MAC infections were
most frequent across all types of extrapulmonary
NTM cases, in certain regions rapidly growing NTM
play a substantial role in causing disease. Nearly all
patients with HIV had MAC; those with a history
of cancer were more likely to have rapidly growing
NTM. Given that species of rapidly growing NTM,
particularly M. abscessus and M. fortuitum, which
were the most prevalent species in this study, are

typically more challenging to treat than MAC,
these findings have implications for the clinical
management of these patients with complex infections
and medical conditions. Co-infections were common
among patients with extrapulmonary NTM, and >1
other pathogen was isolated from nearly half of all
patients. Co-infections may complicate treatmentrelated decisions, particularly if mycobacteria, which
are typically slow growing, are detected after other
pathogens and are not treated with appropriate
antimicrobial drug therapy.
Because we evaluated ≈9 million unique persons
from 275 hospitals across the United States, we were
able to identify key epidemiologic patterns for what is
otherwise a very rare disease with limited populationlevel data. Because our analysis included only
hospitalized patients, we probably overestimated
the true incidence of extrapulmonary NTM disease
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Table 5. Concomitant organisms isolated from hospitalized patients with extrapulmonary nontuberculous mycobacteria, overall and by
source, United States, 2009–2014*
Genus
Total, no. (%)
Disseminated, no. (%)
SST, no. (%)
Both, no. (%)
Other, no. (%)
Acinetobacter
9 (3)
5 (5)
2 (2)
0
2 (2)
Aeromonas
3 (0.9)
0
1 (1)
0
2 (2)
Aspergillus
7 (2)
2 (2)
3 (3)
0
2 (2)
Bacillus
15 (4)
5 (5)
5 (5)
1 (7)
4 (3)
Candida
80 (23)
26 (25)
22 (20)
1 (7)
31 (26)
Clostridium
9 (3)
4 (4)
2 (2)
0
3 (3)
Coccidioides
2 (0.6)
1 (1)
0
0
1 (1)
Corynebacterium
31 (9)
8 (8)
13 (12)
0
10 (8)
Cryptococcus
6 (2)
4 (4)
1 (1)
0
1 (1)
Enterobacter
13 (4)
1 (1)
6 (5)
0
6 (5)
Enterococcus
75 (21)
27 (26)
25 (23)
5 (36)
18 (15)
Escherichia coli
43 (12)
11 (11)
11 (10)
1 (7)
20 (17)
Klebsiella
32 (9)
5 (5)
13 (12)
1 (7)
13 (11)
Mycobacterium tuberculosis
68 (19)
16 (15)
18 (16)
5 (36)
29 (24)
Pseudomonas
55 (16)
16 (15)
17 (15)
0
22 (18)
Salmonella
2 (0.6)
0
1 (1)
0
1 (1)
Staphylococcus
112 (32)
35 (33)
44 (40)
4 (29)
29 (24)
Stenotrophomonas
11 (3)
4 (4)
3 (3)
1 (7)
3 (3)
Streptococcus
58 (17)
21 (20)
13 (12)
0
24 (20)
Total patients with co-infection
350
105 (30)
111 (32)
14 (4)
120 (34)
*Data from in Cerner Health Facts database (https://sc-ctsi.org/resources/cerner-health-facts). Both, disseminated and SST infection; SST, skin and soft
tissue.

in the general population by selecting for generally
sicker patients with more severe underlying disease.
We may have missed less severe SST infections
that did not require extensive treatment or hospital
intervention. Because the hospitals included here
represent only those that use the Cerner Health
Facts system, this study does not include patients at
other facilities, which may also affect our incidence
calculations. Similarly, not captured here were
surgeries, procedures, or prior medical events that
occurred in other facilities, which may be associated
with risk, infection type, and outcome. However,

these limitations would be applied systematically
to the entire study population and therefore would
probably not alter the geographic or temporal
patterns that we found.
Overall,
extrapulmonary
NTM
disease
remains rare with relatively stable incidence rates
for disseminated NTM infections and modestly
increased rates for SST infections. In similar studies
assessing pulmonary NTM, rates appear to be
steadily increasing in the general population and
among high-risk groups such as persons with cystic
fibrosis (8,17). Patients with extrapulmonary NTM
Figure 2. Distribution of
extrapulmonary NTM cases by
species and infection type across
regions among hospitalized
patients in the United States, 2009–
2014. DIS, disseminated; NTM,
nontuberculous mycobacteria;
MAC, Mycobacterium avium
complex; SST, skin and soft tissue.
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Figure 3. Distribution of
laboratory-confirmed concomitant
pathogens by infection type
among hospitalized patients with
extrapulmonary nontuberculous
mycobacteria, United States,
2009–2014.

typically include persons with HIV, other underlying
immunodeficiencies, histories of surgical procedures,
or other unique exposures that increase the risk
for infection. In addition, we found that species
variability is associated with geographic region;
rapidly growing NTM are more prevalent in the
southern United States than in other regions. Given
the added treatment challenges that exist for these
patients with often-complex conditions, knowledge
of key trends and risks by patient-level factors and
geographic location is critical for improving clinical
outcomes and determining sources of infections that
may be common to patients with pulmonary and
extrapulmonary NTM.
This work was supported by the Division of Intramural
Research, National Institute of Allergy and Infectious
Diseases, National Institutes of Health.

of Allergy and Infectious Diseases, National Institutes
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Genomic Characterization of
hlyF-positive Shiga Toxin–
Producing Escherichia coli, Italy
and the Netherlands, 2000–2019
Federica Gigliucci, Angela H.A.M. van Hoek, Paola Chiani, Arnold Knijn, Fabio Minelli,
Gaia Scavia, Eelco Franz, Stefano Morabito, Valeria Michelacci

Shiga toxin–producing Escherichia coli (STEC) O80:H2
has emerged in Europe as a cause of hemolytic uremic
syndrome associated with bacteremia. STEC O80:H2
harbors the mosaic plasmid pR444_A, which combines
several virulence genes, including hlyF and antimicrobial
resistance genes. pR444_A is found in some extraintestinal pathogenic E. coli (ExPEC) strains. We identified and
characterized 53 STEC strains with ExPEC-associated
virulence genes isolated in Italy and the Netherlands
during 2000–2019. The isolates belong to 2 major populations: 1 belongs to sequence type 301 and harbors
diverse stx2 subtypes, the intimin variant eae-ξ, and
pO157-like and pR444_A plasmids; 1 consists of strains
belonging to various sequence types, some of which lack
the pO157 plasmid, the locus of enterocyte effacement,
and the antimicrobial resistance–encoding region. Our
results showed that STEC strains harboring ExPEC-associated virulence genes can include multiple serotypes
and that the pR444_A plasmid can be acquired and mobilized by STEC strains.

S

higa toxin–producing Escherichia coli (STEC) is a
group of enteric pathogens that cause foodborne
disease ranging from uncomplicated diarrhea to
hemorrhagic colitis (HC) or hemolytic uremic syndrome (HUS) (1). The most serious complication of
STEC infection is HUS, which can be fatal.
STEC strains produce Shiga toxins (Stx), a family
composed of 2 main types of cytotoxins: Stx1 and Stx2
(2). Stx1 is classified into subtypes a, c, and d; Stx2
is classified into subtypes a–k (3–6). Lysogenic bacteriophages harbor the genes for different types of Stx;
Author affiliations: Istituto Superiore di Sanità, Rome, Italy
(F. Gigliucci, P. Chiani, A. Knijn, F. Minelli, G. Scavia, S. Morabito,
V. Michelacci); National Institute for Public Health and the
Environment, Bilthoven, the Netherlands (A.H.A.M. van Hoek,
E. Franz)
DOI: https://doi.org/10.3201/eid2703.203110

infected bacteria then produce the protein (7). Although the production of Stx plays a central role in
the pathogenesis of STEC-associated illness, the development of HC and HUS requires an efficient host
colonization by the infecting STEC. Many HUS-associated STEC strains possess a chromosomal pathogenicity island, defined as the locus of enterocyte
effacement (LEE), which is associated with the attaching and effacing lesions (8) described in enteropathogenic E. coli (9), or possess the genetic machinery conferring the enteroaggregative pattern of adhesion to
the enterocyte described in enteroaggregative E. coli
(10,11). Other STEC strains harbor colonization factors of enterotoxigenic E. coli (12,13) and genes encoding virulence features associated with extraintestinal
pathogenic E. coli (ExPEC) (14,15). The ExPEC-associated virulence genes code for aerobactin (encoded
by iucC), salmochelin (iroN), serum resistance protein
(iss), a putative secretion system I (etsABC), omptin
(ompT), hemolysin (hlyF), and bacteriocins (cia and
cva) (14,15).
STEC strains belonging to the O157, O26, O103,
O111, and O145 serogroups are considered critical public health concerns. Nevertheless, since 2015,
other STEC serogroups have been increasingly associated with HUS and other infections in humans (16).
Among these, O80 is emerging in Europe (17–21);
since 2015, it has become a predominant serogroup
associated with HUS in children in France (22). In addition to the typical clinical features of a STEC infection, bacteremia can develop in patients with STEC
O80 (19,23).
Virulence genes increase the pathogenicity of
STEC strains. For example, the strains associated with
HUS are characterized by specific subtypes of the stx2
gene, mainly stx2a, stx2c, and stx2d (24). In 2020, experts proposed a new approach to categorizing STEC
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infections on the basis of virulence genes (24). STEC
O80 strains possess virulence genes carried by mobile genetic elements associated with intestinal and
extraintestinal pathogenic E. coli (14). Such strains
harbor the LEE locus, the stx2 gene, and a plasmid
resembling the pO157 first described in STEC O157
serogroup carrying virulence genes including the
enterohemolysin encoding gene (ehxA) (25,26). In addition, these strains often possess a peculiar mosaic
plasmid called pR444_A. This pS88-like plasmid was
first described in a STEC O80 strain isolated from
a HUS patient with bacteremia in France (14). The
pR444_A plasmid combines virulence genes of ExPEC strain S88, including the hlyF, iro(BCDEN), iss,
and ompT genes, with multiple antimicrobial resistance (AMR) determinants (14,27–31). The hlyF gene
is associated with an increased production of outer
membrane vesicles, possibly contributing to the release of cytolethal distending toxin and other chemicals involved in ExPEC pathogenesis (32).
Little data exist on the circulation of STEC
strains harboring ExPEC-associated virulence traits.
Infections from such pathogens rarely have been
described outside France, except for 1 report about
severe HUS caused by an O80:H2 strain in the Netherlands (18). We characterized the genomes of STEC
strains with ExPEC-associated virulence traits isolated from infected patients and contaminated food
in Italy and the Netherlands. We accessed these
genomes through the Istituto Superiore di Sanità
(Rome, Italy) and the National Institute for Public
Health and the Environment (Bilthoven, the Netherlands). To infer population structure, we conducted a phylogenetic comparison of an additional
50 genomes of STEC strains with ExPEC-associated
features from GenBank and RefSeq (https://www.
ncbi.nlm.nih.gov/RefSeq).
Material and Methods
Bacterial Strains

For this study, we used STEC strains from the culture collections at the Istituto Superiore di Sanità and
the National Institute for Public Health and the Environment. We investigated 500 STEC strains isolated
in Italy during 2000–2019 by the National Reference
Laboratory for E. coli as part of the national surveillance program for HUS and samples isolated from
animal and food products in the framework of the official control activity. We also investigated 884 STEC
strains isolated in the Netherlands from clinical samples collected during 2017–2019 as part of the surveillance for human STEC infections in the Netherlands.
854

Whole-Genome Sequencing

We extracted the total DNA of the STEC strains
from Italy from 2 mL of overnight culture of each
strain grown in TSB at 37°C with the E.Z.N.A. Bacterial DNA kit (Omega Bio-tek, Inc., https://www.
omegabiotek.com). We prepared sequencing libraries
of ≈400 bp from 100 ng of total DNA using the NEBNext Fast DNA Fragmentation & Library Prep Set for
Ion Torrent (New England BioLabs, https://www.
neb.com). We amplified and enriched the libraries through emulsion PCR using the Ion OneTouch
2 System (Thermo Fisher Scientific, https://www.
thermofisher.com) and sequenced on an Ion Torrent
S5 platform (Thermo Fisher Scientific, https://www.
thermofisher.com) using the ION 520/530 KIT-OT2
(Thermo Fisher Scientific) according to the manufacturer’s instructions for 400 bp DNA libraries on ION
530 chips.
We generated cell pellets of the STEC strains
from the Netherlands using 1.8 mL of overnight
culture of each strain grown in brain heart infusion
broth (Thermo Fisher Scientific) at 37°C. We resuspended the pellets in DNA/RNA Shield (Zymo Research, https://www.zymoresearch.com) and sent
them to BaseClear (https://www.baseclear.com)
for DNA isolation and whole-genome sequencing. The BaseClear service generated paired-end
2 × 150 bp short-reads using a Nextera XT library
preparation (Illumina, Inc., https://www.illumina.
com) and sequenced the libraries on the HiSeq 2500
or NovaSeq 6000 systems (Illumina, Inc.). All the
genomic sequences are available at the European
Nucleotide Archive at the European Molecular Biology Laboratory (accession nos. PRJEB38068 and
PRJEB38651).
Bioinformatic Analysis

We conducted the bioinformatic analyses for the
characterization of the genomes using the tools on
the Galaxy public server ARIES (Istituto Superiore
di Sanità, https://www.iss.it/site/aries) (A. Knijn,
unpub. data, https://www.biorxiv.org/content/
10.1101/2020.05.14.095901v1). We assembled the
single-end reads from the Ion Torrent S5 platform
using SPADES version 3.12.0 with default parameters (33) and filtered with the Filter SPAdes repeats
tool (https://github.com/phac-nml/galaxy_tools)
with default parameters to remove the contigs that
were repeated or <1,000 bases. We trimmed the
paired-end reads, filtered them with the Extended
Randomized Numerical alignEr–filter (34), and assembled them de novo by using SPAdes version
3.10.0 (33).
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Basic Characterization of STEC Strains

We conducted multilocus sequence typing by using
the MentaLiST tool version 0.2.3 (35), applying the
scheme developed by Wirth et al. (36). We determined
the virulence gene content of the STEC genomes and
then identified the intimin gene (eae) subtype with the
Patho_typing tool (https://github.com/B-UMMI/
patho_typing) developed by the INNUENDO project
(37) using the E. coli virulence genes database (38). We
analyzed the assembled contigs with BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi) and the blastn algorithm version 2.7.1. We determined the serotype by
aligning the contigs with the reference sequences for
the O and H antigen genes (39). We also used BLAST to
identify the Stx subtype with the Statens Serum Institut Shiga toxin subtypes database (https://bitbucket.
org/genomicepidemiology/virulencefinder_db/src/
master/stx.fsa). We conducted phylogrouping using a
blastn search of the specific genes (40) on the contigs.
Characterization of STEC Strains Harboring
ExPEC Virulence Genes

We used the hlyF gene as a putative marker for the
pR444_A plasmid (14). We searched the assembled
genomes for the hlyF gene (RefSeq accession no.
NC_011980.1). We screened the hlyF-positive strains
for antimicrobial and virulence genes associated with
pR444_A using the ABRicate tool (https://github.
com/tseemann/abricate).
We used PCR to confirm the presence of the hlyF
gene in the strains from Italy, as described by Dissanayake et al. (41). We also investigated the presence
of the pR444_A plasmid using the BRIG tool version
0.95 (http://brig.sourceforge.net) by aligning the
contigs on the reference sequence from pR444_A (RefSeq accession no. NZ_QBDM01000004.1). In addition,
we conducted the conjugation experiment among
donor ED1284 and recipient CSH26Nal strains. We
used streptomycin (10 µg/mL) as a selective agent for
the pR444_A plasmid and nalidixic acid (10 µg/mL)
for the recipient strain. We confirmed the colonies to
be transconjugants with PCR selective for the hlyF,
traT, iroN, cvaC, iss, and ompT genes. We also plated
the colonies on Müller-Hinton agar plates containing trimethoprim (2 µg/mL), MacConkey plates to
differentiate donor (lac+) and recipient (lac–) strains,
and LB plates containing ampicillin (100 µg/mL), kanamycin (40 µg/mL), tetracycline (100 µg/mL), or
sulfonamide (100 µg/mL).
Cluster Analysis

To identify additional STEC strains with ExPECassociated virulence features, we conducted a blastn

search in GenBank and RefSeq for genomes positive
for either stx (using the stx-subtypes sequence database) or hlyF (accession no. NC_011980.1) genes. We
included these genomes in a cluster analysis along
with the hlyF-positive STEC genomes produced in the
current study. We carried out the analysis with core
genome multilocus sequence typing (cgMLST) using
the chewBBACA tool and the scheme developed by
the INNUENDO project, which comprises 2,360 loci
in total (37,42).
We considered the pairwise comparison to be
reliable when >80% of loci were assigned to an allele. We calculated the distances between strains by
pairwise comparison of the allelic profiles using the
chewTree tool available on ARIES webserver (A.
Knijn, unpub. data, https://www.biorxiv.org/co
ntent/10.1101/2020.05.14.095901v1). For each pair
of samples, we excluded the alleles not found, only
partially found, or not correctly assigned to any locus. We visualized the resulting dendrogram with
FigTree version 1.4.4 (https://github.com/rambaut/figtree/releases).
Results
Circulating STEC Strains with ExPEC-Associated
Virulence Genes

The analyzed sequences had an average coverage of
118× and the assembled contigs an N50 average of
94,346 bp (Appendix 1 Table 1, https://wwwnc.cdc.
gov/EID/article/27/3/20-3110-App1.pdf). Screening for the hlyF gene suggested the presence of the
pR444_A plasmid in 53 (3.8%) of 1,384 STEC genomes
(Appendix 1 Table 2). Of the 53 hlyF-positive strains,
30 had been isolated in Italy, mostly from patients
with HUS or severe HC. Two were from food products of bovine origin in Italy (Appendix 1 Table 2).
The remaining 23 STEC strains had been isolated
from patients in the Netherlands, some of whom had
diarrhea or bloody diarrhea and some of whom were
hospitalized (Appendix 1 Table 2).
Genomic Characterization of hlyF-Positive
STEC Strains

The genomic analysis revealed that the 53 hlyF-positive STEC strains belonged to 10 different serotypes;
O80:H2 was the most common (Appendix 1 Table 2).
Most of the strains harbored the genes encoding the
flagellar antigen H2, including 33 O80:H2 strains, 3
O186:H2 strains, and 4 O45:H2 strains (Appendix 1
Table 2). Two hlyF-positive STEC strains belonged to
serotype O26:H11, one of the most common causes of
HUS in Italy (43).

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

855

RESEARCH

In silico MLST showed that ST301 was the most
abundant sequence type (ST) (41/53; 77.4%) (Appendix 1 Table 2). Strains of 4 different serotypes belonged to ST301: 33 O80:H2 strains, 4 O45:H2 strains,
3 O186:H2 strains, and 1 O55:H9 strain. Two STEC
O26:H11 strains belonged to ST21; the 10 remaining
strains belonged to 6 other STs (Appendix 1 Table
2). All the strains belonged to the B1 phylogroup, except for 1 strain belonging to the B2 phylogroup and
3 strains whose phylogroup could not be identified
(Appendix 1 Table 2).
In total, 49 strains tested positive for the stx2 gene
and 4 for stx1 (Appendix 1 Table 2). The stx2 gene subtyping revealed stx2a, stx2b, stx2d, stx2e, and stx2f subtypes: stx2a was the most common. All stx1 genes were
stx1a (Appendix 1 Table 2).
The 41 ST301 and 2 O26:H11 ST21 strains also
harbored genes such as ehxA that are commonly
found on pO157-like plasmids. In addition, they also
tested positive for the intimin-coding eae gene, which
indicates the presence of the LEE locus (Appendix 1
Table 2). All 41 ST301 genomes, regardless of serotype, carried the rare eae-ξ variant (Appendix 1 Table 2). The remaining 10 hlyF-positive strains tested

negative for pO157-like plasmid genes and the LEE
locus, except for strain NL1701358, which had the
LEE locus with the eae-λ3 variant. The NL1700566,
NL1701474, NL1800025, and NL1800037 strains also
carried the hlyA gene (data not shown), which encodes α-hemolysin (HlyA), a pore-forming toxin
found in ExPEC strains that cause urinary tract infection (44,45).
In addition to hlyF, the pR444_A plasmid also
contains other virulence-associated genes such as
ompT, iss, the iroBCDEN gene cluster, and a gene cassette that encodes determinants of AMR (14). The
hlyF- positive STEC strains identified in this study
carried many of these virulence determinants (Appendix 1 Table 2), suggesting the presence of a similar
plasmid. Most hlyF-positive strains also had an AMRencoding region (Appendix 1 Table 3). The alignment of the contigs on the pR444_A sequence further
confirmed the presence of pR444_A–like plasmids
in most hlyF-positive strains, regardless of country
of isolation (Figures 1, 2). In most strains, we could
not identify the regions of the pR444_A plasmid that
harbor the iucABCD and etsABC genes. We conducted
conjugation experiments to confirm the presence of

Figure 1. Whole-genome comparison of pR444_A–like plasmids in Shiga toxin–producing Escherichia coli strains harboring
extraintestinal pathogenic E. coli (ExPEC)–associated virulence genes, Italy, 2000–2019. The pR444_A plasmid from RDEx444
strain was used as reference for alignment and gene annotation. Genomic annotation was performed by using the Prokka tool 1.14.5
(https://github.com/tseemann/prokka) and a multi-fasta file of trusted proteins related to ExPEC-associated genes on pR444_A. The
comparative analysis also included the pS88 plasmid (GenBank accession no. CU928146.1) commonly found in ExPEC strains.
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Figure 2. Whole-genome comparison of pR444_A–like plasmids in Shiga toxin–producing Escherichia coli strains harboring
extraintestinal pathogenic E. coli (ExPEC)–associated virulence genes, the Netherlands, 2017–2019. The pR444_A plasmid
from the RDEx444 strain was used as reference for alignment and gene annotation. Genomic annotation was performed with the
Prokka tool 1.14.5 (https://github.com/tseemann/prokka) and a multi-fasta file of trusted proteins related to ExPEC-associated
genes on pR444_A. The comparative analysis also included the pS88 plasmid (accession no. CU928146.1) commonly found in
ExPEC strains.

a transferable pR444_A–like plasmid in the O26:H11
strain ED1284. After the mating, we observed that the
hlyF, iroN, cvaC, iss, traT, and ompT genes were successfully transferred to the recipient K12 strain along
with the cassette conferring resistance to streptomycin, ampicillin, sulfonamide, and trimethoprim.
Phylogenetic Analysis of STEC Strains with
ExPEC-Associated Virulence Genes

We conducted a whole-genome comparison; we included the STEC O80:H2 strain RDEx444 isolated in
France (14) as reference strain, and 2 hlyF-negative
STEC O80:H2 strains, ED0867 and ED1301, which
were isolated in Italy, for comparative purposes. To
more broadly analyze the population structure, we
also included 50 hlyF-positive STEC strains retrieved
from GenBank and RefSeq (Appendix 1 Tables 4, 5).
Then, we computed the number of allelic differences
between strains (Appendix 2 Table, https://wwwnc.
cdc.gov/EID/article/27/3/20-3110-App2.xlsx).
The results of the cluster analysis clearly distinguished the strains belonging to ST301 (Figure 3). The
strains belonging to serotype O80:H2 were related,

showing a range of 2–210 allelic differences (Appendix 2 Table). The strains harboring the stx2d subtype,
regardless of country origin, also were related (Figure 3). The branch containing the ST301 strains was
divided into subclades corresponding to serotype
(Figure 3). Among the ST301 strains, the O55:H9
EF0475 and O45:H2 strains were located close to the
O80:H2 population, with a range of 58–219 allelic differences (Appendix 2 Table). The remaining genomes
displayed >1,400 allelic differences from the ST301
strains (Appendix 2 Table).
Discussion
E. coli bacteria continually acquire and lose genomic information carried by mobile genetic elements
through horizontal gene transfer. This process contributes to the emergence of pathogenic E. coli variants. Horizontal gene transfer also can occur between
pathogenic E. coli variants, producing hybrid pathogenic strains. Some STEC hybrid strains are highly
virulent, such as enteroaggregative STEC serotype
O104:H4, which caused one of the most severe STEC
outbreaks ever reported (46).
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Extraintestinal STEC serotype O80:H2 is a serious
threat to public health. This hybrid clone was described
in France in 2005 (19). Since then, extraintestinal STEC
O80 strains have caused cases of severe HUS associated
with bacteremia (19,22,23). In 2017, an O80:H2 strain
caused a severe case of HUS with multiorgan failure in
the Netherlands (18). Other cases of STEC O80:H2 infection have occurred in Switzerland and Belgium (20,21).

In this study, we demonstrated that genetic features associated with STEC and ExPEC strains are not
restricted to the O80:H2 serotype. The STEC strains
presenting ExPEC-associated virulence genes investigated in this study belonged to 10 different serotypes,
with a high prevalence of O80:H2. We also identified 5 additional serotypes from the genomes available in GenBank and RefSeq. Most of the strains in

Figure 3. Cluster analysis by core genome multilocus sequence typing of Shiga toxin–producing Escherichia coli strains harboring
extraintestinal pathogenic E. coli–associated virulence genes. The analysis also included the RDEx444 strain from France; 2 Shiga
toxin–producing E. coli O80:H2 strains negative for the pR444_A plasmid (i.e., ED0867 and ED1301); and the set of 50 E. coli
genomes positive either for stx or hlyF genes, downloaded from GenBank or RefSeq (www.ncbi.nlm.nih.gov/RefSeq). Each entry on
the phylogenetic tree indicates the strain name, corresponding serotype, and sequence type. Colors indicates serotype and sequence
type. Scale bar indicates the number of allelic differences.
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this study, regardless of serogroup, were of ST301;
had the flagellar antigen H2; and harbored the stx2,
eae-ξ, and ehxA genes (Appendix 1 Table 2). This genetic homogeneity seems to extend beyond the presence of these genes; cgMLST showed that the ST301
genomes were related. The ST301 strains formed
subclades corresponding to serotype and stx subtype
(Figure 3). The stx2d–positive RDEx444 strain isolated
in France in 2016 clustered with strains of the same stx
subtype isolated in Italy and the Netherlands during
2016–2019, and in Belgium and Switzerland during
2015–2019, suggesting a spatiotemporal persistence
of this clade in the last decade.
The phylogenetic analysis highlighted that the
O80:H2, O45:H2, and O55:H9 genomes were closely related (Appendix 2 Table). These genomes also
shared a clade with the 2 STEC O80:H2 strains that
tested negative for pR444_A. This finding suggests
that the pR444_A plasmid was acquired before these
different serotypes diverged from a common ancestor of ST301. It is also possible that this plasmid was
acquired in multiple events during the evolution of
these serotypes; however, the presence of the rare
eae-ξ gene in all these serotypes suggests that the plasmid was probably acquired in a single event.
The genomic analysis also revealed that the hlyFpositive STEC O26:H11 strains were distantly related
to the other hlyF-positive STEC ST301 strains (Figure
3). These isolates resembled typical STEC O26:H11
strains because they possessed the eae-β1 variant (Appendix 1 Table 2) and a pO157-like plasmid harboring
the katP gene (not shown), which is not found on the
pO157-like plasmid found in ST301 strains (14). STEC
O26:H11 strain ED1284 successfully transferred the
pR444_A plasmid through conjugation, indicating
that STEC O26:H11 can acquire and maintain an additional large virulence plasmid conferring supplementary pathogenic potential while retaining the ability
to spread this mobile genetic element to other E. coli.
In Italy, we observed some HUS patients with STEC
O80:H2 and enteropathogenic E. coli O26:H11 coinfection (S. Morabito, G. Scavia, unpub. data). Other
O80:H2–O26:H11 coinfections were described during
an outbreak linked to unpasteurized cheese (47), possibly explaining the presence of the pR444_A plasmid
in STEC O26 strains.
In this study, 2 strains from Italy (Appendix 1 Table 2) and 1 strain from the GenBank and RefSeq databases were isolated from food products of bovine origin, suggesting the potential for zoonotic transmission.
Since 1987, several studies have reported the isolation
of STEC and atypical enteropathogenic E. coli with
ExPEC-associated virulence genes from cattle (21,48).

On the other hand, human infections caused by similar
strains have been described only since 2008, mainly in
the form of rare and mild disease (21). We showed that
since 2001, STEC strains with ExPEC-associated virulence genes, especially those belonging to ST301, have
caused many severe diseases including HUS, HC, and
HC associated with severe diarrhea (Appendix 1 Table
2); these findings reinforce the high pathogenic potential of such hybrid strains.
Of the 53 hlyF-positive strains analyzed in this
study, 4 also tested positive for the hlyA gene, which
encodes an α-hemolysin typically produced by ExPEC
strains that cause urinary tract infection (44,45). Such
strains formed a distinct population of STEC strains;
these strains lacked the pO157-like plasmid and the
LEE locus and harbored a pR444_A plasmid without
the AMR-encoding region (Figure 2; Appendix 1 Table
3). Accordingly, all their genomes grouped together in
the cgMLST analysis and far from the bigger group of
the ST301 strains (Figure 3; Appendix 2 Table).
In conclusion, STEC strains with ExPEC-associated virulence genes have circulated in Europe and
caused human severe infections since 2001 or earlier.
Moreover, we showed that this group of pathogenic E. coli includes multiple serotypes and sequence
types. We propose that these strains belong to >2
different lineages that might have emerged after the
dissemination of the ExPEC plasmid pR444_A into a
heterogeneous population of STEC strains.
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Isolate-Based Surveillance
of Bordetella pertussis,
Austria, 2018–2020
Adriana Cabal, Daniela Schmid, Markus Hell, Ali Chakeri, Elisabeth Mustafa-Korninger,
Alexandra Wojna, Anna Stöger, Johannes Möst, Eva Leitner, Patrick Hyden, Thomas Rattei,
Adele Habington, Ursula Wiedermann, Franz Allerberger, Werner Ruppitsch

Pertussis is a vaccine-preventable disease, and its recent resurgence might be attributable to the emergence of
strains that differ genetically from the vaccine strain. We describe a novel pertussis isolate-based surveillance system
and a core genome multilocus sequence typing scheme to
assess Bordetella pertussis genetic variability and investigate the increased incidence of pertussis in Austria. During 2018–2020, we obtained 123 B. pertussis isolates and
typed them with the new scheme (2,983 targets and preliminary cluster threshold of <6 alleles). B. pertussis isolates
in Austria differed genetically from the vaccine strain, both
in their core genomes and in their vaccine antigen genes;
31.7% of the isolates were pertactin-deficient. We detected
8 clusters, 1 of them with pertactin-deficient isolates and
possibly part of a local outbreak. National expansion of the
isolate-based surveillance system is needed to implement
pertussis-control strategies.

B

ordetella pertussis is the main causative agent of the
reemerging respiratory disease commonly known
as whooping cough (1). B. pertussis infection usually
affects infants, toddlers, and children of school age,
although adolescents and adults also can get infected
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and have symptoms. In addition, because transmission of pertussis can go unnoticed, asymptomatic
carriers are considered an important source of infection (2). Despite its low sensitivity, culturing pertussis from nasopharyngeal swabs remains the standard
diagnostic technique, although today it is scarcely
performed (3).
To some extent, pertussis can be prevented by
vaccination with either cellular or acellular vaccines
(4). In Austria, cellular pertussis vaccines were replaced in 1998 by acellular vaccines (ACVs), and ever
since, either 2 (filamentous hemagglutinin [FHA] and
pertussis toxin [PTX]) or 3 (FHA, PTX, and pertactin)
component vaccines have been used for primary vaccination. Booster immunizations have been recommended since 2003 for children of school age and adolescents. These vaccines include either 3 (FHA, PTX,
and pertactin) or 5 (FHA, PTX, pertactin, FIM2, and
FIM3) components.
Despite vaccinations, the incidence of pertussis
has been increasing in the past few decades (5–7). In
Austria, 579 pertussis cases were reported in 2015;
the number increased to 1,274 in 2016, 1,411 in 2017,
2,198 in 2018, and 2,246 in 2019. The increase in the
incidence of pertussis worldwide can be explained
partially by the loss of the protective effect after immunity wanes; this loss is strongly associated with
ACV use (8). Another factor that contributes to the
resurgence of pertussis is the emergence of vaccineevasive B. pertussis strains that differ genetically from
the vaccine strains (9,10).
A molecular study conducted on pertussis cases
from 3 different cities in Austria assessed the genetic
variability of B. pertussis nationwide (5). However,
the study used respiratory samples to perform PCR,
followed by Sanger sequencing; therefore, typing was
not based on whole-genome sequencing (WGS) of B.
pertussis isolates.
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Because of the rise in the incidence of pertussis
in Austria in recent years, we investigated pertussis
cases from 3 states in Austria to assess the genetic
variability of their B. pertussis isolates through WGSbased typing. The first objective was to set up a national isolate-based surveillance system, complementary to the case-based surveillance system in Austria,
for collecting isolates from patients with suspected
pertussis. Second, we aimed to characterize and to
compare B. pertussis isolates with the vaccine strain
Tohama I and other isolates from different geographic regions outside Austria.
Methods
Setup of the Surveillance System and Sequencing

For 2 years (May 2018–May 2020), hospitals, general
practitioners, and pediatricians using clinical laboratories located in 3 states in Austria (Salzburg, Tyrol,
and Styria) were asked to collect >1 nasopharyngeal
swab containing transport medium (ESwab; Copan,
https://www.copangroup.com) from patients with
suspected B. pertussis infection (Figure 1). When
possible, a second nasopharyngeal swab containing
charcoal-based medium (Transystem Amies medium with charcoal; Copan) was collected.The swabs
were then sent to the clinical laboratory of each state
participating in the study. For each suspected case,
PCR was performed using the swab containing the
transport medium with a commercial kit (BD MAX,
Becton Dickinson, http://bd.com; or BORDETELLA R-gene, bioMérieux, https://www.biomerieux.
com). When PCR results were positive, either the
same swab used for PCR or, if available, the charcoal swab was stroked on Oxoid Bordetella–selective
medium (Thermo Fisher Scientific, https://www.
thermofisher.com) or Bordet Gengou agar with 15%
sheep blood (Becton Dickinson), followed by cultivation at 37°C under aerobic and humid conditions

for 48–120 hours. Colonies compatible with B. pertussis were tested by MALDI Biotyper software version
3.0 (Bruker, https://www.bruker.com) or VitekMS
software version 3.2 (bioMérieux). Colonies indentified as B. pertussis were sent to the Austrian Agency
for Health and Food Safety in Vienna for further
DNA extraction and 300-bp paired-end WGS using
an Illumina Miseq device (https://www.illumina.
com), as described in Appendix 1 (https://wwwnc.
cdc.gov/EID/article/27/3/20-2314-App1.pdf). Additional information on the sequencing process, de
novo assembly, and sequence quality checks also are
found in Appendix 1. The Illumina reads of the 123
isolates in Austria have been deposited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive repository under project
number PRJNA642701.
Generation of a B. pertussis cgMLST Scheme

A stable, ad hoc, core-genome multilocus sequence
typing (cgMLST) scheme and accessory genome
scheme were created by using Ridom SeqSphere +
version 4.1.9 (Ridom, https://www.ridom.de; Appendix 1). In brief, 15 genomes (Appendix 2 Table
1, https://wwwnc.cdc.gov/EID/article/27/3/202314-App2.xlsx) were used as query genomes and
the Tohama I vaccine strain genome (GenBank accession no. NC_002929.2) as a seed genome. Afterwards, 263 taxonomic and quality outliers were discarded, leaving a total of 2,983 core genome targets
(Appendix 2 Table 2) and 179 accessory genome
targets (Appendix 2 Table 3). We considered as core
genes only those targets (i.e., genes) that were present in 100% of the genomes. Further validation of
the scheme was based on a selection of B. pertussis
genomes available in NCBI (n = 391), many of which
were associated with outbreaks (Appendix 2 Table
4), and an old collection of clinical Bordetella sp.
strains from Austria (Appendix 2 Table 5).
Figure 1. Flow chart of the
Bordetella pertussis isolate–
based surveillance system,
Austria, May 2018–May 2020.
AGES, Agentur für Gesundheit
und Ernährungssicherheit
(Austrian Agency for Health and
Food Safety); cgMLST, coregenome multilocus sequence
typing; ST, sequence type.
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Typing of B. pertussis Isolates and Comparative Analysis

During the 2-year study period, all the clinical isolates
collected within the isolate-based surveillance system
were typed with our newly implemented cgMLST
scheme. Allelic differences among the isolates from
Austria and the vaccine strain Tohama I were visualized by generating minimum spanning trees with
a preliminary cluster threshold established at <6 alleles (Appendix 1). We extracted the sequence types
(STs) from the WGS data corresponding to the classical multilocus sequence typing (11), the variants and
mutations present in each of the genes used as vaccine antigens (ptxS1, ptxP, prn, fim2, fim3), and their
combination (genetic profiles).
To be certain that our scheme could be applied
beyond our set of B. pertussis isolates from Austria,
we used a selection (n = 106) of B. pertussis genomes,
including outbreak strains used in the validation of
the cgMLST scheme, to perform a genomic comparative analysis (Appendix 1; Appendix 2 Table 4). We
compared the gene content obtained for our cgMLST
Table 1. Demographic characteristics of the 123 pertussis casepatients in the Bordetella pertussis isolate–based surveillance
system, Austria, May 2018–May 2020
Characteristic
No.
Age group, y
<1
8
1–4
15
5–9
31
10–14
31
15–19
7
20–29
3
30–39
7
40–49
11
50–59
3
>60
7
Sex
F
69
M
54
State
Salzburg
86
Tyrol
21
Styria
12
Upper Austria
4
Clinical symptoms
Coughing fits
66
Cough >4 weeks
64
Medical whooping cough diagnosis
37
Missing data
7
Post-coughing vomiting
7
Inspiratory whooping
5
Asymptomatic
2
Vaccination status
Vaccinated
53
1st booster
1
2nd booster
22
3rd booster
16
4th booster
7
Unknown doses
7
Not vaccinated
39
Unknown
31
864

scheme with the cgMLST scheme developed by the
Pasteur Institute (Paris, France) (12). In addition, we
compared the results obtained when applying our
cgMLST with those derived from a single-nucleotide
polymorphism (SNP)–based analysis on the 123 isolates from Austria (Appendix 1).
Statistical Analysis

Personal information and vaccination status were obtained for each pertussis culture-positive case-patient
from the national electronic reporting system. We
calculated odds ratios with Stata software version 13
(StataCorp, https://www.stata.com) to measure for
associations between pertactin deficiency and vaccination status. In the analysis, we included all case-patients who had received >1 dose of pertussis vaccine
and those reported as unvaccinated. Case-patients
with an unknown vaccination status (n = 31) were
excluded from the analysis. Statistical significance
was defined as p<0.05 by using the Pearson χ2 test or
Fisher exact test.
Results
Culture-Positive Cases

At the Austrian Agency for Health and Food Safety,
we received 123 B. pertussis isolates, collected from
123 pertussis case-patients (Table 1), through our
newly implemented isolate-based pertussis surveillance system during May 2018–May 2020. Fewer than
20% of the total pertussis cases reported in Salzburg
state (n = 310) in 2018 were estimated to be culturepositive, and no information on the proportion of
cases with a positive pertussis culture was available
for the other 8 states in Austria.
A total of 119 B. pertussis isolates belonged to patients with PCR-positive confirmed pertussis from
Salzburg, Tyrol, and Styria (Figure 2), and 4 isolates
belonged to pertussis case-patients identified in the
state of Upper Austria, provided by a clinical microbiology laboratory located in Salzburg (MB-LAB
Clinical Microbiology Laboratory). Overall, 15 B. pertussis isolates belonged to culture-positive pertussis
case-patients who lived in the same household with
>1 other culture-positive case-patient. Additional
metadata for the 123 pertussis cases are presented in
Appendix 2 Table 6.
Sequence Types and Typing of Vaccine Target Genes

The B. pertussis isolates obtained from the 123 pertussis patients in Austria differed in sequence type and
in the vaccine antigen genes from the vaccine strain
Tohama I (Table 2). We detected ST2 for all but 1
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Figure 2. Pertussis cases by
district of residence of casepatient and genetic profile of
the corresponding Bordetella
pertussis isolate identified in
a B. pertussis isolate–based
surveillance study, Austria,
May 2018–May 2020. Each
dot represents 1 case. Cases
grouping next to each other
belong to the same district. To
protect patient confidentiality,
only states and not districts
are labeled.

isolate, which was of ST83. We found 9 different genetic profiles (A–I), 1 of which was new (profile G)
(Table 2; Figure 3; Appendix 2 Table 7).
We found 7 pertactin-deficient profiles (B and
D–I), representing 31.7% (n = 39) of the isolates, and
6 different known pertactin inactivation mechanisms
(13–16; Table 2; Appendix 2 Table 7). Pertactin-deficient isolates were mostly of profile B (n = 23 [18.7%]).
Twenty case-patients (51.3%) with pertactin-deficient
isolates had been vaccinated, 11 (28.2%) case-patients
were unvaccinated, and for 8 (20.5%) case-patients,
vaccination status was unknown. Case-patients having received >1 dose of pertussis ACV were 1.5 times
more likely to have a pertactin-deficient B. pertussis
isolate (of any genetic profile) compared with unvaccinated case-patients, although this relationship was
not statistically significant (unadjusted odds ratio 1.5,
95% CI 0.6–3.8). Persons living in the district of St.
Johann in Pongau (Salzburg state) were 21.17 (95%
CI 6.7–81.1) times more likely to have profile B, and
this association was significant (p<0.001). Stratifying
by vaccination status, vaccinated persons from St. Johann in Pongau were 13.3 (95% C: 2.9–99.1; p<0.001)

times more likely to present profile B, whereas unvaccinated ones had 58.5 (95% CI 5.6–1876; p<0.001) times
more chances to present profile B. No association was
seen between the different age groups or having a
pertactin-deficient profile and having profile B.
cgMLST and Comparative Analysis

The 123 B. pertussis isolates were closely related, differing by a maximum of 38 alleles (<44 alleles when
including the accessory genome), and they seemed
to cluster in groups (Figure 3). We observed that
we could separate fim3-1 and fim3-1 isolates into 2
branches (Figure 4) and that pertactin-deficient isolates of genetic profile B grouped together. Isolates of
profile B (n = 23) differed by a maximum of 9 alleles
when including the only isolate from Tyrol of that
profile, and by <6 alleles, excluding the isolate from
Tyrol. All other isolates were from Salzburg (n = 20),
Styria (n = 1), and Upper Austria (n = 1). Isolates from
profile D also clustered together (<6 alleles), differing
by >8 alleles with isolates of profiles A and B.
With the preliminary cluster threshold of <6 alleles, we distinguished 8 clusters (Figure 3; Appendix

Table 2. Genetic profiles of the 123 Bordetella pertussis isolates obtained through the B. pertussis isolate–based surveillance system,
Austria, May 2018–May 2020*
B. pertussis vaccine antigen genes
Profile
No. (%)
ptxS1
ptxP
prn
fim2
fim3
Reference
Profile vaccine strain Tohama I
0
ptxS1-D ptxP-1
prn-1
fim2-1 fim3-1
NA
Profile A
64 (52.3)
ptxS1-A ptxP-3
prn-2
fim2-1 fim3-1
(13,14)
Profile B
23 (18.7)
ptxS1-A ptxP-3
prn-2–631^632STOP:T>fim2-1 fim3-1
(15)
Profile C
20 (16.2)
ptxS1-A ptxP-3
prn-2
fim2-1 fim3-2
(13,14)
Profile D
8 (6.50)
ptxS1-A ptxP-3
prn-2–303+1326DEL
fim2-1 fim3-1
(16)
Profile E
3† (2.44)
ptxS1-A ptxP-3
prn-2-IS481–1613rev
fim2-1 fim3-2
(13,14)
Profile F
2 (1.62)
ptxS1-A ptxP-3
prn-2-IS481–1613rev
fim2-1 fim3-1
(14)
Profile G
1 (0.8)
ptxS1-A ptxP-3
prn-2- DEL1742–1839‡
fim2-1 fim3-2
This study
Profile H
1 (0.8)
ptxS1-A ptxP-3
prn-2-STOP-T223C
fim2-1 fim3-1
(14)
Profile I
1 (0.8)
ptxS1-A ptxP-3
prn-2-C1273T
fim2-1 fim3-1
(13,14)
*NA, not applicable.
†One isolate was sequence type 83.
‡This isolate showed an insertion longer than 200 bp in the prn gene combined with a partial deletion at positions nt 1742–1839.
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Figure 3. Minimum spanning tree of 123 Bordetella pertussis isolates and their clusters by genetic profile based on core-genome
multilocus sequence typing in a B. pertussis isolate–based surveillance study, Austria, May 2018–May 2020. Numbers on connection
lines represent the number of allelic differences among the isolates.

1). Cluster 1 integrated only profile A isolates (n = 26)
from all states. Isolates in cluster 2 (n = 22) were of
profile B. Most of the isolates in this cluster (n = 20)
originated from case-patients living in Salzburg state.
Eighteen of them resided in the district of St. Johann
in Pongau. Of the 2 case-patients who did not live in
Salzburg state, 1 had a confirmed epidemiologic link
with a pertussis-positive relative in Salzburg. A trend
compatible with a local outbreak of genetic profile
B B. pertussis was distinguished (Appendix 1 Figure
1) for this cluster when we compared the number of
profile B cases with the total number of reported cases
(culture positive and nonculture positive) in the same
period for St. Johann in Pongau (n = 160). In addition,
a peak of cases in November 2018 corresponded to
a small peak of cases with genetic profile B isolates.
Cluster 3 had 19 isolates of profile A that were ob866

tained from case-patients living in Salzburg, Tyrol,
and Styria. Cluster 4 had 18 isolates of profile C from
Salzburg, Tyrol, and Styria. Cluster 5 consisted of 9
profile D isolates from Salzburg, Styria, Tyrol, and
Upper Austria. Cluster 6 included 5 profile A isolates
from Salzburg and Upper Austria, and cluster 7 combined 4 profile A isolates from Salzburg and Tyrol.
Cluster 8 had only 2 isolates, both of profile F, which
originated from case-patients from Tyrol. Isolates
from profiles E, G, H, and I did not cluster with any
other isolate. The ST83 isolate did not cluster with any
other isolate and differed from isolates in cluster 4 by
>9 alleles.
In 6 households (A–E and G) (Appendix 2 Table
8), we confirmed the transmission of the same B. pertussis strain between 2 or 3 household members with
a maximum of 4 allelic differences and an identical
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genetic profile. In 1 household (F), transmission of B.
pertussis was ruled out when cgMLST revealed 18 allelic differences between 2 isolates obtained from 2
case-patients living together, each of them with a B.
pertussis strain of a different genetic profile (A and I).
We developed a comparative analysis between
our 123 B. pertussis isolates and 106 B. pertussis genomes from NCBI, including mostly isolates from
the United States and United Kingdom (Appendix 2
Table 4) from the 2010 and 2012 epidemics (13,14,16)
(Figure 4). All fim3-1 isolates were clearly separated
from fim3-2 isolates, but we could also differentiate
isolates from the same country in different branches.
On the basis of the prn type, which comprised the prn

wild type alleles or mutations in this gene (i.e., insertions, deletions, and truncations), we distinguished
isolates grouping closely to each other, sometimes
originating from different countries. Genetic profiles
A, C, H, and I were also represented in strains from
outside Austria.
We compared target content between the Pasteur Institute’s cgMLST scheme and ours (Appendix
2 Table 9). A total of 1,749 genes were common to
both schemes; 1,239 genes were only present in our
scheme, and 294 genes were only present in Pasteur
Institute’s scheme. The SNP analysis revealed isolates
grouping in clusters in a similar way to that resulting
from the cgMLST analysis (Appendix 1 Figure 2).

Figure 4. Maximum-likelihood phylogenetic tree generated using core-genome multilocus sequence typing data from 106 outbreak
genome sequences from the United States and the United Kingdom and the 123 Bordetella pertussis isolates identified in an isolatebased surveillance study, Austria, May 2018–May 2020. Isolate identifiers are colored by genetic profile. These genetic profiles include
profiles A–I, defined in this study, and other genetic profiles described outside of Austria. The circular blue line represents isolates of
fim3-1 lineage; the circular red line represents fim3-1 isolates. A color-coded house-like symbol indicates isolates obtained from casepatients living in the same household. Scale bar indicates nucleotide substitutions per site.
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Discussion
Our newly implemented B. pertussis isolate–based
surveillance system has contributed to a better understanding of the molecular epidemiology of pertussis in Austria. No relationship existed between the
pertussis incidence in the 3 states in Austria and the
number of isolates collected, which depended mainly
on the expertise of the respective laboratories in obtaining B. pertussis cultures. The estimated proportion
(≈20%) of culture-positive pertussis cases found in relation to the total number of pertussis cases reported
in Salzburg state was consistent with previous reports
(17), whereas other authors reported up to 30% (18).
Results retrieved from the typing of the 123 B.
pertussis isolates revealed the presence of the ptxP-3
allele in all isolates tested, consistent with other studies (19–21), thereby clearly indicating a divergence
from the vaccine strain in Austria and a substitution
among currently circulating B. pertussis strains of
the ptxP-1 allele by the ptxP-3 allele. In comparison,
during 2002–2008, a previous study in Austria still
detected the ptxP-1 allele in 7% of the samples (5).
Previous data also showed most of B. pertussis isolates
(≈80%) grouping in the fim3-1 clade, which is more
ancestral than fim3-2 (22). Therefore, not surprisingly, the genetic profile A (fim3-1 clade) was one of
the most frequently detected genetic profiles globally
(22–24), consistent with the findings of our study.
As for the proportion of pertactin-deficient isolates detected (31.7%), this finding was similar to the
frequency reported during 2012–2015 in Norway,
where ACVs were also introduced in 1998 and booster
doses recommended after 2001 (15). In contrast, up to
98% of pertactin-deficient isolates were reported outside the European Union (25). In general, the proportion of B. pertussis isolates with pertactin deficiency
seemed to be vary among countries depending on
the vaccination schedule and vaccine type used (26).
Those countries still using cellular pertussis vaccines
have never or rarely reported pertactin-deficient isolates (27,28), whereas countries using ACVs have
seen a direct association between the year of introduction of ACVs in the country and the appearance of
pertactin-deficient isolates (15). Moreover, ACV-vaccinated persons seem more susceptible to pertactin-deficient strains than to pertactin-producing strains, given
that pertactin-deficient strains are better able to colonize
the respiratory tract (29). According to some authors,
immunization with 2-component ACVs (instead of an
ACV with 4 or 5 components) might affect immunogenicity (30–32). However, more time is needed to evaluate whether the lack of the pertactin component of 1 of
the ACVs affects the incidence of pertussis in Austria in
868

the coming years. Nevertheless, the higher likelihood of
profile B strains found in the St. Johann in Pongau district seems not to have been influenced by vaccination.
Regarding the mechanisms causing pertactin
deficiency, we reported a mutation at the 632 nt of
the prn gene for our profile B isolates, previously
described for isolates collected in Italy, Sweden, and
Denmark during 2012–2015 (15). Likewise, this deletion was reported in Ireland in 2016 in an isolate
(GenBank accession no. KX462969.1) differing from
the isolates of cluster 2 in Austria by only 8 alleles.
On the contrary, the mutation T223C in profile H had
been previously reported during 2012–2015 in Australia, the Netherlands, Norway, Sweden, the United
Kingdom, and the United States (33–35). The mutation in the prn gene at nt 1326 was reported in the
United Kingdom (16) in 2012. Similar mutations at
nt 1325 and 1340 of the prn gene were also detected
in isolates from Australia (35) and the United States
(36). Likewise, the mutation at nt 1273 had been previously found in Canada (37) and the United States as
well (13,14). Last, the insertion of the IS481 at nt 1613
in reverse direction was also reported in Canada and
the United States (13,14).
The preliminary cluster threshold proposed in
this study has served to delineate clusters and can
be adjusted when more epidemiologic data derived
from contact tracing are available. Establishing a
fixed cluster threshold for B. pertussis is challenging
also because of its homogeneous core genome. Also,
because the bacterium undergoes large genomic
rearrangements that are only detectable with advanced bioinformatics (14), this diversity might not
be captured by cgMLST alone. A possibility to increase the typing resolution obtained with cgMLST
for detecting pertussis outbreaks might be to investigate the distribution of IS481 within the B. pertussis genome, as proposed elsewhere (14). In either
case, cgMLST allowed the identification of a cluster
(cluster 2) of pertactin-deficient isolates from casepatients living in St. Johann in Pongau, possibly indicating the presence of a local pertussis outbreak.
We could not determine whether all cases occurring
within the period of detection of the genetic profile B
belonged to that profile or to another genetic profile
because we did not receive B. pertussis cultures for
each pertussis case. Except for cluster 2, we could
neither confirm nor refute that all clusters identified
in our study represented single outbreaks. However,
we demonstrated the direct transmission of the same
pertussis strain by cgMLST among members of the
same household. We hypothesize that the 2 casepatients in the household where 2 different genetic
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profiles and cgMLST (18 alleles of difference) were
detected might have acquired pertussis from different sources.
Our results of the comparative genomic analysis using global strains were concordant with other
studies, in which diverse B. pertussis genetic profiles are shown to be distributed across countries
(12–14,16). The pertactin-deficient strains seemed
not to belong to the same clone and the mutations
observed in each country might consist of independent mutations, as previously described (38). In the
absence of more sequences to compare with our
isolates in Austria, profile B isolates seemed to be
found only in Austria, although the mutation prn-2–
631^632STOP:T>- had already been reported (15). In
addition, the number of allelic differences between
isolates not geographically nor temporally related to
the isolates in Austria was sometimes as low as 2,
matching recently reported findings (12).
The small differences observed between the SNPbased analysis and the cgMLST-based analysis might
be attributable to the slightly higher discriminatory
power of SNP-based analysis (39). Conversely, the
differences in gene content between the Pasteur Institute’s cgMLST scheme and ours indicate that our
cgMLST was more discriminatory and therefore more
suitable for cluster detection in Austria. The uneven
number of loci composing each cgMLST might be
partially attributable to the different algorithms used
by Seqsphere and BIGSdb (40) but also to the fact that
only targets that were present in all query genomes
were included as targets of our cgMLST scheme. In
contrast, the Pasteur Institute’s scheme included targets present in >95% of all query genomes. Bouchez
et al. (12) did not define a threshold for their cgMLST
scheme, and hence both schemes might not be comparable in terms of isolate clustering.
The main limitation of our study was the incomplete information on the vaccination status of the
case-patients and other epidemiologic data, which
prevented better assessment of the effects of these
genetic shifts on pertussis incidence. Because of the
reduced sample size, whether detecting pertactindeficient strains is linked to an increase in pertussis
incidence is unclear; therefore, expanding the isolate-based surveillance system at the national level
is advisable.
In summary, we found that B. pertussis strains
in Austria differ genetically from the vaccine strain,
both in their core genomes and their vaccine antigen
genes. Furthermore, our cgMLST method has proven
to be stable enough to be applied beyond our set of
123 B. pertussis isolates and proven useful to confirm

transmission chains among household members and
to detect 8 clusters, 1 of which indicated a possible
local outbreak. To detect pertussis outbreaks and target pertussis-control strategies, we recommend performing genomic surveillance of B. pertussis using the
proposed cgMLST scheme with a preliminary cluster
threshold of <6 alleles, typing data on the vaccine antigen genes, and completing epidemiologic information on pertussis cases.
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Decline of Tuberculosis Burden in
Vietnam Measured by Consecutive
National Surveys, 2007–2017
Hai Viet Nguyen, Hoa Binh Nguyen, Nhung Viet Nguyen, Frank Cobelens, Alyssa Finlay, Cu Huy Dao,
Veriko Mirtskhulava, Philippe Glaziou, Huyen T.T. Pham, Petra de Haas, Edine Tiemersma

Vietnam, a high tuberculosis (TB) burden country, conducted national TB prevalence surveys in 2007 and 2017.
In both surveys participants were screened by using a
questionnaire and chest radiograph; sputum samples
were then collected to test for Mycobacterium tuberculosis by smear microscopy and Löwenstein-Jensen culture.
Culture-positive, smear-positive, and smear-negative TB
cases were defined by laboratory results, and the prevalence of tuberculosis was compared between the 2 surveys. The results showed prevalence of culture-positive
TB decreased by 37% (95% CI 11.5%–55.4%), from 199
(95% CI 160–248) cases/100,000 adults in 2007 to 125
(95% CI 98–159) cases/100,000 adults in 2017. Prevalence of smear-positive TB dropped by 53% (95% CI
27.0%–69.7%), from 99 (95% CI 78–125) cases/100,000
adults to 46 (95% CI 32–68) cases/100,000 adults;
smear-negative TB showed no substantial decrease. Replacing microscopy with molecular methods for primary
diagnostics might enhance diagnosis of pulmonary TB
cases and further lower TB burden.

D

espite global progress in preventing and controlling tuberculosis (TB), reducing worldwide
burden has fallen short of the World Health Organization’s (WHO) End-TB elimination target (1).
However, in most high-burden countries, estimates
of burden and its trend over time are derived indirectly (1). One main factor that impedes global efforts
to estimate the effects of and eliminate TB is the gap
in case detection. In most high-burden lower-middle
income countries, an unknown proportion of incident
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TB remains undiagnosed and unreported (2). To estimate TB incidence, WHO has applied the results of
nationwide prevalence surveys to a model of disease
duration distribution, among other estimation methods (3). These surveys were administered to determine a country’s gaps in detecting TB cases, help plan
interventions, and estimate the resources required
(4). Prevalence surveys measure TB burden directly;
surveys that are repeated have particular strategic
importance. Comparing TB prevalence over time enables public health authorities to assess the trend in
burden and therefore to evaluate the effect of TB control interventions between surveys and develop policies to guide future actions (5).
Vietnam is among the 30 countries with the highest burden of TB in the world (6). In 2006–2007, the
Vietnam National TB Program (NTP) conducted the
first national TB prevalence survey, which identified
307 (95% CI 249–366) pulmonary TB cases/100,000
adult participants (7). Since then, to reduce the TB
burden in Vietnam NTP has applied a broad package
of TB control interventions (8). In addition to strengthening routine TB care and treatment, NTP has introduced new TB diagnostics, TB drugs, and treatment
regimens for multidrug-resistant TB patients, preventive treatment for children ≤5 years of age living with
≥1 additional TB patients, household contact tracing,
and active case finding (9,10). Although after 2007
the TB notification rate in Vietnam declined (11), it
remained unknown to what extent this represented a
decrease in TB burden.
In 2017–2018, NTP administered a second national TB prevalence survey in Vietnam, which showed
322 (260–399) TB cases/100,000 adults (12). These
findings suggested no change in burden over the 10year period. However, to be in line with WHO recommendations, the second survey used TB screening
procedures and diagnostics that were state-of-theart in 2017–2018 but not available in 2006–2007 (13).
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These methods differed from those used in the first
survey, potentially affecting estimates of trends in
prevalence. To enable direct comparisons, we also
analyzed data from the second survey using screening and diagnostic methods similar to those used in
the first survey. To directly measure the change in TB
burden over time and the effect of control interventions in Vietnam, as much as possible we compared
the results of the 2 surveys based on the same methods with regard to sampling, screening, laboratory
testing, case definitions, and statistical adjustments.
Our primary comparison considered the adjusted
prevalence of culture-positive TB; secondary comparisons included adjusted and unadjusted prevalence
of smear-positive TB and smear-negative TB.
This study was given scientific and ethics approval by the Institutional Review Board of the Vietnam National Lung Hospital, under approval letter
number 62/17/CTHĐKH-ĐĐ. The risks and benefits
of the study were explained to participants and each
signed a written informed consent. All of those with
>1 positive test result for TB were referred for TB
treatment; we followed up to verify that they received
adequate health care and treatment.
Methods
Study Design and Population

Both the first and second surveys were cross-sectional
studies using multistage cluster sampling. The sample size of both surveys was based on the estimated
prevalence of TB in the country at the time of study
design (3). Also, a frequentist approach was applied
in the second survey (14) to ensure a large enough
sample for finding a difference in TB prevalence between the 2 surveys of >25%, with a power of 80%.
Sampling methods were similar between the
2 surveys, except for small details in the sampling frames, enumeration, and inclusion criteria
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/3/20-4253-App1.pdf). The sampling
frame used in the second survey did not include
stratification, whereas the sampling frame in the
first survey was stratified by urban, rural, and remote areas. Enumeration criteria differed slightly;
the first survey included all adult residents (≥15
years old) who had lived in households of the selected clusters for >3 months, but the duration used
in the second survey was ≥2 weeks. All enumerated
persons who met the inclusion criteria were considered eligible for the second survey, but for the first
survey, they also had to indicate that they planned
to attend the survey site for screening.

Screening and Diagnostic Procedures

For both surveys, all participants were screened for
TB based on self-reported symptoms and chest radiograph results. Those who reported TB symptoms, had
TB treatment history <2 years before the respective
survey, or had chest radiograph abnormalities consistent with TB were considered screen-positive and
were eligible for sputum collection and examination.
For the second survey, all chest radiographs were
digital, whereas in the first survey, only two thirds
of the clusters used digital chest radiographs (Appendix Table 2). The criteria for defining screen-positive
participants based on symptoms differed slightly between the 2 surveys. In the first survey only those reporting productive cough for >2 weeks were considered positive on their symptom screens. In the second
survey, all participants reporting any cough lasting
>2 weeks, as well as pregnant women reporting any
cough of any duration, were considered to have a
positive symptom screen. To compare the 2 surveys,
we only considered participants screen-positive if
they reported productive cough for >2 weeks or had
a history of TB treatment <2 years before the survey
(Appendix Table 3).
Recommended laboratory methods for prevalence survey estimates were followed in each survey, but guidelines have changed over time (14).
The first survey used sputum smear microscopy and
Löwenstein-Jensen (LJ) solid culture assays; the second survey used the molecular assay Xpert MTB/RIF
(Cepheid, https://www.cepheid.com) and BD MGIT
BACTEC 960 liquid culture (https://www.bd.com).
To ensure comparable laboratory results between the
surveys, for the second survey we also conducted
sputum smear microscopy and LJ solid culture on
sputum samples (Appendix Table 2). Sputum sample
processing was slightly different between surveys.
For the first survey we used 4% NALC-NaOH to decontaminate the specimen before LJ culture; for the
second survey we used the modified Petrov method
with 3% NALC-NaOH for decontamination.
Case Definition

TB case definitions used for comparison purposes
were based solely on laboratory results in which
each screen-positive participant had 1 early morning sputum sample tested for TB by sputum smear
microscopy and LJ culture in designated survey laboratories. Screen-positive participants whose result
from sputum smear was positive for acid-fast bacilli
and whose LJ culture grew Mycobacterium tuberculosis were defined as smear-positive TB cases, whereas
those who had a negative sputum smear result and LJ
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culture grew M. tuberculosis were defined as smearnegative. Culture-positive TB cases had either smearnegative or smear-positive TB.
Data Analysis

We combined data from the 2 surveys into 1 database,
assigning a unique personal identification code for
each observation, and adapted the variables needed
to compare the 2 surveys. Similar to what we reported for the second survey, data analysis was conducted on the combined database, with updated inclusion criteria and case definitions, as stated (12). The
adjusted analysis involved multiple imputation by
chained equation for missing data, including sputum
smear and LJ culture results, and inverse probability
weighting as recommended by WHO (13). To ensure
the comparability of the 2 surveys and adjust for
the relative sampling probability of each participant
in both surveys, we applied poststratification using
population data for Vietnam estimated by the General Statistics Office of Vietnam in 2007 and 2017 (16).
We assessed statistical differences in characteristics between the 2 surveys by χ2 test and logistic
regression. We calculated point estimates and 95%
CIs for TB prevalence in Stata version 14.0 (StataCorp, https://www.stata.com) using the mim and
svy commands with pweights specified to adjust for
design effect. We derived 95% CIs and p values using
Rubin’s rules (17). To assess whether TB prevalence
had changed between the 2 surveys, we calculated
a prevalence difference on the combined dataset using Stata’s epitab module (StataCorp), including the
outcome “TB case Yes/No” as the dependent variable
and first or second survey as the explanatory variable.
Results

There were 94,156 participants (90.7% of the eligible
survey population) in the first survey and 61,763
(70.8% of the eligible survey population) in the second. Among participants in the first survey, 99.9%
were screened for TB symptoms and had chest radiographs; in the second survey, 93.1% were screened
and had radiographs. Among all survey participants,
in the first survey 7,529/94,156 (8.0%) tested screenpositive; in the second, 4,595/61,763 (7.3%) tested
screen-positive (Figure 1; Table 1).
Among screen-positive participants in the first
survey, 6,780/7,529 (90.1%) had available sputum
smear microscopy results; 121 (0.13% of 94,156 total participants) were smear-positive (Table 2). This
proportion was similar in the second survey with
positive sputum smear results in 77 (0.12% of 61,763
total participants; p = 0.835). There were 218 (0.23%)
874

participants culture-positive for M. tuberculosis in the
first survey and 125 (0.20%) in the second (p = 0.230).
The proportion of LJ cultures growing nontuberculous mycobacteria or being contaminated was significantly higher in the second survey than in the first
survey (p<0.001; Table 2).
Overall, the crude prevalence of culture-positive
TB decreased 26.1% (95% CI 7.5%–44.7%) between
the 2 surveys (p = 0.007; Appendix Table 5), from
191 (95% CI 167–218) cases/100,000 adults in the first
survey to 142 cases/100,000 adults (95% CI 113–169)
in the second survey. The crude prevalence of smearpositive TB decreased by 53.0% (95% CI 28.7%–77.2%;
Appendix Table 6), from 92 (95% CI 78–125) cases/100,000 adults in 2006–2007 to 43 (95% CI 31–59)
cases/100,000 adults in 2017–2018. The crude prevalence of smear-negative TB was 99 (95% CI 82–119)
cases/100,000 adults in the first survey and 99 (95%
CI 80–122) cases/100,000 adults (p = 0.938) in the second survey (Appendix Table 7).
Sputum smear results, LJ culture results, or both,
were missing for 805/7,529 (10.7%) screen-positive
participants in the first survey and for 881/4,595
(19.2%) in the second survey. Imputation and adjustment by inverse probability weighting and poststratification resulted in increased adjusted prevalence rates for culture- or smear-positive TB and for
smear-negative TB by an average of 11.3% for the first
survey and by an average of 20.0% for the second survey. The adjusted prevalence of culture-positive TB
declined by 37.1% (95% CI 11.5%–55.4%), from 199
(95% CI 160–248) cases/100,000 adults in 2006–2007
to 125 (95% CI 98–159) cases/100,000 adults in 2017–
2018 (p = 0.008; Figure 2; Appendix Table 5). This decline was 53.1% (95% CI 27.0–69.7) for smear-positive,
from 99 cases/100,000 adults (95% CI 78–125) to 46
cases/100,000 adults (95% CI 32–68) (p = 0.001; Figure
2; Appendix Table 6). We observed no significant reduction in smear-negative TB prevalence (21.3%, 95%
CI: −22.0% to 49.7%; p = 0.679) (Appendix Table 7).
When we stratified results by age and sex, we
found a significant reduction (64.0%, 95% CI 40.1%–
78.4%; p<0.001) in the prevalence of smear-positive
TB among men: 71% (95% CI 32.9%–87.6%; p = 0.026)
among men in the 35–44 year age group and 73.8%
(95% CI 22.5%–91.1%; p = 0.019) among men ≥65 years
of age (Appendix Table 6). The adjusted prevalence
of smear-positive TB significantly decreased from
the first survey to the second in rural areas (73.5%,
95% CI 35.1%–89.2%; p = 0.017), and in the southern
(53.5%, 95% CI 8.3%–76.5%; p = 0.047) and northern
(65.2%, 95% CI 20.6%–84.7%; p = 0.022) regions of
Vietnam (Appendix Table 6); a significant decline in
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culture-positive TB (33.3%, 95% CI 7.4%–65.0%; p =
0.023) occurred only in rural areas (Appendix Table
5). In-depth interviews in the 2 surveys showed no
difference between the symptoms reported by the
screen-positive participants and TB cases found in the
2 surveys, except for self-reported weight loss, which
was lower in the second survey (Figure 3; Appendix
Table 4).
Discussion
Our analyses show a 37% decline in the adjusted
prevalence of culture-positive TB in Vietnam over a
10-year period between 2006–2007 and 2017–2018,
equating to an average annual decline of 4.5%. This
decline was mainly due to the 53% reduction in

smear-positive TB, particularly because of substantial
reductions among men, persons living in rural areas,
and persons in the northern and southern parts of the
country. We found no reduction in the adjusted prevalence of smear-negative TB. These results are in line
with a 57% decline in smear-positive TB prevalence
observed from 2000 to 2010 in China (18) and declines
in culture-positive TB of 45% and smear-positive TB
of 38% in Cambodia from 2002 to 2011 (19).
The second survey’s participation rate was
much lower than that for the first survey (Figure
1), which could be explained by the difference between the household enumeration inclusion criteria
of the 2 surveys; in the first survey, only those who
confirmed availability to participate in the survey

Figure 1. Summary results and comparison between the first (A) and second (B) national TB prevalence surveys in Vietnam, 2007 and
2017. Asterisk (*) indicates differences in methods between the 2 surveys. MTB, Mycobacterium tuberculosis; NTM, nontuberculosis
mycobacteria; TB, tuberculosis; +, positive; –, negative.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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Table 1. Comparison of characteristics of participants eligible for sputum collection during 2 national TB prevalence surveys in
Vietnam, 2007 and 2017
First survey, 2007
Second survey, 2017
Screened
Screened
Characteristic
Participants
positive*
% Positive
Participants
positive*
% Positive p value†
Total
94,156
7,529
8.0
61,763
4,595
7.4
<0.001
Sex
M
42,596
4,580
10.8
27,150
2,794
10.3
0.053
F
51,560
2,949
5.7
34,613
1,801
5.2
0.001
Age group, y
15–24
20,934
620
3.0
6,542
120
1.8
<0.001
25–34
18,681
950
5.1
10,191
349
3.4
<0.001
35–44
19,790
1,429
7.2
11,508
548
4.8
<0.001
45–54
16,285
1,587
9.8
13,289
1,056
8.0
<0.001
55–64
8,138
1,055
13.0
11,143
1,162
10.4
<0.001
≥65
10,328
1,888
18.3
9,090
1,360
15.0
<0.001
Area
Urban
26,353
2,058
7.8
18,656
1,383
7.4
0.119
Remote
27,532
2,406
8.7
15,882
1,179
7.4
<0.001
Rural
40,271
3,065
7.6
27,225
2,033
7.5
0.489
Region
North
45,669
3,913
8.6
25,575
1,849
7.2
<0.001
Central
14,646
1,062
7.3
13,525
1,195
8.8
<0.001
South
33,841
2,554
7.6
22,663
1,551
6.8
0.002
*Screened positive if participants had >1 of self-reported cough for >2 wk, TB treatment <2 y preceding the survey, or abnormal chest radiography
images.
†By Pearson χ2 test to compare characteristics between the first and the second surveys.

during fieldwork days were recorded as eligible.
Also, recent economic growth in Vietnam has enabled more people to access out-of-pocket healthcare
services, making attending a TB prevalence survey to
receive free health checkups less attractive. The types
of symptoms and proportion of participants with any
symptoms suggestive of TB among screen-positive
participants and culture-positive TB cases in the 2 surveys were similar, except that weight loss was more
frequently reported in the first survey. This difference

could be attributable to differences in training interviewers; for the first survey the interviewers were explicitly trained to ask carefully about weight loss to
help ascertain the prevalence of chronic obstructive
pulmonary disease, a secondary objective in the first
survey only (H.B. Nguyen, unpub. data).
Over the decade between surveys, smear-positive TB prevalence declined, but smear-negative TB
prevalence remained static. Vietnam, as a low-middle
income country, has used sputum smear microscopy

Table 2. Results of laboratory testing and TB cases during 2 national TB prevalence surveys in Vietnam, 2007 and 2017*
First survey, 2007
Second survey, 2017
No. participants
% Participants
No. participants
% Participants
Total participants
94,156
100.0
61,763
100.0
Participants screened positive
7,529
8.0
4,595
7.4
DSSM‡
Negative
6,659
7.07
4,109
6.65
Any positive
118
0.13
77
0.12
Positive scanty
35
0.04
36
0.06
Positive 1+
47
0.05
26
0.04
Positive 2+
21
0.02
7
0.01
Positive 3+
15
0.02
8
0.01
Not reported§
752
0.80
409
0.66
LJ culture
MTB growth
218
0.23
125
0.20
NTM growth
10
0.01
37
0.06
No growth
6,513
6.92
3,590
5.81
Contaminated
34
0.04
245
0.40
Not reported§
754
0.80
598
0.97
TB case
218
0.23
125
0.20
DSSM(+) – LJ(+)
105
0.11
38
0.06
DSSM(–) – LJ(+)
113
0.12
87
0.14

p value†
NA
<0.001
0.001
0.835
0.056
0.485
0.114
0.636
0.003
0.230
<0.001
<0.001
<0.001
<0.001
0.204
0.001
0.298

*DSSM, direct smear microscopy; LJ, Lowenstein-Jensen; MTB, Mycobacterium tuberculosis; NA, not applicable; NTM, nontuberculosis mycobacteria;
TB, tuberculosis; +, positive; –, negative..
†Pearson χ2 test to compare characteristics between the first and the second surveys.
‡Direct smear microscopy of the morning sample only.
§Test result was unknown or no sample available.
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Figure 2 Comparison of the prevalence (cases/100,000 adults) of culture-positive TB, smear-positive TB and smear-negative TB
between the first and second national TB prevalence surveys in Vietnam, 2007 and 2017. (A) Overall prevalence; (B) prevalence among
male participants; (C) prevalence among female participants. Box tops and bottoms indicate the standard errors of the prevalence;
horizontal lines within boxes indicate the point estimates of the prevalence; error bars indicate 95% CIs. S(1), first TB prevalence survey
(2007); S(2), second TB prevalence survey (2017).

as a key method to diagnose TB nationwide (20). Microscopy cannot detect smear-negative TB, which
might explain why the recorded prevalence of smearnegative TB did not change after the first survey. Of
note, whereas the prevalence of smear-positive TB decreased by 64% among men, it did not change among
women. This difference may be because for decades
women in Vietnam have sought healthcare more often than men and experienced shorter delays (21). TB
case finding among women, with the support of the
Women’s Union, has been instrumental in reducing
TB prevalence (22). Thus, it may be that, compared
with men, women already had relatively shorter TB
duration, and so prevalence was less affected by TB
control interventions during the decade. In addition,
the Global Adult Tobacco Survey conducted in Vietnam in 2015 found that smoking, a well-known risk
factor for TB, was more frequent among men (47.4%)
than among women (1.4%), although the smoking
prevalence among men had declined slightly compared with a similar survey in 2010 (23).
The difference in TB prevalence between men and
women was also reflected in the decline of the maleto-female ratio in the prevalence of culture-positive TB
found in the 2 surveys by using similar methods, from
4.0:1 in 2006–2007 to 3.0:1 in 2017–2018. This ratio is still
high compared with the average found in 56 previous
TB prevalence surveys in low-middle income countries (2.2:1) (24). The consistently high male-to-female
ratios in both studies suggest that the difference by sex
in recorded TB prevalence reflects an actual difference
in disease occurrence, warranting further research.
We cannot be conclusive about the causes of the
reduction in TB prevalence in our study because confounding factors may have affected the trend in TB
burden in Vietnam. One factor is economic growth

in Vietnam during 2007–2017; steady annual GDP
growth rates ranged from 5.2% to 7.1% (25). When the
economy grows, TB burden tends to decline because
nutritional, housing, and working conditions improve (26). A decline solely due to economic growth
would likely have affected smear-positive and smearnegative TB equally. However, many interventions
employed by NTP in the 10 years between surveys
relied on sputum smear microscopy, which cannot
detect smear-negative TB, possibly explaining these
divergent trends. The decline in smear-positive TB
suggests that the interventions were effective and are
at least partially responsible for the observed decline.
Nevertheless, estimates of the burden of TB in Vietnam remained high when newer, more advanced,
recommended diagnostics were applied to measure
prevalence. Data based only on sputum smear microscopy and LJ culture underestimated prevalence
by 60%–62% compared with prevalence estimated by
using Xpert MTB/RIF rapid molecular assays (Cepheid) and the more sensitive MGIT BACTEC960
liquid culture method (BD) (12). It is reasonable to
believe that the first survey underestimated the TB
prevalence to a similar extent, which may be true for
many prevalence surveys using less sensitive methods. This likelihood also underscores the need to
replace microscopy with Xpert MTB/RIF as the primary TB diagnostic method for TB care nationwide.
Our study’s first limitation was that we could
not address all of the analytic differences in screening and diagnostic technologies used in the 2 surveys.
This difference may have affected the comparability
of screening and diagnostic results, contributing to
uncertainties surrounding the true TB burden in both
surveys. For screening, digital chest radiograph was
applied in all clusters in the second survey, whereas
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Figure 3. Comparison of
symptoms suggestive of
TB reported during in-depth
interviews of participants who
screened positive (A) and survey
TB cases (B) identified during
the first and second national TB
prevalence surveys in Vietnam,
2007 and 2017.

participants in only two thirds of the clusters in the
first survey had digital chest radiograph, which probably resulted in lower sensitivity of TB screening in
the first survey (Appendix Table 2). For diagnosis,
sputum processing using harsher decontamination
methods during the first survey might have resulted
in more false-negative culture results compared with
the second survey. The difference in sputum processing could also explain the higher rate of contamination in the second survey. Second, the comparison of
TB prevalence between surveys among participants
in the youngest age group (15–24 years of age) was
not available because no culture-positive TB case was
found in the second survey among this age group.
This lack of results might be due to undersampling
in this age group because the time they needed to go
to school or work interfered with the timing of fieldwork, as described elsewhere (12). We attempted to
correct for this lack of data using multiple imputation
and poststratification as recommended (13).
878

In summary, our study shows a statistically significant reduction in prevalence of smear-positive TB
in Vietnam between 2007 and 2017 but no statistically
significant reduction in prevalence of smear-negative
TB. These results should be used by the NTP to direct
efforts and resources to support TB prevention and
control nationwide. In particular, our results suggest
that replacing microscopy with rapid molecular diagnostic methods, such as Xpert MTB/RIF, and screening for TB using digital chest radiograph to enhance
rapid case finding and treatment could further reduce
the TB burden in Vietnam.
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Foodborne Origin and Local and
Global Spread of Staphylococcus
saprophyticus Causing Human
Urinary Tract Infections
Opeyemi U. Lawal, Maria J. Fraqueza, Ons Bouchami, Peder Worning, Mette D. Bartels,
Maria L. Gonçalves, Paulo Paixão, Elsa Gonçalves, Cristina Toscano, Joanna Empel,
Małgorzata Urbaś, M. Angeles Domínguez, Henrik Westh, Hermínia de Lencastre, Maria Miragaia

Staphylococcus saprophyticus is a primary cause of
community-acquired urinary tract infections (UTIs) in
young women. S. saprophyticus colonizes humans and
animals but basic features of its molecular epidemiology
are undetermined. We conducted a phylogenomic analysis of 321 S. saprophyticus isolates collected from human
UTIs worldwide during 1997–2017 and 232 isolates from
human UTIs and the pig-processing chain in a confined
region during 2016–2017. We found epidemiologic and
genomic evidence that the meat-production chain is a
major source of S. saprophyticus causing human UTIs;
human microbiota is another possible origin. Pathogenic S.
saprophyticus belonged to 2 lineages with distinctive generic features that are globally and locally disseminated.
Pangenome-wide approaches identified a strong association between pathogenicity and antimicrobial resistance,
phages, platelet binding proteins, and an increased recombination rate. Our study provides insight into the origin,
transmission, and population structure of pathogenic S.
saprophyticus and identifies putative new virulence factors.

S

taphylococcus saprophyticus is the cause of uncomplicated urinary tract infection (UTI) in 10%–20%
of young women (1). Despite a greater successful
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treatment rate, S. saprophyticus UTI has a higher
recurrent infection frequency than Escherichia coli
UTI (2). Rare complications of S. saprophyticus UTI
include acute pyelonephritis, nephrolithiasis, and
endocarditis (3).
S. saprophyticus frequently colonizes humans and
can be found in the gastrointestinal tract, vagina, and
perineum (4). S. saprophyticus also is part of the gut
and rectal flora of livestock, including pigs and cattle,
and a frequent contaminant of meat and fermented
food products (1). S. saprophyticus also has been recovered from polluted aquatic environments (5).
The reservoirs of S. saprophyticus causing UTI in
humans are believed to be endogenous, but evidence
is lacking. Moreover, given the frequent bacterial
contamination of meat through the meat-processing
chain, meat and food are speculated to be sources of
human gut colonization and human S. saprophyticus
infection (6). Some studies have reported high genetic
diversity among isolates from human infections, food
products, and other sources (5,7,8). However, previous studies were performed with a limited number of
isolates, which prevented the description of the global
and local molecular epidemiology of S. saprophyticus.
We used phenotypic, genomic, and pangenomewide association study (pan-GWAS) approaches to
characterize S. saprophyticus both globally and locally.
In addition, we identified adaptive features that drive
S. saprophyticus evolution, defined the S. saprophyticus population structure, investigated dissemination
routes, and identified new pathogenicity factors.
Methods
Ethics Considerations

The human isolates used in our study were recovered
as part of routine clinical diagnostic testing; thus,
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ethics approval and informed consent were not required. All data were handled anonymously. Sample collection was in accordance with the European
Parliament and Council decision for the epidemiologic surveillance and control of communicable disease through the European Antimicrobial Resistance
Surveillance Network (http://www.ecdc.europa.
eu/en/activities/surveillance/EARS-Net/Pages/
index.aspx). Slaughterhouse samples were part of
the routine control practices for evaluation of good
hygiene practices and programs to assure meat safety (European Parliament and Council regulation no.
853/2004).

phylogenies by using RAxML version 8.2.4 (https://
github.com/stamatak/standard-RAxML) and generalized time-reversible nucleotide substitution with
gamma correction model with 100 bootstrap value.
We visualized the maximum-likelihood trees by using Interactive Tree of Life (ihttps://itol.embl.de)
(Figures 1–3; Appendix 2 Figure 3). Recombination
to mutation (r/m) ratios detected by using Gubbins
were calculated as the average r/m of isolates in the
entire collection and separately for each lineage by
using as reference closed genomes of KS40 for lineage G and KS160 for lineage S, both obtained on the
MinIon platform (Oxford Nanopore).

Bacterial Isolates

Pan-GWAS

The global S. saprophyticus collection we used included
299 isolates from humans collected in 7 countries during 1997–2017: 286 from UTIs, 12 from invasive disease,
and 1 from colonization (Appendix 1 Table 1, https://
wwwnc.cdc.gov/EID/article/27/3/20-0852-App1.
xlsx). We also analyzed the genomes of S. saprophyticus
for 38 isolates from 5 other countries: 35 isolates from
human UTIs (8), 2 from human hand swabs (8), an isolate from Byzantine Troy (8), and ATCC 15305 (9), a
previously investigated human UTI-causing isolate.
The local collection included isolates collected in
Lisbon, Portugal, during 2016–2017: 128 human UTI
isolates collected in 3 hospitals and 104 slaughterhouse
isolates collected from equipment, pork samples, workers’ hands, and a pig’s rectum. In addition, we included
5 isolates from animals and 12 isolates from food used
in other studies (8) (Appendix 2, https://wwwnc.cdc.
gov/EID/article/27/3/20-0852-App2.pdf).
Whole-Genome Sequencing and Assembly
Phylogenetic Analysis

We performed whole-genome sequencing (WGS)
on MiSeq (Illumina, https://www.illumina.com)
and MinIon nanopore (Oxford Nanopore, https://
nanoporetech.com) platforms, as described (10) (Appendix 2). We separately analyzed global population and local epidemiology of S. saprophyticus and
their phylogeny by using single-nucleotide polymorphisms (SNPs). We identified SNPs by mapping the draft genomes to a reference genome, S.
saprophyticus ATCC 15305 (GenBank accession no.
AP008934.1) by using the web-based CSI phylogeny
version 1.4 (11) with the default parameter, but we
disabled the minimum distance between SNPs in
the parameter. We used Gubbins version 2.3.4 (12)
with default parameters to concatenate SNPs and remove recombination regions. We reconstructed the

We used Prokka version 1.13 (https://vicbioinformatics.com/software.prokka.shtml) to annotate genomes
and defined the pangenome by using 85% blastp
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) identity in
Roary version 3.12 (http://sanger-pathogens.github.
io/Roary). We performed GWAS by using Scoary
version 1.6.16 (13) to identify genes associated with
lineages and considered Bonferroni corrected p<0.05
(odds ratio [OR] >1) statistically significant; we identified genes associated with epidemiologic groups
and considered Benjamini Hochberg corrected and
pairwise comparison p<0.05 statistically significant.
Sequence data from this study are available in GenBank (accession no. PRJNA604222).
Resistome and Virulome Analyses

We screened genomes for resistance and virulence
genes by using ResFinder version 2.3 (http://cge.cbs.
dtu.dk/services/ResFinder), an in-house virulence
genes database, and the virulence factor database (14),
integrated into ABRicate version 0.5 (https://github.
com/tseemann/abricate). We considered genes with
a threshold >90% nucleotide identity and >60% coverage to be present.
Statistical Analyses

We used Prism 6.0 (GraphPad, https://www.graphpad.com) to compare the means of 2 groups. We
used a 2-tailed unpaired Mann-Whitney test or χ2
test for comparison and considered p<0.05 statistically significant.
Results
Lineages of S. saprophyticus Causing UTIs

Among study isolates, we first analyzed the diversity
of S. saprophyticus causing UTIs by using genomic data
of 321 human UTI isolates collected from 8 countries
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on 4 continents during 1997–2017. From the SNPs
initially detected, 42% arose from recombination
events in the population, corresponding to a mean genome-wide r/m of 1.5:1, meaning that high accumulation of SNPs was due to recombination rather than
mutation in UTI strains. The maximum-likelihood tree

constructed from the 9,134 SNPs without recombination defined 2 lineages, which we called G and S (Figure 1). Most (74%, 236/321) UTI isolates were from lineage G and differed by 0–4,318 SNPs with an average
nucleotide identity (ANI) of 98.5%–99.999%, whereas
S isolates (26%, n = 85/321) were slightly less distantly

Figure 1. Maximum-likelihood tree of Staphylococcus saprophyticus isolates recovered from human infections and colonization globally,
1997–2017. The tree was constructed by using 9,134 SNPs without recombination. Among analyzed isolates, 321 were recovered from
UTIs, 12 from blood, and 4 from colonization. Each node represents a strain; nodes with identical color belong to the same lineage. The
assembled contigs were mapped to the reference genome S. saprophyticus ATCC 15305 (GenBank accession no. AP008934.1; black
star). Polymorphic sites resulting from recombination events in the single-nucleotide polymorphism (SNP) alignments were filtered out
by using Gubbins version 2.3.4 (12). Maximum likelihood tree was reconstructed by using RAxML version 8.2.4 (https://github.com/
stamatak/standard-RAxML). We performed generalized time-reversible nucleotide substitution model with gamma correction with 100
bootstraps random resampling for support. We visualized the tree by using Interactive Tree of Life (iTOL; https://itol.embl.de). Black
triangles represent isolates fully sequenced by using the long-read nanopore technologies and used as reference to estimate r/m in
the respective lineage. Cream color represents clusters G1, G2, G3, G4, and S1, which had dissemination and transmission in same
country and in different countries. The outer ring represents isolates’ country of origin; blocks with identical color represent isolates from
the same country. Of note, cluster G4 contains a pair of isolates collected in 2016 that had only 10 SNPs difference; one is a blood
isolate from Barcelona, Spain (KS266) and the other is a UTI isolate recovered in Lisbon, Portugal (KS135). Scale bar indicates number
of substitutions per site. UTI, urinary tract infection; r/m, recombination to mutation ratio.
882
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Figure 2. Phylogenomic analysis and distribution of Staphylococcus saprophyticus isolates collected from human infections and
a slaughterhouse, Portugal, 2016–2017. A) Maximum-likelihood tree of 232 isolates from human infections or slaughterhouse
contamination. The tree was constructed by using 14,110 single-nucleotide polymorphisms (SNPs) without recombination. Each node
represents a strain; nodes with identical color belong to the same lineage. The assembled contigs were mapped to the reference
genome S. saprophyticus ATCC 15305 (GenBank accession no. AP008934.1; black star). SNPs generated from each genome were
concatenated to single alignment corresponding to position of the reference genome. Polymorphic sites resulting from recombination
events in the SNP alignments were filtered out by using out by using Gubbins version 2.3.4 (12). Tree was reconstructed by using
RAxML version 8.2.4 (https://github.com/stamatak/standard-RAxML). The generalized time-reversible nucleotide substitution model with
gamma correction was performed with 100 bootstrap random re-samplings for support. The tree was visualized by using Interactive Tree
of Life (iTOL; https://itol.embl.de). The clusters highlighted in cream represent admixture of isolates recovered from different sources that
are closely related by SNPs in clusters G5–G11 and S2–S4. The inner ring (ring 1) represents genetic relatedness of isolates recovered
from different sites inside the slaughterhouses and those recovered from infection in the community. The center ring (ring 2) identifies
the isolates recovered from different hospitals. The outer rings (rings 3–8) represent the distribution of 6 genes that convey antimicrobial
resistance. Scale bar indicates nucleotide substitutions per site. B) Source-based distribution of S. saprophyticus isolates in the lineage
G and lineage S. Lineage G consisted isolates from infections, colonization, and contamination. Almost all (97%) isolates in lineage S
are from human colonization and infection.
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Figure 3. Maximum-likelihood tree depicting the genetic relatedness of Staphylococcus saprophyticus isolates belonging to clonal
lineage G recovered from human infections or slaughterhouse contamination, Portugal, 2016–2017. Each node represents a strain.
The tree was visualized by using Interactive Tree of Life (iTOL; https://itol.embl.de). Clusters highlighted in cream in the innermost ring
represent admixture of isolates in clusters G5–G11, which were recovered from different sources and are closely related by singlenucleotide polymorphism. Ring 1 represents genetic relatedness of isolates recovered from different sites in the slaughterhouses and
those recovered from infection in the community. Ring 2 depicts the isolates recovered from different hospitals. Scale bar indicates
nucleotide substitutions per site.

related, differing by 0–3,540 SNPs with an ANI of
99.3%–99.991% (Appendix 2 Figure 1).
S. saprophyticus lineages we identified among
UTI isolates worldwide had distinctive features indicative of 2 evolutionary histories. Although strains
of both lineages had similar genome size as determined by their closed genomes (lineage G was 2.5
Mb and S 2.6 Mb), isolates from lineage S (n = 6)
grew significantly faster in tryptic soy broth incubated at 37°C (μaverage = 0.34 h–1) than G strains (n =
8) (μaverage = 0.22 h–1; p = 0.0007) (Figure 4; Appendix
2). Moreover, we separately analyzed r/m of both
lineages by using the respective closed genome of
strains from each lineage as a reference and found
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that the mean estimated r/m was 9 times higher in
S isolates (r/m = 4.4:1) than G isolates (r/m = 0.5:1).
We did not detect a temporal signal when performing regression analysis (r) of tip-to-root distance
versus isolation date, either in the entire collection (r = −0.2423) or for separate lineages (for G,
r = −0.1314; for S, r = 0.1889) (Appendix). Hence, we
could not determine when the 2 lineages diverged.
The lack of temporal signal probably results from
the limited number of isolates in each time point.
To further compare the 2 lineages, we constructed the pangenome of the 338 human S. saprophyticus
genomes and identified 10,222 genes with 85% blastp
clustering by using Roary. Among these, 8,351 genes,
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present in <99% of the genomes, constituted the accessory genome. A gene accumulation plot of all the
genes against the genomes sequenced showed that
S. saprophyticus has an open pangenome (Appendix
2 Figure 2, panels A, B). The pan-GWAS analysis of
the accessory genome indicated that G and S isolates
have different genomic content (Bonferroni p<0.05,
OR >1). A total of 128 genes were specific/enriched
in the G lineage, including those encoding a type I

restriction subunit (group_383), a defense mechanism
against genetic transfer (15); metabolism of melibiose
(ebgA, melB) (16) and inositol (iolE) (17), compounds
that are excreted in urine; toxin–antitoxin systems
(group_4685, group_5665), involved in stress response
(18); and antimicrobial resistance (qacA) (19) (Table 1;
Figure 5, panel A; Appendix 2 Table 1).
For S lineage, 237 genes were specific/enriched, some of which are involved in metabolism

Figure 4. Growth rate of Staphylococcus saprophyticus clonal lineages in tryptic soy broth (TSB) and in different concentrations
of female sex hormones. All assays were performed in triplicate and each experiment was repeated 3 times. A) Growth rate of S.
saprophyticus strains in different concentrations of progesterone. First panel represents growth rate in TSB at 37°C; isolates belonging
to lineage S grew significantly faster (p = 0.0007) than isolates in lineage G in TSB without hormones. However, no statistically
significant difference in the growth rate of either lineage was noted in physiologic (2.0–200 ng/mL) and higher concentrations of
progesterone. B) Growth rate of S. saprophyticus strains in TSB (first panel) and different concentrations of estradiol. Lineage S isolates
grew faster in physiologic concentrations (350 pg/mL–350 ng/mL) and higher of estradiol, suggesting that this lineage is better adapted
to the hormone-rich environment of the urine and the vagina than lineage G. Error bars indicate 95% CIs; horizontal lines indicate
medians. C) Growth rate mean values of S. saprophyticus strains in progesterone and estradiol.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

885

RESEARCH

Table 1. List of genes exclusively associated with lineage G Staphylococcus saprophyticus strains in study of foodborne origin and
local and global spread of S. saprophyticus causing human urinary tract infections*
Genes
Gene predicted function
Biologic function group
Frequency, % Reference no.
group_383
Type I site-specific deoxyribonuclease
Endonuclease
96
(15)
restriction subunit
icaR
Ica operon HTH-type negative transcription
Transcription
95
NA
regulator
licT
Transcription antiterminator LicT
Transcription
80
NA
iolE
Inosose dehydratase
Inositol metabolism
86
(17)
group_4976
Phage infection protein
Phage-related protein
46
NA
group_869
Bacteriophage integrase
Phage-related protein
42
NA
tnpC_1
Transposase for transposon Tn554
Mobile genetic element
17
NA
group_744
Putative glucarate transporter
Transporter
29
NA
group_4685
Addiction module toxin Txe/YoeB family
Stress response (Type II
20
(18)
protein
toxin–antitoxin system)
group_5665
Addiction module antitoxin Axe family protein
Stress response (Type II
19
(18)
toxin–antitoxin system)
yhjQ
Putative cysteine-rich protein YhjQ
Putative function
17
NA
*List of genes also include 53 hypothetical proteins. Bonferroni adjusted p<0.032. NA, not applicable.

of ascorbate (ulaA) and thiamine (tenI) (20); induction of phosphate starvation (psiE), which was
previously linked to switch on virulence in other
uropathogens (21); platelet binding (splE, sdrE) associated with virulence (22); steroid metabolism
(group_7190); and resistance to trimethoprim (dfrG)
and biocides (qacC) (Table 2; Figure 5, panel A; Appendix 2 Table 1). Additional genes associated with
S lineage that could explain its increased growth
rate include those linked to lactose and cellobiose
metabolism (group_5572 gene) (23) and cell wall
hydrolysis (lytN) (24), whereas the prevalence of
transposases (group_3547 and group_1828) (25) and
phage genes (recT and yueB) (27) could justify its
increased recombination rate.
Local and Global Spread of S. saprophyticus
Clones Causing UTIs

We observed no time-based clustering of S. saprophyticus UTI isolates in the phylogeny, but we noted some
geographic clustering. In particular, 89% (n = 78) of
S isolates were found in Portugal and Spain (Figure
1). In addition, we identified clusters containing isolates from a single country. For instance, cluster G3
(1–8 SNPs) contained only isolates from Portugal and
cluster G1 (0–63 SNPs) only isolates from Denmark
(Figure 1).
We noted a high degree of isolate admixture
in the maximum-likelihood tree of our global collection, suggesting that S. saprophyticus isolates of
both lineages are disseminated geographically. G
strains were distributed most widely, in 11 countries on 4 continents, whereas we found S isolates
in only 6 countries. Despite the genetic diversity
described, we still found isolates from different
countries that differed by only a few SNPs. One
pair in cluster G4 that had only 10 SNPs difference
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was a blood isolate from Barcelona, Spain (KS266),
and a UTI isolate from Lisbon (KS135), collected in
2016 (Figure 1).
Although a relatedness cutoff is not defined yet
for S. saprophyticus, the low number of SNPs observed
between strains from the same and different countries is below the relatedness cutoff of 10–40 SNPs for
most bacterial species (28). The apparent relatedness
we noted implies that UTI isolates from different patients in the same country and in different countries
are highly related and could belong to a cross-border
chain of transmission. This finding challenges the
assumption that S. saprophyticus causing UTIs were
mainly endogenous (29).
Genetic Relatedness of S. saprophyticus from
Slaughterhouses and UTIs

Pork is the most frequently consumed red meat in Europe (30) and is often contaminated with S. saprophyticus (1). We found that 35% of slaughterhouse samples
(from meat, equipment, workers’ hands, and a live
pig) were contaminated with S. saprophyticus.
To understand whether S. saprophyticus causing
UTIs could be related to S. saprophyticus in pork, we
compared 104 isolates collected from a slaughterhouse against 128 isolates collected from human UTIs
in Lisbon during 2016–2017. Among the 104 isolates
from the slaughterhouse, 39 (37.5%) were collected
from meat, 32 (30.8%) from equipment, 32 (30.8%)
from workers’ hands, and 1 (≈ 1%) from a live pig.
SNP-based phylogenetic analysis with a tree-rooted
at the midpoint showed that most (91%; 95/104)
slaughterhouse isolates belonged to lineage G (Figure
2, panels A, B) and that a strain from slaughterhouse
equipment was at the base of this lineage (bootstrap
100). In addition, the phylogenetic reconstruction
including isolates from this study and other isolates
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from production and companion animals (including
2 pigs, 2 bovine, and 1 canine) and food (8) showed
that most (3/5) animal isolates clustered together at a
basal clade of lineage G (bootstrap 100) (Appendix 2
Figure 2). Some clusters in the phylogenetic tree (e.g.,
G9) had slaughterhouse isolates at the base and UTI
isolates at the tip. However, we also observed the opposite (e.g., G11), tree clusters with slaughterhouse
isolates at the tip and UTI isolates at the base (Figure
2, panel A).Moreover, 41% of G strains included the
antimicrobial resistance gene tetK (p<0.0001) (Figure
2, panel A), which is associated with resistance to tetracycline, an antimicrobial drug extensively used in
animal production (31).
Phylogenetic reconstruction of all isolates from
Lisbon based on SNPs provided additional examples

of admixture of isolates recovered from different sampling sites in the slaughterhouse and from the slaughterhouse and humans. Isolates from meat were frequently intermixed with isolates from equipment and
colonized workers as observed in cluster G6 wherein
strains differed by only 1–65 SNPs (Figure 2, panel A;
Figure 3). Likewise, cluster G9 included isolates from
the slaughterhouse that were intermixed with human
UTI isolates. Isolates collected from slaughterhouse
equipment differed by only 19 SNPs from human
UTI isolates. Likewise, human UTI isolates differed
from meat isolates by 25 SNPs and from isolates of
colonized workers by 26 SNPs. In addition, slaughterhouse and human UTI isolates had the same antimicrobial resistance profile, exhibiting resistance to
fosfomycin, fusidic acid, and tetracycline (Appendix
Figure 5. Genetic determinants
that contribute to the distinction
of clonal lineages and lifestyle of
Staphylococcus saprophyticus.
The graph displays determinants
that contribute (A) and mediate (B)
adaptation of S. saprophyticus to
either infection or contamination.
We used the genome-wide
association study (GWAS) method
to identify genetic factors by
using 2 association comparisons:
lineage G versus lineage S and
human infection versus surface
contamination. We used the
pairwise comparison and included
a core-SNP phylogenetic tree
without recombination to remove
the lineage effect in the analysis.
Hits with Benjamini Hochberg
corrected p<0.05 and odds ratio
>1 were considered statistically
significant. We grouped the
identified genes into biologic
functions based on gene annotation
predicted by Prokka (https://
vicbioinformatics.com/software.
prokka.shtml). Some genetic
factors that were associated with
infections and contamination also
were associated with the lineages
despite subjecting the GWAS to
lineage correction.
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Table 2. List of lineage S genes exclusively associated with Staphylococcus saprophyticus strains in study of foodborne origin and
local and global spread of S. saprophyticus causing human urinary tract infections*
Genes
Gene predicted function
Biologic function group
Frequency, % Reference no.
group_5572
Phosphotransferase system, lactose/
Sugar metabolism
99
(23)
cellobiose-specific IIB subunit
ulaA
PTS system ascorbate-specific IIC component
Sugar metabolism
99
(20)
group_5955
Sugar phosphate isomerase/epimerase
Sugar metabolism
26
(23)
lytN
C51 family D-Ala-D-Gly carboxypeptidase
Cell wall hydrolase
85
(24)
psiE
Protein PsiE
Phosphate starvation
22
(21)
group_1438
Arsenite methyltransferase
Arsenite resistance
25
NA
dfrG
Trimethoprim-resistance dihydrofolate reductase
Antimicrobial resistance
18
NA
group_7190
3-β hydroxysteroid dehydrogenase/isomerase
Steroid metabolism
17
(26)
group_273
Recombinase/resolvase
Mobile genetic element
69
(25)
group_2198
Putative ATPase/transposase
Mobile genetic element
26
(25)
group_275
Recombinase/resolvase
Mobile genetic element
21
(25)
group_355
Transposase for IS431mec
Mobile genetic element
17
(25)
group_7470
Putative replication-associated protein
Mobile genetic element
10
NA
group_3363
putative DoxX family membrane protein
Putative functions
85
NA
mviM
NADH-dependent dehydrogenase
Putative functions
26
NA
nmrA
Putative nmrA negative transcriptional
Transcription
17
NA
regulator family protein
group_7195
Amidohydrolase
Hydrolase
17
NA
group_6430
Putative restriction enzyme
Restriction enzyme
17
NA
*List of genes also include 84 hypothetical proteins. Bonferroni p<0.031. NA, not applicable.

1 Table 1). We could not ascertain any epidemiologic
link between the workers in the slaughterhouse and
UTI patients, due to data protection limitations, but
contact with meat production previously has been
identified as a risk factor for UTI (6).
The only live-pig isolate was intermixed in cluster
G8 with isolates from meat, slaughterhouse workers,
and UTI patients (Figure 3), having 307–658 SNPs difference. The admixture of strains in the tree suggests
the existence of frequent cross-transmission within
the slaughterhouse and between the slaughterhouse
and humans.
Insufficient disinfection procedures probably
contributed to the high transmission rate of S. saprophyticus within the slaughterhouse, as demonstrated
by the highly related strains (<11 SNPs) on dirty and
clean equipment surfaces and similar strains (<16
SNPs) isolated 12 months apart. Carriage of the antimicrobial resistance gene, qacA, by all G strains could
justify the observed unsuccessful cleaning procedures
(Figure 2, panel A).
The accumulation of substitutions and genetic distance evidenced by the phylogenetic analysis suggest
that isolates from slaughterhouses and food probably
are the primary sources of S. saprophyticus G strains
(Figure 3). Transmission probably occurs more frequently from the slaughterhouse and food to humans;
however, we cannot ascertain directionality due to the
lack of temporal signal.
Evidence Supporting the Human Origin of Lineage S

In contrast to isolates belonging to lineage G, which were
mostly from UTIs and the slaughterhouse, S isolates
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were almost exclusively of human origin (97%; n =
66/68), either from UTIs (n = 59) or human colonization
(n = 7) (Figure 2, panels A, B). When we reconstructed
the phylogeny of all isolates in this and other studies (8)
(Appendix 2 Figure 3), a human isolate was at the base
of the S lineage. The only 2 S isolates seen in animals
were from nonhuman primates. Furthermore, a resistance determinant for trimethoprim (dfrG), which routinely is used to treat human UTIs, was associated with
this lineage (18%; p<0.05) (Figure 2, panel A; Table 2).
To determine whether S isolates could have originated in humans, we grew isolates from both lineages
in the absence and presence of human physiologic
concentrations (15–350 pg/mL) of estradiol (32), a
female hormone commonly found in urine and the
vagina, and in different pH values mimicking the
stomach (pH 2.5), vagina (pH <4.5) (33), skin (pH
5.5), and urine (pH 4.5–8.0) (34). The growth rate of
S isolates did not change significantly at the highest
physiologic concentration of estradiol specific to humans (0.34 h–1 vs. 0.33 h–1), but the growth rate for G
strains decreased by 59% at this concentration (0.22
h–1 vs. 0.13 h–1; p = 0.0007) (Figure 4, panels A–C; Appendix 2). All isolates grew at all pH levels assayed,
except for pH 2.5. At pH 4.5 and 5.5, isolates of both
lineages had similar growth rates, but S isolates had a
higher growth rate than G isolates at pH 8, although
this difference was not statistically significant (p =
0.133). These results suggest that lineage S isolates
are more adapted than lineage G strains to high estradiol concentrations found in women, but not found
in other female animal hosts, such as pigs, bovine, or
canines (35). GWAS also identified a gene involved in
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steroid metabolism, 3-β hydroxysteroid dehydrogenase (HSD), associated with lineage S (Table 2; Figure
5, panels A, B). Steroids such as estradiol are primary
signaling molecules for host–microbe interactions
(26) and involved in the interconversion of active
and inactive steroid hormones (26). Presence of HSD
could be an adaptive evolution to colonization of
the bladder, a hormone-rich environment. Evidence
supports a human (primate) origin for lineage S, but
studies sampling a wider range of ecologic sites and
geographic regions are needed.
UTIs and S. saprophyticus Dissemination
among Humans in the Community

To explore dissemination of S. saprophyticus causing
UTIs in the community through human-to-human
contact, we analyzed genomic data of the 128 UTI
isolates from outpatients of 3 hospitals in the Lisbon area. Transmission of S. saprophyticus from lineage G and S between persons in the community was
apparent, as demonstrated by the high relatedness
of strains from UTI patients at different hospitals.
In the G cluster, G10 isolates had 9–24 SNPs difference, and in the S cluster, S2, differed by 6–64 SNPs
(Figure 2, panel A). However, due to data protection

regulations, we could not ascertain whether the patients were epidemiologically linked. Results suggest
that patients might have acquired these strains from
the same reservoir or that direct and indirect crosstransmission could have occurred in the community.
Disease Signatures among S. saprophyticus Populations

Several virulence factors, including urease, have
been described in S. saprophyticus (36), but the basis
of pathogenicity in this species is mainly unknown.
We used a pan-GWAS approach to compare the genetic content of 128 isolates from human infections
to 104 isolates recovered from a slaughterhouse, all
collected in Lisbon during 2016–2017. We identified 6 genes that appear to be associated with an increased pathogenic potential in S. saprophyticus (Figure 5, panel A; Appendix 2 Tables 2–5). These genes
included those encoding an SplE-like protein and a
gene cluster encoding a complete accessory secretory system associated with a serine-rich adhesion,
similar to SraP. Previous studies have described
highly homologous secretory system (>97% nucleotide identity) associated to serine-rich proteins that
bind platelets, including SraP in S. aureus (37) and
UafB in S. saprophyticus (38).

Figure 6. A proposed model for the dissemination and transmission of Staphylococcus saprophyticus in the community. The arrows
represent the dissemination and transmission of S. saprophyticus isolates that belonged to lineage G (green) and lineage S (yellow).
Lineage G S. saprophyticus strains are of animal origin and enter the slaughterhouse through production animals, such as pigs, persist
on the equipment, and contaminate the meat in processing chain. Lineage G strains could enter the community through contaminated
meat and workers colonized in the slaughterhouse. Lineage S strains most likely are of humans and primate origin and probably are
disseminated by person-to-person contact within the community.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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We also found other genes associated with infection that encoded phage proteins. An analysis on 128
UTI isolates using PHASTER (39) identified 5 phages
in 48 (38%) strains. The phages were 38–125 Kb and
had <50% identity with any known phage. The genomic vicinity of the identified phages varied in the
chromosome, suggesting that lysogenic conversion
was not the mechanism involved in pathogenicity
of these strains; instead, hypothetical phage genes
could be crucial for pathogenicity. In addition, genes
encoding resistance to the antimicrobial drugs trimethoprim (dfrG), lincosamide (lnuA), streptogramin B
(erm44v), or to macrolides (mphC-msrA) also were associated with strains from human infections (Figure
2; Figure 5, panel B; Appendix 2 Tables 2–5).
Another factor highly associated with human infections was the occurrence of recombination, which
was 6 times higher in isolates from UTIs (r/m 1.7:1)
than from isolates associated with colonization or
contamination (r/m 0.3:1). This finding suggests recombination might be a strategy of S. saprophyticus
to evade the host immune system, as described elsewhere (40).
Discussion
We identified 2 S. saprophyticus lineages, G and S,
associated with human UTIs that appeared to have
different evolutionary histories. Our data support a
foodborne origin for lineage G and its transmission
through food products to humans. We also found evidence of a human origin for lineage S and additional
proof for the occurrence of direct or indirect humanto-human dissemination in the community, which
could explain not only the local dissemination of both
lineages but also the wide geographic dissemination,
as described for S. aureus (41) and E. coli (42).
Our conclusions were limited by the characteristics of the sample collection analyzed. In particular,
the lack of temporal signal did not enable inference
of the direction of transmission between the sampling
sites. We could establish obvious genomic relatedness
between the meat production chain and human UTIs
and UTIs from different persons in the community.
However, lack of samples from other animal hosts,
environments, or different ecologic niches in humans,
did not enable us to establish pig meat and humans as
the unique sources of the 2 lineages nor identify the
preferred ecologic niche of S. saprophyticus in humans.
Our observed S. saprophyticus colonization rate
among pigs was extremely low (1%) compared with
previous studies (43), which could be explained by
possible cross-inhibitory bacterial interactions (44);
however, contamination within the slaughterhouse
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environment sometimes reached 35%. Amplification
of S. saprophyticus in the slaughterhouse environment
was probably potentiated by resistance to biocides.
We found that slaughterhouse workers’ washed
hands were colonized with strains that were highly
related to slaughterhouse environmental isolates and
to strains causing UTIs, suggesting exposure of workers to the slaughterhouse environment as a risk factor
for human colonization (Figure 6).
The transmission chain of S lineage isolates appears to be different and to have no link to meat
production. S lineage UTIs might originate from human gut or vaginal colonization; both have been reported as possible human niches (2,4). Evidence for
the human origin of S lineage included the almost
exclusive (97%) identification in humans, where S
lineage was better adapted to the physiologic high
concentration of human female sex hormones; grew
at vagina, skin, and urine pH values; and harbored
2 serine-proteases that presumably can bind to human platelets, as described for SraP (37). The distinct
genetic content and phenotypic features of lineages
G and S further reflected the diverse selective pressures of the human and animal, slaughterhouse, and
food environments and suggest different evolutionary strategies toward pathogenicity. In particular,
we found that tetracycline and antimicrobial resistance genes associated with colonization-contamination also were associated with isolates of the G
lineage. Furthermore, genes encoding sugar metabolism, serine proteases, and a trimethoprim resistance
associated with infection were also associated with
isolates of the S lineage, implying distinctive specialization of the 2 lineages.
Our results also indicate a key role of settingassociated antimicrobial drug usage, especially
for trimethoprim, macrolides, and tetracycline, in
resistance development and pathogenicity. Subinhibitory concentrations of these drugs have been
shown to promote virulence in bacteria through
the induction of biofilm production (45), quorumsensing (45), or phages (46) and might also increase
S. saprophyticus pathogenicity.
We found a high r/m rate in isolates of the S lineage and in strains from UTIs, comparable to naturally transformable bacterial species like Klebsiella
pneumoniae and Streptococcus pyogenes (47). A similar
phenomenon was observed for S. epidermidis (48); variation in cell surface proteins was shown to contribute
to evasion of human immunity (48), and a similar strategy might be advantageous for S. saprophyticus in infection. The recombination might have resulted from
defects in repair of double stranded DNA breaks from
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oxidative stress induced by leukocytes during infection, as previously described (48). However, the
mechanism linking infection and recombination in S.
saprophyticus remains elusive.
Last, we identified factors associated with infection that could represent new S. saprophyticus virulence factors, including 2 serine-proteases, sraP-like
and splE-like, and phages SraP and SplE, which previously were connected to pathogenicity in S. aureus
(22,37). In addition, phages have been described
to transport pathogenicity islands in staphylococci
(49). Our study constitutes a deep-structured analysis of S. saprophyticus population structure and genomic epidemiology, providing groundwork for
future studies on the pathogenicity and population
genetics of this bacterium.
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Mycoplasma genitalium and
Other Reproductive Tract
Infections in Pregnant Women,
Papua New Guinea, 2015–2017
Michelle J.L. Scoullar, Philippe Boeuf, Elizabeth Peach, Ruth Fidelis, Kerryanne Tokmun, Pele Melepia,
Arthur Elijah, Catriona S. Bradshaw, Glenda Fehler, Peter M. Siba, Simon Erskine, Elisa Mokany,
Elissa Kennedy, Alexandra J. Umbers, Stanley Luchters, Leanne J. Robinson, Nicholas C. Wong,
Andrew J. Vallely, Steven G. Badman, Lisa M. Vallely, Freya J.I. Fowkes, Christopher Morgan,
William Pomat, Brendan S. Crabb, James G. Beeson, Healthy Mothers Healthy Babies Study Team1

Much about the range of pathogens, frequency of coinfection, and clinical effects of reproductive tract infections
(RTIs) among pregnant women remains unknown. We report on RTIs (Mycoplasma genitalium, Chlamydia trachomatis, Neisseria gonorrhoeae, Trichomonas vaginalis,
Treponema pallidum subspecies pallidum, bacterial vaginosis, and vulvovaginal candidiasis) and other reproductive health indicators in 699 pregnant women in Papua
New Guinea during 2015–2017. We found M. genitalium,
an emerging pathogen in Papua New Guinea, in 12.5%
of participants. These infections showed no evidence of
macrolide resistance. In total, 74.1% of pregnant women
had >1 RTI; most of these infections were treatable. We
detected sexually transmitted infections (excluding syphilis) in 37.7% of women. Our findings showed that syndromic management of infections is greatly inadequate.
In total, 98.4% of women had never used barrier contraception. These findings will inform efforts to improve reproductive healthcare in Papua New Guinea.

R

eproductive tract infections (RTIs), including sexually transmitted infections (STIs), are
preventable and often curable health conditions.

Author affiliations: Burnet Institute, Melbourne, Victoria, Australia
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Public health officials consider Chlamydia trachomatis,
Neisseria gonorrhoeae, Trichomonas vaginalis, and
Treponema pallidum subspecies pallidum infections to
be curable diseases. An estimated 376.4 million new
cases of these 4 infections occur globally in adults
each year; the World Health Organization Western
Pacific Region has the highest number of annual
new cases, estimated at 142 million (1–3). Other
RTIs, such as bacterial vaginosis (BV) and vulvovaginal candidiasis (VVC) caused by Candida albicans, are also common. However, global estimates
for these diseases are less certain because of differing diagnostic methodologies for BV (4) and prevalence of commensal C. albicans. Current estimates
suggest that 8%–51% of pregnant women have BV
(5); 20%–30% of asymptomatic and 40% of symptomatic women have vaginal C. albicans infections
(6). RTIs can cause substantial pain and discomfort
and some patients might experience debilitating
stigma from their families and communities (7). Possible complications include pelvic inflammatory disease, infertility, and increased risk for other STIs. In
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pregnant women, RTIs can cause miscarriage, stillbirth, preterm birth, or neonatal death, as well as
serious neonatal conditions such as blindness, congenital malformations, and lifelong disability (1,8,9).
Mycoplasma genitalium is increasingly understood
to be a major cause of poor sexual health and is associated with pelvic inflammatory disease, cervicitis,
miscarriage, and preterm birth (10,11). Limited data
exists on M. genitalium prevalence, although estimates
range from <1.0% in the general adult population to
15.9% in groups at high risk, such as female commercial sex workers (12,13). In pregnant women, estimates range from 0.7% in the United Kingdom (14) to
11.9% in the Solomon Islands (15). During 2010–2019,
global macrolide resistance to M. genitalium increased
from 10% to >50% (16). In many regions, the prevalence of M. genitalium and its susceptibility to antimicrobial drugs is unknown.
Papua New Guinea is a country in the southwestern Pacific Ocean with >8.5 million persons (17). Poor
pregnancy outcomes are common in this country. Estimates are imprecise because of weaknesses in vital
registry systems, but <50% of women give birth with
a skilled birth attendant (18). Ultrasound machines
for gestational age assessment are largely inaccessible
because of scarcity, cost, and location. The estimated
prevalence of low birthweight (weight <2.5 kg) ranges from 10%–24% and preterm birth from 7%–18%
(19). Papua New Guinea has a high perinatal death
rate of 17 deaths/1,000 pregnancies (19). Curable STIs
are common; rates of C. trachomatis, N. gonorrhoeae, T.
vaginalis, and T. pallidum infections exceed those of
other high-prevalence regions such as sub-Saharan
Africa (1,20). However, little to no data exists on the
prevalence of M. genitalium in Papua New Guinea.
We evaluated the prevalence of M. genitalium and
other RTIs among pregnant women attending antenatal clinics in the East New Britain (ENB) province of
Papua New Guinea. We also investigated molecular
markers of resistance in clinical samples from these
patients. We investigated the relationships between
different RTIs, factors associated with infection, and
analyzed the diagnostic accuracy of syndromic management guidelines.
Materials and Methods
Study Site and Population

We studied cross-sectional baseline data from 699
pregnant women attending their first antenatal clinic.
Study participants were enrolled in Healthy Mothers
Healthy Babies, a prospective cohort study undertaken at 5 health facilities in 3 of the 4 districts of ENB.

The study sites included the hospitals in the 2 major
urban areas and the 3 largest rural health centers of
ENB. Members of the largest ethnic group, the Tolai,
access all facilities; members of the second largest ethnic group, the Baining, predominantly access Kerevat
Rural Hospital, the government-operated rural facility. Enrollment in the Healthy Mothers Healthy Babies
cohort, and thus this study, occurred during March
2015–June 2017. Women >16 years of age who were
living in the facilities’ catchment area and attending
clinic for the first time in the current pregnancy, regardless of gestational age, were eligible to participate. At each site, women were randomly selected
through a dice roll. After the women underwent eligibility screening and provided informed consent, they
completed a questionnaire administered by a trained
research officer. We collected sociodemographic and
clinical information through the questionnaire and
patient-held medical records. We obtained urine, capillary finger prick blood, self-collected vaginal swab,
and venous blood samples. We communicated all abnormal results available at the point of care, such as
results of the urine dipstick and syphilis, malaria, and
hemoglobin assays, to the participant and the healthcare provider.
Study Procedures

Health facility staff provided routine antenatal care,
including intermittent preventive treatment in pregnancy for malaria, syndromic management for vaginal discharge (Appendix, https://wwwnc.cdc.gov/
EID/article/27/3/20-1783-App1.pdf), iron and folate
supplementation, voluntary counselling and testing
for HIV using Alere Determine HIV-1/2 (Abbott,
https://www.abbott.com), and point-of-care syphilis
testing using Alere Determine Syphilis TP (Abbott),
in accordance with national guidelines (21,22). At
the beginning of the study period, the participating
healthcare facilities conducted syphilis testing. However, interruptions in stock supply nationally led to
fewer women being tested for syphilis. The research
team subsequently supplied and conducted testing
for study participants. Stock interruptions of HIV
testing materials also occurred; however, our research
team was not qualified for voluntary counselling and
testing and did not have ethics approval to conduct
HIV testing.
Each participant provided 2 self-collected vaginal swab samples: 1 GeneXpert vaginal/endocervical swab (Cepheid, https://www.cepheid.com),
which was placed directly into its transport medium,
and 1 Copan flocked swab (Copan Diagnostics, Inc.,
https://www.copanusa.com), which was first used
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Table 2. Prevalence of reproductive tract infections among pregnant women in East New Britain, Papua New Guinea, 2015–2017*
Reproductive tract infection
Tested
Frequency
Prevalence, % (95% CI)
No current RTI†
467
121
25.9 (22–30.1)
No current STI‡
485
302
62.3 (57.8–66.6)
Mycoplasma genitalium
625
78
12.5 (10–15.3)
Chlamydia trachomatis
640
122
19.1 (16.1–22.3)
Neisseria gonorrhoeae
640
35
5.5 (3.8–7.5)
Trichomonas vaginalis
581
117
20.1 (16.9–23.6)
Syphilis§
437
79
18.1 (14.6–22)
Bacterial vaginosis
653
170
26 (22.7–29.6)
Vulvovaginal candidiasis
653
245
37.5 (33.8–41.4)
Co-infections
>1 Current RTI
467
346
74.1 (69.9–78)
>1 Current STI
485
183
37.7 (33.4–42.2)
>1 MG, CT, NG, TV, or syphilis infection
302
144
47.7 (41.9–53.5)
>1 MG, CT, NG, TV, or BV infection
467
250
53.5 (48.9–58.1)
>1 Infection diagnosed by GeneXpert¶
546
175
32.1 (28.2–36.1)
>1 Vaginal infection#
542
362
66.8 (62.6–70.7)
>1 BV or VVC infection
653
376
57.6 (53.7–61.4)
Multiple current STIs
2
661
75
11.3 (9–14)
3
536
15
2.8 (1.6–4.6)

*Participants result included only if they had all tests done for each of the infections within group of RTIs. BV, bacterial vaginosis; CT, Chlamydia
trachomatis; MG, Mycoplasma genitalium; NG, Neisseria gonorrhoeae; RTI, reproductive tract infection; STI, sexually transmitted infection; TV,
Trichomonas vaginalis; VVC, vulvovaginal candidiasis.
†RTIs include MG, CT, NG, TV, BC, and VVC (syphilis not included).
‡STIs include MG, CT, NG, TV (syphilis not included).
§Diagnosed with Alere Determine Syphilis TP (Abbott, https://www.abbott.com).
¶CT, NG, and TV infections diagnosed with GeneXpert (Cepheid, https://www.cepheid.com).
#Vaginal infections include BV, TV, and VVC.

to prepare a vaginal smear on a slide for microscopy,
and then placed in 1.0 mL Copan Universal Transport
Medium (Copan Diagnostics, Inc.) specific for bacterial STIs. The number of vaginal swabs and smears
available for diagnosis varied because of occasional
reluctance to provide a swab, quality of vaginal smear,
and availability of GeneXpert testing cartridges. Each
woman self-collected a urine sample in a sterile container. All specimens were stored in a chilled box at
2°C–7°C for the remainder of clinic day, then stored at
2°C–7°C or −20°C until tested.
Laboratory Methods

We used the GeneXpert molecular platform (Cepheid)
to test vaginal and urine specimens for C. trachomatis,
N. gonorrhoeae, and T. vaginalis at the Burnet Institute/
Papua New Guinea Institute of Medical Research
laboratory at St. Mary’s Hospital Vunapope (Kokopo,
Papua New Guinea). M. genitalilum and resistance mutations were detected by quantitative PCR (ResistancePlus MG kit, SpeeDx Pty Ltd, https://plexpcr.com).
Gram-stained vaginal smears were read by an experienced microscopist at the Melbourne Sexual Health
Centre (Melbourne, Victoria, Australia) (Appendix).
Data Management and Statistical Analysis

Researchers interviewed participants and documented
their responses using electronic tablets. We employed
stringent data management protocols (Appendix).
896

The questionnaire included details about the
enrollment clinic, participant characteristics at enrollment, and relevant obstetric history (Appendix).
This study produced prevalence estimates of M. genitalium, C. trachomatis, N. gonorrhoeae, T. vaginalis, T.
pallidum, BV, and VVC among pregnant women in
Papua New Guinea. We used logistic regression to
assess the association between patient characteristics
and STIs, including C. trachomatis, N. gonorrhoeae, T.
vaginalis, and M. genitalium. We included all variables
of interest in the univariable analysis. The multivariable model retained variables associated with the outcome at p<0.10 in the univariable analysis. We also
analyzed the effectiveness of syndromic management
guidelines using the standard question about current symptoms compared with an alternative question about symptoms experienced during the current
pregnancy.
Ethics Considerations

All participants provided individual written, informed consent. Ethics approval was provided from
the Medical Research Advisory Committee of the
Papua New Guinea National Department of Health
(approval no. 14.27), the Papua New Guinea Institute of Medical Research Institutional Review Board
(approval no. 1114), and the Human Research Ethics
Committee of the Alfred Hospital in Australia (approval no. 348/14). Provincial approval was obtained
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from the East New Britain Provincial Executive Committee and participating facilities. A series of community engagement meetings provided broader community support and assent for the study.
Results
We enrolled 699 pregnant women at 5 antenatal clinics in ENB. The median maternal age was 26 years (interquartile range [IQR] 22–30 years), 25.3% (177/699)
of women were primigravida, 95.1% (663/697) were
married or lived with a partner, and 46.5% (325/698)
had only completed primary school (Table 1, https://
wwwnc.cdc.gov/EID/article/27/3/20-1783-T1.
htm). In total, 82.5% (569/690) of women had never
used a modern method of contraception; only 11
(1.6%) women had ever used a condom for men or
women.
High Burden of RTIs During Pregnancy

The total number of women tested for each pathogen varied as detailed in Methods. Of the 699 women
enrolled, 12.5% (78/625; 95% CI 10.0%–15.3%) had
M. genitalium infections. We found no evidence of
macrolide-resistant mutations (Table 2). Among the
samples tested, 19.1% (122/640; 95% CI 16.1%–22.3%)
of women had C. trachomatis infections, 5.5% (35/640;
95% CI 3.8%–7.5%) had N. gonorrhoeae infections; and
20.1% (117/581; 95% CI 17.0%–23.7%) of tested samples were positive for T. vaginalis. Lifetime exposure
to syphilis was extremely high: 18.1% (79/437; 95%
CI 14.6%–22.0%) of samples were positive by T. pallidum serologic testing. Among the 653 vaginal smears
available for microscopy, BV prevalence was 26.0%
(170/653; 95% CI 22.7%–29.6%) and VVC prevalence
was 37.5% (245/653; 95% CI 33.8%–41.4%). Facilitybased HIV rapid test results were available for 205
women, of whom 2 (0.98%) were HIV-positive.
Among women for whom all results were available, most (74.1%; 346/467) had >1 RTI (i.e., BV, VVC,
M. genitalium, C. trachomatis, N. gonorrhoeae, or T. vaginalis) at the time of screening; 37.7% (183/485) had
>1 curable STI (i.e., M. genitalium, C. trachomatis, N.
gonorrhoeae, or T. vaginalis) at the time of screening.
Among the women who were tested, 32.1% (175/546)
had an STI diagnosed using GeneXpert (C. trachomatis, N. gonorrhoeae, or T. vaginalis), 11.3% (75/661) had
>2 concurrent STIs, 2.8% (15/536) of women had >3
coinfections, and 1 woman had 4 STIs.
Associations between Infections

Of the 78 women with M. genitalium infections, 28
(35.9%) had >1 concurrent STI detected: 20 (25.6%)
had C. trachomatis infections, 13 (16.7%) had T. vaginalis

infections, and 6 (7.7%) had N. gonorrhoeae infections
(Figure 1; Appendix Table 2). Co-infections were
most frequent among women with N. gonorrhoeae
infections (80%; 28/35); most women with N. gonorrhoeae infections also had C. trachomatis infections
(71.4%; 25/35), T. vaginalis infections (22.8%; 8/35),
or M. genitalium infections (17.1%; 6/35). We did not
consider syphilis in estimates of coinfections because
the syphilis test did not distinguish between current
or previous infection. Of 170 women with BV, 40.6%
(69/170) had a co-infection; the most common were
C. trachomatis (24.1%; 41/170), T. vaginalis (12.3%;
21/170), M. genitalium (12.3%; 21/170), and N. gonorrhoeae (7.6%; 13/170) (Appendix Table 3).
Relationship between Abnormal Vaginal
Discharge and Infection

We compared the infections of women with current
abnormal vaginal discharge (as defined by national
treatment guidelines) with those who had abnormal
vaginal discharge currently or at any time in pregnancy before their first antenatal clinic visit (Table 3). A
total of 98 women (14.1%; 98/697) had current symptoms (i.e., abnormal vaginal discharge) that would
have prompted treatment according to syndromic
management guidelines (2 women did not answer
this question). An additional 37 women did not have

Figure 1. Relationships among sexually transmitted infections in
pregnant women, East New Britain, Papua New Guinea, 2015–2017.
Each line indicates >2 concurrent infections in 1 participant. The
length of each sector corresponds to the number of monoinfections.
MG, Mycoplasma genitalium; CT, Chlamydia trachomatis; NG,
Neisseria gonorrhoeae; TV, Trichomonas vaginalis.
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Table 3. Screening question for RTIs in pregnant women, East New Britain, Papua New Guinea, 2015–2017*
Screening question as per syndromic
Alternative question: Have you
management guidelines: Do you currently
experienced any abnormal vaginal
have any abnormal vaginal discharge?
discharge earlier in the pregnancy or now?
Category (22)
No
Yes
Total
No
Yes
Total
Total
599 (85.9)
98 (14.1)
697
563 (80.7)
135 (19.3)
698
Reproductive tract infection
No current RTI†
112 (93.3)
8 (6.7)
120
108 (89.3)
13 (10.7)
121
No current STI‡
265 (88.0)
36 (12.0)
301
249 (82.5)
53 (17.5)
302
Mycoplasma genitalium
66 (84.6)
12 (15.4)
78
61 (78.2)
17 (21.8)
78
Chlamydia trachomatis
98 (80.3)
24 (19.7)
122
90 (73.8)
32 (26.2)
122
Neisseria gonorrhoeae
28 (80.0)
7 (20.0)
35
26 (74.3)
9 (25.7)
35
Trichomonas vaginalis
94 (80.3)
23 (19.7)
117
83 (70.9)
34 (29.1)
117
Syphilis§
68 (86.1)
11 (13.9)
79
65 (82.3)
14 (17.7)
79
Bacterial vaginosis
146 (85.9)
24 (14.1)
170
136 (80.0)
34 (20.0)
170
Vulvovaginal candidiasis
199 (81.2)
46 (18.8)
245
182 (74.3)
63 (25.7)
245
Co-infections
>1 Current RTI
292 (84.4)
54 (15.6)
346
268 (77.5)
78 (22.5)
346
>1 Current STI
154 (84.2)
29 (15.8)
183
141 (77.0)
42 (23.0)
183
>1 Infection diagnosed by GeneXpert¶
141 (80.6)
34 (19.4)
175
127 (72.6)
48 (27.4)
175
>1 Vaginal infection#
298 (82.3)
64 (17.7)
362
271 (74.9)
91 (25.1)
362
>1 BV or VVC infection
314 (83.5)
62 (16.5)
376
290 (77.1)
86 (22.9)
376
Any 2 current STIs
58 (77.3)
17 (22.7)
75
53 (70.7)
22 (29.3)
75
*Values are frequency, no. (%). Missing data for 1 woman who responded yes to the alternative question had a missing response to the standard
question. BV, bacterial vaginosis; CT, Chlamydia trachomatis; MG, Mycoplasma genitalium; NG, Neisseria gonorrhoeae; RTI, reproductive tract infection;
STI, sexually transmitted infection; TV, Trichomonas vaginalis; VVC, vulvovaginal candidiasis.
†RTIs include MG, CT, NG, TV, BC, and VVC (syphilis not included).
‡STIs include MG, CT, NG, TV (syphilis not included).
§Diagnosed with Alere Determine Syphilis TP (Abbott, https://www.abbott.com).
¶CT, NG, and TV infections diagnosed with GeneXpert (Cepheid, https://www.cepheid.com).
#Vaginal infections include BV, TV, and VVC.

abnormal vaginal discharge at the time of the screening but had experienced it earlier in the pregnancy.
According to the national treatment guidelines, these
women would not normally receive treatment.
Most STIs were asymptomatic and neither criteria (current abnormal vaginal discharge vs. current
or previous abnormal vaginal discharge during this
pregnancy) performed well as a marker of infection.
Of those women with a detected STI, 84.1% (154/183)
had no current symptoms and 77.0% (141/183) had
not experienced symptoms during their current pregnancy. Conversely, 12.0% (36/301) of uninfected
women had current symptoms and 17.6% (53/302)
had experienced symptoms during their current pregnancy. Of those with M. genitalium infection, only 12
women (15.4%;12/78) would have been treated according to syndromic management guidelines used
by Papua New Guinea.
Asking whether women had any symptoms during their current pregnancy was consistently more
sensitive than asking about current symptoms as per
the standard diagnostic question (Figure 2); however, the sensitivity of both questions was <30% for
all individual or collective pathogens. The alternative
question was less specific for >1 current STI (82.5%
[p = 0.15] vs. 88% [p = 0.22]; Appendix Table 4). The
alternative question was best able to identify women
with T. vaginalis infection (p<0.01) and VVC (p<0.01)
898

(Appendix Table 4); however, this question still
missed most infections.
Factors Associated with Curable STIs

We did not identify any factors in the univariable
(Appendix Table 5) or multivariable (Table 4) analysis that were associated with an increased odds of M.
genitalium infection. The univariable analysis showed
that women who were younger, in their first pregnancy, employed, single or separated, had never used a
modern method of contraception, or had abnormal
vaginal discharge at any time in their current pregnancy were at increased risk for certain STIs, to varying degrees of statistical significance. In the multivariable analysis, primigravida women and those 16–24
years of age had higher odds for C. trachomatis infection (adjusted odds ratio [aOR] 2.17, 95% CI 1.29–3.64
[p<0.01], and aOR 3.39, 95% CI 1.24–9.28 [p = 0.02],
respectively). Primigravida women also had higher
odds for N. gonorrhoeae infection (aOR 4.33, 95% CI
1.74–10.75; p<0.01). Women 16–24 years of age had
increased odds for testing positive for >1 STI compared with women in other age groups (aOR 2.45,
95% CI 1.17–5.16; p = 0.02).
Discussion
We confirmed that M. genitalium is widespread among
pregnant women in Papua New Guinea, which has
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Figure 2. Sensitivity of syndromic
management for sexually
transmitted infections in pregnant
women, East New Britain,
Papua New Guinea, 2015–2017.
Participants answered the
standard question according
to Papua New Guinea national
guidelines “Do you currently have
any abnormal vaginal discharge?”
or the alternative question “Have
you experienced any abnormal
vaginal discharge earlier in
the pregnancy or now?” (22).
Chlamydia trachomatis, Neisseria
gonorrhoeae, and Trichomonas
vaginalis infections diagnosed with
GeneXpert (Cepheid, https://www.
cepheid.com). RTI, reproductive
tract infection; STI, sexually
transmitted infection.

one of the highest prevalence rates of this infection
globally. We did not find evidence of macrolide resistance. The high prevalence of M. genitalium (12.5%)
among pregnant women suggests an estimated 13,000
(95% CI 10,342–15,823) current cases among women
of reproductive age in the province (Appendix). In
addition, we provide contemporary data on RTIs in
pregnant women from the New Guinea Islands region of Papua New Guinea; the most recent report on
the subject is >20 years old (23). Our study indicates
that >1 in 2 (53.5%) pregnant women in ENB have a
treatable RTI (including BV, STI, or both) known to
cause harmful sexual and reproductive health outcomes. These RTIs are not usually detectable by the
syndromic management practices described in the
national health guidelines of PNG. This high prevalence of poor sexual and reproductive health has major national and regional public health significance.
No global surveillance system for M. genitalium
currently exists (24). Different detection methods
have varying levels of sensitivity, limiting scientific
understanding of its epidemiology. High-income
countries report rates of M. genitalium infection
ranging from 0.3%–3.3% (11,13,25) in the general
population, with higher estimates in certain populations (26,27). Fewer data are available from low- and

middle-income countries (LMICs) but prevalence appears to be higher, ranging from 3% in the general
population in Tanzania (13) to 8%–9% in Honduras
and South Africa (13,28). The highest prevalence has
been reported among sex workers: 16% in Kenya (29)
and 26% in Uganda (30). Data on M. genitalium infection among pregnant women remains limited despite
the disease’s association with adverse pregnancy outcomes (26); available estimates range from 0.7%–0.9%
in the United Kingdom and France (14,31) to 6.2% in
Guinea-Bissau (32) and 11.9% in the Solomon Islands
(15). More data on the prevalence and consequences
of M. genitalium infection among pregnant women
are needed.
Regional data on M. genitalium in LMICs are
limited. One study from the Solomon Islands examined the effects of mass drug administration (MDA)
using 1 g of oral azithromycin for eliminating ocular C. trachomatis on M. genitalium infection rates
(15). Before MDA, the study found an 11.9% (95%
CI 8.3%–16.6%; n = 236) prevalence of M. genitalium
among pregnant women. After MDA, the prevalence remained high at 10.9% with no evidence of
macrolide resistance. However, only 5 of the 28 M.
genitalium–positive women in the post-MDA group
had received azithromycin (15).
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In this study, the lack of macrolide resistance
among M. genitalium infections in pregnant women
warrants further exploration. Macrolide susceptibility might reflect a population’s lack of exposure to this
class of antimicrobial drugs. However, macrolides
are used widely in Papua New Guinea (22,33) and
are available without prescription (although overthe-counter macrolides are more expensive than their
prescribed counterparts).
We observed a prevalence of curable STIs substantially greater than in most settings included
in the 2016 global estimates of curable STIs (3).
The 32.1% observed prevalence of >1 current STI

diagnosable by GeneXpert is less than the 42.7% reported in a study of antenatal clinics from 3 mainland provinces of Papua New Guinea in 2014 (20),
but similar to the 33.7% prevalence among pregnant
women in Madang Province in 2012 (34). We found
a 19.1% prevalence of C. trachomatis infection among
pregnant women, consistent with reports from other
provinces (22.9% in the Eastern Highlands, Hela,
and Central provinces [20] and 20.0% in the Milne
Bay province [35]) and the neighboring Solomon
Islands (20.3%) (36). Similarly, Papua New Guinea
and Solomon Islands have the highest reported rates
of N. gonorrhoeae among pregnant women (5.1%–

Table 4. Multivariable analysis of factors associated with current sexually transmitted infections in pregnant women, East New Britain,
Papua New Guinea, 2015–2017*
Sexually transmitted infection, aOR (95% CI); p value
Mycoplasma
Chlamydia
Neisseria
Trichomonas
Characteristic
genitalium
trachomatis
gonorrhoeae
vaginalis
>1 infection
Clinic
Vunapope
Referent
Referent
Referent
Referent
Referent
Nonga
0.68 (0.28–1.62); 0.88 (0.43–1.78); 2.35 (0.76–7.32); 0.91 (0.42–1.97); 0.84 (0.43–1.63);
0.38
0.72
0.14
0.82
0.61
Kerevat
0.9 (0.43–1.88);
0.55 (0.28–1.09);
1.03 (0.3–3.5);
0.84 (0.41–1.72); 0.58 (0.31–1.11);
0.77
0.09
0.97
0.62
0.10
Napapar
0.76 (0.37–1.57);
0.9 (0.5–1.62);
0.99 (0.31–3.15); 1.09 (0.6–1.99); 0.64 (0.36–1.13);
0.46
0.73
0.98
0.77
0.12
Paparatava
0.86 (0.43–1.73); 0.86 (0.47–1.57); 2.04 (0.7–5.95); 1.08 (0.59–1.99); 1.01 (0.58–1.75);
0.68
0.62
0.19
0.79
0.97
Age, y
>35
Referent
Referent
Referent
Referent
Referent
25–34
0.76 (0.34–1.69); 2.47 (0.94–6.52); 1.01 (0.2–4.98); 1.85 (0.78–4.37); 1.7 (0.85–3.38);
0.50
0.07
0.99
0.16
0.13
16–24
1.21 (0.52–2.82); 3.39 (1.24–9.28); 1.86 (0.36–9.63); 2.31 (0.93–5.7); 2.45 (1.17–5.16);
0.66
0.02
0.46
0.07
0.02
Gravidity
Multigravida
Referent
Referent
Referent
Referent
Referent
Primigravida
0.87 (0.46–1.65); 2.17 (1.29–3.64);
4.33 (1.74–
1.09 (0.62–1.92); 1.45 (0.87–2.42);
0.67
<0.01
10.75); <0.01
0.75
0.15
Marital status
Married/cohabiting
Referent
Referent
Referent
Referent
Referent
Single/separated
1.06 (0.34–3.3);
1.31 (0.54–3.13); 0.44 (0.09–2.23); 4.48 (1.9–10.55); 1.6 (0.61–4.21);
0.92
0.55
0.32
<0.01
0.34
Vaginal discharge
No symptoms
Referent
Referent
Referent
Referent
Referent
Abnormal discharge (current or
1.17 (0.63–2.15); 1.29 (0.78–2.14); 1.45 (0.6–3.53); 1.56 (0.94–2.59); 1.29 (0.79–2.11);
before first antenatal clinic)
0.62
0.33
0.41
0.09
0.31
Has used modern contraception
Yes
Referent
Referent
Referent
Referent
Referent
No
1.82 (0.82–4.08); 1.04 (0.56–1.95); 0.77 (0.23–2.59); 1.27 (0.66–2.43); 1.17 (0.67–2.05);
0.14
0.90
0.67
0.47
0.57
Employment status
Unemployed
Referent
Referent
Referent
Referent
Referent
Employed
0.89 (0.49–1.62); 1.27 (0.79–2.05); 2.66 (1.24–5.71); 0.96 (0.57–1.62); 1.29 (0.81–2.06);
0.71
0.32
0.01
0.89
0.28
Urine nitrite
Trace
0.49 (0.11–2.12); 0.78 (0.25–2.43); 0.68 (0.08–5.55); 0.34 (0.07–1.61); 0.35 (0.11–1.11);
0.34
0.667
0.72
0.17
0.08
Positive
1.32 (0.58–3); 0.50 1.88 (0.94–3.74);
1.6 (0.5–5.09);
1.29 (0.6–2.76); 1.26 (0.62–2.58);
0.07
0.43
0.51
0.53
Fever during pregnancy
No
Referent
Referent
Referent
Referent
Referent
Yes (before first antenatal clinic)
1.15 (0.66–1.99); 0.75 (0.46–1.24); 0.69 (0.29–1.65); 1.58 (0.99–2.53);
1 (0.63–1.57);
0.63
0.26
0.41
0.05
0.99
*aOR, adjusted odds ratio.
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14.2%) (34,36–38) in the world. In addition, 2 studies
from South Africa also report very high rates of N.
gonorrhoeae: 10.1% among patients in a primary care
setting (39) and 6.4% among pregnant women (40).
Risk factors for different STIs identified in this
study (e.g., primigravida, age 16–24 years, employment, being single or separated) could have several
explanations. Younger women in their first pregnancy might have had less interaction with reproductive
health services. Also, employed women might have
more mobility, which increases risk for STI acquisition.
We did not identify any risk factors for M. genitalium
infection, although younger women (16–24 years of
age) were at increased risk for >1 of the curable current
STIs. Risk factors for STIs in pregnancy reported elsewhere in Papua New Guinea include having >1 lifetime sexual partner, low education level of the woman
or her partner, rural location, history of miscarriage or
stillbirth, and low socioeconomic status (20,34).
This study also provides data on BV and VVC;
57.6% of participants had >1 of these infections.
VVC can cause extreme discomfort and increase a
woman’s risk for postpartum breast candidiasis,
which can affect breastfeeding, but VVC is treatable
with antimicrobial drugs (41). We found a 37.5%
prevalence of VVC, higher than the 23% prevalence
reported in Papua New Guinea in 1991 (42). Comparisons with other LMICs are difficult because of
the limited amount of contemporary data (41,43).
We found a 1-in-4 prevalence of BV among pregnant
women, higher than the 17.6% prevalence previously reported in Papua New Guinea (35), but in keeping with recent global estimates of 23%–29% (5).
However, our results might underestimate the true
prevalence because diagnosis was limited to only
women with a Nugent score of 7–10.
In Papua New Guinea, syndromic management
of RTIs is common because access to diagnostic
services is limited. We confirm previous reports
from Papua New Guinea and elsewhere (28,37) that
syndromic management is an inadequate tool to effectively treat RTIs. This approach missed 78.2% of
M. genitalium infections and 3 of 4 RTIs. Alternative approaches are essential to effectively prevent,
detect, and treat RTIs in a cost-effective, feasible
manner in resource-constrained settings. Although
condoms are available, their use is limited by gender disparities, stigma, and financial barriers (23).
Improved access to affordable, accurate point-ofcare diagnostics would lead to more accessible
and appropriate treatment, resulting in improved
sexual and reproductive health; the widespread
implementation of GeneXpert for tuberculosis

diagnosis (44) might also increase access to STI diagnosis in Papua New Guinea.
The main limitation of this study is the facilitybased recruitment of participants because results
might not represent women who do not attend any antenatal clinic. However, routinely collected provincial
data for 2015–2017 estimated that 73%–85% of pregnant women attended >1 appointment at an antenatal
clinic (45,46). The number of women who had a pointof-care syphilis test was lower than other tests. These
results did not differentiate between active or latent
infection; we also were unable to exclude exposure to
yaws, which is endemic to Papua New Guinea (47).
Yaws and syphilis are caused by different subspecies
of T. pallidum and cannot be distinguished by this test
alone. Prevalence of yaws varies widely within Papua
New Guinea; estimates for ENB are unavailable, although neighboring New Ireland Province has a 1.8%
prevalence of active yaws according to a populationwide survey (48).
In conclusion, we provide data on M. genitalium
prevalence and antimicrobial resistance markers in
Papua New Guinea, revealing a high prevalence of
infection underrecognized by syndromic management guidelines. This data contributes to the understanding of the global prevalence of this infection
among pregnant women. We found that STIs were
common among pregnant women; 37.7% of participants had >1 STI at the time of the study. This study
also highlights the high prevalence of BV and VVC
and confirms that current antenatal screening practices with syndromic management is inadequate.
This high prevalence of disease negatively affects
sexual and reproductive health. Urgent action towards ensuring access to affordable prevention,
diagnosis, and treatment of RTIs in communities in
Papua New Guinea and similar settings is essential.
This action will be crucial to achieving the sustainable development goal of ensuring universal access
to sexual and reproductive healthcare services by
2030 (49). Expanding treatment access will contribute to improved sexual and reproductive health outcomes for women in Papua New Guinea.
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Local and Travel-Associated
Transmission of Tuberculosis
at Central Western Border
of Brazil, 2014–2017
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International migrants are at heightened risk for tuberculosis (TB) disease. Intensified incarceration at international
borders may compound population-wide TB risk. However,
few studies have investigated the contributions of migration, local transmission, or prisons in driving incident TB at
international borders. We conducted prospective population-based genomic surveillance in 3 cities along Brazil’s
central western border from 2014–2017. Although most
isolates (89/132; 67%) fell within genomic transmission
clusters, genetically unique isolates disproportionately occurred among participants with recent international travel
(17/42; 40.5%), suggesting that both local transmission
and migration contribute to incident TB. Isolates from 40
participants with and 76 without an incarceration history
clustered together throughout a maximum-likelihood phylogeny, indicating the close interrelatedness of prison and
community epidemics. Our findings highlight the need for
ongoing surveillance to control continued introductions of
TB and reduce the disproportionate burden of TB in prisons at Brazil’s international borders.

T

he global expansion and local spread of tuberculosis (TB) have been shaped by patterns of human migration (1–4). The 258 million international
migrants who live outside their country of birth are
frequently put at high risk for TB disease and death
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because of the many health risks associated with migration including limited access to healthcare (5,6).
Further, in countries with low- or medium-incidence
of TB, a substantial proportion of TB is frequently
found among recent immigrants (7,8). Understanding
the contribution of local transmission and importation of Mycobacterium tuberculosis acquired elsewhere
to incident TB cases can inform public health responses. However, few studies have explored the drivers of
incident TB along international borders.
Brazil’s national borders, settings characterized
by frequent population movement and often overburdened health systems, have higher TB incidence
than do nonborder areas (9–11). In Mato Grosso do
Sul state in the Central West region of Brazil, TB
notification rates, mortality rates, and rates of treatment abandonment are higher in counties at the
borders with Bolivia and Paraguay, compared with
counties in the state’s interior (11). Similarly, rates of
drug resistance and multidrug resistance are higher
at the state’s border than elsewhere in the state (12).
However, the drivers of the increased incidence of
TB here remain unknown. The long and variable
latency period of TB makes it difficult to identify
where transmission occurred.
To reduce the burden of local transmission, identifying congregate settings that play a disproportionate role in transmission is an urgent priority. TB notification rates have rapidly increased within prisons
in Brazil (13), and TB is increasingly concentrated
among incarcerated populations. In Mato Grosso do
Sul, the state with the highest incarceration rate in Brazil (618/100,000 population) (14), 28.9% of notified TB
1
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cases occurred among incarcerated persons in 2017.
Prisons are not isolated institutions, and frequent
movement of persons inside and outside prisons
means that the heightened TB risk created by prison
environments may extend to nearby communities (15).
Furthermore, prisons are frequently high-transmission
environments for drug-resistant TB (16,17). Although
extremely drug-resistant TB (XDR TB) is thus far less
prevalent in prisons in Brazil than those in Eastern Europe, pre-XDR TB has been associated with prisons in
the southern state of Rio Grande do Sul, Brazil (18).
Whether prisons similarly amplify drug-resistant TB
in border cities is not known.
To investigate the drivers of TB transmission
along Brazil’s borders, we conducted a prospective
genomic epidemiology study of M. tuberculosis in the
3 largest international border cities in Mato Grosso
do Sul, Brazil. We assessed the phylogenetic structure
and predicted transmission clusters to characterize
the contribution of local transmission and migrationassociated importation to incident TB cases and the
role of prisons in driving local transmission.
Methods
Study Population and Data Collection

We conducted a population-based prospective
study of newly diagnosed and retreated pulmonary
TB cases in 3 cities at Brazil’s borders with Paraguay and Bolivia during January 2014–April 2017.
Patients with clinical suspicion of TB sought care at
primary care providers or hospitals in Ponta Porã,
Corumbá, and Ladário, Brazil. Diagnostic tests were
done at Hospital Regional Dr. José de Simone Neto
in Ponta Porã and the Laboratório Municipal de Corumbá, a public health diagnostic laboratory. Patients with nontuberculous mycobacteria or without
positive cultures for M. tuberculosis were excluded.
There was no incentive for study participation. After a positive culture, a team of researchers carried
out a home or prison visit to recruit participants and
administer the study questionnaire. Participants answered structured questions about their birthplace;
residential address and residential history; previous
history of TB diagnosis, treatment, and treatment
outcomes; potential contact with patients who had
pulmonary TB; incarceration history (incarcerated
at the time of diagnosis, formerly incarcerated, any
contact with those incarcerated, or no contact with
incarcerated persons); and travel history. Recent immigrants were defined as participants with residency in Brazil for <2 years; recent travel was defined as
international travel of any duration in the previous
906

5 years. We obtained additional sociodemographic
and clinical data from the National Reporting System on Notifiable Diseases (SINAN). We stored and
managed data in an electronic database (REDCap,
https://projectredcap.org). We used a 3-sample
proportion test to determine whether study participants were representative of all notified TB cases
with respect to incarceration status reported in SINAN; we compared the proportion incarcerated, not
incarcerated, and with no information about incarceration status at the time of TB notification among
study participants and all notified TB cases. We
were not able to do a similar comparison for immigration history or recent travel, which were collected
in questionnaires.
All participants provided written consent. We
obtained approval from the Research Ethics Committee of the Federal University of Grande Dourados (no.
CAE 12676613.3.1001.5160) and Stanford University
Institutional Review Board (IRB-40285).
Laboratory Diagnosis and Drug Susceptibility Testing

All sputum specimens collected in the participating
laboratories were examined by microscopy or GeneXpert MTB/RIF (Cepheid, https://www.cepheid.
com), processed with sodium hydroxide (NaOH),
and inoculated in Ogawa-Kudoh culture medium.
We incubated cultures at 37°C for <8 weeks and
checked weekly for visible colonies at the participating laboratories. We determined microbial species
using the MPT64 protein detection-based immunochromatographic rapid test (SD Bioline Kit; Standard
Diagnostics, Inc., (http://www.standardia.com). We
performed phenotypic susceptibility testing of M. tuberculosis isolates using the BACTEC MGIT 960 system (Becton Dickinson, https://www.bd.com)
Whole-Genome Sequencing

We extracted DNA from cultured isolates with the
manual CTAB (cetyl trimethylammonium bromide)
method and sequenced the whole genome on an Illumina NextSeq (2 × 151-bp) (https://illumina.com).
Sequence data are available on the Sequence Read
Archive (accession no. PRJNA671770). We trimmed
low-quality bases (Phred-scaled base quality <20)
and removed adapters with Trim Galore (stringency = 3) (19). We used CutAdapt to further filter reads
(–nextseq-trim = 20 – minimum-length = 20 – pairfilter = any) (20). To exclude potential contamination,
we used Kraken2 (21) to taxonomically classify reads
and removed reads that were not assigned to the Mycobacterium genus or that were assigned to a Mycobacterium species other than M. tuberculosis.
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We applied variant calling methods closely following those described in Menardo et al. (22) to
be consistent with the methods used for molecular
clock estimation. We mapped reads with bwa version 0.7.15 (23) (bwa mem) to the H37Rv reference
genome (NCBI accession no. NC_000962.3) and performed local read realignment with the RealignerTargetCreator and IndelRealigner modules of GATK
version 3.8. We created read pileups with Samtools
version 1.9 and called variants for individual samples with varscan version 2.4.4. As described by Menardo et al (22), we called variants at positions with
a minimum mapping quality of 20; minimum base
quality of 20; minimum read depth of 7×; minimum
percentage of reads supporting the call 90%; and
<90%, or <10% of reads supporting a call in the same
orientation (varscan strand bias filter).
We excluded single-nucleotide polymorphisms
(SNPs) in previously defined repetitive regions (PPE
and PE-PGRS genes, phages, insertion sequences,
and repeats longer than 50 bp) (24). We excluded all
isolates with mean coverage <15× and isolates with
>50% of SNPs failing the strand bias filter, and genomes with >50% of SNPs that had a variant allele
frequency of 10%–90%. We also excluded isolates that
were assigned to multiple lineages with TBProfiler
version 2.8.6 (25). We measured drug-resistance associated mutations with MykrobePredict version 0.8.0
(26), using the 201901 database of genomic predictors
of resistance (27). We identified lineage with TBProfiler version 2.8.6 (25).
Phylogenetic and Bayesian Evolutionary Analysis

We constructed full-length consensus sequences from
VCF files and used SNP sites to extract a multiple
alignment of internal variant sites (28). We used the
R package ape version 5.4 to measure the number of
pairwise site differences between samples (29). We fit
maximum likelihood trees with RAxML-ng 0.9.0 (30).
We used a general time-reversible substitution model
and a Stamatakis ascertainment bias correction for invariant sites in our alignment. We divided the number of invariant sites by 1,000 to avoid issues created
by small branch lengths. We defined nucleotide stationary frequencies as frequencies in the reference genome. We clustered isolates using a common 12-SNP
threshold (31) for relatedness of isolates from epidemiologically related hosts. We constructed haplotype
networks with the R package pegas version 0.13 (32).
We fit a Bayesian tree to the sequences from the
multidrug resistance (MDR)-associated transmission
cluster with BEAST 2.6.2 (33). We applied a strict
clock and constant coalescent population size model

and used TB notification dates to calibrate tips. We
used an HKY substitution rate model and estimated
base frequencies. Because it would not be possible
to estimate substitution rates from a small tree, we
specified a narrow log-normal prior distribution on
substitution rate (mean −16.1, SD 0.16), consistent
with previous estimates of M. tuberculosis lineage 4
substitution rate estimates (mean 5.8 × 10−8, SD 2.0 ×
10−8) (22). We ran sampling chains for 100 million iterations or until effective sample size estimates were
>200 (Tracer version 1.7.1 [34]), indicating good convergence, and discarded 10% of samples as burn-in.
We corrected for ascertainment bias by specifying the
number of invariant sites in the alignment.
Results
Study Population

A total of 400 patients had notified TB in 3 cities at
Brazil’s central western border with Paraguay and
Bolivia, Ponta Porã, Corumbá, and Ladário, during
January 2014–April 2017 (Figure 1). Of these, 243 were
cultured and 215 were culture positive. We enrolled
142 participants, and we generated high-quality sequences for 132 (61.4% of culture-positive notifications). Twenty-seven percent of participants reported
international travel within the past 5 years (38/142).
Fifty-one percent (74/142) of the study population
did not have an incarceration history; 18.8% (27/142)
were formerly incarcerated; 9.0% were incarcerated
at the time of notification (13/142); 7.6% (11/142)
reported contact with incarcerated population; and
13.2% (19/142) did not provide information about
incarceration history. The proportion of study participants with an incarceration history did not differ
significantly from that of the population with notified
TB during the study period (p = 0.1585, as determined
by 3-sample test for equality of proportions) (Table).
All of the 132 whole genome sequences were assigned to the European-American lineage and specifically to sublineages 4.1 (47), 4.3 (71), 4.4 (9), 4.8
(3), and 4.9 (2) with TBProfiler (25). Genomic (19) and
phenotypic predictions of drug resistance were largely concordant: >93% concordance for ethambutol,
isoniazid, and rifampin and 75% for streptomycin.
For clarity, we refer to the genomic resistance predictions, for which we had information about additional
drugs. Whereas most samples (80.3%; 106/132) were
susceptible to all drugs, the remaining samples were
resistant to >1 drug. A total of 22 (16.7%) isolates
were isoniazid resistant, and 3 isolates (2.2%) were
multidrug resistant, resistant to both isoniazid and
rifampin. Five of the 14 isoniazid monoresistant case-
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Figure 1. Tuberculosis case notifications in border cities in Mato Grosso do Sul state, Brazil. A) Location of Mato Grosso do Sul state
(pink); dots indicate the 3 largest border cities, Ponta Porã, Corumbá, and Ladário, which is surrounded by Corumbá. B) Tuberculosis
notifications in the 3 border cities reported in the state tuberculosis registry, SINAN, from 2010–2018 (red line), and the proportion of
yearly notified cases sampled (blue bars) in this study, January 2014–April 2017.

patients and 3 of the 5 isolates resistant to both isoniazid and streptomycin had been previously treated;
the 3 MDR isolates were from newly notified cases.
Phylogenetic Structure

A maximum-likelihood tree constructed from a
multiple alignment of 6,590 SNPs shows a pattern
of extensive co-circulating M. tuberculosis diversity
with several genetically distinct clades of closely related isolates (Figure 2). Isolates from patients with
an incarceration history (incarcerated at the time of
diagnosis or formerly incarcerated) are dispersed
throughout the tree and do not form a monophyletic
clade. Neither do isolates from community members
reporting no incarceration history, indicating a lack of
distinct epidemics within and outside prisons. Four
isolates were from recent immigrants to Mato Grosso
do Sul state; these isolates were similarly distributed
throughout the tree and differed by 165–274 SNPs.
We observed evidence of limited geographic
structure. Isolates from Ponta Porã often form monophyletic clades dispersed throughout isolates sampled from the other 2 cities, indicating that both local
transmission and between-city migration contribute
to the spread of M. tuberculosis strains (Figure 2).
Transmission Clusters

To investigate potential recent transmission, we applied a commonly used 12-SNP threshold (31) to
908

genetically cluster isolates. We identified 20 clusters,
including 89 isolates, and 43 unique isolates. We
predicted that if prison and community-associated
epidemics were distinct, isolates from the community would be most closely related to and cluster with
other isolates from the community. Conversely, if
transmission frequently occurred between incarcerated and nonincarcerated persons, we would expect
no clear genetic differentiation between isolates from
the community and prisons. Of the 20 clusters, 9 included participants both with and without a reported
incarceration history, 10 included only participants
with no reported incarceration history, and 1 included only persons who were currently or formerly incarcerated (Figure 3).
To test for assortative clustering between participants with an incarceration history and without an
incarceration history, under which participants disproportionately cluster with others with the same incarceration status, we applied a permutation test. We
randomly reassigned reported incarceration histories
to the observed clusters 1,000 times, holding the number and size of clusters constant. The observed number of clusters containing members with and without
an incarceration history does not significantly differ
from clustering under proportionate, or random,
mixing (p = 0.19). Similarly, the observed number
of clusters including only members currently or formerly incarcerated does not differ from what would

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

Transmission of TB, Brazil

be expected under proportionate mixing (p = 0.76).
The observed patterns of clustering indicate that
transmission networks inside and outside prisons are
closely related.
To further investigate genetic structure among
sampled isolates, we identified the most closely related
isolate to each study isolate, including multiple isolates
when there were multiple nearest genetic neighbors.
Many isolates from participants reporting no incarceration history were most closely related to isolates from
participants who were currently or previously incarcerated (15/62; 24.2%) or participants reporting contact with those incarcerated (7/62; 11.3%) (Figure 3).
Similarly, isolates from participants with an incarceration history were most closely related to isolates from
participants reporting no incarceration history (18/38;
47.4%). The close relatedness between many isolates
from participants within and outside prisons again
suggests potential transmission between those with an
incarceration history and those outside of prison. TB
transmission rates are elevated in prisons compared
with rates outside of prisons (13,35); although we cannot infer the direction of transmission from genomic
clusters alone, the close interrelatedness of prison and
community epidemics indicates that prison epidemics
can affect the community.
Patients with a recent history of travel, defined
as travel within the previous 5 years, were significantly more likely to be infected with an unclustered
or unique isolate (17/36) than patients with no history of travel (25/92) (p = 0.03 by Fisher exact test;
odds ratio = 2.38), potential evidence that they were
infected outside of Brazil. These participants reported
travel to Bolivia (9), Spain (1), Paraguay (5), Paraguay
and Argentina (1) and Paraguay and Bolivia (1). All 4
isolates from recent immigrants to Brazil were unique
and fell outside of predicted transmission clusters;
again, possibly indicating they were infected outside
of Brazil. However, limited sampling constrains our
ability to predict whether genetically unique isolates
represent imported lineages or locally circulating but
unsampled lineages.
We then examined the distribution of drug resistance across predicted transmission clusters. The 22
isoniazid-resistant isolates occurred within 4 distinct
transmission clusters; 1 isolate fell outside of the clusters, suggesting that isoniazid resistance has emerged
or been introduced several times within the sampled
isolates. The genetic clustering of resistance indicates that the majority of isoniazid resistance in this
study was transmitted rather than acquired de novo.
Similarly, streptomycin-resistant isolates occurred in
2 predicted transmission clusters, each including 1

person incarcerated at the time of TB diagnosis and
a single unique isolate, which was evidence of transmitted resistance. In contrast, the 2 pyrazinamideresistant isolates were unique.
MDR-Containing Cluster

The 3 MDR isolates fell within a single predicted
transmission cluster of 14 isolates from a single city,
Table. Characteristics of study participants with notified
tuberculosis, Central West region, Brazil, 2014–2017*
Participants, N =
Characteristic
142
City
Corumbá
114/142 (80.3)
Ladário
3/142 (2.1)
Ponta Porã
25/142 (17.6)
Sex
M
92/142 (64.8)
F
50/142 (35.2)
Age, y
Median (IQR)
37 (27–53)
0–14
1/142 (0.7)
15–20
7/142 (4.9)
21–40
74/142 (52.1)
41–60
44/142 (31.0)
>60
16/142 (11.3)
Race, self-reported
White
30/141 (21.3)
Mixed
66/141 (46.8)
Black
38/141 (26.9)
Indigenous
7/141 (5.0)
Asian
0/141 (0.0)
Education level, y
<1
11/133 (8.3)
1–4
47/133 (35.3)
5–8
44/133 (33.1)
9–11
29/133 (21.8)
>11
2/133 (1.5)
Marital status, married
61/134 (45.5)
Monthly individual income <$100 US
104/119 (87.4)
Recipient of a cash transfer program
46/142 (32.4)
International travel within the past 5 y
38/142 (26.8)
Vulnerable population
Currently incarcerated
16/142 (11.3)
Formerly incarcerated
27/142 (19.0)
Contact with someone with incarceration
history
13/142 (9.1)
Homeless
3/142 (2.1)
Immigrant: <2 y resident in Brazil
5/133 (3.7)
Comorbidities
Alcoholism
33/134 (24.6)
Diabetes
7/134 (5.2)
HIV
8/138 (5.8)
Mental illness
2/134 (1.5)
Hypertension
36/131 (27.5)
Renal failure
31/133 (23.3)
Hepatic failure
34/132 (25.7)
Smoking history
80/140 (57.1)
Drug use
35/134 (26.1)
TB history
Previous TB
29/141 (20.6)
History of contact with TB case
69/132 (52.3)
BCG scar
104/133 (78.2)
Supervised treatment
41/135 (30.4)
*Values are no. (%) except as indicated. BCG, Bacillus Calmett-Guérin.
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Figure 2. Unrooted maximum-likelihood phylogeny of 132 Mycobacterium tuberculosis isolates from Central West Brazil, 2014–2017,
inferred from a multiple alignment of 6,590 single-nucleotide polymorphisms. From left, columns are colored by patient’s incarceration
history, drug-resistance status, city, predicted transmission cluster, and recent travel history. Incarceration history is defined by
responses to the study questionnaire and incarceration information in the tuberculosis registry; community includes patients who have
not been incarcerated at the time of tuberculosis notification; contact indicates any reported contact with incarcerated persons; formerly
incarcerated includes patients who report incarceration prior to their tuberculosis notification; and incarcerated at diagnosis includes
patients notified at time of incarceration. Transmission cluster membership is shown for clusters with >4 isolates; all other isolates are
labeled as unclustered. Scale bar indicates substitutions per site.

Corumbá (Figure 3, cluster 3). All isolates within the
cluster were isoniazid resistant and shared the inhA
S94A mutation. In addition, the 3 MDR isolates all
shared the rpoB S450L, rifampin-conferring mutation. Two of the MDR isolates occurred among persons who were previously incarcerated, and one was
from a participant with an incarcerated family member. The mean pairwise distance between MDR isolates was 4 SNPs (range 3–5 SNPs), suggesting that
MDR was transmitted (primary MDR) rather than
acquired de novo.
We more closely examined the MDR-containing
cluster by fitting a Bayesian timed tree (Figure 4). The
most recent common ancestor (MRCA) of the cluster occurred in 2005 (95% CI 1998–2010). The MDR
910

isolates fall within a well-supported monophyletic
clade, with MRCA in 2011 (95% CI 2008–2014), evidence that MDR evolved a single time among sampled isolates and that MDR TB has been circulating
locally for >6 years (the time between the MRCA of
the MDR clade and the most recent date of sampling).
Discussion
In recent years, while TB incidence declined nationally in Brazil, TB notifications have increased in its
Central West region border cities. We found evidence
that both local transmission and travel-associated
introductions contribute to incident cases. In addition, we found that many genomic clusters involved
persons with and without an incarceration history,
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evidence that prison and community epidemics of
TB are closely interrelated in cities at Brazil’s Central
West border. During 2005–2017, the state’s incarcerated population more than doubled (increasing from
8,273 to 16,634) (36). Dramatic rises in incarceration
rates, combined with the elevated TB incidence rate
within prisons, are likely contributing to ongoing local transmission at the border.
The prevalence of primary isoniazid resistance
and MDR TB have increased across Brazil over the
past 20 years (37). In this border setting, most drugresistant isolates fell within predicted transmission
clusters, indicating that interventions are needed to
prevent the ongoing local transmission of drug-resistant strains. Whereas the prevalence of drug resistance in Central West Brazil has not yet reached the
levels found in Rio de Janeiro, for example, we found
evidence of ongoing local transmission of an isoniazid-resistant clone for >10 years. We additionally
identified the emergence of an MDR M. tuberculosis
clone associated with prisons that circulated locally
for >6 years. Our findings highlight the critical need
for the early detection of drug-resistant TB to prevent
ongoing transmission.
Our investigation of TB transmission at Brazil’s
Central Western international borders has several
limitations. In a setting characterized by frequent
population movement, it is possible that many persons are not linked to healthcare, and TB may be
undiagnosed, unnotified, or notified elsewhere.
Further, more complete sampling among notified
cases would enable a more complete portrait of

transmission in border cities. For example, additional sampling could reveal that isolates we identified as genetically distinct do indeed fall within
local transmission clusters; our estimates of the
contribution of ongoing local transmission are likely conservative. In addition, selection bias could
have been introduced if enrolled culture-positive
participants were demographically different from
the total population with TB. Although we did not
find a difference in the proportion of incarcerated
patients among study participants and all notified
TB patients during the study period, we were unable to compare other characteristics such as recent
travel history or migration history. It is possible
that recent immigrants may have limited access to
healthcare and therefore were undersampled; if so,
the result would be underestimation of the role of
travel-associated importation in incident TB. More
complete information about study participants’ residential and travel histories could inform inferences
of where transmission occurred. By contextualizing
the M. tuberculosis diversity observed within this
study with a larger sample of genomes sampled
from across Mato Grosso do Sul state, Paraguay,
and Bolivia, we could better characterize the contributions of local transmission and importation of
lineages into Brazil’s border cities. Finally, because
of incomplete epidemic sampling and within-host
diversity, phylogenetic trees constructed from consensus genomes do not represent actual transmission histories, but instead, the evolutionary histories of sampled M. tuberculosis. Phylogenetic trees
Figure 3. Haplotype networks
of the 6 predicted tuberculosis
transmission clusters with >4
members from Central West
Brazil, 2014–2017. Nodes
represent unique haplotypes
and are scaled to size. Points
along branches indicate singlenucleotide polymorphism
distances between isolates.
Node color indicates
incarceration status at the time
of diagnosis. Light gray lines
indicate possible alternative links
between haplotypes.
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Figure 4. Bayesian timed tree of
14 isoniazid-resistant isolates that
circulated for 11 years, from 2005
(95% CI 1998–2010) to November
2016, the most recent sampling date,
in Central West region, Brazil. Tip
points are colored by genotypic drug
resistance; point shape indicates
incarceration status. Gray error
bars indicate 95% Bayesian highest
posterior density intervals for node
date. Clade posterior support values
are shown on the middle of branches
for clades with posterior support >0.5.

enable us to characterize genetic structure in our
study sample yet cannot be used to directly assess
the probability of individual transmission events
nor to quantify the role of high-transmission environments in driving the local epidemic.
Our findings indicate that both local transmission and long-distance importation of TB drive local TB incidence in Brazil’s Central Western border
cities. Prison and community TB epidemics are interrelated, and prisons are associated with ongoing
transmission of drug-resistant strains. The conditions for transmission and spread of TB in these border communities and congregate settings may undermine the broader national progress in TB control.
912

Our study highlights the need for heightened
surveillance and transmission-blocking interventions to prevent continued transmission of drugsensitive and drug-resistant TB strains.
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Unusual Outbreak of
Rift Valley Fever in Sudan
Rift Valley Fever is a devastating disease that can cause
bleeding from the eyes and gums, blindness, and death.
In 2019, an outbreak of this vectorborne disease erupted
among people and animals in a politically volatile region
of Sudan. This outbreak broke traditional patterns of Rift
Valley Fever, sending scientists scrambling to figure out
what was going on and how they could stop it.
In this EID podcast, Dr. Ayman Ahmed, a scientist at the
University of Texas Medical Branch and a lecturer at the
Institute of Endemic Diseases in Sudan, discusses the
intersection of political unrest and public health.
Visit our website to listen: http://go.usa.gov/xAC5H
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Familial Clusters of Coronavirus
Disease in 10 Prefectures, Japan,
February−May 2020
Reiko Miyahara, Naho Tsuchiya, Ikkoh Yasuda, Yura K. Ko, Yuki Furuse,
Eiichiro Sando, Shohei Nagata, Tadatsugu Imamura, Mayuko Saito, Konosuke Morimoto,
Takeaki Imamura, Yugo Shobugawa, Hiroshi Nishiura, Motoi Suzuki, Hitoshi Oshitani

The overall coronavirus disease secondary attack rate
(SAR) in family members was 19.0% in 10 prefectures of
Japan during February 22–May 31, 2020. The SAR was
lower for primary cases diagnosed early, within 2 days
after symptom onset. The SAR of asymptomatic primary
cases was 11.8%.

A

s of May 31, 2020, Japan had reported >16,800
confirmed coronavirus disease (COVID-19) cases and 890 related deaths. The cluster-based approach
is one of the pillars of control measures in Japan (1).
Sixty-one clusters were documented in healthcare
facilities, restaurants, workplaces, and music venues
during January–April 2020 (2). However, the transmission within households, one of the highest-risk
settings, has not been fully investigated.
A meta-analysis of 43 studies showed that the
pooled household secondary attack rate (SAR) was
18.1%, and heterogeneity ranged from 3.9% to 54.9% (3).
Heterogeneity of SAR could occur because of variations
in susceptibility to infection (3), variations in exposure
(4), and variations in infectiousness. The primary cases
of infectiousness defined by age, sex, and symptoms
were less studied in the different settings. Furthermore,
there were few reports of SAR among asymptomatic
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Medicine, Tokyo, Japan (R. Miyahara); National Institute of
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primary cases (3,5,6). Therefore, we estimated the SAR
of COVID-19 and assessed the effects of age and sex of
primary cases, symptoms of primary cases, and the time
between diagnosis and symptom onset for primary cases on infectiousness in familial clusters.
The Study
Among 47 prefectures in Japan, 10 prefectures (Aomori, Akita, Gunma, Tochigi, Toyama, Shiga, Okayama,
Kochi, Saga, and Kagoshima) (Appendix Figure 1,
https://wwwnc.cdc.gov/EID/article/27/3/20-3882App1.pdf) that showed a relatively low COVID-19
prevalence posted laboratory-confirmed cases and
contact-tracing results on their websites (Appendix
Table 1). In this study, we collected basic characteristics of cases from the reports issued during February
22–May 31, 2020, on those websites. The websites did
not provide characteristics of uninfected close contacts
or details of residence of family members. During the
study period in Japan, doctors provided diagnoses of
COVID-19 by using real-time PCR and reported cases
to healthcare centers. These centers listed close contacts according to whether they spent >15 min in faceto-face contact and conducted follow-up by telephone
for >14 days to monitor their symptoms.
Persons who had any COVID-19–related signs/
symptoms, such as fever, cough, and fatigue, were
categorized as having symptomatic cases. Asymptomatic cases were those without any symptoms at
diagnosis. During this study period, all confirmed
case-patients were hospitalized after they were given
a diagnosis. Suspected case-patients and asymptomatic close contacts self-quarantined at home. Healthcare centers in 8 prefectures performed PCRs for
close contacts regardless of their symptoms. One prefecture did not show the strategy of PCR testing for
asymptomatic contacts, and 1 prefecture performed
PCRs for symptomatic contacts, such as persons who
had fever and respiratory symptoms.
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In this study, we defined a primary case as the first
case to show development of symptoms and to be diagnosed in a family or the first diagnosed asymptomatic
case in a family who had an apparent history of contact
with a nonfamilial COVID-19 case-patient. We defined
secondary cases as laboratory-confirmed cases from
the list of close family contacts of primary case-patients.
Because websites provided only symptoms at diagnosis, we could not identify presymptomatic cases. We
calculated SAR as the proportion of secondary cases of
family close contacts among the total number of family
close contacts and determined the SAR, risk ratio, and
95% CI, stratified by the characteristics of the primary
case-patients. We compared the SAR before and after
the declaration of the state of emergency on April 16.
All statistical analyses were conducted by using Stata
version 14.0 (StataCorp, https://www.stata.com).
During February 22–May 31, 2020, the 10 prefectures reported 306 primary cases and 775 family
close contacts from 306 families. Eighty-seven primary cases were associated with 147 family secondary
cases (Table 1; Appendix Figure 2). The overall SAR
was 19.0%. Among 28 asymptomatic primary cases,
7 caused family clusters (Table 2; Appendix Table 2),
and the SAR was 11.8%. Eight prefectures that tested

for asymptomatic contacts showed an SAR that was
1.77 times higher than the SAR for 2 prefectures that
used a nontesting strategy. The age-stratified SAR
was higher for persons 60–69 years of age (36.5%)
and persons <20 years of age (23.8%) than for persons
20–29 years of age (13.3%), persons 30–39 years of age
(20.4%), persons 40–49 years of age (10.1%), and persons 50–59 years of age (16.1%) (Table 2).
With increasing time from symptom onset to
diagnosis, the SARs in households increased from
11.6% (>2 days) to 40.0% (>14 days) (Table 2). When
the data were stratified for analysis by the number of
household contacts, 4 household contacts showed the
highest SAR (25.7%). After a quarantine at home was
requested from the government on April 16, the SAR
increased from 17.4% to 21.0%, but the risk ratio did
not reach statistical significance.
Conclusions
This family cluster analysis in the 10 prefectures of
Japan showed that the overall SAR of the family cluster was estimated to be 19.0% in Japan. Meta-analysis
from 43 household transmission studies estimated a
SAR of 18.1% (3): 3.9% in Singapore (7), 4.6% in Taiwan (8), 10.3%–54.9% in China (9–12), and ≈30% in

Table 1. Characteristics of primary and secondary case-patients in households of familial clusters of coronavirus disease in 10
prefectures, Japan, February−May, 2020*
Characteristic
Primary
Secondary
No. case-patients
306
147
Sex
F
152 (49.7)
82 (55.8)
M
153 (50.0)
64 (43.5)
Unknown
1 (0.3)
1 (0.7)
Age, y
0–19
11 (3.5)
28 (19.0)
20–29
48 (15.7)
14 (9.5)
30–39
36 (11.8)
16 (10.9)
40–49
58 (19.0)
8 (5.4)
50–59
57 (18.6)
24 (16.3)
60–69
43 (14.1)
29 (19.7)
70–79
31 (10.1)
14 (9.5)
>80
22 (7.2)
14 (9.5)
Unknown
0 (0)
1 (0.7)
Contact history to COVID-19 nonfamilial cases
No
146 (47.7)
147 (100)
Yes
159 (52)
0
Unknown
1 (0.3)
0
Symptom
Symptomatic
271 (88.6)
103 (70.1)
Asymptomatic
28 (9.2)
39 (26.5)
Unknown
7 (2.3)
5 (3.4)
Median time from symptom onset to diagnosis, d (IQR)
6 (4–9)
5 (2.5–9)
Confirmed date of primary case
On or before April 16
179 (58.5)
NA
After April 16
127 (41.5)
NA
Policy of testing for asymptomatic contacts
No testing, 2 prefectures
54 (17.6)
16 (10.9)
Testing for asymptomatic contacts, 8 prefectures
252 (82.4)
131 (89.1)
*Values are no. (%) unless otherwise indicated. COVID-19, coronavirus disease; IQR, interquartile range; NA, not applicable.
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Table 2. Characteristics of primary cases in households and SAR categorized for households of familial clusters of coronavirus
disease in 10 prefectures, Japan, February−May, 2020*
No.
No.
No.
No. (%)
No.
secondary symptomatic asymptomatic
primary
family
infected
secondary
secondary
SAR, %
Risk ratio
Variable
cases
contacts
cases
infected cases infected cases
(95% CI)
(95% CI)
Overall
306 (100)
775
147
103
39
19.0 (16.3–21.9)
Sex
F
152 (49.7)
408
68
50
14
16.7 (13.2–20.6)
Referent
M
153 (50.0)
366
79
53
25
21.6 (17.5–26.2) 1.29 (0.97–1.73)
Unknown
1 (0.3)
1
1
0
1
NA
NA
Age, y
<1–19
10 (3.6)
42
10
7
3
23.8 (12.1–39.5)
Referent
20–29
48 (15.7)
135
18
15
2
13.3 (8.1–20.3)
0.56 (0.28–1.12)
30–39
36 (11.8)
103
21
15
6
20.4 (13.1–29.5) 0.85 (0.44–1.66)
40–49
58 (19.0)
139
14
9
5
10.1 (5.6–16.3)
0.42 (0.20–0.88)
50–59
57 (18.6)
155
25
13
9
16.1 (10.7–22.9) 0.68 (0.35–1.30)
60–69
43 (14.1)
85
31
20
10
36.5 (26.3–47.6) 1.53 (0.83–2.81)
70–79
31 (10.1)
53
11
10
1
20.8 (10.8–34.1) 0.87 (0.41–1.85)
>80
22 (7.2)
63
17
14
3
29.4 (23.2–36.2) 1.13 (0.58–2.23)
Contact history with nonfamilial COVID-19 cases
No
146 (47.7)
357
91
64
24
25.4 (21.0–30.3)
1.90 (1.4–2.57)
Yes
159 (52.0)
417
56
39
15
13.4 (10.3–17.1)
Referent
Unknown
1 (0.3)
1
0
0
0
NA
NA
No. household contacts per primary case
1
88 (28.8)
88
17
15
2
19.3 (11.7–29.1)
Referent
2
75 (24.5)
150
26
16
8
17.3 (11.6–24.4) 0.90 (0.52–1.56)
3
82 (26.8)
246
47
32
13
19.1 (14.4–24.6) 0.90 (0.60–1.63)
4
35 (11.4)
140
36
27
8
25.7 (18.7–33.8) 1.33 (0.80–2.22)
>5
26 (8.5)
151
21
13
8
13.9 (8.8–20.5)
0.72 (0.40–1.29)
Symptoms
Symptomatic
271 (88.6)
661
136
98
33
20.6 (17.6–23.9)
Referent
Asymptomatic
28 (9.2)
93
11
5
6
11.8 (6.1–20.2)
0.57 (0.32–1.02)
Unknown
7 (3.6)
21
0
0
0
NA
NA
Time from symptom onset to diagnosis, d, n = 271
0–2
30 (11.1)
65
4
3
1
11.6 (5.1–21.6)
Referent
3–7
130 (48.0)
319
63
42
21
19.8 (15.5–24.5) 3.21 (1.21–8.51)
8–14
94 (34.7)
230
51
40
8
22.2 (17.0–28.1)
3.60 (1.35–9.6)
>14
17 (6.3)
45
18
9
9
40.0 (25.7–55.7) 6.50 (2.36–17.93)
Confirmed date of primary case
Feb 22–Apr 16
179 (58.5)
448
78
57
16
17.4 (14.0–21.3)
Referent
Apr 17–May 31
127 (41.5)
328
69
46
23
21.0 (16.8–25.9) 1.21 (0.90–1.61)
Policy of testing for asymptomatic contacts
No testing, 2
54 (17.6)
138
16
12
1
11.6 (6.8–18.1)
Referent
prefectures
Testing for
252 (82.4)
637
131
91
38
20.6 (17.5–23.9) 1.77 (1.09–2.88)
asymptomatic contacts,
8 prefectures
*COVID-19, coronavirus disease; NA, not applicable; SAR, secondary attack rate.

the United States (13) and Norway (14). In addition,
the SAR of asymptomatic primary cases was 11.8%
in our study, which was higher than the 0%–4.4% reported in a limited number of previous studies (6,15).
The SAR heterogeneity might have been dependent
on the surveillance protocol for asymptomatic contacts. The studies in the United States (13) and Norway (14), which had high SARs, detected secondary
cases by using serologic tests. Our study also indicated that 8 prefectures that tested for asymptomatic
contacts showed a 1.8 times higher SAR than did 2
prefectures that tested only for symptomatic contacts.
A low proportion of diagnoses of asymptomatic cases
might underestimate the SAR.

We showed that SAR was higher for persons <1–
19 years of age and >60 years of age than for other age
groups. High infectivity for the younger age group (6)
and the older age group (4) was reported from South
Korea and China, as in our study, but most other
studies did not show significant differences in SAR
by age of primary case-patients (9,13). Age-dependent infectivity might be associated with household
lifestyles, family structure, and clinical conditions
(9). Meta-analysis showed that the sex of the primary
case-patient was not associated with transmission (5).
If primary cases were detected <2 days of symptom onset, the SAR was lower than that for primary
cases detected >2 days after symptom onset. This
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finding was related to the low SAR for case-patients
who had a contact history because they could receive
PCRs, as close contacts did earlier, and might have
had a short time of exposure to family members. Our
results were concordant with previous studies showing an increased risk for transmission as the contact
duration was prolonged (4), as well as the effect of
quarantining index case-patients when symptoms
were reported (10).
The first limitation of our study is that symptomatic cases diagnosed during the presymptomatic period might have been classified as asymptomatic cases. Second, the number of asymptomatic cases might
have been underreported because of different testing
protocols among prefectures. Third, we might have
misclassified the primary cases if a coprimary case existed or the direction of transmission between asymptomatic cases and symptomatic cases was not clear.
In summary, our study results provide us with
useful implications of the high SAR of asymptomatic
primary case-patients and contacts with long exposure times to primary case-patients. Self-quarantine
and rapid isolation of confirmed case-patients from
households after symptom onset might be needed to
reduce transmission in families.
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been in close contact with persons with conﬁrmed
SARS-CoV-2 cases at the adult day care center he
attended and had been in self-isolation at home for
5 days before his death. He had been in generally
good health until 8 days before his arrival at the hospital, when he developed sore throat and fatigue.
Four days later, he developed a cough and lost his
appetite. A whole-body computed tomography scan
performed at the hospital showed bilateral diffuse
consolidation with ground-glass opacities in the
lungs and no gross abnormality in the other organs
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/3/20-4024-App1.pdf). SARS-CoV-2 infection was diagnosed after his death by real-time
reverse transcription PCR (rRT-PCR) of a nasopharyngeal swab specimen. The family gave consent for
an autopsy to be performed.
The autopsy was conducted 45 hours after the
patient’s death. Macroscopically, the lungs (left,
680 g; right, 800 g) were mostly colored red and
consolidated with only remnant airspaces accompanied by a small pleural effusion. The heart (450
g) exhibited no macroscopic intravascular thrombosis. There were no remarkable changes in other organs, including the liver (1120 g), kidneys (left, 140
g; right, 100 g), and spleen (110 g). Microscopically,
the epithelial cells of the trachea, bronchi, and bronchioles were mostly denuded, with submucosal inﬂammatory cell inﬁltration, edema, and congestion
(Appendix Figure 2, panel A). Histological analysis
of 42 lung sections (Figure 1) showed the acute exudative phase and early organizing phase of diffuse
alveolar damage (DAD) with hyaline membrane formation (Figure 2, panels A, B; Appendix Figure 2,
panel B). We observed edema with ﬁbrin deposits,

DOI: https://doi.org/10.3201/eid2703.204024

1

Postmortem lung pathology of a patient in Japan with severe acute respiratory syndrome coronavirus 2 infection
showed diﬀuse alveolar damage as well as bronchopneumonia caused by Streptococcus pneumoniae infection.
The distribution of each pathogen and the accompanying
histopathology suggested the infections progressed in a
mutually exclusive manner within the lung, resulting in fatal respiratory failure.

C

oronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (1), has claimed >1 million lives worldwide (2). Respiratory failure is the leading cause of
death from COVID-19; however, the pathogenic process of the combined infection of SARS-CoV-2 and
other respiratory pathogens is not fully understood.
We describe the clinical course and postmortem
pathologic ﬁndings of a patient in Japan who died
from SARS-CoV-2 and Streptococcus pneumoniae coinfection. Extensive histopathologic and molecular
analyses of the lungs and other organs provided insights into the pathogenesis of severe lung disease
caused by the co-infection.
Case Report
In March 2020, an 84-year-old man was brought to
the emergency department at Fujita Health University Hospital (Toyoake, Japan) in cardiopulmonary
arrest; his death was conﬁrmed 20 minutes after
he arrived at the hospital. He was found to have

These authors contributed equally to this article.
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desquamated alveolar epithelial cells, mononuclear
cell infiltrates, and multinucleated syncytial cells in
the alveolar air spaces (Appendix Figure 2, panel C),
and various degrees of inflammatory cell infiltration
and edema in the interstitium. In addition, we observed neutrophil infiltration in the alveolar spaces
scattered throughout the lower lobes, suggestive of
acute bronchopneumonia (Figure 2, panels A, C; Appendix Figure 2, panel D). We noted a limited number of gram-positive cocci in the intracellular and
extracellular regions (Appendix Figure 2, panel E).
Vascular congestion was present in several lung sections with prominent fibrin microthrombi in blood
vessels of various sizes (Appendix Figure 2, panel
F). We did not see either endotheliitis or vasculitis
with fibrinoid necrosis.
We determined the copy numbers of SARSCoV-2 RNA and human glyceraldehyde 3-phosphate
dehydrogenase mRNA in formalin-fixed paraffinembedded tissue specimens by rRT-PCR, as previously described (3). We detected moderate or higher
copy numbers of SARS-CoV-2 RNA in all lung sections. The ratios of SARS-CoV-2 RNA to glyceraldehyde 3-phosphate dehydrogenase mRNA in the upper lobes were significantly greater than those in the
lower lobes (Mann-Whitney test: right lung, p<0.05;
left lung, p<0.0001) (Table; Appendix Figure 3, panel
A). We screened the microbial DNA in the formalin-

fixed paraffin-embedded lung specimens using a
multimicrobial rRT-PCR system that simultaneously
detects 68 bacterial species and 9 fungal species (4).
This screening yielded a positive result for S. pneumoniae, which was confirmed by rRT-PCR (5). The
ratio of S. pneumoniae DNA to β-actin DNA (6) in the
lower lobes was significantly greater than that in the
upper lobes (Mann-Whitney test: right lung, p<0.005;
left lung, p<0.0001) (Table; Appendix Figure 3, panel
B). S. pneumoniae DNA was not detected in several
lung sections in the upper lobes and the extrapulmonary tissues except for the pharynx and trachea, suggesting absence of bacteremia.
We performed immunohistochemistry (IHC)
using a rabbit polyclonal antibody against SARSCoV-2 antigens (7). We detected a large number of
viral antigen-positive cells in lung sections with
high SARS-CoV-2 RNA scores (Figure 2, panel D;
Appendix Figure 2, panels G, H). The distribution
of SARS-CoV-2 spike RNA detected by in situ hybridization (8) was similar to that of the viral antigen (Appendix Figure 2, panel I). Double fluorescence staining for in situ hybridization and IHC
detected both the viral RNA and viral antigen in
the same cells (Appendix Figure 4, panels A–C).
Double immunofluorescence staining revealed
that SARS-CoV-2 antigens were present in epithelial membrane antigen–positive bronchiolar and
Figure 1. Molecular detection of
SARS-CoV-2 and Streptococcus
pneumoniae in the lungs of a
patient in Japan co-infected
with both pathogens. The 42
lung sections were analyzed
and the amount of SARS-CoV-2
RNA and S. pneumoniae DNA
in each section was evaluated.
A) The right lung was cut into
6 (R–I to R–VI); B) the left lung
was cut into 7 (L–I to L–VII)
coronal slices, from ventral to
dorsal. Twenty-two right sections
(R1–R22) in R–IV and R–V and
20 left sections (L1–L20) in L–V
and L–IV are shown in black
boxes. The dotted white line is
the boundary between the upper
and lower lobes. The SARSCoV-2 RNA score is indicated
by the number of red circles
and the S. pneumoniae DNA
score is indicated by the number
of yellow circles. (-) indicates
results under the detection limit.
Scale bars indicate 2 cm. SARSCoV-2, severe acute respiratory
syndrome coronavirus 2.
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Figure 2. Microscopic findings of the lungs of a patient in Japan co-infected with SARS-CoV-2 and Streptococcus pneumoniae. A)
Histopathology of lung section R12 (shown in Figure 1). Scale bar indicates 2 mm. B) Magnified image of the black square (top left) in
panel A: exudative phase of diffuse alveolar damage (DAD) with hyaline membranes. Scale bar indicates 100 µm. C) Magnified image
of the red square (bottom right) in panel A: edema and bronchopneumonia with massive infiltration of neutrophils in the alveolar spaces.
Scale bar indicates 100 µm. D, E) Magnified images of the same areas of consecutive sections as B and C, respectively, showing
SARS-CoV-2 antigen stained green (Vina green) and S. pneumoniae antigen stained brown (3,3′-diaminobenzidine) by enzyme-labeled
double immunohistochemistry. The SARS-CoV-2 antigens were detected predominantly in the DAD area (D; scale bar indicates 50 µm).
The S. pneumoniae antigens were detected predominantly in the bronchopneumonia area (E; scale bar indicates 50 µm). Insets show
magnified images of the staining cells (scale bars indicate 10 µm).

alveolar epithelial cells and CD68-positive macrophages/monocytes (Appendix Figure 4, panels
D–I). We found multiple fibrin microthrombi in
several lung vessels, but we detected no viral antigen in CD34-positive vascular endothelial cells
(data not shown). IHC using an antibody against S.
pneumoniae spp. (NB100–64502; Novus Biologicals,
https://www.novusbio.com) showed both intact
streptococci and granular antigens staining in neutrophils, macrophages, or both, particularly in the
lesion with bronchopneumonia (Figure 2, panel E).
Of note, the copy numbers of viral RNA and
bacterial DNA in each lung section were found to
be inversely correlated, suggesting that the viral
and bacterial infections occurred in a mutually exclusive manner in the lung tissues (Figure 1; Appendix Figure 5). Enzyme-labeled double IHC detected only viral antigens in areas of DAD and only
bacterial antigens in bronchopneumonia lesions,
similar to the findings in the whole lungs (Figure
2, panels D, E). Although it is unknown whether
SARS-CoV-2 infection preceded, coincided with,
or followed S. pneumoniae infection, it can be assumed that the patient developed acute respiratory

distress syndrome induced by COVID-19 pneumonia and had concomitant bronchopneumonia
caused by S. pneumoniae infection.
We found no notable changes in the extrapulmonary tissues related to COVID-19, including thrombosis. Although low copy numbers of SARS-CoV-2
RNA were detected in the pharynx, trachea, and intestines, we detected no viral antigens.
Conclusions
The patient, who died on the eighth day of illness,
had mostly acute-phase DAD with overwhelming viral infection, as demonstrated by detection of
high titers of viral RNA and antigens in the lung sections. These results indicate a relatively early phase
of SARS-CoV-2 infection, which implies that bacterial co-infection may have contributed to an abrupt
deterioration of respiratory function in the patient.
Bacterial co-infection of the respiratory tract has been
well characterized in influenza, with a reported coinfection rate exceeding 30% in hospitalized patients
(9,10). Co-infection with S. pneumoniae and Staphylococcus aureus has been linked to excess illness and
death (9). In contrast, recent studies have suggested
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that bacterial co-infection is relatively uncommon in
patients with COVID-19, with a prevalence of 3.5%
in patients who were newly admitted to the hospital
(11,12). However, given the serious and potentially
lethal complications resulting from bacterial infections, the possibility of co-infection with other microbial pathogens should be also considered in patients
with COVID-19, especially in elderly patients with

severe disease, and it is difficult to identify bacterial
co-infection on computed tomography images alone
after the development of acute respiratory distress
syndrome (13).
In conclusion, in-depth postmortem examination
revealed that SARS-CoV-2 and S. pneumoniae had differential intrapulmonary distribution in this patient,
independently causing DAD and bronchopneumonia

Table. Quantification of SARS-CoV-2 RNA and Streptococcus pneumoniae DNA in 42 lung sections from a patient in Japan co-infected
with both pathogens*
SARS-CoV-2 GAPDH SARS-CoV-2 SARS-CoVACTB
S. pneumoniae
S.
RNA,
mRNA,
S. pneumoniae
DNA,
DNA/ACTB
Lung
Lung
RNA/GAPDH
2 RNA
pneumoniae
copies/L
copies/L mRNA ratio
DNA, copies/L copies/L DNA ratio  105 DNA score‡
lobe
section
score†
6
3
RUL
R1§
1,534
3
295
2
2.01  10
1.31  10
1.67  102
5.66  104
R2
1,660
3
244
2
1.71  106
1.03  103
2.01  102
8.24  104
R3
401
2
123
2
6.66  105
1.66  103
4.17  101
3.40  104
R4
408
2
117
2
6.93  105
1.70  103
5.36  101
4.58  104
R5
382
2
34
1
6.87  105
1.80  103
2.48  101
7.39  104
R6
164
2
68
1
1.98  105
1.21  103
9.07  101
1.33  105
R7
544
2
51
1
8.98  105
1.65  103
5.24  101
1.02  105
R8
633
2
UDL
UDL
0
5.48  105
8.66  102
1.07  105
RLL
R9
850
2
286
2
7.50  105
8.82  102
2.10  102
7.33  104
R10
1,305
3
441
2
1.71  106
1.31  103
4.50  102
1.02  105
R11
1,065
3
1,330
3
1.15  106
1.08  103
8.94  102
6.72  104
R12
157
2
7,425
3
1.39  105
8.85  102
4.70  103
6.33  104
R13
366
2
110
2
3.45  105
9.42  102
9.44  101
8.59  104
R14
12
1
7,693
3
6.62  103
5.55  102
5.37  103
6.98  104
R15
20
1
1,914
3
1.85  104
9.14  102
1.74  103
9.09  104
R16
17
1
4,019
3
1.40  104
8.20  102
4.14  103
1.03  105
R17
34
1
4,083
3
2.92  104
8.58  102
2.67  103
6.54  104
R18
24
1
3,869
3
1.93  104
8.04  102
3.18  103
8.22  104
R19
47
1
4,267
3
3.05  104
6.46  102
2.56  103
6.00  104
R20
76
1
4,932
3
5.16  104
6.81  102
2.92  103
5.92  104
R21
26
1
3,728
3
1.50  104
5.82  102
3.18  103
8.53  104
R22
896
2
46
1
5.27  105
5.88  102
2.12  101
4.57  104
LUL
L1
3,579
3
UDL
UDL
0
5.44  106
1.52  103
7.39  104
L2
702
2
57
1
1.34  106
1.91  103
6.85  101
1.20  105
L3
378
2
UDL
UDL
0
6.73  105
1.78  103
6.16  104
L4
112
2
22
1
1.52  105
1.36  103
2.00  101
8.92  104
L5
524
2
UDL
UDL
0
9.59  105
1.83  103
4.99  104
L6
1,985
3
22
1
3.85  106
1.94  103
1.50  101
6.69  104
L7
750
2
UDL
UDL
0
1.77  106
2.36  103
5.40  104
L8
745
2
UDL
UDL
0
1.02  106 1.37  103
4.96  104
L9
1,401
3
UDL
UDL
0
3.11  106
2.22  103
6.25  104
L10
120
2
735
2
1.59  105
1.33  103
3.13  102
4.26  104
L11
119
2
1,234
3
1.27  105
1.07  103
5.54  102
4.49  104
LLL
L12
45
1
5,732
3
3.80  104
8.48  102
6.42  103
1.12  105
L13
27
1
6,663
3
2.16  104
7.91  102
5.91  103
8.87  104
L14
56
1
3,673
3
4.87  104
8.73  102
2.85  103
7.76  104
L15
38
1
6,415
3
4.65  104
1.22  103
4.08  103
6.36  104
L16
32
1
8,353
3
2.86  104
8.88  102
5.68  103
6.80  104
L17
36
1
5,550
3
3.42  104
9.42  102
3.58  103
6.45  104
L18
41
1
6,754
3
3.89  104
9.47  102
4.64  103
6.87  104
L19
7
1
571
2
4.25  103
5.81  102
5.82  102
1.02  105
L20
19
1
67
1
1.56  104
8.09  102
6.10  101
9.11  104
L20
19
1
67
1
1.56  104
8.09  102
6.10  101
9.11  104
*ACTB, β-actin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LLL, left lower lobe; LUL, left upper lobe; RLL, right lower lobe; RUL, right upper
lobe; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; UDL, under detection limit.
†SARS-CoV-2-RNA score is as follows: score 1, SARS-CoV-2 RNA/GAPDH mRNA ratio<100; score 2, 100–1,000; score 3, 1,000–10,000.
‡S. pneumoniae DNA score is as follows: score 1, S. pneumoniae DNA/ ACTB DNA ratio  105 <100; score 2, 100–1,000; score 3, 1,000–10,000.
§Lung sections R1–R22 and L1–L20) are shown in Figure 1.
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pathology. Patients with COVID-19 should be evaluated carefully for co-infection with other pathogens
to fully understand the effect of co-infection on COVID-19 pathology.
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COVID-19 Outbreak in a
Large Penitentiary Complex,
April–June 2020, Brazil
Fernando A. Gouvea-Reis, Patrícia D. Oliveira, Danniely C.S. Silva, Lairton S. Borja,
Jadher Percio, Fábio S. Souza, Cássio Peterka, Claudia Feres, Janaína de Oliveira,
Giselle Sodré, Wallace dos Santos, Camile de Moraes

An outbreak of coronavirus disease began in a large
penitentiary complex in Brazil on April 1, 2020. By June
12, there were 1,057 confirmed cases among inmates
and staff. Nine patients were hospitalized, and 3 died.
Mean serial interval was ≈2.5 days; reproduction number
range was 1.0–2.3.

D

etention facilities constitute an environment optimal for the introduction and spread of respiratory infectious diseases. Living conditions of inmates
are frequently overcrowded and poorly ventilated,
might provide limited access to running water, and
lack adequate sanitary facilities. These conditions increase risk factors for and background prevalence of
infection (1,2). Furthermore, prisons commonly must
deal with understaffing and lack of resources, presenting additional challenges to triaging and treating
higher-risk patients in a timely manner (3).
The first case of coronavirus disease (COVID-19)
in Brazil was reported on February 26, 2020. The introduction of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the causative agent of
COVID-19, into prisons adds an extra burden into an
already overwhelmed environment. COVID-19 could
be introduced through staff, visitors, or inmates under a semi-open regime, in which they spend the day
outside the penitentiary complex and return in the
evening. In addition, a new disease for which there is
no existing immunity increases the health risk. Therefore, control of COVID-19 in prisons must be considAuthor affiliations: Ministério da Saúde, Brasília, Brazil
(F.A. Gouvea-Reis, P.D. Oliveira, D.C.S. Silva, L.S. Borja,
J. Percio, C. de Moraes); Secretaria de Estado de Administração
Penitenciária, Brasília (F.S. Souza); Secretaria de Estado da
Saúde do Distrito Federal, Brasília (C. Peterka, C. Feres, J. de
Oliveira, G. Sodré, W. dos Santos)
DOI: https://doi.org/10.3201/eid2703.204079
924

ered an essential part of a public health response (4).
In Brazil, ≈750,000 people are imprisoned in a
system built to hold just over 442,000 (5). By June 12,
Brazil had reported 828,810 COVID-19 cases nationwide, with >2,200 of those within prison settings (6,7).
Testing in Brasília, located in Brazil’s Federal District,
accounted for 65.5% of all COVID-19 tests performed
among imprisoned persons; ≈48% of the total national cases in prisons were reported in a maximum-security penitentiary complex in Brasília. The complex
includes 4 prison units: Unit I houses persons under
pretrial detention, Unit II houses inmates under a
semi-open regime, and Units III and IV house convicted inmates. Overall, the prison is one of the largest penitentiary complexes in Brazil, housing >13,000
male inmates, as of June 2020.
In this report, we provide a descriptive analysis of
the outbreak and estimate the disease transmissibility
in its early stages. Data were collected from secondary sources, including the penitentiary monitoring
dataset for COVID-19 notifications, the penitentiary
administration system, and the monitoring resources
of the healthcare system. The public health response
was a joint effort from the state health and security
departments, local health and security teams, and the
Brazil Ministry of Health’s Brazilian Field Epidemiology Training Program. Ethics approval was obtained
under CONEP (Comissão Nacional de Ética em Pesquisa [National Research Ethics Commission], protocol number 37007220.1.0000.0008).
The Study
The first COVID-19 case in Brasília was reported on
March 5; on April 1, the first case in the penitentiary
complex, in a prison guard, was confirmed. The earliest infections occurred among security officers; the
first inmate with COVID-19 was reported on April 7
in Unit I, the pretrial detention area. Six cases were
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reported on April 10 in 2 different wings from the
same block in that unit. The location of the first cases
in the other prison units indicated that COVID-19
had dispersed across the penitentiary complex. In
Unit II, 13 cases were reported on April 9–10 in 3
different blocks. In Unit III, 5 cases were confirmed
on April 17 in 2 different blocks. In Unit IV, 6 cases
were confirmed on April 15–17 in 3 different blocks.
Although the virus was not introduced inside the
penitentiary complex until ≈1 month after the first
reported case in Brasilia, the complex rapidly attained the highest incidence in the region. By May
1, whereas the incidence rate was 47 cases/100,000
persons in the city, it was 1,832 cases/100,000 persons among inmates (8).
During April 1–June 12, there were 1,057 reported cases at the prison: 859 (81.3%) in inmates, 180
(17.1%) in prison guards, 9 (0.8%) in contracted staff,
and 9 (0.8%) in health professionals. Distribution of
the symptomatic cases over time is shown in Figure
1. Nine patients were hospitalized, and 3 deaths were
reported: 1 prison guard and 2 inmates.
Among infected inmates, mean age was 38 years
(SD 14.1 years); 296 (34.5%) were 18–29 years of age,
245 (28.5%) 30–39 years, 124 (14.4%) 40–49 years, 61
(7.1%) 50–59 years, and 133 (15.5%) >60 years. Information about ethnicity was available for 783 patients;
407 (52.0%) were mixed race, 214 (27.3%) White, 93
(11.9%) Asian, 67 (8.5%) Black, and 2 (0.3%) Indigenous. Underlying medical conditions were reported

in 160 (18.6%) patients; the most prevalent were cardiovascular diseases (11.8%), diabetes (5.1%), and
pneumopathies (2.8%). We were able to evaluate the
presence of symptoms on medical records from 401
patients with confirmed COVID-19 cases. The most
prevalent symptoms were headache (34.9%), cough
(30.2%), and fever (28.9%) (Table).
We applied the EpiEstim R package (https://
cran.r-project.org) to estimate the reproduction number over time (Rt), the number of secondary PCR-confirmed cases resulting from a single initial case, for
the penitentiary complex. We estimated the serial interval by computing the difference between the dates
of symptom onset for pairs of primary and secondary infected inmates in 144 cases confirmed by reverse transcription PCR (RT-PCR) recorded in April,
during the early stages of the outbreak, within all 4
prison units. We identified the primary infected inmate as the person in a cell having the first RT-PCR–
confirmed case; we identified secondary infected inmates as anyone sharing a cell with a primary case
patient who tested positive for COVID-19 by RT-PCR
<14 days after symptom onset in the cellmate. Local
health teams identified suspected cases through daily active case finding; patients with confirmed cases
were isolated as separate cohorts.
We estimated the mean serial interval at 2.51
days (SD 1.21). We found high transmissibility at
the start of the outbreak, when the overall Rt was
2.28 in the prison complex (Figure 2). April was the

Figure 1. Distribution of symptomatic coronavirus disease cases over time by symptom onset date in a penitentiary complex, Brasília,
Brazil, March–June 2020.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021
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Table. Characteristics of coronavirus disease cases
within the penitentiary complex, Brasília, Brazil, April–
June 2020
Characteristic
No.
% Total
Age, y
18–29
296
34.5
30–39
245
28.5
40–49
124
14.4
50–59
61
7.1
>60
133
15.5
Ethnicity*
Asian
93
11.9
White
214
27.3
Indigenous
2
0.3
Mixed race
407
52.0
Black
67
8.5
Symptoms†
Headache
140
34.9
Cough
121
30.2
Fever
116
28.9
Ageusia/anosmia
79
19.7
Dyspnea
67
16.7
Myalgia
42
10.5
Sore throat
32
8.0
Nasal congestion
23
5.7
Diarrhea
16
4.0
Underlying health conditions
Cardiovascular disease
101
11.8
Diabetes
44
5.1
Pneumopathies
24
2.8
Others‡
8
0.9

*Data available for 783 cases.
†Data available for 401 cases.
‡Includes metabolic disorders, immunosuppression, psychiatric disease,
and chronic hepatitis.

month with the most intense transmission; Units
III and IV reported 149 cases during April 20–30,
which is reflected in the Rt peaks in those units
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/3/20-4079-App1.pdf). Rt decreased over
time, to ≈1.0 during most of May.
Conclusions
We found a shorter serial interval for COVID-19
in this prison than that estimated for Brazil overall

(9). This finding supports the idea of a faster viral
spread in overcrowded settings, and considering
that the estimated serial interval was lower than
the mean incubation period, the likely transmission of presymptomatic cases might have played
an important role in viral spread inside the prison
complex (10,11). Asymptomatic or presymptomatic
cases, other sources of infection, or inmates failing
to report symptoms might have affected accurately
identifying primary infected inmates, resulting in
our possibly underestimating the serial interval, Rt,
or both. Considering the overcrowded conditions
in the penitentiary complex and the impossibility
of mandating effective social distancing, implementing broad testing strategies is fundamental
for accurately measuring viral spread and planning
better interventions.
The opinions expressed by authors do not necessarily
reflect the opinions of the Ministry of Health of Brazil or
the institutions with which the authors are affiliated.
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Antibody Responses
8 Months after Asymptomatic
or Mild SARS-CoV-2 Infection
Pyoeng Gyun Choe,1 Kye-Hyung Kim,1 Chang Kyung Kang, Hyeon Jeong Suh, EunKyo Kang,
Sun Young Lee, Nam Joong Kim, Jongyoun Yi, Wan Beom Park, Myoung-don Oh

Waning humoral immunity in coronavirus disease patients has raised concern over usefulness of serologic
testing. We investigated antibody responses of 58 persons 8 months after asymptomatic or mildly symptomatic
infection with severe acute respiratory syndrome coronavirus 2. For 3 of 4 immunoassays used, seropositivity
rates were high (69.0%–91.4%).

I

nfection with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) leads to an antibody
response, even in those who are completely asymptomatic. However, the initial immune response is not
as strong as in patients with more severe disease, and
concerns about waning immunity have been raised
(1,2). We evaluated the antibody responses of 58 persons in South Korea 8 months after asymptomatic or
mildly symptomatic SARS-CoV-2 infection.
The Study
The eligible participants for this cross-sectional survey were persons with reverse transcription PCR–
confirmed coronavirus disease (COVID-19) who had
been isolated in a community treatment center (CTC)
operated by Seoul National University Hospital during March 5–April 9, 2020. Isolation was in response
to the COVID-19 outbreak in Daegu, South Korea
(population 2.4 million), the first large outbreak outside of China, which resulted in 6,620 confirmed cases
during February 18–March 24, 2020 (3). CTC admission criteria were as follows: alert, age <65 years, no
underlying disease or well-controlled underlying
disease, body temperature <38.0°C with or without
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antipyretics, and no dyspnea. During participants’
CTC stay, physicians and nurses comprehensively
evaluated them twice daily via video consultation.
Asymptomatic persons were defined as those with
body temperature <37.5°C and no signs or symptoms
(e.g., no subjective fever, myalgia, rhinorrhea, sore
throat, cough, sputum, or chest discomfort) during
the entire CTC stay; others were classified as mildly
symptomatic patients (4). From all participants who
provided informed consent, we collected serum samples at 8 months after infection.
We measured SARS-CoV-2–specific antibodies by
using 4 commercial immunoassays: an antinucleocapsid (anti-N) panimmunoglobulin (pan-Ig) electrochemiluminescence immunoassay (ECLIA) (Elecsys AntiSARS-CoV-2; Roche Diagnostics, https://diagnostics.
roche.com), an anti-N IgG ELISA (EDI Novel Coronavirus COVID-19 ELISA Kit; Epitope Diagnostics,
https://www.epitopediagnostics.com), an antispike
(anti-S) IgG ELISA (SCoV-2 Detect IgG ELISA; InBios
International, https://www.inbios.com), and an antiS1 spike subunit IgG ELISA [Anti-SARS-CoV-2 ELISA
(IgG); Euroimmun, https://www.euroimmune.com].
Except for the anti-N IgG ELISA, these immunoassays
were granted Emergency Use Authorization by the
US Food and Drug Administration. Measurement and
interpretation of results were made according to each
manufacturer’s instructions. For the anti-N and anti-S1
IgG ELISAs, borderline results were regarded as negative. To evaluate neutralizing activity targeting the
spike receptor–binding domain, we used a surrogate
virus neutralization test (sVNT) (SARS-CoV-2 Surrogate Virus Neutralization Test; GenScript, https://
www.genscript.com) (5). The Institutional Review
Boards of Seoul National University Hospital and
the Pusan National University Hospital approved the
study (IRB nos. H-2009-168-1160 and H-2010-013-096).
1
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We analyzed data from 7 participants with
asymptomatic SARS-CoV-2 infection and 51 patients with mildly symptomatic COVID-19 (Table
1). Eight months after their infections, we detected anti-N pan-Ig in 53 (91.4%), anti-N IgG in 15
(25.9%), anti-S IgG in 50 (86.2%), and anti-S1 IgG
in 40 (69.0%) (p<0.01) (Table 2). The sVNT found
positive neutralizing activity for 31 (53.4%). For
female participants, positivity was significantly
higher for anti-N IgG (40.0% female vs. 4.3% male;
p<0.01), anti-S IgG (94.3% vs. 73.9%; p<0.05), antiS1 IgG (82.9% vs. 47.8%; p<0.01), and sVNT (68.6%
vs. 30.4%; p<0.01). Positivity by PCR for <14 days
was associated with a lower rate of positivity for
anti-N pan-Ig (50.0% for <14 d vs. 96.0% for >14
d; p<0.01) (Table 2). Logistic regression analysis,
for which anti-N IgG ELISA results were excluded
because of exceptionally low positivity, indicated
that negative results from >2 commercial immunoassays were significantly associated with positivity by PCR for <14 days after adjustment for sex
(adjusted odds ratio 11.49; 95% CI 1.45–90.79; p =
0.02) (Appendix, https://wwwnc.cdc.gov/EID/
article/27/3/20-4543-App1.pdf).
Conclusions
Knowledge of the longevity of humoral immunity
to SARS-CoV-2 is essential for predicting herd immunity and interpreting seroepidemiologic data.
Recent studies showed that the antibody titers of
patients with mild SARS-CoV-2 infection declined

more quickly than those reported for SARS-CoV
patients (6), and waning immunity was confirmed
5 months after infection (7). Concern about the usefulness of population-based seroprevalence studies
has been raised because rapidly waning immunity
may lead to a substantial number of false-negative
immunoassay results (2). However, in this study,
we confirmed that rates of antibody positivity according to 3 commercial kits was still high at 8
months after infection, even in asymptomatic or
mildly symptomatic participants (69.0%–91.4%).
Rates differed according to immunoassay methods
or manufacturers, thereby explaining differences in
rates between the studies (2,8). A previous study
argued that among asymptomatic persons who
had been antibody positive early in the infection,
40% became antibody negative in 2–3 months, even
when tested by chemiluminescence immunoassay
(CLIA) (2); however, their results are in stark contrast to ours, which may have resulted from variations in the characteristics of CLIA products from
different manufacturers. In a systematic review
and meta-analysis, pooled sensitivity was 97.8%
with CLIA in contrast to 84.3% with ELISA (9). In
a head-to-head benchmark comparison study, anti-N pan-Ig ECLIA showed 97.2% sensitivity and
99.8% specificity (10). In the previous studies, CLIA
showed high sensitivity and specificity for recent or
past SARS-CoV-2 infection. Therefore, our results
show that a serosurvey is useful even 8 months after an outbreak if an appropriate binding immuno-

Table 1. Clinical characteristics of 58 persons with asymptomatic or mildly symptomatic severe acute respiratory syndrome
coronavirus 2 infection, South Korea*
Characteristic
Asymptomatic
Mildly symptomatic
Total no. persons
7
51
Sex, no. (%)
M
5 (71.4)
18 (35.3)
F
2 (28.6)
33 (64.7)
Age, y, median (IQR)
25 (21–26)
26 (22–40)
Underlying disease, no. (%)†
0
3 (5.9)
Smoking status
Smoker
0
0
Ex-smoker
1 (14.3)
2 (3.9)
Nonsmoker
6 (85.7)
49 (96.1)
Signs/symptoms, no. (%)
Febrile/chilling sense
NA
8 (15.7)
Myalgia
NA
5 (9.8)
Headache
NA
13 (25.5)
Cough
NA
20 (39.2)
Sputum
NA
33 (64.7)
Rhinorrhea
NA
25 (49.0)
Sore throat
NA
3 (5.9)
Chest discomfort/dyspnea
NA
4 (7.8)
Duration of PCR positivity, d, median (IQR)
29 (25–34)
24 (19–34)
Days from symptom onset to blood sampling, median (IQR)‡
231 (231–233)
234 (231–234)
*IQR, interquartile range; NA, not applicable.
†One each: hypertension, diabetes mellitus, asthma.
‡For asymptomatic patients, time from the first PCR-positive result to blood sampling.
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Table 2. Positivity of antibodies to severe acute respiratory syndrome coronavirus 2 in 58 asymptomatic or mildly symptomatic patients
at 8 mo after infection, South Korea*
Anti-N pan-Ig
Anti-N IgG
Anti-S IgG
Anti-S1 IgG
Characteristic
ECLIA, no. (%)† ELISA, no. (%)‡ ELISA, no. (%)§
ELISA, no. (%)¶
sVNT, no. (%)#
Total
53/58 (91.4)
15/58 (25.9)
50/58 (86.2)
40/58 (69.0)
31/58 (53.4)
Sex
M
21/23 (91.3)
1/23 (4.3)
17/23 (73.9)
11/23 (47.8)
7/23 (30.4)
F
32/35 (91.4)
14/35 (40.0)**
33/35 (94.3)††
29/35 (82.9)**
24/35 (68.6)**
Age, y
<30
35/38 (92.1)
5/38 (13.2)
33/38 (86.8)
25/38 (65.8)
19/38 (50.0)
>30
18/20 (90.0)
10/20 (50.0)**
17/20 (85.0)
15/20 (75.0)
12/20 (60.0)
Duration of PCR positivity
<14 d
3/6 (50.0)
3/6 (50.0)
4/6 (66.7)
3/6 (50.0)
2/6 (33.3)
>14 d
48/50 (96.0)**
10/50 (20.0)
44/50 (88.0)
36/50 (72.0)
27/50 (54.0)
Disease severity
Asymptomatic
7/7 (100)
0/7 (0)
5/7 (71.4)
4/7 (57.1)
4/7 (57.1)
Mildly symptomatic
46/51 (90.2)
15/51 (29.4)
45/51 (88.2)
36/51 (70.6)
27/51 (52.9)
*Anti-N, antinucleocapsid; anti-S, antispike; anti-S1, antispike subunit; ECLIA, electrochemiluminescence immunoassay; pan-Ig, panimmunoglobulin;
sVNT, surrogate virus neutralization test.
†Roche Diagnostics, https://diagnostics.roche.com.
‡Epitope Diagnostics, https://www.epitopediagnostics.com.
§InBios International, https://www.inbios.com.
¶Euroimmun, https://www.euroimmune.com.
#GenScript, https://www.genscript.com.
**p<0.01.
††p<0.05.

assay format like an anti-N pan-Ig ECLIA is used.
A serosurvey that uses a binding immunoassay can
determine the infected proportion of the population and also the proportion of infections detected
by PCR, thus enabling inference of the infectionfatality ratio rather than just the case-fatality ratio;
however, it cannot accurately assess population immunity because it is not a functional immunoassay
for detecting neutralizing activity.
Neutralizing activity, a functional aspect of antibodies, is essential for protection from reinfection
and screening potential convalescent plasma therapy donors (8). In our study, neutralizing activity
was detected in 53.4% of asymptomatic or mildly
symptomatic participants after 8 months of infection, which was considerably lower than the rate of
positivity detected by binding immunoassays such
as ECLIA or ELISAs. This finding is not surprising
because neutralizing activity is affected by various
factors, including the antigen specificity and the
amount of existing antibody. However, confirming
sVNT results by conventional VNT might be needed, although the reported specificity (100%) and
sensitivity (98%–98.9%) of sVNT showed good correlation with conventional VNT (5). A recently published study of convalescent plasma therapy found
detectable neutralizing antibodies in 63.6% persons
a median of 41 days after PCR-confirmed diagnosis
of mild COVID-19 (11).
According to our study, prolonged duration of
virus shedding is associated with long-term antibody positivity in patients with mild COVID-19,
930

which aligns with previous findings of higher
IgG levels during weeks 4–8 in those in the prolonged virus shedding group (12). Factors associated with prolonged virus shedding include male
sex, old age, severe illness at admission, and invasive mechanical ventilation (13). Our findings suggest that the duration of virus shedding reflects
the amount of humoral immune stimulation, even
in asymptomatic or mildly symptomatic persons
with COVID-19.
One limitation of our study was the relatively
small sample size and the predominantly young population, which lessen generalization of the results.
Also, because of the cross-sectional design, we could
not obtain baseline or longitudinal serum samples.
For the 7 asymptomatic participants in our study,
we evaluated antibody responses at 2 and 5 months
after infection; 5/7 (71%) had positive ELISA results
at 2 months after infection, 4/7 (57.1%) had positive
ELISA results at 5 months after infection, and all had
neutralizing antibodies at 2 and 5 months after infection (1,7). Last, we could not assess the individual
possibilities of reexposure or reinfection. However,
it is unlikely that humoral immunity was boosted
because in Daegu, where the study participants reside, during April–October 2020, the daily incidence
rate for COVID-19 was <0.5 cases/100,000 population (14). In conclusion, despite concerns of waning
immunity, appropriate immunoassays can detect
antibodies against SARS-CoV-2 at 8 months after
infection in most asymptomatic or mildly symptomatic persons.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

Antibody Responses after SARS-CoV-2 Infection
Acknowledgments
We thank Kyung Sook Ahn for administrative support
and Areum Jo, Su Jin Choi, and Mee Kyung Ko for
technical support.
This work was supported by a 2-year research grant
from Pusan National University. The funding agencies
had no role in the design and conduct of the study;
collection, management, analysis, and interpretation
of the data; preparation, review, or approval of the
manuscript; and decision to submit the manuscript
for publication.

About the Author
Dr. Choe is a clinical scientist at Seoul National
University Hospital. His research interests focus on
preventing healthcare-associated infection and responding
to emerging infectious diseases.

6.

7.

8.

9.

10.

11.

References
1.

Choe PG, Kang CK, Suh HJ, Jung J, Kang E, Lee SY, et al.
Antibody responses to SARS-CoV-2 at 8 weeks postinfection
in asymptomatic patients. Emerg Infect Dis. 2020;26:2484–7.
https://doi.org/10.3201/eid2610.202211
2. Long QX, Tang XJ, Shi QL, Li Q, Deng HJ, Yuan J, et al.
Clinical and immunological assessment of asymptomatic
SARS-CoV-2 infections. Nat Med. 2020;26:1200–4.
https://doi.org/10.1038/s41591-020-0965-6
3. Kang E, Lee SY, Jung H, Kim MS, Cho B, Kim YS.
Operating protocols of a community treatment center for
isolation of patients with coronavirus disease, South Korea.
Emerg Infect Dis. 2020;26:2329–37. https://doi.org/10.3201/
eid2610.201460
4. Choe PG, Kang EK, Lee SY, Oh B, Im D, Lee HY, et al.
Selecting coronavirus disease 2019 patients with negligible
risk of progression: early experience from non-hospital
isolation facility in Korea. Korean J Intern Med. 2020;35:765–
70. https://doi.org/10.3904/kjim.2020.159
5. Tan CW, Chia WN, Qin X, Liu P, Chen MI, Tiu C, et al. A
SARS-CoV-2 surrogate virus neutralization test based on
antibody-mediated blockage of ACE2-spike protein-protein
interaction. Nat Biotechnol. 2020;38:1073–8. https://doi.org/
10.1038/s41587-020-0631-z

12.

13.

14.

Ibarrondo FJ, Fulcher JA, Goodman-Meza D, Elliott J,
Hofmann C, Hausner MA, et al. Rapid decay of anti-SARSCoV-2 antibodies in persons with mild Covid-19. N Engl J Med.
2020;383:1085–7. https://doi.org/10.1056/NEJMc2025179
Choe PG, Kang CK, Suh HJ, Jung J, Song KH, Bang JH,
et al. Waning antibody responses in asymptomatic and
symptomatic SARS-CoV-2 infection. Emerg Infect Dis.
2020;27. Epub 2020 Oct 13.
Wajnberg A, Amanat F, Firpo A, Altman DR, Bailey MJ,
Mansour M, et al. Robust neutralizing antibodies to
SARS-CoV-2 infection persist for months. Science.
2020;370:1227–30. https://doi.org/10.1126/science.abd7728
Lisboa Bastos M, Tavaziva G, Abidi SK, Campbell JR,
Haraoui LP, Johnston JC, et al. Diagnostic accuracy of s
erological tests for covid-19: systematic review and
meta-analysis. BMJ. 2020;370:m2516. https://doi.org/
10.1136/bmj.m2516
Ainsworth M, Andersson M, Auckland K, Baillie JK,
Barnes E, Beer S, et al.; National SARS-CoV-2 Serology
Assay Evaluation Group. Performance characteristics of
five immunoassays for SARS-CoV-2: a head-to-head
benchmark comparison. Lancet Infect Dis. 2020;20:1390–400.
https://doi.org/10.1016/S1473-3099(20)30634-4
Agarwal A, Mukherjee A, Kumar G, Chatterjee P,
Bhatnagar T, Malhotra P; PLACID Trial Collaborators.
Convalescent plasma in the management of moderate
covid-19 in adults in India: open label phase II
multicentre randomised controlled trial (PLACID Trial).
BMJ. 2020;371:m3939. https://doi.org/10.1136/bmj.m3939
Jin CC, Zhu L, Gao C, Zhang S. Correlation between viral
RNA shedding and serum antibodies in individuals with
coronavirus disease 2019. Clin Microbiol Infect. 2020;
S1198-743X(20)30299-8.
Xu K, Chen Y, Yuan J, Yi P, Ding C, Wu W, et al. Factors
associated with prolonged viral RNA shedding in patients
with coronavirus disease 2019 (COVID-19). Clin Infect Dis.
2020;71:799–806. https://doi.org/10.1093/cid/ciaa351
Ministry of Health and Welfare. Coronavirus disease–19, Republic of Korea [cited 2020 Nov 5]. http://ncov.mohw.go.kr/en

Address for correspondence: Jongyoun Yi, Department of
Laboratory Medicine, Pusan National University School of
Medicine, 179 Gudeok-ro, Seo-gu, Busan, 49241, South Korea;
email: socioliberal@yahoo.co.kr; Wan Beom Park, Department
of Internal Medicine, Seoul National University College of
Medicine, 103 Daehak-ro, Jongro-gu, Seoul, 03080, South Korea;
email: wbpark1@snu.ac.kr

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

931

DISPATCHES

Tropheryma whipplei in Feces of
Patients with Diarrhea in 3
Locations on Diﬀerent Continents
Gerhard E. Feurle, Verena Moos, Olfert Landt, Craig Corcoran, Udo Reischl, Matthias Maiwald

We examined fecal specimens of patients with diarrhea from 3 continents for Tropheryma whipplei and
enteropathogens. T. whipplei was most common in
South Africa, followed by Singapore and Germany. Its
presence was associated with the presence of other
pathogens. An independent causative role in diarrhea
appears unlikely.

T

ropheryma whipplei is the causative agent of Whipple disease (1). The organism has also been detected in the feces of healthy or asymptomatic persons
(2,3) and in the feces of patients with diarrhea (4–6).
A causative role in gastroenteritis has been proposed.
To investigate the role of enteric T. whipplei, we
examined fecal specimens of patients with diarrhea
using conventional methods and PCR to detect enteric pathogens and T. whipplei. Our aim was to collect
epidemiologic evidence regarding a causative role of
T. whipplei in diarrhea.
The Study
The 3 participating sites were the Molecular Biology
Laboratory, AMPATH (Centurion, South Africa); the
Department of Pathology and Laboratory Medicine
at KK Women’s and Children’s Hospital (Singapore);
and the Institute of Microbiology and Hygiene at the
University Hospital Regensburg (Regensburg, Germany). We examined fecal samples from patients
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(G.E. Feurle); Charité–Universitätsmedizin Berlin, Berlin, Germany
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with diarrhea that were submitted for microbiological laboratory diagnosis; we used a combination of
conventional tests and multiplex PCRs covering the
pathogens shown in Table 1, with differences owing
to local arrangements (Appendix, https://wwwnc.
cdc.gov/EID/article/27/3/20-0182-App1.pdf).
We investigated a total of 590 fecal samples. In
South Africa, 97 of 100 targeted samples were usable.
In Singapore, 193 of 200 targeted specimens contained
sufficient material; of these, 19 were originally submitted for bacterial culture, 77 for rotavirus antigen testing,
and 97 for both. In Germany, we tested samples from
300 patients. In South Africa and Singapore, patients
were mainly children, both outpatients and inpatients.
In Singapore, the total included 13 immunocompromised children with hematologic/oncologic diseases
and 1 with a short bowel syndrome. In Germany, all
were inpatients and mostly elderly, about one quarter
from the hematologic/oncologic ward (Figure).
Overall, 56 patients had positive test results for T.
whipplei in the feces: 17 (17.5%) in South Africa, 29 (15%)
in Singapore, and 10 (3.3%) in Germany. The frequency
distribution of the organisms detected is shown in Table
1. In South Africa, T. whipplei was the most common fecal organism, followed by Shigella, rotavirus, and adenovirus. In Singapore, rotavirus was the most frequently
detected organism, followed by norovirus, T. whipplei,
and Salmonella. In Germany, Clostridioides difﬁcile was
the most frequently detected organism, followed by
T. whipplei and Blastocystis hominis; viruses were not
sought in Germany. The frequency of C. difﬁcile likely
reflects the high proportion of elderly inpatients.
Fecal specimens testing positive for T. whipplei
averaged 0.91 other pathogens per specimen, in contrast to only 0.46 per specimen in those testing negative for T. whipplei (p = 0.0001; Table 2). Similarly, of
the fecal specimens testing positive for T. whipplei,
69.6% contained other pathogens, in contrast to only
34.5% of the specimens testing negative for T. whipplei
(p<0.0001; Appendix Table 1). Thus, specimens con-
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taining T. whipplei contained other pathogens about
twice as frequently as specimens without T. whipplei.
In Singapore, 1 specimen contained 4 pathogens: T.
whipplei, Blastocystis, astrovirus, and Dientamoeba.
Data on watery consistency and the presence of
blood in feces were available for South Africa and
Singapore, and microscopy data (e.g., erythrocytes,
mucus, yeast cells) were available for South Africa
(Appendix Table 2). There was no apparent relationship between these parameters and the presence of T.
whipplei. Thus, an independent diarrheagenic role of
T. whipplei was not apparent from these macroscopic
and microscopic findings.
An association between the presence of Campylobacter and T. whipplei (Appendix Table 3) became
apparent. Of 534 T. whipplei–negative fecal samples,
21 (3.9%) were positive for Campylobacter across all
sites, whereas 8 (14.3%) of 56 T. whipplei–positive
samples were positive for Campylobacter. This difference was statistically significant (p = 0.0035). In relative terms, specimens carrying T. whipplei contained
Campylobacter 3 times more commonly than those
without T. whipplei. When looking at the frequency
ranking for all pathogens, Campylobacter rose from
seventh position in T. whipplei–negative samples to
being the fourth most common enteropathogen in T.
whipplei–positive samples in South Africa and from
fourth to second position in Singapore, whereas the
position in Germany remained unchanged (Appendix Table 4).
The mechanisms underlying the Campylobacter–
Tropheryma association remain unclear, but may include similar modes of acquisition. T. whipplei can
be transmitted by the fecal–oral route (7,8). Campylobacter spp. are commensals in the gut of a variety of
animals, especially poultry; the main infection routes
for Campylobacter species are foodborne and fecal–
oral transmission (9). Both T. whipplei and Campylobacter can be found in sewage (9–11).
Our study’s first limitation was that it was done
in real-life settings of diagnostic laboratories where
the routine investigations were supplemented by additional PCR tests (Appendix). Pathogens tested and
diagnostic techniques differed among the 3 laboratories but were identical within each laboratory between
the specimens with and without T. whipplei. However,
this diversity may even increase the robustness of data.
The proportions of fecal samples with no pathogen detected were 81% in Germany, 57% in South Africa, and
29% in Singapore. These findings reflect not only the
absence of pathogens but also the pathogen spectrum
investigated; a higher number of different pathogens
investigated will lead to more positive results, and

Singapore had the most comprehensive tests. A high
rate of negative findings limits the analyses concerning
co-infections of T. whipplei with other pathogens.
Second, our study did not include asymptomatic
controls, as did the Global Enteric Multicenter Study
(12,13). In South Africa, T. whipplei was the most frequent fecal microorganism, followed by Shigella, rotavirus, and adenovirus, in descending order, the last
Table 1. Frequency distribution of fecal pathogens in South
Africa, Singapore, and Germany*
Location
No. (%)
Centurion, South Africa, 97 specimens
Tropheryma whipplei
17 (17.53)
Shigella spp.
15 (15.46)
Rotavirus A
7 (7.22)
Adenovirus type F, 40, 41
5 (5.15)
Salmonella spp.
4 (4.12)
Campylobacter spp.
4 (4.12)
Blastocystis hominis
4 (4.12)
Cryptosporidium spp.
4 (4.12)
Giardia lamblia
4 (4.12)
Yersinia enterocolitica
1 (1.03)
Escherichia coli, EPEC, EHEC
1 (1.03)
Aeromonas hydrophila
1 (1.03)
Plesiomonas shigelloides
0
No infective agent detected
55 (56.70)
T. whipplei solo
8 (8.25)
Singapore, 193 specimens
Rotavirus A
73 (37.82)
Norovirus GG1/2
35 (18.13)
T. whipplei
29 (15.03)
Salmonella spp.
24 (12.44)
Campylobacter spp.
17 (8.81)
A. hydrophila
10 (5.18)
Sapovirus
9 (4.66)
Astrovirus
8 (4.15)
Adenovirus type F, 40, 41
5 (2.59)
G. lamblia
2 (1.04)
Dientamoeba fragilis
2 (1.04)
Shigella spp.
1 (0.52)
B. hominis
1 (0.52)
Vibrio spp.
0
Entamoeba histolytica
0
Y. enterocolitica
0
Cryptosporidium spp.
0
No infective agent detected
55 (28.50)
T. whipplei solo
2 (1.04)
Regensburg, Germany, 300 specimens
Clostridioides difficile
28 (9.33)
T. whipplei
10 (3.33)
B. hominis
10 (3.33)
Campylobacter spp.
8 (2.66)
G. lamblia
8 (2.66)
Salmonella spp.
3 (1.00)
Y. enterocolitica
2 (0.66)
A. hydrophila
2 (0.66)
Shigella spp.
1 (0.33)
D. fragilis
1 (0.33)
Cryptosporidium spp.
0)
E. histolytica
0
No infective agent detected
242 (80.66)
T. whipplei solo
7 (2.33)

*More than 1 pathogen was detected in some fecal specimens. T. whipplei
solo indicates that T. whipplei was the sole organism detected. EPEC,
enteropathogenic Escherichia coli; EHEC, enterohemorrhagic Escherichia coli.
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Table 2. Numbers of enteropathogens in fecal specimens with and without Tropheryma whipplei in South Africa, Singapore, and
Germany*
Specimens without T. whipplei
Specimens with T. whipplei
No. (rate) of
No. (rate) of
Location
No. specimens
enteropathogens
No. specimens
enteropathogens
Centurion, South Africa
80
40 (0.50)
17
10 (0.59)
Singapore
164
145 (0.88)
29
38 (1.31)
Regensburg, Germany
290
60 (0.21)
10
3 (0.30)
Total†
534
245 (0.46)
56
51 (0.91)

*Total numbers and rates per specimen of all enteropathogens across all specimens collected at each site; multiple pathogens in a single specimen were
counted as multiple entries.
†Incidence rate 2, p<0.0001.

Figure. Age distribution of
patients at 3 sites in study
of Tropheryma whipplei
in feces of patients with
diarrhea: A) Centurion, South
Africa; B) Singapore; and C)
Regensburg, Germany.
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3 exactly as in the Global Enteric Multicenter Study.
In Singapore, T. whipplei was third after rotavirus and
norovirus, but the ranking of rotavirus may be an
artifact because rotavirus antigen was the most frequent ordered laboratory test.
We postulate that the different prevalence of
pathogens at the 3 locations (Table 1) is related not
just to the different diagnostic strategies but probably also to different climate, development, and hygiene. The Sustainable Development Goals indices
for water, sanitation, and hygiene were 68, 66, and
90 in South Africa; 98, 99, and 97 in Singapore; and
100, 100, and 100 in Germany (14). These data reflect
the order of prevalence of T. whipplei in feces in the 3
locations, which is in accordance with a prevalence
approaching 50% in children in Laos (15).

3.

Conclusions
Using diagnostic specimens from microbiology laboratories on 3 continents, we were able to confirm that
T. whipplei can be found frequently in the feces of patients with diarrhea (4,5). Across the 3 locations, the
numbers of traditional enteropathogens were significantly increased in specimens also containing T. whipplei, and we found an association between the presence of T. whipplei and Campylobacter. Our findings
support the hypothesis that enteric T. whipplei may
not be causative for diarrhea but may possibly be a
result of different sanitary and climatic conditions.
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Extraintestinal Seeding
of Salmonella enterica
Serotype Typhi, Pakistan
Seema Irfan, Mohammad Zeeshan, Salima Rattani,
Joveria Farooqi, Sadia Shakoor, Rumina Hasan, Afia Zafar

We evaluated Salmonella enterica serotype Typhi strains
isolated from all body sites in Pakistan during 2013–2018.
Despite an increase in overall number of localized, extensively drug-resistant Salmonella Typhi in organ infections
during 2018, there was no increase in the proportion of
such isolates in comparison with non–extensively drugresistant isolates.

S

almonella enterica serotype Typhi is a major pathogen affecting populations from low- and middleincome countries that generally lack clean, potable water and good sanitary disposal systems (1). The global
incidence of enteric fever is ≈21 million cases annually,
and there are ≈200,000 typhoid-related deaths/year (2).
Pakistan is among the high-burden countries that has
reported annual incidence of 493.5 case/100,000 persons (3–5). Seeding of deep-seated organs by Salmonella
Typhi, resulting in bone and soft tissue infections and
splenic and hepatic abscesses, has been reported (6–9).
Extensively drug-resistant (XDR) Salmonella Typhi, a
strain resistant to 5 groups of antimicrobial drugs, including third-generation cephalosporins (10,11), has
emerged in 2 cities in the southern part of Sindh Province and further disseminated to other parts of Pakistan, raising concern for persistence of the organism in
hosts because of delays in appropriate therapy.
During 2018, a sudden increase in isolation frequency of XDR Salmonella Typhi from clinical samples other than blood, stool, and urine in Pakistan
was observed. We conducted a study to determine if
there was a true increase in the proportion of extraintestinal XDR Salmonella Typhi infections compared
with non-XDR infections.
The Study
This study was conducted at the clinical microbiology
laboratory at Aga Khan Hospital (Karachi, Pakistan).

Author affiliation: Aga Khan University, Karachi, Pakistan
DOI: https://doi.org/10.3201/eid2703.200464
936

After approval was obtained from the Ethical Review Committee at Aga Khan Hospital, all reports of
clinical specimens that showed growth of Salmonella
Typhi during January 2013–December 2018 were extracted from the laboratory database and included in
the study. The frequency of isolation of the organism
from extraintestinal organ infections was compared
with that of blood/bone marrow, stool, and urine.
In addition, informed consent and detailed history
were obtained by telephone from patients who had
XDR Salmonella Typhi isolated from sites other than
blood/bone marrow, stool, and urine during 2018.
Salmonella Typhi were identified by using conventional biochemical reactions and API 20E (bioMérieux,
https://www.biomerieux.com) and then confirmed
by serotyping with Salmonella antisera (Becton Dickinson, https://www.bd.com). Susceptibility testing was
performed by using the disk diffusion Kirby-Bauer
method and recent Clinical and Laboratory Standards
Institute (https://clsi.org) performance standards. For
XDR Salmonella Typhi strains, susceptibility was confirmed by using the Vitek2 System (bioMérieux), except for azithromycin, which was reported by using
the disk diffusion method. The Pearson χ2 test was applied to calculate the statistical significance by using
Stata SE 12.1 software (https://www.stata.com).
During the 6-year study period, 8,736 isolates
of Salmonella Typhi were reported from blood, bone
marrow, stool, and urine, and 62 isolates were reported from other body sites (Table 1). Yearly isolation of Salmonella Typhi from different body sites
gradually decreased during 2013–2017, but during
2018, there was a slight increase. In addition, although XDR Salmonella Typhi isolation from blood,
feces, and urine had been consistently increasing
since the beginning of outbreak, its isolation from
other body sites was not observed until 2017. During 2018, these strains emerged from other sterile
body tissues and fluids. However, their isolation
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Table 1. Salmonella enterica serotype Typhi isolates from blood, feces, and urine versus other body sites, Pakistan 2013−2018
No. (%, 95% CI) in blood,
No. (%, 95% CI) in other body
Characteristic
feces, or urine
sites
Total cases
p value
No. ceftriaxone sensitive
5,858 (99.1, 98.9–99.4)
51 (0.86, 0.63–1.10)
5,909
0.011
No. ceftriaxone resistant
2,878 (99.6, 99.4–99.8)
11 (0.38, 0.16–0.61)
2,889
Total
8,736 (99.3, 99.1–99.5)
62 (0.70, 0.53–0.88)
8,798
Year
Ceftriaoxne susceptibility
2013
Sensitive
662 (98.5, 97.6–99.4)
10 (1.49, 0.57–2.41)
672
0.902
Resistant
0
0
0
2014
Sensitive
701 (98.7, 97.9–99.6)
9 (1.27, 0.45–2.10)
710
0.873
Resistant
0
0
0
2015
Sensitive
881(98.9, 98.3–99.6)
9 (1.01, 0.36–1.68)
890
0.839
Resistant
0
0
0
2016
Sensitive
1,167 (99.5, 99.2–99.9)
5 (0.42, 0.05–0.80)
1,172
0.764
Resistant
21 (100)*
0
21
2017
Sensitive
1,299 (99.3, 98.9–99.8)
9 (0.69) 24–1.14)
1,308
0.057
Resistant
526 (100)*
0
526
2018†
Sensitive
1,155 (99.2, 98.7–99.7)
9 (0.77, 0.27–1.28)
1,164
0.264
Resistant
2,324 (99.5, 99.3–99.8)
11 (0.47, 0.19–0.75)
2,335
*Because 100% of extensively drug-resistant Salmonella Typhi were obtained from blood, stool, or urine, there was no 95% CI.
†A total of 20 (0.57%) of 3,499 Salmonella Typhi were isolated from other body sites during 2018.

proportion was not significant compared with nonXDR isolates (Table 1).
Most (7/11, 63.6%) cases showing growth of XDR
Salmonella Typhi from other body sites were in children, but 4 (36.4%) were in adults. The average duration from fever onset until care was sought was ≈2
weeks. For 9 (81.8%) of 11 case-patients, complications
came in the form of deep abscesses at body sites such
as gluteal muscles, deltoid muscles, spleen, subdiaphragmatic recess, pleural cavity, breast, and fractured
site of a limb. One case-patient who had no concurrent
conditions had acute meningitis, and another case-patient had acute abdominal pain secondary to intestinal
perforation and leading to pneumoperitoneum.
Antimicrobial drugs such as clindamycin, ciprofloxacin, amoxicillin/clavulanic acid, ceftriaxone,
and cefepime showed inappropriate coverage and
treatment duration against XDR Salmonella Typhi
and were used for 8/11 (72.7%) patients during the
course of illness. One patient was lost to follow up,
but 10/11 (90.9%) patients showed marked improvement after appropriate antimicrobial drug treatment
(intramuscular meropenem or oral azithromycin) and
survived (Table 2, https://wwwnc.cdc.gov/EID/
article/27/3/20-0464-T2.htm).
Conclusions
Our study was a comparison of isolation rates of XDR
and non-XDR Salmonella Typhi from extraintestinal organ infections after the recognition of an XDR
Salmonella Typhi outbreak in Pakistan. Our laboratory data highlights that, although isolation of XDR
Salmonella Typhi from blood cultures has been performed since 2016, emergence and detection of XDR
Salmonella Typhi from other body sites started during

2018, indicating a lag period of 14 months between
the outbreak and extraintestinal organ infections. Except for 1 case of postileal perforation and collection
of intraabdominal material, most of these manifestations were probably secondary to bacteremic seeding
at various body sites. According to disease pathogenesis, different factors can contribute toward typhoid
complication, including host-related factors, such as
defects in innate immunity, any existing scar in soft
tissue, inappropriate use of antimicrobial drugs, and
organism-related virulence factors (12).
In this study, apparent immune dysfunction was
found in only 2 patients: a 45-year-old woman who had
a breast abscess and diabetes mellitus, and a 15-year-old
boy who had splenic abscess and autoimmune hepatitis.
A 55-year-old patient had a history of splenic injury and
later showed development of a splenic abscess. Inappropriate antimicrobial drug use (Table 2), a common finding for most uncomplicated enteric fever cases, could
be another contributing factor for uncontrolled disease
process, leading to complications. However, this factor
cannot solely be identified as a risk factor for these complicated cases. Another finding was that 4 of 11 extraintestinal organ infections were in adults, despite enteric
fever being a disease with highest occurrence among
children. We suggest future cohort studies to determine
the reason for this delay in appearance and distribution
of complicated cases.
Our data showed that during 2013–2018, irrespective of susceptibility pattern, the proportion of complicated enteric fever cases in Pakistan decreased (Table
1). Nonetheless, this finding could be a false impression and might be caused by an extraordinary increase
in number of blood cultures requested during recent
years. In Pakistan, laboratory diagnosis of enteric
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fever is commonly made on the basis of either positive
serologic test results or blood culture. In view of low
sensitivity and specificity of available serologic tests,
our clinical laboratory purposely removed these isolates from its test procedure during 2015. Thus, blood
culture is currently used as the main tool for diagnosis
of enteric fever. During 2017, the number of XDR Salmonella Typhi cases increased from 21 during 2016 to
526 during 2017, but there was no similar emergence of
XDR Salmonella Typhi in deep-seated infections.
Whole-genome sequencing of initial outbreak XDR
isolates identified plasmid encoding resistance elements,
including the blaCTX-M-15 extended-spectrum β-lactamase
carrying the qnrS fluoroquinolone resistance gene.
This IncY plasmid exhibited high sequence identity to
plasmids found in other enteric bacteria isolated from
widely distributed geographic locations (13). However,
in our study, molecular analysis was not performed,
which is a limitation. In addition, our study was retrospective and single-laboratory based. Therefore, our
study does not reflect the experience from other centers.
There was no increase in the proportion of XDR
Salmonella Typhi extraintestinal isolates compared
with non-XDR isolates. Because of the high endemicity of XDR Salmonella Typhi in Pakistan, general practitioners in outpatient clinics usually start empirical
treatment for enteric fever on the basis of clinical judgment and serologic investigations. Enteric fever clinical practice guidelines specific to Pakistan are available
(14) and should be followed to avoid complications of
the disease. Lack of physician awareness regarding
extraintestinal seeding of Salmonella Typhi can lead to
inappropriate treatment. Thus, culturing of organisms
is recommended before starting treatment.
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Human Infection with Eurasian
Avian-Like Swine Inﬂuenza
A(H1N1) Virus, the Netherlands,
September 2019
Anna Parys, Elien Vandoorn, Jacqueline King, Annika Graaf,
Anne Pohlmann, Martin Beer, Timm Harder, Kristien Van Reeth

We report a zoonotic infection of a pig farmer in the
Netherlands with a Eurasian avian-like swine influenza
A(H1N1) virus that was also detected in the farmed pigs.
Both viruses were antigenically and genetically characterized. Continued surveillance of swine influenza A viruses
is needed for risk assessment in humans and swine.

E

urasian avian-like swine influenza A(H1N1) viruses (IAVs) are entirely derived from a precursor virus of avian origin (1) and have been enzootic
in the swine population in Europe since 1979 and in
Asia since 1993. Zoonotic infections with such viruses, which are then termed H1N1 variant (H1N1v) viruses, occur sporadically. Most cases occur in humans
who have direct exposure to pigs. Since 1986, several
human cases of Eurasian avian-like H1N1 swine IAV
have been reported in Europe (2–4) and China (3,5).
These events reflect the possibility of Eurasian
avian-like H1N1 swine IAV transmission from swine
to humans. In this study, we report an infection with
a Eurasian avian-like H1N1 swine IAV in a pig farmer
and his pigs in a herd in the Netherlands. We also
conducted whole-genome characterization of viruses
from the man and the pigs.
The Study
On September 18, 2019, acute respiratory disease
was observed in a 43-year-old man (farmer) and his
14-week-old fattening pigs and gilts. The pigs of this
closed farm showed coughing, anorexia, tachypnea,
dyspnea, and lethargy. Two days earlier, a 44-yearAuthor affiliation: Ghent University, Merelbeke, Belgium
(A. Parys, E. Vandoorn, K. Van Reeth); Friedrich-Loeﬄer-Institut,
Greifswald Insel-Riems, Germany (J. King, A. Graaf, A. Pohlmann,
M. Beer, T. Harder)
DOI: https://doi.org/10.3201/eid2703.201863

old man (animal caretaker) had reported similar
symptoms. The sows of this herd (n = 420) were vaccinated against swine IAVs with Respiporc FLU3 vaccine (Ceva, https://www.ceva.com), but the farmer
and animal caretaker were not recently vaccinated
against human seasonal influenza viruses. Both humans and the pigs recovered completely within 10
days after the first appearance of signs or symptoms.
Family members and close contacts of the men did
not show development of influenza-like symptoms.
Six days after onset of disease, nasal swab samples were collected from the farmer, the animal caretaker, and 6 symptomatic pigs. Human samples were
collected by self-sampling, and informed consent was
obtained from the farmer and the animal caretaker.
Subsequently, samples were shipped to the Laboratory of Virology, Faculty of Veterinary Medicine, Ghent
University (Merelbeke, Belgium).
Upon inoculation into MDCK cells, IAV was isolated from the sample of the farmer and from a pooled
sample of the pigs; no virus was isolated from the animal caretaker. Public health authorities in the Netherlands were notified about the H1N1v infection. The
human H1N1v isolate was named A/Netherlands/
Gent-193/2019, and the swine H1N1 isolate was
named A/swine/Netherlands/Gent-193/2019.
Virus neutralization tests with swine antiserum
against swine IAVs of the H1N1, H1N2, and H3N2
subtypes showed an antigenic relationship between
both newly discovered isolates and Eurasian avianlike H1N1 swine IAVs from 1998 and 2010, as well as
the prototype influenza A(H1N1)pdm09 (pH1N1) A/
California/04/2009 virus. Serologic cross-reactivity
with H1N2 or H3N2 swine IAVs was not observed
(Table 1).
Initial analyses by multiplex real-time reverse transcription PCRs (6) and whole-genome next-generation
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Table 1. Cross-reactivity in virus neutralization tests between isolates from a pig farmer and his pigs and reference swine H1N1,
pH1N1, H1N2 and H3N2 viruses*
Virus neutralization titer for swine antiserum†
Virus
Subtype
H1 clade
swBe98
swG10
Ca09
swG99
swG12
swFl98
swG08
swBe98
H1N1
1C.2
4,096
256
96
32
<4
<4
<4
swG10
H1N1
1C.2.1
48
768
12
<4
<4
<4
<4
Ca09
pH1N1
1A.3.3.2
12
96
1,536
<4
<4
<4
<4
swG99
H1N2
1B.1.2.1
6
<4
4
1,024
768
<4
<4
swG12
H1N2
1B.1.2.1
<4
<4
6
768
1,536
<4
<4
swFl98
H3N2
NA
<4
<4
4
<4
<4
8,129
512
swG08
H3N2
NA
<4
<4
<4
<4
<4
3,072
768
Ne19
H1N1v
1C.2.2
128
64
8
<4
<4
<4
<4
swNe19
H1N1
1C.2.2
256
384
1,536
8
<4
<4
<4
*Ne19 indicates isolate from the farmer; swNe19 indicates the isolate from the pigs. Homologous titers are indicated in bold. H1N1v, H1N1 variant; NA,
not applicable; pH1N1, influenza A(H1N1)pdm09; swBe98, A/swine/Belgium/1/98; swG10, A/swine/Gent/28/2010; Ca09, A/California/04/2009; swG99,
A/swine/Gent/7625/99; swG12, A/swine/Gent/26/2012; swFl98, A/swine/Flanders/1/98; swG08, A/swine/Gent/172/2008; Ne19, A/Netherlands/Gent193/2019; swNe19, A/swine/Netherlands/Gent-193/2019.
†Swine antiserum was obtained by a double vaccination with whole inactivated virus vaccines.

sequencing (7) of both isolates confirmed that all genome segments were closely related to those of Eurasian avian-like H1N1 swine IAVs. A BLAST homology search (http://www.fludb.org) with both whole
genomes showed highest nucleotide identities (96%)
for hemagglutinin (HA) and neuraminidase with
clade 1C.2.2 Eurasian avian-like H1N1 swine IAVs
isolated in Germany and the Netherlands during

2011–2012. These databases contain limited numbers
of sequences of this swine IAV clade, which explains
the lack of similar recent viruses. A phylogenetic
tree of Eurasian avian-like H1N1 swine IAVs isolated in Europe and Asia was constructed by using
MEGA7 software (https://www.megasoftware.net).
Phylogenetic analysis confirmed the genetic relationship of the HA1 genes of both isolates with Eurasian

Table 2. Influenza virus sequences downloaded from GenBank, GISAID, or unpublished data and used in phylogenetic analysis*
Isolate
Country
Collection date
Date of download
Accession no.
A/swine/Finistere/2899/82
France
1982
2019 Nov 16
AJ344015
A/Netherlands/386/86
Netherlands
1986
2019 Nov 16
AF320065
A/Netherlands/477/93
Netherlands
1993
2019 Nov 16
AF320066
A/swine/Denmark/19126/93
Denmark
1993
2019 Nov 16
KC900289
A/swine/Netherlands/609/96
Netherlands
1996
2019 Nov 16
AF320064
A/swine/Belgium/1/98
Belgium
1998
2019 Nov 17
AY590824
A/swine/Italy/1513–1/98
Italy
1998
2019 Nov 16
CY116458
A/Switzerland/8808/2002
Switzerland
2002
2019 Nov 16
AJ517815
A/swine/Spain/50047/2003
Spain
2003
2019 Nov 7
CY009892
A/swine/Spain/53207/2004
Spain
2004
2019 Nov 17
KR700597
A/swine/Zhejiang/1/2007
China
2007 Nov 15
2019 Nov 7
FJ415610
A/swine/Germany/SIV04/2008
Germany
2008 Jun
2019 Nov 16
FN429078
A/swine/France/CotesdArmor-0388/2009
France
2009 Jul 28
2019 Nov 17
KC881265
A/swine/Gent/28/2010
Belgium
2010 Jan 13
2019 Jul 29
KP406525
A/Jiangsu/1/2011
China
2011 Jan 4
2019 Nov 23
KF057112
A/swine/Jiangsu/40/2011
China
2011 Jan 9
2019 Nov 23
JQ319648
A/swine/Germany/Wunnenberg-IDT13220/2011
Germany
2011 Mar 31
2019 Dec 16
KR699726
A/swine/Germany/Reinberg-IDT14457–1/2012
Germany
2012 Jan 2
2019 Dec 16
KR700366
A/swine/Netherlands/Dalfsen-12/2012
Netherlands
2012 Jan 10
2019 Dec 16
KR700020
A/swine/Germany/Ellerbrock-IDT14696/2012
Germany
2012 Jan 18
2019 Dec 16
KR700389
A/swine/Gent/62/2015
Netherlands
2015 Mar 19
NA
Unpub. data†
A/Hunan/42443/2015
China
2015 Jul 2
2020 Jun 15
EPI206573‡
A/swine/Gent/173/2015
Belgium
2015 Sep 4
NA
Unpub.data†
A/Pavia/65/2016
Italy
2016 Oct
2020 Mar 27
KY368150
A/Netherlands/3315/2016
Netherlands
2016 Oct
2020 Mar 27
KY250319
A/swine/Gent/150/2016
Belgium
2016 Nov 18
NA
Unpub. data†
A/swine/Gent/196/2018
Belgium
2018 Oct 12
NA
Unpub. data†
A/swine/Gent/241/2018
Belgium
2018 Nov 4
NA
Unpub. data†
A/swine/Gent/05/2019
Belgium
2019 Jan 9
NA
Unpub. data†
A/swine/Gent/54/2019
Belgium
2019 Mar 13
NA
Unpub. data†
A/swine/Netherlands/Gent-193/2019
Netherlands
2019 Sep 24
2020 Apr 29
MT395373
A/Netherlands/Gent-193/2019
Netherlands
2019 Sep 24
2020 Apr 29
MT395365
A/swine/Gent/203/2019
Belgium
2019 Oct 9
NA
Unpub. data†
*Accession numbers are from GenBank except as indicated. NA, not applicable.
†Ghent University (Merelbeke, Belgium).
‡GISAID, https://www.gisaid.org.
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avian-like H1N1 swine IAVs of clade 1C.2.2 (Table
2; Figure).
The human H1N1v and swine H1N1 isolates
differed in several positions in the genes coding for
the 3 polymerase proteins (polymerase basic [PB]
2, PB1, and polymerase acidic), the HA gene, and
the nonstructural protein gene. The other 3 gene
segments (neuraminidase, nucleoprotein, and matrix) were 100% identical. HA gene sequences of the
swine H1N1 and the human H1N1v isolates showed
amino acid substitutions K142N, N195S, and V215I
(H1 numbering). Position 142 is located in antigenic
site Ca2 142 and position 195 in antigenic site Sb
(8). In human seasonal influenza A(H1N1) viruses, a substitution at position 142 was reported to

cause antigenic change (9). This substitution might
explain the loss of reactivity with pH1N1 antiserum for the human H1N1v isolate versus the swine
H1N1 isolate (Table 1). In addition, in H5 IAVs this
substitution decreased the pH at which the HA underwent fusion (10).
Because human-adapted viruses undergo fusion at a lower pH (5.0–5.5) than swine-adapted and
avian-adapted viruses (pH 5.6–6.0), such mutations
might contribute to human adaptation of zoonotic
viruses. We found multiple substitutions in the polymerase genes of the human H1N1v isolate: R739Q
in PB2, L108I and T652A in PB1, and D682N in polymerase acidic. Based on analyses in the FluSurver database (http://flusurver.bii.a-star.edu.sg/), the R739Q

Figure. Phylogenetic tree based on amino acid sequences of the hemagglutinin 1 of Eurasian avian-like swine influenza A(H1N1) virus
isolates from a pig farmer and his pigs (green circles), the Netherlands, and reference sequences (see Table 2). Red triangles indicate
reference sequences from humans. Phylogenetic relationships were estimated by using the maximum-likelihood method in MEGA7
software (https://www.megasoftware.net) and the Jones-Taylor-Thornton substitution model with a gamma distribution of among-site
rate. Branch length is proportional to genetic distance. Scale bar indicates amino acid substitutions per site.
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substitution in the PB2 gene might influence the binding of PB2 to host protein(s). We also found 2 substitutions in the nonstructural protein gene: V18I and
G227R. Sequences were made publicly available in
GenBank (accession nos. MT395362–77), and GISAID (https://www.gisaid.org; accession nos. EPI_
ISL_430866 [A/swine/Netherlands/Gent-193/2019]
and EPI_ISL_0865 [A/Netherlands/Gent-193/2019]).
Conclusions
We report another zoonotic infection with a Eurasian
avian-like H1N1 swine IAV in Europe since the emergence of the virus in 1979 (2–4). No further humanto-human transmission was reported, although it
cannot be excluded that the farmer was infected by
the animal caretaker. The nasal swab sample from the
caretaker might have tested negative because it was
collected as late as 8 days after he reported influenzalike symptoms.
The swine antiserum against the pH1N1 virus
cross-reacted with the swine H1N1 isolate from this
investigation (Table 1) but had a 192-fold lower virus
neutralization titer against the human H1N1v isolate.
Therefore, it is unlikely that current human seasonal
vaccines would provide cross-protection against the
human H1N1v isolate. This finding is consistent with
our recent investigations of human serum samples
for antibodies against 8 H1 swine IAVs representing 7 predominant H1 clades of swine IAVs; only
55 (10%) of 549 human serum samples had hemagglutination inhibition titers >40 against a European
avian-like H1N1 swine IAV of clade 1C.2.1, which is
predominant in swine in Europe (11), compared with
24%–54% against 5 other clades (12). These data point
toward a relatively greater zoonotic risk for avianlike H1N1 swine IAVs from Europe and are consistent with previous studies about Eurasian avian-like
H1N1 swine IAVs from China (5,13). Our data further
support the notion that Eurasian avian-like H1N1
swine IAVs need to be monitored closely.
We found several amino acid substitutions between the H1N1 swine isolate and the H1N1v human
isolate, but their role remains obscure. The past 2 decades have seen an unprecedented increase of data
for putative mammalian-adaptive mutations of avian
influenza viruses. The known genetic markers are
mainly based on studies with wholly avian viruses of
various HA subtypes in mammalian cell culture or in
ferrets. Knowledge of amino acid substitutions that
might enable adaptation of swine-adapted influenza
viruses to humans, in contrast, is almost nonexistent
(14). This finding is true for Eurasian avian-like H1N1
swine IAVs, as well as for the pH1N1 virus, which is
942

the only known swine-origin virus with the ability to
spread efficiently between humans. Our study highlights the need for experimental research on this topic
and for continued surveillance of swine IAVs because
of the risk for human infection or zoonotic spread.
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Bedaquiline as Treatment for
Disseminated Nontuberculous
Mycobacteria Infection in 2
Patients Co-Infected with HIV
Eliza Gil, Nicola Sweeney, Veronica Barrett, Stephen Morris-Jones,
Robert F. Miller, Victoria J. Johnston, Michael Brown

Nontuberculous mycobacteria can cause disseminated
infections in immunocompromised patients and are challenging to treat because of antimicrobial resistance and
adverse effects of prolonged multidrug treatment. We report successful treatment with bedaquiline, a novel antimycobacterial drug, as part of combination therapy for 2
patients with disseminated nontuberculous mycobacteria
co-infected with HIV.

N

ontuberculous mycobacteria (NTM) cause a
broad spectrum of disease, most commonly pulmonary infection, but also cause disseminated infection in immunocompromised patients, posing a major risk for illness and death (1). Treatment involves
immune function optimization and prolonged use of
combinations of species-specific antimycobacterial
drugs but is often complicated by the intrinsic or acquired drug resistance of NTM (2) and adverse effects
of the drug combinations; treatment failure is common. Therefore, there is considerable interest in the
use of novel drugs (3).
Bedaquiline, a novel, oral, diarylquinolone antimycobacterial drug, is used in treatment of infections
with multidrug-resistant Mycobacterium tuberculosis
(4). However, its role in treatment of disseminated
NTM infections remains unclear. We report the successful use of bedaquiline in treatment for 2 HIV-infected patients in London, UK, who had disseminated
NTM infections.
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North West London National Health Service Foundation Trust,
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(R.F. Miller); London School of Hygiene and Tropical Medicine,
London (R.F. Miller, V.J. Johnston, M. Brown)
DOI: https://doi.org/10.3201/eid2703.202359
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The Study
Case-patient 1 was a 54-year-old HIV-infected man
who had colonic perforation secondary to rectal
trauma. He underwent an emergency Hartmann’s
procedure and showed an uncomplicated immediate
recovery. Two months later, he showed development
of fevers, breathlessness, and a purulent exudate at
the abdominal wound site, which did not improve
after receiving antimicrobial drug therapy. Imaging
showed pleural effusions and perihepatic collections;
mycobacterial liquid culture of effusions, collections,
and wound exudate contained M. abscessus, presumed secondary to fecal abdominal cavity contamination. Mycobacterial blood cultures were negative.
At diagnosis of his disseminated NTM infection,
HIV viral load was undetectable (CD4 count >900
cells/µL). Empirical treatment was begun and then refined after speciation as M. abscessus (Figure 1, panel
A). Susceptibility testing subsequently demonstrated
extensive drug resistance (Table 1). MIC estimations
for bedaquiline showed in vitro susceptibility (MIC
<0.0625 mg/L). There was no information on Clinical
and Laboratory Standards Institute/European Committee on Antimicrobial Susceptibility Testing for M.
abscessus. The MIC breakpoint for this drug with M.
tuberculosis was 0.25 mg/L (T. McHugh, University
College London, pers. comm., 2020 Jun 29). Compassionate access to bedaquiline was obtained from
Janssen-Cilag (https://www.janssen.com). Treatment
was initiated (400 mg/d for 2 wks, followed by 200 mg
3×/wk), as per treatment for tuberculosis. Bedaquiline was well tolerated and treatment continued for a
year; there was a brief interruption because of a delay
in reapproval.
During his treatment for NTM, the patient
showed adverse effects caused by intravenous amikacin (1 g/d) and mild renal impairment. Therefore,
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Figure 1. Summary of treatment and monitoring of 2 HIV-positive persons who had disseminated Mycobacterium abscessus
infections, London, UK. A) Case-patient 1. B) Case-patient 2. The infection in case-patient 1 was secondary to fecal abdominal cavity
contamination after rectal perforation. Bars in top section show timing of treatments; red indicates bedaquiline. Drug regimens and
treatment responses were measured by using Hb (g/L), Neut (× 109 cells/L), and CRP (mg/L). Values (+ and –) on the bottom of panel B
are results for mycobacterial blood cultures. CRP, C-reactive protein; Hb, hemoglobin; Neut, neutrophils.

this drug was withheld until his renal function recovered. On its reinitiation at the same dose, tinnitus developed, prompting permanent withdrawal of amikacin. Because of excellent progress, tigecycline was
replaced with linezolid at that time.
18
Fluorodeoxyglucose-positron emission tomography/computed tomography imaging was
used to monitor disease response (Figure 2). Although pulmonary and hepatic lesions emerged
intermittently, they were consistently culture negative and are believed to represent immune-mediated lesions. His most recent scan 36 months after
treatment began showed ongoing, but greatly reduced, 18fluorodeoxyglucose avidity in all areas.
Therefore, he continues maintenance therapy with
clofazimine and azithromycin, despite evidence of

clarithromycin resistance in vitro. This combination (clofazimine and azithromycin) has been well
tolerated, and the condition of the patient continues to be favorable.
Case-patient 2 was a 30-year-old man who had
pyrexia, pancytopenia, and lymphadenopathy. Advanced HIV infection had been diagnosed 1 month
earlier (CD4 count 10 cells/µL, viral load >1 million copies/mL). He started antiretroviral therapy
10 days before he came to the hospital. Culture
of lymph node, peripheral blood, and sputum all
yielded M. avium. Treatment with azithromycin, rifabutin, and ciprofloxacin was initiated. Ethambutol was excluded because of color blindness.
The patient initially transferred his care to another hospital but returned 6 months later because

Table 1. MICs and CLSI interpretation as reported by Public Health England reference laboratory for all drugs tested against
Mycobacterium abscessus isolate from case-patient 1 (5)*
Drug
MIC, mg/L
CLSI interpretation
Amikacin
Month 0: 16
Sensitive
Month 3: 32
Intermediate
Cefoxitin
128
Resistant
Ciprofloxacin
>4
Resistant
Clarithromycin
>16
Resistant (phenotype suggestive of inducible resistance)
Cotrimoxazole
>8/152
Resistant
Doxycycline
>16
Resistant
Imipenem
16
Intermediate
Linezolid
Month 0: 32
Resistant
Month 3: 16
Intermediate
Moxifloxacin
>8
Resistant
Tigecycline
2
No defined breakpoints
Tobramycin
8
Resistant

*MICs were obtained for the initial isolate of the patient at month 0, and again at month 3. Where duplicated, values were consistent, except for amikacin
and linezolid, where both MICs are included. CLSI, Clinical and Laboratory Standards Institute.
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Figure 2. Serial
18
fluorodeoxyglucose-positron
emission tomography/
computed tomography imaging
quantification of disease burden
for an HIV-positive person (casepatient 1) given treatment for
disseminated Mycobacterium
abscessus infection, London,
UK. Images demonstrate marked
reduction in fluorodeoxyglucose
avidity over time.

of abdominal pain. Mycobacterial blood cultures
had remained persistently positive throughout the
intervening period, and at his return cultures of
blood, bone marrow, and lymph node were positive for M. avium. We performed sensitivity testing (Table 2). Few drugs have MIC values for M.
avium, and the correlation between MIC and clinical outcomes for drugs other than clarithromycin
is unclear (5). The isolate demonstrated new clarithromycin resistance, postulated to have emerged
because of persistence through treatment with a
macrolide-containing regimen without ethambutol
(6). His treatment was intensified by addition of
amikacin and, after discussion with ophthalmologists, ethambutol. Because he continued to have
fevers, meropenem, which covered the possibility
of bacterial sepsis, and clofazimine were initiated,
leading to symptomatic improvement. Because his
symptoms worsened again on brief cessation of
meropenem, it was continued.
Treatment for this patient required multiple
modifications because of adverse drug effects (Fig-

ure 1, panel B). Amikacin was stopped because of
renal toxicity. Given the extensive in vitro resistance, best practice recommendation to add 2 drugs
synchronously, lack of access to bedaquiline at this
time, and evidence for a possible benefit of tigecycline in combination with a macrolide (7), tigecycline and linezolid were initiated in its place, causing nausea and anemia, respectively. He also had
arthralgia secondary to moxifloxacin and QTc prolongation caused by azithromycin, which required
their cessation.
Shortly after linezolid and azithromycin were
discontinued, his fevers and neutropenia returned.
Mycobacterial blood cultures again showed M. avium
despite prolonged treatment and immune reconstitution. Although bedaquiline sensitivity of this isolate
was not determined in vitro, compassionate access
to bedaquiline was obtained from Janssen-Cilag, and
treatment was initiated at month 13 (dosing as reported for case-patient 1), along with tedizolid. Rifabutin
was discontinued because of concerns over its effect
on bedaquiline pharmacokinetics.

Table 2. MICs and CLSI interpretation as reported by Public Health England reference laboratory for all drugs tested against
Mycobacterium abscessus isolate from case-patient 2 (5)*
Drug
MIC, mg/L
CLSI interpretation
Amikacin intravenous
>64
Resistant
Ciprofloxacin
>16
No defined breakpoints
Clarithromycin
Not reported
Month 0: sensitive; month 6: high-level resistance
Doxycycline
>16
No defined breakpoints
Ethambutol
>16
No defined breakpoints
Linezolid
64
Resistant
Moxifloxacin
>8
Resistant
Rifampin
>8
No defined breakpoints

*MICs were calculated for the isolate at the initial presentation (month 0) of the patient and again at his representation 6 mo later. The second testing
identified a new high level of resistance. CLSI, Clinical and Laboratory Standards Institute.
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After bedaquiline and tedizolid were initiated,
his fevers resolved, and he made a steady recovery
and had no side effects. Given his high risk for relapse, he received bedaquiline for 18 months on the
advice of the British Thoracic Society panel, ensuring a year of effective therapy since his last positive
blood culture. He has successfully immune reconstituted, continues to receive only antiretroviral therapy, and remains healthy.
Conclusions
Treating disseminated NTM infections is challenging
and often complicated by antimicrobial resistance
and adverse effects of combination drug therapy. In
multidrug-resistant M. tuberculosis, bedaquiline has
been shown to decrease the time to sputum culture
negativity and improve outcomes (8), leading to interest in its use for NTM infections.
In vitro sensitivity of NTM to bedaquiline has
been demonstrated (9,10), although several species, including M. novocastrense, M. shimodei, and M.
xenopi, are intrinsically resistant (11). In addition,
although bedaquiline is bactericidal against many
mycobacterial species, it might only be bacteriostatic
against M. avium (12). Despite this feature, bedaquiline has been used in salvage treatment for pulmonary infections with NTM (13), but little experience
regarding its use for disseminated NTM infections
has been published.
These 2 case-patients were given bedaquiline on
compassionate grounds, given the lack of alternative options because of drug resistance and toxicity.
For both patients, bedaquiline enabled construction
of an antimicrobial drug regimen that included >2
drugs to which the organism was susceptible in vitro and probably contributed to their positive outcomes. Both patients tolerated the drug and made
good clinical progress after its initiation. Given the
need for combination therapy, it is impossible to
attribute the positive outcome of these cases to a
single drug. Both patients received bedaquiline and
clofazimine because there is evidence that this combination is synergistic against NTMs in vitro (14).
Case-patient 2 only achieved sustained mycobacterial culture negativity after treatment with bedaquiline and tedizolid.
Use of bedaquiline as salvage therapy for pulmonary NTM infection is often complicated by the
emergence of drug resistance and disease relapse
(15). These case-patients received bedaquiline for
>1 year, and neither showed evidence of the acquisition of drug resistance or disease relapse over that
time or since. These case-patients provide support

for use of bedaquiline for treatment of disseminated NTM infection, particularly when standard regimens cannot be used because of drug resistance or
adverse drug effects.
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Implementation of an Animal
Sporotrichosis Surveillance
and Control Program,
Southeastern Brazil
Simone M. Moreira, Elisa H.P. Andrade, Marcelo T. Paiva, Hassan M. Zibaoui,
Lauranne A. Salvato, Maria I. Azevedo, Camila S.F. Oliveira, Danielle F.M. Soares,
Kelly M. Keller, Sérgio L. Magalhães, Maria H.F. Morais, José R.R. Costa, Camila V. Bastos

We report the implementation of an animal sporotrichosis surveillance and control program that evaluates strategies to identify suspected and infected cats in a municipality in southeastern Brazil. All adopted measures
reinforced the program, although strategies had different
abilities to detect the presence of infection.

S

porotrichosis, which is caused by the dimorphic
fungi of the genus Sporothrix, affects several species of mammal. It often occurs in urban areas that
have epidemic conditions (1). Sporothrix brasiliensis is
an emerging species prevalent in Brazil (2).
Cats show peculiar signs of the disease and enable
the agent to multiply, which favors transmission. Brazil has the highest incidence of sporotrichosis in Latin
America because of hyperendemic human sporotrichosis, which is transmitted by cats, particularly in the
state of Rio de Janeiro (3,4), in the southeastern region.
Since sporotrichosis is a zoonosis, in the absence
of a specific program, the implementation of a surveillance system in animals that use public services
can contribute to the identification of the disease and
to the recommendation of practices related to control in municipalities. Thus, data produced are transformed into information and are a triggering factor
of the information-decision-action triad, which fuels
surveillance and constitutes a decision-making instrument (5).
Author affiliations: Instituto Federal de Minas Gerais, Bambuí,
Brazil (S.M. Moreira); Universidade Federal de Minas Gerais,
Belo Horizonte, Brazil (E.H.P. Andrade, M.T. Paiva, L.A. Salvato,
M.I. Azevedo, C.S.F. Oliveira, D.F.M. Soares, K.M. Keller,
C.V. Bastos); Prefeitura Municipal de Contagem, Contagem, Brazil
(H.M. Zibaoui, S.L. Magalhães, M.H.F. Morais, J.R.R. Costa)
DOI: https://doi.org/10.3201/eid2703.202863

Because of the need to identify infected animals, an animal sporotrichosis surveillance and control program was implemented in a municipality of
Minas Gerais state, Brazil. The objective of this study
was to evaluate different measures and strategies for
identification of cases as part of a feline sporotrichosis surveillance system in this municipality during
2017–2018.
The Study
We conducted the study in Contagem, a municipality
located in the southeastern region of Brazil, in Minas
Gerais, which borders Rio de Janeiro state. Contagem
has an area of 194,746 km2 and ≈663,855 inhabitants
(6). During 2018, the feline population of this city was
estimated to be 8,842 (Zoonosis Department, Health
Department of Contagem, Minas Gerais, Brazil, 2019,
unpub. data).
The cross-sectional observational analysis encompassed a convenience sample of 165 felines who
had cutaneous lesions suggestive of sporotrichosis
and resided in the municipality during May 2017–
December 2018. Using different strategies, public
service veterinarians, and endemic control agents
(ECA) (Table), we identified animals that had cutaneous lesions suggestive of sporotrichosis. ECA are
public health professionals who work in predefined
territories, visiting properties regularly for the control of arboviruses. They were trained by veterinarians to pinpoint animals with lesions suggestive
of sporotrichosis.
We collected samples in households and in the
Center of Zoonosis Control (CZC) in Contagem,
a public animal unit in which desexing services
and programs for zoonosis control are provided.
This study was approved by the Committee for
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Table. Strategies of identifying suspected sporotrichosis cases by health surveillance professionals in Contagem, Minas Gerais, Brazil,
May 2017–December 2018*
Category
Classification of identification strategy
Description
1
Euthanasia at CZC
Cats that had serious injuries suggestive of sporotrichosis were brought by
owners for veterinary evaluation at CZC and euthanized because of illness or
lack of financial resources for treatment. Sample collection for diagnosis
confirmation was conducted at CZC after euthanasia.
2
Active surveillance
Cats that had suspicious skin lesions were identified by endemic control
agents during routine home visits for control of arboviruses. Sample collection
for diagnosis confirmation was conducted in households.
3
Passive surveillance
Cats with suspicious skin injuries were brought by owners to CZC for
veterinary evaluation. Sample collection for diagnosis confirmation was
conducted at CZC.
4
Public desexing service
Cats with suspicious skin injuries were identified during a clinical examination
before the public desexing service at CZC requested by owners. Sample
collection for diagnosis confirmation was conducted at CZC before desexing.
*CZC, Center of Zoonosis Control.

Ethics in Research of the Federal University of
Minas Gerais (no. CAAE05012918.4.0000.5149), and
use of data was approved by the Health Department
of Contagem.
Characterization of cases positive for sporotrichosis was performed by collecting exudates from
skin lesions of all suspected cases on sterile swab
specimens that were placed in Stuart medium and
sent to the Laboratory of Mycology and Mycotoxins
of the School of Veterinary of the Federal University

of Minas Gerais. Samples were cultivated on Sabouraud agar (KASVI, https://www.kasvi.com.br)
containing chloramphenicol and cycloheximide and
incubated at 25°C for growth of colonies for up to 10
days. Macroscopic and microscopic characteristics of
the colonies were observed to identify fungi of the genus Sporothrix. Isolates were identified by PCR based
on calmodulin gene sequences (7).
Of 165 cats that had cutaneous lesions suggestive of sporotrichosis, which represented 1.86% of the

Figure 1. Spatial distribution of cats with cutaneous lesions suggestive of sporotrichosis, according to laboratory diagnosis, Contagem,
Minas Gerais, Brazil, May 2017–December 2018. Map was created using QGIS version 3.10 software (https://qgis.org) and the
database for Contagem. Inset maps show location of Contagem within Minas Gerais state and Brazil.
950
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city´s estimated feline population, 103 (62.4%) were
considered positive. All health districts (administrative division) had positive cases, demonstrating the
spread of the disease throughout the studied territory (Figure 1). Among the positive samples sent for
molecular identification (34.3%), all were confirmed
as containing S. brasiliensis, a species often found in
different regions of Brazil (2,7,8) and in parts of Latin
America (9,10). The percentage of positive animals in
this region was higher than that seen in other locations in Brazil that had epidemics (1,11).
The euthanasia service provided 36.9% (38/103)
of positive cats. Passive surveillance provide
31.0% (32/103), active surveillance provided 26.2%
(27/103) and the public desexing service provided 5.8% (6/103). The ability to detect the infection
among the total number of suspected animals identified by each strategy varied (Figure 2). Active surveillance proved to be efficient for identification of
infected cats because 84.4% (27/32) with cutaneous
lesions suggestive of sporotrichosis obtained by this
approach were laboratory positive. In this category,
the role of ECA stands out because this group was
able to identify animals that had suggestive lesions.
This finding demonstrates that awareness and training of these professionals are essential for the early
detection of cases in a surveillance program in the
cities affected by this zoonosis.
During the study, 50 animals that had suggestive cutaneous lesions were taken to the CZC by
inhabitants of Contagem. This action was characterized as passive surveillance. Of these 50 cats, 32

(64.0%) had laboratory confirmed infections. This
finding might reflect the awareness of the program
among the population, which was promoted mainly by ECA.
Of the 40 cats identified that had lesions suspected of being sporotrichosis by the public desexing service, 6 (15%) were laboratory positive. Among
the strategies for obtaining cats suspected of having
sporotrichosis, this strategy identified the lowest percentage of positive animals. However, this practice
represents an additional form of passive surveillance,
which is relevant because of the potential for early
identification of the disease resulting from felines
submitted for neutering that are clinically evaluated
before the surgical procedure.
Conversely, the category of cats that had cutaneous lesions suggestive of sporotrichosis referred
for euthanasia at CZC showed the highest positivity (38/43, 88.4%). Animals in this condition were in
an advanced stage of the disease. However, the diagnosis made at the time of euthanasia is ineffective
in blocking transmission of sporotrichosis because it
is most likely that until they died, these animals disseminated the etiologic agent.
Conclusions
Identifying cats that had cutaneous lesions suggestive of sporotrichosis or that were identified as
positive for sporotrichosis contributes to reduction of inappropriate disposal of corpses, which in
Contagem are incinerated by an outsourced company. This measure helped reduce environmental
Figure 2. Proportion of cats
laboratory-positive for sporotrichosis
among animals with suspected
disease, according to the strategy of
identification, Contagem, Minas Gerais,
Brazil, May 2017–December 2018.
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contamination and should be part of an animal
sporotrichosis control program. Decomposing
abandoned dead cats or cats being buried in the
domestic environment could represent a risk for increased fungal load in the soil (12).
If one considers the health program implemented in the municipality, access to free diagnosis associated with multiple strategies for identifying
infected cats (active surveillance, passive surveillance, public desexing service, and euthanasia service) proved to be a useful tool for surveillance and
control of feline sporotrichosis. It was possible to
identify the disease distributed throughout the territory, and surveillance strategies can, if maintained
continuously in the service routine, offer a better
situational diagnosis of the disease over time. In our
view, the current challenges to the sporotrichosis
detection system consist of enhancing training programs and awareness of public health professionals
regarding early diagnosis.
We showed relevant advances in the surveillance
of feline sporotrichosis. This program is a useful instrument to ensure standardization and efficiency of
field actions. Active and passive surveillance were
necessary means for initial actions related to completion of the implemented program. Training public
health professionals, providing free laboratory diagnosis for animals, and disposing of positive corpses
appropriately represent the minimum requirements
for support of surveillance and control in municipalities that have their first sporotrichosis cases.
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Addressing Reemergence
of Diphtheria among
Adolescents through Program
Integration in India
Kiran Kumar Maramraj, M.L. Kavitha Latha, Rukma Reddy, Samir V. Sodha,
Suneet Kaur, Tanzin Dikid, Sukrutha Reddy, S.K. Jain, Sujeet Kumar Singh

We report a diphtheria outbreak mostly among children
(median 12 years; range 4–26 years) of a religious minority in urban India. Case-fatality rate (15%, 19/124)
was higher among unimmunized patients (relative risk
4.1, 95% CI 1.5–11.7). We recommend mandating and
integrating immunization into school health programs to
prevent reemergence.

D

iphtheria is a vaccine-preventable disease of the
upper respiratory system caused by toxigenic
strains of Corynebacterium diphtheriae. Global casefatality rate (CFR) is estimated at 5%–10%; higher
CFRs of up to 20% are reported in children <5 years
of age (1). In 2016, with 78% national coverage for
third-dose diphtheria-tetanus-pertussis (DTP) vaccine, India reported 48% of diphtheria cases and half
of 350 deaths worldwide (2,3). In India, the 3 primary
DTP doses are administered at 6, 10, and 14 weeks of
age, and booster doses are given at 16–24 months and
5–6 years of age. Numerous states across India have
reported diphtheria outbreaks, including Assam in
2010, Karnataka in 2011, and Andhra Pradesh in 2014
(4). In December 2017, the Integrated Disease Surveillance Program of Telangana state reported a rise in
diphtheria cases. We investigated to describe the epidemiology of the outbreak, identify risk factors, assess trends in immunization coverage, and provide
evidence-based recommendations.
Author affiliations: National Centre for Disease Control, New Delhi,
India (K.K. Maramraj, S. Kaur, T. Dikid, S.K. Jain, S.K. Singh);
Ronald Ross Institute of Tropical and Communicable Diseases,
Hyderabad, India (M.L.K. Latha); State Health Department,
Telangana, India (R. Reddy, S. Reddy); Centers for Disease
Control and Prevention, Atlanta, Georgia, USA (S.V. Sodha)
DOI: https://doi.org/10.3201/eid2703.203205

The Study
For this study we defined a diphtheria case as an
upper respiratory tract illness with an adherent
pseudomembrane in the nasal cavity, pharynx, or
larynx and C. diphtheriae isolated from a clinical
specimen from a Telangana resident during January 1–December 31, 2017. Clinical specimens were
cultured initially on blood tellurite medium followed by selective culture on cystinase medium.
We identified 124 laboratory-confirmed diphtheria
cases, for an annual incidence of 3.5 cases/1 million residents; the 19 deaths represented a CFR of
15%. This incidence was more than the mean incidence (+2 SD) of 2.9 cases/1 million residents during 2014–2016, which confirmed the 2017 cases as
an outbreak. Age range for case-patients was 4–26
years (median 12 years). Adolescents 10–14 years
of age had the highest annual incidence rate, 15/1
million residents. CFR decreased by age from 24%
among children 4–9 years of age to no deaths in
persons 20–29 years (odds ratio [OR] 1.9, 95% CI
1.1–3.4; p = 0.03). Only 11% (14/124) of laboratoryconfirmed samples had an Elek test for toxigenic
strain; 12 (86%) of those 14 samples were positive.
Female patients accounted for 50% of cases but 63%
of deaths. Children identified as Muslim, a religious
minority in Telangana, accounted for 60% of cases,
but 74% of deaths. Most cases (81%) and deaths
(89%) occurred in the last half of 2017 (Figure 1).
Urban Hyderabad makes up only 11.2% of the population of Telangana (https://www.telangana.gov.
in/PDFDocuments/Statistical-Year-Book-2017.
pdf) but accounted for 53% of diphtheria cases and
47% of deaths in the state; annual incidence in Hyderabad was 19 cases/1 million population, the
highest among all geographic areas of Telangana.
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Figure 1. Epidemic curve by
patient date of illness onset for
124 confirmed diphtheria cases,
including 19 deaths, Telangana,
India, 2017.

This investigation was a public health response to
an outbreak. Requisite approvals were obtained
from national and state health authorities.
We conducted a retrospective cohort study to
assess factors associated with death among casepatients. We defined the cohort as all patients with
laboratory-confirmed diphtheria in Telangana
during January 1–December 31, 2017. Among 124
case-patients identified, 25 (20%) were not located
or declined to provide immunization information;
99 (80%) patients participated in the cohort study.
Among the 99 patients, immunization coverage for
DTP3 was 53% and for DTP second booster was
36%, based on vaccination card or parental recall
when the card was not available (Table 1). Casepatients without all 3 doses of the primary immunization series were more likely than those having
had the full DPT3 to die from diphtheria (relative
risk [RR] 4.1; 95% CI 1.5–11.7) with 60% attributable risk. Symptoms significantly associated with
death were hoarseness (100%), dyspnea (100%),
bull neck appearance (89%), and stridor (42%) (p
<0.001 for all). Delayed hospital admission (i.e.,
>72 hours elapsed after sore throat onset) was also
significantly associated with death (RR 2.8, 95% CI
1.2–6.8) (Table 2).
We reviewed DTP immunization coverage trends
in Telangana during 1998–2016 by assessing National
Table 1. Immunization status of 99 study patients with confirmed
diphtheria cases, Telangana, India, 2017*
Based on card
Based on card
information
information or parental
Diphtheria vaccine
only, no. (%)
recall, no. (%)
Pentavalent 1 or DTP1
23 (23)
55 (56)
Pentavalent 2 or DTP2
23 (23)
53 (54)
Pentavalent 3 or DTP3
23 (23)
52 (53)
DTP booster 1
21 (21)
44 (44)
DTP booster 2†
17 (18)
35 (36)
*DTP, diphtheria-tetanus-pertussis vaccine.
†Denominator for DTP booster 2 = 96; three 4-year-olds were excluded
because they were not eligible for DTP booster 2 based on age.

954

Family Health surveys conducted in 1998–1999, 2005–
2006, and 2015–2016 (5) and District-Level Household
and Facility Surveys conducted in 1998–1999, 2002–
2004, 2007–2008, and 2012–2013 (6). DTP3 coverage
showed a dip in 2005 (61% in 2005 vs. 75% mean during
1998–2016). The diphtheria cases reported in 2017 were
hypothetically distributed according to their birth cohorts over the period 1998–2016, to compare with the
immunization coverage of that year. Around half of
these cases (48%, 60/124) occurred during 2005–2009,
after a dip in immunization in 2005 (Figure 2).
We assessed the available records during 2014–
2017 from 12 healthcare facilities in urban Hyderabad. None had periods when vaccines were out of
stock, all had cold chain temperature logs maintained
within the appropriate range, and all conducted >80%
of the immunization sessions across all quarters; administrative immunization reported >90% DTP3 coverage. Interviews of health facility staff revealed that
all 12 facilities had an immunization-tracking system
in place for children <2 years of age. However, for
children ≥2 years of age, there was no tracking mechanism, and they were not included in the routine coverage surveys and administrative coverage reports.
Mission Indradhanush, a nationwide immunization
drive by the government of India, has made major
gains in improving immunization coverage; however, it did not target children ≥2 years of age (7).
Our study is limited because probable cases of
diphtheria not confirmed by laboratory testing and
asymptomatic cases were excluded, so the outbreak
was likely underestimated. In addition, we did not
conduct population immunization coverage surveys
in the affected community and relied on published
government estimates instead.
Conclusions
The age shift of diphtheria cases is of global concern. Case-based surveillance studies in India have
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Table 2. Risk factors for mortality for 99 study patients with confirmed diphtheria cases, Telangana, India, 2017
CFR, %
Died, no. (%), Survived, no.
Among
Among
Risk factor
n = 19
(%), n = 80
exposed
nonexposed
RR (95% CI)
Not fully immunized with DTP3
15 (79)
32 (40)
32
8
4.1 (1.5–11.7)
Delayed hospital admission
13 (68)
30 (38)
30
11
2.8 (1.2–6.8)
<10 y of age
12 (63)
32 (37)
27
13
2.1 (0.9–4.9)
Muslim
14 (74)
48 (60)
23
14
1.7 (0.7–4.3)
Female
12 (63)
40 (50)
23
15
1.5 (0.7–3.6)
Rural residence
10 (53)
38 (47)
21
18
1.2 (0.5–2.6)
*Bold indicates statistical significance. CFR, case-fatality rate; DTP, diphtheria-tetanus-pertussis vaccine; RR, relative risk.

p value
0.002
0.01
0.06
0.27
0.30
0.68

Figure 2. Distribution
of DTP3 immunization
coverage during 1998–2016
and hypothetical distribution
of 2017 cases according to
birth cohorts in Telangana,
India. Data sources for
DTP-3 coverage are
National Family Health
Surveys (NFHS; 5) and
District Level Household
& Facility Surveys (DLHS;
6), conducted by the
government of India. Data
source for coverage in 1998
was NFHS-2, in 2005 was NFHS-3, and in 2015 was NFHS-4. Data source for coverage in 2002 was DLHS-2, in 2007 was DLHS-3,
and in 2012 was DLHS-4. DTP3, diphtheria-tetanus-pertussis.

suggested that areas with greater immunization coverage have experienced an age-shift with a higher incidence among older children (8,9). In this diphtheria
outbreak, cases were primarily among adolescents
and school-age children; no cases were reported in
children <4 years of age, probably because of high
(>90%) vaccine coverage in birth cohorts since 2014.
Gaps in booster-dose coverage probably resulted in
waning immunity provided by the primary series
(10,11). This outbreak had a much higher CFR (15%)
compared with the national CFR of 3% for diphtheria in 2017 (12). CFR was higher among underimmunized children and those with delayed hospital
admission, similar to previously reported outbreaks
(13–15). Hyderabad reported incidence 5 times higher
than the average in the state. The Muslim community
makes up only for 12% of Telangana’s population but
accounted for 60% of cases and 74% of deaths due to
diphtheria reported in the state.
To address the factors leading to this outbreak
and to prevent diphtheria outbreaks in the future,
we recommended 2 main strategies. First, we recommend adding 2 adolescent booster doses at 10 and 16
years of age to the routine immunization schedule,
which would address possible waning of immunity
from the primary series. To help accomplish this,
we recommend integrating the immunization program with school health programs. Schools annually

identify and track eligible schoolchildren for administration of age-appropriate vaccine doses. The government could mandate that schools require a second
DTP booster before students enter primary school
(ages 5–6 years) and a tetanus-diphtheria booster
as they leave primary school (ages 10–11 years) and
secondary school (ages 15–16 years). Second, we
recommend implementing focused immunization
services in urban Muslim communities by engaging
religious leaders and community stakeholders. Addressing gaps in routine delivery of immunization
service in marginalized and underserved populations
is essential for averting future vaccine-preventable
disease outbreaks.
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Trends in Untreated Tuberculosis
in Large Municipalities,
Brazil, 2008–2017
Melanie H. Chitwood, Daniele M. Pelissari, Gabriela Drummond Marques da Silva,
Patricia Bartholomay, Marli Souza Rocha, Denise Arakaki-Sanchez,
Mauro Sanchez, Ted Cohen, Marcia C. Castro, Nicolas A. Menzies

We adapted a mathematical modeling approach to estimate tuberculosis (TB) incidence and fraction treated
for 101 municipalities of Brazil during 2008–2017. We
found the average TB incidence rate decreased annually
(0.95%), and fraction treated increased (0.30%). We estimated that 9% of persons with TB did not receive treatment in 2017.

M

any countries that have considerable subnational
variation in tuberculosis (TB) burden also have
decentralized the management and implementation of
control policies. In this context, local estimates of TB
burden can convey actionable insights for these TB
control decisions. Reported cases are commonly used
as a proxy for TB burden; however, reported cases may
not reflect the true burden because areas of apparently
low burden may instead represent areas of inadequate
case detection. Modeling approaches have been proposed to adjust for this bias and enable valid inference
of TB incidence, but these approaches typically require
primary data collection (1,2). Alternative methods
make use of routinely collected data (3–5). We applied
a recently developed Bayesian method to report unbiased estimates of TB incidence and the completeness
of case detection in Brazil’s state capitals and 100 most
populous municipalities during 2008–2017 (Appendix,
https://wwwnc.cdc.gov/EID/article/27/3/20-4094App1.pdf). The Office of Human Research Administration at Harvard T.H. Chan School of Public Health
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reviewed the initial study submission (protocol no.
IRB18-0759) and determined that it met the criteria for
exemption from ethics board review.
The Study
We selected the 100 most populous municipalities
in Brazil (on the basis of mean population between
2008–2017) plus Palmas, the 1 state capital that was
not among those 100. We obtained TB treatment notifications from Brazil’s National Notifiable Disease
Information System (SINAN) (5) and death data
from the Mortality Information System (SIM) (6),
representing 438,163 notified TB cases and 45,984
TB-related deaths. Using these data, we estimated a
Bayesian model of tuberculosis incidence (M.H. Chitwood et al., unpub. data, https://doi.org/10.2139/
ssrn.3463278) in which incidence is approximated by
the sum of 3 numbers: treatment initiations, deaths
before treatment initiation, and disease resolutions
before treatment initiation for a municipality in a
given year. We reported the annual incidence rate as
absolute incidence divided by population size and
the fraction receiving treatment (fraction treated) as
the number initiating treatment divided by incidence
in a given year. The fraction treated differs from the
case detection rate by considering loss to follow-up
between diagnosis and treatment as an additional
mechanism contributing to undertreatment. We also
estimated the incidence of untreated TB (untreated
TB rate) as the product (incidence rate) × (1 − fraction
treated), to produce a combined measure of elevated
incidence and inadequate case detection.
Across all 101 municipalities in 2017, there were
53.2 treatment notifications/100,000 population; we
estimate a TB incidence rate of 58.6 (range 11.6–169)
cases/100,000 population (Table). In 2017 São Vicente had the highest estimated TB incidence, 169 (95%
CI 154–185) cases/100,000 population, and Palmas
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Table. Reported cases and estimated burden of TB in state capitals of Brazil, 2017
Case notifications/100,000
Incidence/100,000
Fraction of cases treated
Municipality
population*
population (95% CI)
(95% CI)
Rio Branco
82.7
83.5 (75.0–92.9)
0.940 (0.879–0.979)
Maceió
47.2
55.6 (50.5–61.6)
0.853 (0.779–0.908)
Manaus
114
125 (118–133)
0.910 (0.855–0.946)
Macapá
39.0
39.9 (34.7–46.3)
0.893 (0.798–0.956)
Salvador
54.6
65.3 (60.6–71.9)
0.842 (0.765–0.898)
Fortaleza
63.7
70.8 (66.7–75.8)
0.899 (0.849–0.938)
Vitória
36.3
39.4 (34.3–44.9)
0.947 (0.883–0.984)
Goiânia
17.1
19.4 (17.3–21.7)
0.895 (0.815–0.953)
São Luís
64.5
77.2 (70.8–85.0)
0.844 (0.771–0.902)
Belo Horizonte
23.6
25.3 (23.2–27.7)
0.926 (0.861–0.97)
Campo Grande
38.7
42.4 (38.3–47.2)
0.916 (0.847–0.964)
Cuiabá
68.6
79.6 (68.9–103)
0.854 (0.650–0.947)
Belém
103
125 (116–138)
0.818 (0.744–0.872)
João Pessoa
47.9
51.0 (45.8–57.1)
0.908 (0.824–0.962)
Recife
98.4
118 (110–129)
0.839 (0.770–0.892)
Teresina
27.6
32.3 (28.8–36.6)
0.906 (0.817–0.966)
Curitiba
17.0
19.3 (17.4–21.6)
0.909 (0.829–0.962)
Rio de Janeiro
99.8
104 (101–109)
0.953 (0.917–0.977)
Natal
54.0
58.3 (52.9–64.8)
0.884 (0.809–0.940)
Porto Velho
75.9
81 (73.6–89.5)
0.937 (0.869–0.978)
Boa Vista
44.0
41 (35.4–47.1)
0.934 (0.865–0.976)
Porto Alegre
92.9
106 (99.2–115)
0.879 (0.817–0.924)
Florianópolis
39.3
45.4 (40.5–51.1)
0.941 (0.868–0.983)
Aracaju
39.1
42 (37.6–47.3)
0.905 (0.829–0.960)
São Paulo
56.5
59.7 (57.5–62.5)
0.944 (0.904–0.972)
Palmas
6.28
11.6 (9.34–14.3)
0.910 (0.786–0.974)
Rio Branco
82.7
83.5 (75.0–92.9)
0.940 (0.879–0.979)

Untreated TB/100,000
population (95% CI)†
5.07 (1.72–10.7)
8.23 (4.80–13.4)
11.4 (6.51–19.2)
4.34 (1.64–8.92)
10.4 (6.31–16.8)
7.17 (4.25–11.3)
2.10 (0.604–5.00)
2.05 (0.883–3.80)
12.1 (7.20–19.1)
1.88 (0.702–3.73)
3.58 (1.45–6.98)
12.2 (3.82–35.7)
23.0 (15.1–34.8)
4.78 (1.83–9.80)
19.0 (12.1–29.5)
3.07 (1.04–6.45)
1.78 (0.693–3.57)
4.93 (2.33–8.98)
6.81 (3.36–11.9)
5.19 (1.71–11.2)
2.73 (0.914–5.99)
12.9 (7.65–20.8)
2.71 (0.752–6.51)
4.02 (1.59–7.77)
3.33 (1.6–6.04)
1.06 (0.279–2.75)
5.07 (1.72–10.7)

*Excluding notifications for misdiagnosis, reengagement in care, and deceased persons.
†Untreated TB is the product of incidence  (1 − fraction treated), rounded up.

had the lowest, 11.6 (95% CI 9.3–14.3) cases/100,000
population. We estimate that the fraction treated
ranged from 0.778 (95% CI 0.687–0.852) to 0.969 (95%

CI 0.934–0.990)/100,000 population and the untreated
TB rate ranged from 0.723 (95% CI 0.231–1.61) to 23.0
(95% CI 15.1–34.8)/100,000 population (Figure 1).
Figure 1. Modeled tuberculosis
(TB) burden in 101 largest
municipalities and state capitals
of Brazil, 2017. Gray curves
indicate isopleths of untreated
TB: incidence × 1 − (fraction
treated). Municipalities in the
5th and 95th percentiles of
untreated TB, as well as those
with the highest incidence (São
Vicente) and highest fraction
treated (Osasco), are labeled.
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During 2008–2017, there were 438,163 TB treatment notifications; for this period we estimate that
there were 488,329 (95% CI 474,715–507,676) incident
TB cases, of which 49,778 (95% CI 36,072–69,217) did
not initiate treatment. We observed a decrease in
notifications from 56.6/100,000 population in 2008
to 53.2/100,000 population in 2017; over this period
we estimate that average incidence decreased from
63.9 (range 13.7–138) to 58.6 (range 11.6–169)/100,000
population. Incidence decreased at an average annual rate of 0.95% (range −5.41% to 4.73%), the fraction
treated increased at an average annual rate of 0.290%
(range −0.966% to 3.55%), and the untreated TB rate
decreased at an average annual rate of 2.88% (range
−17.4% to 7.98%).
We compared the 10 municipalities with the largest absolute decrease and the 10 with the largest absolute increase in the untreated TB rate (Figure 2). In the
municipalities with the largest decrease in untreated
TB, the fraction of treated TB cases increased at an average annual rate of 1.23% (0.619–2.17), and incidence

decreased at an average annual rate of 1.31% (−3.16 to
2.31) (Figure 2, panels A, B). We estimated that incidence increased in 2/10 municipalities, most notably
São Vicente, which had an average annual rate of increase of 2.31% (95% CI 0.642%–3.89%).
In the 10 municipalities with the largest increase
in untreated TB, the fraction treated decreased; average annual rate was 0.596% (0.252–0.985) and average
incidence rate increased (0.732%; range −2.82 to 3.62)
(Figure 2, panels C, D). Although the fraction treated
decreased on average, CIs were wide and crossed
0 for the majority of estimates. The change in incidence was heterogenous in this group, ranging from
an average decrease of 2.83% (95% CI 1.75%–3.93%)
per year in Duque de Caxias to an average increase
of 3.63% (95% CI 1.82%–5.35%) per year in Campos
dos Goytacazes.
Conclusions
Using a recently developed Bayesian approach for
subnational TB estimation (M.H. Chitwood et al.,

Figure 2. Municipalities of Brazil with the greatest decreases and increases in untreated tuberculosis (TB), 2008–2017. A, B) The 10
municipalities with the greatest decrease in untreated TB, showing the difference between modeled incidence and fraction treated
(panel A) and time series of untreated TB (B). C) The 10 municipalities of Brazil with the greatest increase in untreated TB, showing
the difference in modeled incidence of TB and fraction treated (C) and time series of untreated TB (D). In panels A and C, gray lines
represent isopleths of untreated TB rate per 100,000 population, measured as the product of incidence and (1 − fraction treated); open
circles indicate 2008 values, solid circles 2017 values. In panels B and D, gray lines represent other municipalities for comparison.
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unpub. data), we estimated the TB incidence rate,
fraction treated, and the untreated TB rate for 101
large municipalities in Brazil during 2008–2017. We
found that the incidence rate decreased on average
and the fraction treated increased on average over the
study period. However, in several high-burden municipalities, TB incidence rose and the fraction treated
declined, increasing the untreated-TB rate and indicating gaps in local TB control efforts. Comparing our
results with a similar state-level analysis of TB trends
in Brazil, we found that large municipalities are more
heterogenous and have more volatile trends in incidence and fraction treated than states.
The rate of untreated TB communicates both the
size of the epidemic and the strength of the response.
Municipalities with the highest incidence or the lowest fraction treated may not be the same municipalities with the highest untreated TB rate; an area with
a moderate TB incidence and a moderate fraction
treated could have a nontrivial rate of untreated TB.
If municipalities in need of additional programmatic
support were identified based only on the estimated
incidence or fraction treated, cities with moderate incidence may be overlooked.
Because we applied a common set of assumptions across all municipalities, our approach may
not account for local factors that influence the ratio
between reported TB cases and deaths attributed to
TB. In our analysis, this ratio provides a signal of the
completeness of case detection. If TB death reporting
in a municipality were biased downwards (e.g., many
TB deaths were misattributed to other causes), the result would be an upward bias in the estimate of the
fraction of cases treated. We assume that differences
between deaths of persons who have initiated treatment and deaths reported in SIM are due to deaths
that occur before treatment. A records linkage of SIM
and SINAN was not possible for this analysis. Such a
linkage would enable more precise quantification of
the frequency of death before treatment initiation. If
the overlap between the systems was lower than expected (e.g., more deaths before treatment initiation),
our model would underestimate TB burden.
In this analysis, we identified municipalities,
such as São Vicente, in which both the fraction
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treated and incidence increased on average. If these
estimates are correct, our findings suggest that factors other than treatment coverage, such as delays
between disease onset and treatment initiation, low
treatment completion rates, or worsening nutrition
and housing quality, could be driving trends in TB
incidence. Further analysis of municipalities with
both increasing fraction treated and increasing incidence is warranted to elucidate which factors drive
increasing TB incidence despite improvements in
treatment coverage.
N.A.M. reports grants from Lemann Brazil Research
Fund and National Institutes of Health (grant no.
1R01AI146555-01A1) during the conduct of the study.
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ANOTHER DIMENSION

Without Mercy
Jordi Casabona1

Between electric gloom,
angels and demons dressed in plastic blue
have dragged me through the darkness,
to the infinite black stone,
where the origin and the end of time are lost.
There, in the immense dark solitude,
and in the imposed silence of word and thought,
She, in my breath, gazed at me
with her eyes of fire,
frosty and timeless,
without any mercy,
without any mercy.
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The author wrote this poem, originally in Catalan, during the first
days of his hospitalization because of coronavirus disease in March
2020 during the first wave in Spain.
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Severe Pulmonary Disease
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Severe Mycolicibacter kumamotonensis-pulmonary disease was diagnosed in a 68-year-old immunocompetent
woman in Greece; the disease was initially treated as
tuberculosis. The patient responded favorably to a new
treatment regimen of azithromycin, amikacin, moxifloxacin, and linezolid. Complete symptom resolution and radiologic improvement resulted.

S

pecies belonging to genus Mycolicibacter (formerly Mycobacterium terrae complex) are considered not pathogenic, with the exception of causing
chronic tenosynovitis of the hand (1,2). We present
a case of severe pulmonary disease caused by Mycolicibacter kumamotonensis, a pathogen that was described in 2006 (3).
A 68-year-old woman in Greece had had shortness of breath, productive cough, and low-grade fever
for several weeks. The patient was from Georgia but
had been living in Greece for the preceding 20 years;
she had a history of breast cancer, which had been
treated with chemotherapy and radiotherapy 7 years
earlier, and bronchiectasis. During the preceding 3
years, the patient had recurrent chest infections and
received multiple antimicrobial drug regimens. Based
on a positive sputum acid-fast staining, standard antituberculosis treatment was initiated. Culture of the
sputum sample was macroscopically suggestive of
nontuberculous mycobacteria, but identification of
the species was not feasible because of poor growth
and technical problems. After 1 month the patient reported improvement of her symptoms and total resolution of fever. Her erythrocyte sedimentation rate
(ESR) dropped from 46 to 25 mm/h (reference range
0–20 mm/h), and her weight was stable. Computed
tomography (CT) scan of her chest showed multiple
cavities, bronchiectasis, nodules, and tree-in-bud appearance (Figure, panels A–C). Bronchoscopy was
performed, but PCR for Μycobacterium tuberculosis,
962

acid-fast stain, and culture of the bronchial washing
were all negative.
Five months into treatment, the patient’s condition
gradually worsened. She developed productive cough
and shortness of breath with hypoxemia (SpO2 of 91%
breathing room air), and her ESR rose to 59 mm/h. A
new bronchoscopy was performed. Acid-fast staining
results were negative, whereas results of a culture on
MGIT960 automated system (strain GR- 21075) (Becton Dickinson, http://www.bd.com) and LowensteinJensen slants (bioMérieux, https://www.biomerieux.
com) were positive. No other pathogens were isolated.
For molecular identification, we sequenced regions
of 927 bp of 16S rDNA gene and of 440 bp of the 65-kDa
heat shock protein (hsp65) gene (3730 DNA analyzer;
Applied Biosystems, https://www.thermofisher.com)
using the Big Dye Terminator Cycle Sequencing Kit
(Applied Biosystems) and previously described primers (4). We compared sequences with those of validly
published species in the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov)
using BLAST (http://hsp65blast.phsa.ca/blast/blast.
html) and deposited them in GenBank (accession nos.
MT491187 and MT491188).
The sequence of 16S rDNA and hsp65 genes
showed 100% similarity with the type strain of
Mycolicibacter kumamotonensis (strain CST7274).
We then determined the MICs (SLOMYCOI; TREK
Diagnostic Systems, http://www.trekds.com) (5).
We found the strain had susceptibility to clarithromycin (MIC 1 µg/mL), amikacin (MIC 16 µg/mL),
doxycycline (MIC ≤0.12 µg/mL), rifabutin (MIC
≤0.25 µg/mL), ethambutol (MIC 2 µg/mL), and
trimethoprim/sulfamethoxazole (MIC 2/38 µg/
mL); intermediate susceptibility to linezolid (MIC
16 µg/mL); and resistance to rifampin (MIC >8 µg/
mL), ciprofloxacin (MIC 8 µg/mL), and moxifloxacin (MIC 4 µg/mL).
At the end of antituberculosis treatment, a second CT scan revealed slight improvement of the
nodules and the tree-in-bud appearance but persistence of the cavities (Figure, panels D–F). Because
of the patient’s clinical deterioration and the isolation of M. kumamotonensis from bronchoalveolar lavage (1), we initiated treatment with azithromycin
(500 mg 5 d/wk), amikacin (750 mg intramuscular,
5 d/wk), moxifloxacin (400 mg), and linezolid (600
mg). The patient reported complete resolution of
symptoms and gained 2 kg of bodyweight, and her
ESR dropped to 15 mm/h. One year after diagnosis,
a new CT scan showed further improvement, with
closure of cavities (Figure, panels G–I). However,
many of the nodules persisted. The patient is now
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Figure. Chest computed tomography scan 1 month after antituberculosis treatment initiation (A–C), at the time of Mycolicibacter
kumamotonensis identification (D–F), and 1 year after treatment initiation for M. kumamotonensis (G–I). Resolution of cavities and scar
formation (A to D to G), resolution of pulmonary infiltrations (B to E to H), and hardening of the nodular appearances (C to F to I) are shown.

fully active and working. The plan is to continue
treatment for another 6 months.
M. kumamotonensis has been isolated from respiratory specimens, lymph nodes, and soft tissue all over
the world (3,4,6,7). Most of these reports, however,
do not include data on the clinical implications of M.
kumamotonensis identification. In their recent report,
Iemura-Kashiwagi et al. (7) describe the case of soft
tissue infection successfully treated with a combination of antimicrobial drugs and surgical debridement.
Compared with that report, the MICs of our strain
were higher for most of the drugs, possibly because of
our patient’s history of chest infections treated with
multiple regimens.
In an older study, Smith et al. (8) reported that 14
out of 54 patients with M. terrae infection had pulmonary disease. Because M. kumamotonensis and M. arupense are the most frequently isolated species of the
complex (9), some of these cases could in fact be attributed to M. kumamotonensis. On the other hand, M.
kumamotonensis has recently been found in a hospital
environment (10), so laboratory contamination of clinical specimens is a possibility. Based on the complete
resolution of symptoms and the improvement after the
appropriate treatment was initiated, we do not consider contamination to be the case with our patient.

The patient responded favorably to the selected
regimen even though the strain was resistant to moxifloxacin and of borderline MIC to linezolid. Increase
of moxifloxacin dose was not attempted because of
fear of QT prolongation in an elderly woman. In conclusion, M. kumamotonensis infection should be included in the differential diagnosis of mycobacterial
pulmonary disease with cavity formation in immunocompetent adults with bronchiectasis.
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We report a case of melioidosis in China and offer a comparison of 5 commercial detection systems for Burkholderia pseudomallei. The organism was misidentified by the
VITEK 2 Compact, Phoenix, VITEK mass spectrometry,
and API 20NE systems but was eventually identified by
the Bruker Biotyper system and 16S rRNA sequencing.

B

urkholderia pseudomallei is the cause of melioidosis, a serious disease endemic to Southeast Asia
and northern Australia (1). Because of the increase in
international travel, the disease is now occurring in
areas to which B. pseudomallei is not endemic. In these
previously unaffected areas, laboratory staff might
be unfamiliar with the organism or use identification
systems that are not suitable for its detection, potentially leading to misidentification (2). We report the
misidentification of B. pseudomallei by various commercial detection systems.
On May 15, 2019, a man 33 years of age in Guangxi
Province, China, sought treatment for leg pain at a local
hospital in Guangxi Province. Physicians diagnosed
his condition as gout and prescribed oral febuxostat.
However, the pain progressively worsened, and the
patient began to have difficulty walking. On June 10 he
was admitted to Guangzhou First People’s Hospital.
Laboratory analysis of serum samples taken at admission showed moderate systemic inflammation with elevated levels of procalcitonin (0.296 ng/mL; reference
value <0.05 ng/mL), C-reactive protein (61.7 mg/L;
reference value <6.0 mg/L), erythrocyte sedimentation rate (120 mm/h; reference value <15 mm/h),
leukocytes (13.87 × 109 cells/L; reference value 1.1–3.2
× 109 cells/L), and neutrophils (9.42 × 109 cells/L; reference value: 1.8–6.3 × 109 cells/L). His temperature
fluctuated between 38.5°C and 39.8°C, peaking in the
evening. Magnetic resonance imaging results suggested osteomyelitis. We conducted surgical debridement
and collected pus from the lesion for microbiological
analysis. We used the matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry VITEK 2 Compact system (bioMérieux,
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Figure. Burkholderia
pseudomallei isolated from
patient, China, 2019. A) Culture
on sheep blood agar. B)
Gram-stained smear. Original
magnification ×1,000.

https://www.biomerieux.com) to identify the isolate
as Aeromonas sobria with 93% probability. According
to the VITEK 2 Compact system, the isolate was sensitive to amikacin, meropenem, imipenem, ceftazidime, ciprofloxacin, trimethoprim/sulfamethoxazole,
and piperacillin/tazobactam but resistant to cefepime
and aztreonam. We made a preliminary diagnosis
of Aeromonas infection and treated the patient with
piperacillin/tazobactam (500 mg, 4×/d) and levofloxacin (500 mg/d). However, we doubted the accuracy
of this identification because Aeromonas sobria rarely
causes extraintestinal disease (3). To examine this
suspicion, we collected blood samples and incubated
them in the Bact/ALERT 3D automated microbial detection system (bioMérieux). We cultured the samples
on sheep blood and chocolate agar, revealing gramnegative rod-shaped bacteria (Figure; Appendix Figure 1, https://wwwnc.cdc.gov/EID/article/27/3/191769-App1.pdf). We then tested the samples with a
variety of commercial detection systems. The VITEK 2
Compact system again identified the blood sample as
Aeromonas sobria with 90% probability. However, the
Bruker MALDI-TOF Biotyper system (Bruker Daltonics, https://www.bruker.com) identified the isolate as
B. pseudomallei with an identification score of 2.18 (a
score of >2.0 is considered an accurate identification).
BD Phoenix M50 (Becton Dickinson, http://www.
bd.com) identified it as Alcaligenes faecalis with 98%
probability; VITEK MS (bioMérieux) identified it as B.
thailandensis with an identification score of 2.23; API

20NE (bioMérieux) identified it as Pseudomonas fluorescens with 75.8% probability (Table).
To confirm the identity of the organism, we
extracted DNA from blood cultures using a bacterial genomic DNA isolation kit (Sangon Biotech
Co., Ltd, https://www.sangon.com). The 16S rRNA
gene was amplified and sequenced by Sangon Biotech Co., Ltd. The isolate showed 100% identity and
100% coverage with a sequence of B. pseudomallei
collected in India in 2019 (GenBank accession no.
CP040552.1). On June 25, we diagnosed melioidosis
in the patient. The patient recovered and was discharged after 14 days of the original piperacillin/
tazobactam and levofloxacin treatment regimen. The
global recommendations from the US Public Health
Emergency Medical Countermeasures Enterprise
suggest that physicians treat melioidosis with intravenous ceftazidime or meropenem, according to the
severity of the disease; alternatively, physicians can
prescribe oral trimethoprim/sulfamethoxazole or
amoxicillin/clavulanic acid (4).
We conducted multilocus sequence typing as
described previously (5). This isolate belongs to sequence type (ST) 550, corresponding with isolates
previously documented in Vietnam in 2005 (6). The
patient in this study had never been to Vietnam, but
Guangxi Province borders that country. We constructed a phylogenetic tree with 1,000 bootstrap
replicates using the unweighted pair group method with arithmetic averages in MEGA X software

Table. Identification of Burkholderia pseudomallei by various detection systems, China, 2019
Detection method
Identification result
Characteristics
Vitek 2 Compact
Aeromonas sobria
90% probability
Phoenix
Alcaligenes faecalis
98% probability
Bruker Biotyper MS
Burkholderia pseudomallei
2.18 score*
Vitek MS
Burkholderia thailandensis
2.23 score*
API 20NE
Pseudomonas fluorescens
75.8% probability
16S rRNA
Burkholderia pseudomallei
GenBank accession no.CP040552.1
*An identification score >2.0 indicates an accurate identification.
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(https://www.megasoftware.net). This tree included isolates from other countries in Asia downloaded
from PubMLST (https://pubmlst.org); the isolate in
this study was most closely related to ST175 from
Thailand (Appendix Figure 2) (6).
The accuracy of the identifications made by
VITEK 2 (63%–81%), Phoenix (0%–28%), and API
20NE (37%–99%) systems varied substantially (7,8).
Zakharova et al. found that commercially available
biochemical identification systems commonly misidentified B. pseudomallei as Chromobacterium violaceum or B. cepacia complex (9). We found that although the isolate in this study was misidentified by
multiple systems, most systems accurately identified the genus. MALDI-TOF mass spectrometry is a
rapid, accurate, and highly reproducible technique
for bacterial identification. Several studies have explored the potential of MALDI-TOF mass spectroscopy for the identification of B. pseudomallei. We
prefer the Bruker Biotyper system, which is more
accurate because the VITEK databases lack reference spectra for B. pseudomallei (10). In conclusion,
scientists must be aware of the potential misidentification of B. pseudomallei by automated identification systems, especially those in regions to which B.
pseudomallei is not endemic.
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In Europe, pulmonary histoplasmosis is rarely diagnosed
except in travelers. We report a probable autochthonous
case of severe chronic pulmonary histoplasmosis in an
immunocompetent man in Switzerland without travel history outside of Europe. Diagnosis was achieved by histopathology, fungal culture, and serology, but the source of
the infection remains speculative.

A

48-year-old man in Switzerland sought treatment
for a 1-year history of progressive dyspnea, cough,
20-kg weight loss, and increased sweating; he was receiving oxygen therapy. Results of previous consultations had been inconclusive. An HIV screening test was
negative. Medical history included hyperreflexia, depression, and chronic hepatitis B. The man had stopped
cocaine inhalation and heroin consumption 20 years
earlier but continued smoking cigarettes and cannabis.
Regular medications included omeprazole and trimipramine. Except for a short trip to Greece and Italy many
years before, the patient reported no foreign travel.
In the absence of travel history to an endemic
area, histoplasmosis was not initially considered at
the time this patient sought treatment. A prolonged
diagnostic process and delayed treatment initiation
had meanwhile resulted in significant deterioration
of health, including need for home oxygen therapy,
and loss of ability to work. Meanwhile, the patient
was cachectic and had clubbing on his fingers and
toes. Spirometry revealed nearly normal dynamic

lung volumes. Forced expiratory volume was 3 L
(75%) and forced vital capacity 4.1 L (83%), but diffusion capacity was severely impaired; diffusing
capacity for carbon monoxide was 20%. A 6-minute
walking test was limited to 400 m (59% predicted),
initial oxygen saturation dropping from 90% to 78%.
A chest computed tomography (CT) scan showed a
diffuse reticulonodular pattern with predominantly
upper lung opacifications and bronchiectases indicating fibrotic lung disease (Figure, panels A, B). Reversed halo signs and right upper lobe nodules were
found. Bronchoscopy results including bronchoalveolar lavage were unremarkable. Initial sampling with
microbiological screening was negative.
Differential diagnoses included toxic lung damage
or other interstitial lung disease, (e.g. atypical presentation of Langerhans cell histiocytosis or sarcoidosis).
A wedge biopsy showed predominantly upper-lobe
fibrosis and multiple, confluent, necrotizing granulomas harboring yeasts, establishing the diagnosis
of pulmonary histoplasmosis (Appendix Figure,
https://wwwnc.cdc.gov/EID/article/27/3/19-1831App1.pdf).
A qualitative immunodiffusion test (IMMY,
https://www.immy.com) was positive for antibodies
in plasma, but an antigen immunoassay for Histoplasma in urine (IMMY) was negative; a beta-1,3-D glucan test (Fungitell, https://www.fungitell.com) was
highly positive (>500 pg/mL; limit <80 pg/mL). At
Figure. Chest computed
tomography (CT) images at the
level of the upper third and the
lower third of the lung in a patient
with pulmonary histoplasmosis,
Switzerland. A, B) Initial CT
shows diffuse reticulonodular
pattern with ground glass
opacifications, predominantly
located in the upper two thirds
of the lungs, and several areas
with reverse halo signs (red
arrows). C, D) Follow-up CT scan
exhibited reduced ground-glass
opacities and a regression of the
micronodules. The reversed halos
showed complete regression. CT,
computed tomography.
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prolonged incubation (14 days, 30°C), a fungal culture
on BD Difco dehydrated culture media Sabouraud
brain heart infusion agar base (with chloramphenicol
and cycloheximide) (https://www.bd.com) showed
flat, floccose to powdery, whitish growth. We found
microscopically large, tuberculated macroconidia
(7–12 µM) and small round microconidia on short,
lateral pegs consistent with Histoplasma capsulatum.
Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI Biotyper, https://
www.bruker.com) results confirmed the diagnosis.
Molecular identification was done using an in-house
panfungal PCR assay with consecutive sequence analysis. We used the internal transcribed spacer region
as target and internal transcribe sequences 1 and 2 for
amplification primers (1,2). Microsynth AG (https://
www.microsynth.ch) performed DNA sequencing.
Sequences produced alignments of H. capsulatum in
BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and CBS (Centraalbureau voor Schimmelcultures;
Westerdijk Institute, https://wi.knaw.nl) databases.
Some radiologic features were unusual. There was
no cavity formation (3), and the reverse halo sign has
rarely been described in chronic pulmonary histoplasmosis (4). However, bullae seen on the scan, previously
observed in patients with heavy tobacco use and underlying lung disease, were compatible with the diagnosis. Despite slow growth, cultures for histoplasmosis
together with histopathology remain the diagnostic
standard (1). Panfungal PCR is sensitive, but its performance depends on internal validation processes (2). Immunocompetence and lack of dissemination could explain repeatedly negative urine antigen testing. (1).
Underlying lung disease likely predisposed this
patient for severe disease. However, his clinical response to treatment was remarkable. We initiated
antifungal treatment with liposomal amphotericin
B and oral prednisolone. After a few days, the patient improved substantially, and oxygen supplementation was stopped. At 10 days, therapy was
switched to oral itraconazole. Steroid treatment was
continued at a tapered dosage over 3 months, with
trimethoprim/sulfamethoxazole used as Pneumocystis jirovecii pneumonia prophylaxis. At 3-month
follow-up, the patient had improved considerably.
Repeated spirometry was nearly normal, showing
persistent impairment of diffusion capacity. Followup chest CT scan (Figure 1, panels C, D) showed
regression of ground-glass opacities and micronodules; the reversed halos had disappeared. Overall,
optimal treatment duration remains unclear (5), but
because of probable underlying preexisting lung
disease, persistent pathological findings from CT,
968

and continued desaturation under exercise, continuing treatment for >12 months seemed necessary.
The source of infection for this patient remains
speculative. However, possible risk exposures were
guano from flying bats in the garden (6), previous use
of organic fertilizer possibly containing histoplasma
(7), and regular work-related unpacking of fruits and
spices from straw-filled boxes from West Africa, although H. capsulatum var. capsulatum is less common
in that region (8).
In addition to previous findings of histoplasmosis
in badgers (9), this case confirms the likely environmental occurrence of H. capsulatum in Switzerland. Although
diagnoses of autochthonous histoplasmosis have been
rare, and few autochthonous cases have been described
(10), our finding of a probable autochthonous case of
chronic pulmonary histoplasmosis in an immunocompetent male in Switzerland highlights the incomplete
understanding of histoplasmosis endemicity and indicates that it has likely been underestimated in Europe.
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etymologia
Histoplasma capsulatum [hĭs′tə-plăz′mə kăp′sə-lā′təm]
Monika Mahajan

I

n 1905, Samuel Taylor Darling serendipitously identified a protozoan-like microorganism in an autopsy
specimen while trying to understand malaria, which was
prevalent during the construction of the Panama Canal.
He named this microorganism Histoplasma capsulatum
because it invaded the cytoplasm (plasma) of histiocytelike cells (Histo) and had a refractive halo mimicking a
capsule (capsulatum), a misnomer.
Histoplasma capsulatum, a dimorphic fungus, now
belongs to Kingdom Fungi and causes histoplasmosis
(Darling’s disease) through inhalation of spores found in
soil and bird droppings. The fungus thrives in the central and eastern parts of United States, especially around
the Ohio and Mississippi River valleys, and in South
America, Africa, Asia, and Australia. Three varieties exist globally: H. capsulatum var. capsulatum, H. capsulatum
var. duboisii, and H. capsulatum var. farciminosum.
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Local Transmission of
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In December 2020, research surveillance detected the
B.1.1.7 lineage of severe acute respiratory syndrome
coronavirus 2 in São Paulo, Brazil. Rapid genomic sequencing and phylogenetic analysis revealed 2 distinct
introductions of the lineage. One patient reported no international travel. There may be more infections with this
lineage in Brazil than reported.

G

enomic sequencing and analysis during the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic have led to identification of
≈800 distinct SARS-CoV-2 lineages worldwide. A new
phylogenetic cluster, B.1.1.7 lineage or variant of concern 202012/01, is characterized by 17 unique mutations and was first detected in southeastern England
in late September 2020 (A. Rambaut et al., unpub. data,
https://virological.org/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-theuk-defined-by-a-novel-set-of-spike-mutations/563). As
of January 17, 2021, this lineage had been confirmed
in 38 countries (https://cov-lineages.org/global_
report_B.1.1.7.html). Epidemiologic and phylogenetic
studies suggest that the rapid epidemic growth of B.1.1.7
in the United Kingdom is caused by its higher transmissibility (E. Volz et al., unpub. data, https://www.medrxiv.org/content/10.1101/2020.12.30.20249034v2; N.
Davies, unpub. data, https://cmmid.github.io/topics/
covid19/uk-novel-variant.html), which could lead to increased incidence and higher peaks in hospitalizations

1

These first authors contributed equally to this article.

2

These senior authors contributed equally to this article.

970

and deaths (N. Davies, unpub. data, https://cmmid.
github.io/topics/covid19/uk-novel-variant.html).
We confirm 2 cases of infection with SARSCoV-2 B.1.1.7 lineage in Latin America. On December 30, 2020, we received saliva samples from 2 patients for genomic sequencing as part of research
surveillance activities. Patient 1 was a woman 20–
30 years of age residing in São Paulo, Brazil, who
reported no travel outside of Brazil. Her symptoms
began on December 21, and testing was conducted
the next day. Patient 2 was a man 30–40 years of
age who was tested in São Paulo on December 22
after having traveled from London on December
19. Ethics approval for this study was confirmed
by the national ethics review board (Comissão Nacional de Ética em Pesquisa, protocol no. CAAE
30127020.0.0000.0068).
PCR testing (TaqPath COVID-19 PCR; ThermoFisher Scientific, https://www.thermofisher.com)
performed as previously described (1) indicated that
patient 1 was positive for the open reading frame 1ab
(cycle threshold [Ct] 25.8) and nucleoprotein (Ct 24.5)
gene targets and patient 2 was positive for open reading frame 1ab (Ct 28.1) and nucleoprotein (Ct 27.29),
but both were negative for the spike gene target. The
2 spike-gene dropout samples were identified among
400 samples collected during November 4–December
25, 2020.
For each sample, we conducted nanopore sequencing in duplicate by using the ARTIC protocol (https://
www.protocols.io/view/ncov-2019-sequencing-protocol-bbmuik6w). Concentrations of double-stranded
DNA for the library-negative controls were below
detection levels, indicating no contamination. We conducted whole-genome sequencing of SARS-CoV-2 by
using the MinION platform (Oxford Nanopore Technologies, https://nanoporetech.com). By December
31, sequencing statistics revealed 56,565 mapped reads
for patient 1 and 51,761 for patient 2. Consequently,
28,023 bases for patient 1 and 26,339 for patient 2 were
covered at >25× depth. Consensus sequences covered
92.4% of the Wuhan Hu-1 reference genome (GenBank
accession no. MN908947.3) for patient 1 and 87.1% for
patient 2. For the 2 newly generated genome sequences, we identified the B.1.1.7 lineage (assignment probability = 1.0) by using the pangolin COVID-19 Lineage
Assigner version 2.1.6 (2) (https://pangolin.cog-uk.
io). The 2 genomes were made publicly available on
GISAID (http://www.gisaid.org) on December 31,
2020 (identification nos. EPI_ISL_754236 for patient 1
and EPI_ISL_754237 for patient 2).
We next estimated a rapid maximum-likelihood
phylogenetic tree (3,4) for a multiple sequence align-
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ment (5) with the new sequences and 127 publicly
available B.1.1.7 genomes from around the world
available on GISAID (6) as of December 31, 2020
(https://github.com/CADDE-CENTRE/VOCLineage-Brazil). The virus genome recovered from
patient 1 grouped within a well-supported cluster
(bootstrap 85%) of 10 sequences (60% from the United Kingdom) (Figure). This finding is consistent with
the travel history of an asymptomatic family member
who was positive for SARS-CoV-2 (according to a rapid test performed on December 23, 2020), who arrived
in São Paulo on December 17 after traveling from Italy to the United Kingdom and, after a short stay, from
London to São Paulo, and who was in close contact
with patient 1. The sequence from patient 2 clustered
with good statistical support (bootstrap 79.4%) with
a sequence collected in the United Kingdom on November 27. Patient 2 had traveled from London to São

Paulo on December 19 and was symptomatic when
saliva was collected on December 22. Phylogenetic
analysis suggests that this infection represents a second, independent introduction of the B.1.1.7 lineage
from the United Kingdom to Brazil; patient 2 was not
epidemiologically linked to patient 1.
Because information about this lineage from locations outside the United Kingdom is limited, our
interpretations based on phylogenetic data might be
biased by the different numbers of available genome
sequences shared around the globe. Moreover, the
samples that we analyzed were selected from only
2 cases confirmed by reverse transcription PCR in
São Paulo; thus, our genomes were obtained from
a small fraction of targeted spike-gene failure, and
frequency of detection in our nonrandom sample
does not represent prevalence of this lineage at the
population level.
Figure. Phylogenetic context of
novel severe acute respiratory
syndrome coronavirus 2 B.1.1.7
genomes isolated from 2 patients
in Brazil (labeled on figure),
December 2020. Downsampling
for the phylogenetic analysis
of the B.1.1.7 SARS-CoV-2
variant (n = 4,693, December
31, 2020) was performed by
selecting 1 sequence per
country per day. As outgroups,
we included 2 B.1.1 sequences
from the United Kingdom
that were closely related to
the lineage of interest and
sequence WH04 from Wuhan,
China (GISAID identification no.
EPI_ISL_406801; http://www.
gisaid.org). Details on multiple
alignment and phylogenetic tree
reconstruction are described
elsewhere (4). Tree file, aligned
sequences, and GISAID
acknowledgment tables are
available at https://github.com/
CADDE-CENTRE/VOC-LineageBrazil. Scale bar indicates
nucleotide substitutions per site.
VOC, variant of concern.
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Despite temporary suspension of all flights to or
from Brazil from or through the United Kingdom as
of December 25, 2020 (http://www.gov.uk/foreigntravel-advice/brazil), it is likely that the number of
SARS-CoV-2 lineage B.1.1.7 infections in Brazil is
higher than that reported. Increasing genomic surveillance of B.1.1.7 and other variants of concern that
carry mutations of potential biological significance
(e.g., E484K in the spike protein; C.M. Voloch, unpub data, https://www.medrxiv.org/content/10.1
101/2020.12.23.20248598v1) is imperative for monitoring vaccination effectiveness and contextualizing
the epidemiology and evolution of SARS-CoV-2 in
Latin America.
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We analyzed 98 Mycobacterium tuberculosis complex
isolates collected in 2 regions of Algeria in 2015–2018
from 93 cases of pulmonary tuberculosis. We identified
93/98 isolates as M. tuberculosis lineage 4 and 1 isolate
as M. tuberculosis lineage 2 (Beijing). We confirmed 4
isolates as M. bovis by whole-genome sequencing.

I

n Algeria, interpreting tuberculosis (TB) incidence,
estimated at 53–88 cases/100,000 population in
2017 (1), is limited by the fact that the diagnosis relies
on microscopic examination of clinical samples. Iso1

These authors equally contributed to this work.
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lates are presumptively identified as Mycobacterium
tuberculosis complex based on colony phenotype.
We analyzed 98 sputum isolates identified as M.
tuberculosis complex by 5 Tuberculosis and Respiratory Disease Control Service facilities in 2015–2018
(Appendix Table 1, Figure, https://wwwnc.cdc.
gov/EID/article/27/3/19-1823-App1.pdf).
Exact
tandem repeat D analysis (2) confirmed these 98
isolates as M. tuberculosis complex. Large-sequence
polymorphism analysis using PCR sequencing of
genomic regions RD105, RD239, and RD750 and of
the polyketide synthase gene pks15/1 (3) yielded 88
(89.8%) M. tuberculosis sensu stricto Euro-American
lineage 4 isolates and 1 East Asian lineage 2 (Beijing)
isolate. Whole-genome sequencing (WGS) of 5 RD deletion–free unidentified isolates indicated that these
5 isolates, P9982(ERR3588223), P9983(ERR3588225),
P9985(ERR3588243),
P9984(ERR3588246),
and
P9986(ERR3588247), were M. tuberculosis sensu stricto Euro-American lineage 4. We conducted WGS
analysis using TB-profiler for M. tuberculosis online
tool (https://tbdr.lshtm.ac.uk/upload) for lineage
and sublineage determination. Altogether, M. tuberculosis lineage 4 was the predominant lineage in the
5 Algerian departments and the sole lineage documented in Bgayet, Tizi-Ouzou, and Medea (Appendix Table 2); it was found to be the cause of pulmonary TB in 79/93 (85%) cases, pleural TB in 11 (12%)
cases, and lymph node TB in 3 (3%) cases. These
observations updated those issued from a previous
study conducted in 14 departments including 114
(88%) cases of pulmonary localization and 15 cases
(12%) of extrapulmonary localization (4). In a later
study, spoligotyping revealed that most isolates be-

longed to M. tuberculosis Euro-American lineage 4;
the Haarlem clade accounted for 29.5% of studied
isolates; the Latin American-Mediterranean clade,
25.6%; and the T clade, 24.8% (4). In our study, 1 M.
tuberculosis Beijing strain was isolated from a bronchial fluid sample collected in Blida from the location at which 15 M. tuberculosis Beijing isolates had
been identified ≈10 years earlier from 14 workers
from Algeria and 1 from China (5). Our observation
suggests that 10-year circulation of M. tuberculosis
Beijing strain in the community in Blida area most
probably followed immigration of workers from
China employed in the construction sector.
WGS analysis of 4 additional isolates exhibiting a
6-bp deletion in the pks15/1 gene identified them as
M. bovis. Using a Roary pangenome pipeline (https://
sanger-pathogens.github.io/Roary), we found that M.
bovis CSURP9981 grouped with M. bovis CSURP9979
and that M. bovis CSURP9980 grouped with M. bovis
CSURP9978 (Figure). Further analysis based on the
3,732,808-bp core genome detected 3,761-bp (0.1%)
of single-nucleotide polymorphisms (SNPs) between
the 4 isolate genomes. Whole-genome sequences of
M. bovis strains in the study have been deposited in
GenBank (sequence P9978, accession no. ERR3587501;
P9979, no. ERR3587591; P9980, no. ERR3587597; and
P9981, no. ERR3588222).
All 4 patients had pulmonary TB and had no
detectable lymph node swelling and no scrofula (6).
Two case-patients in Blida were a 27-year-old unemployed man and a 60-year-old taxi driver who
both declared that they did not consume raw milk
and had no contacts with cattle; a neighbor of the
60-year-old patient was a butcher with whom he

Figure. Pangenome-based tree of 4 human Mycobacterium bovis isolates, Algeria. The tree was generated by Roary (https://
sanger-pathogens.github.io/Roary) from binary gene presence or absence in the accessory genome. Scale bar indicates 10%
sequence divergence.
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spent a lot of time. Two case-patients in Ain Defla
were 18-year-old and 43-year-old housewives living in 2 different rural areas. The interviews of these
patients did not reveal contacts with cattle. Identification of human cases of M. bovis was unexpected
because in 50 years, only 7 cases of M. bovis human
infection have been reported in Algeria: 3 cases of
pulmonary TB and 2 cases of cervical lymphatic TB
detected in a total of 1,183 (0.4%) phenotypically
identified M. bovis isolates (7), and 2 additional cases
reported in 2009 (8).
M. bovis TB is clinically, pathologically, and
radiologically indistinguishable from M. tuberculosis; diagnosis requires accurate identification of
the causative mycobacterium, most efficiently by
using WGS. Our report illustrates pitfalls in precisely tracing the natural history of M. bovis TB in
patients, including sources, routes of transmission,
and primary route of entry, which may determine
the pathology of the infection. Zoonotic M. bovis TB
was most often transmitted to humans by the consumption of M. bovis–contaminated dairy products
that caused lymphatic TB, eventually becoming
pulmonary TB (9). We previously reported a hidden circumstance for contacts with M. bovis–infected animals, tracing 1 M. bovis pulmonary TB case
in a patient in Tunisia to contacts with an infected
sheep during religious festivities in 2018 (10). In the
case we report here, foodborne transmission cannot
be ruled out, but it is possible that this may be a
rare case of aerosol transmission.
Algeria is a bovine TB–enzootic country. We recommend comparing the genome sequences from the
4 patients reported here with those of future bovine
isolates in the same departments to trace zoonotic M.
bovis TB in Algeria and contribute to the understanding of its natural history.
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We report 4 cases of Fusobacterium nucleatum bacteremia associated with coronavirus disease (COVID-19).
Three cases occurred concomitantly with COVID-19 diagnosis; 1 occurred on day 15 of intensive care. None
of the patients had known risk factors for F. nucleatum
bacteremia. F. nucleatum infection could represent a
possible complication of COVID-19.

F

usobacterium nucleatum is a gram-negative anaerobic rod member of the oral and digestive microbiota (1). F. nucleatum is an uncommon cause of
bacteremia; annual reported incidence is 0.22–0.34
cases/100,000 population (1,2). Risk factors for F. nucleatum bacteremia include malignancy, older age,
alcohol abuse, immunosuppression, and dialysis; infection is often hospital-acquired (1,2). Mortality rates
for F. nucleatum bacteremia can reach 10% (1,2).
In March and April 2020, 2 major hospitals in
Brussels, Belgium, observed 4 cases of monomicrobial F. nucleatum bacteremia, all associated with severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2) infection among patients with coronavirus
disease (COVID-19). In contrast, the same hospitals
reported a total of 4 F. nucleatum cases in 2019, 3 in
2018, 2 in 2017, 1 in 2016, and 2 in 2015. However, the
hospital emergency plan initiated on March 14 during
the first wave of the COVID-19 pandemic in Belgium
prohibited all nonurgent medical care. Thus, the 2020
F. nucleatum incidence cannot be extrapolated and
compared with previous years because of modifications of patient characteristics.
F. nucleatum was cultured from patients’ blood
specimens by using a BD BACTEC FX blood culture
system (Becton Dickinson, https://www.bd.com)

and pure isolates were successfully identified by using
matrix-assisted laser desorption/ionization time-offlight mass spectrometry (Bruker Daltonics, https://
www.bruker.com). Cross-contamination was formally excluded because blood cultures became positive
on different days and bacterial identifications were
performed on separate sets of experiments (Table 1).
Nasopharyngeal swab samples were collected
from the 4 patients. Three patients tested positive
for SARS-CoV-2 by reverse transcription PCR (RTPCR) using the RealStar SARS-CoV-2 RT-PCR kit
(Altona Diagnostics, https://www.altona-diagnostics.com) and 1 by a COVID-19 Ag Respi-Strip
rapid antigen test (Coris Bioconcept, https://
www.corisbio.com). All 4 patients had concomitant
pneumonia compatible with COVID-19 on chest
computed tomography (CT) scans. The patients
were 34, 51, 52, and 70 years of age (median 51.5
years); the median age was lower than in previously reported F. nucleatum bacteremia (1,2), but
the sample size is too small for statistical analysis.
None of the patients had any classical risk factors
for F. nucleatum bacteriemia. The youngest patient
had no underlying conditions. Three patients had
abdominal symptoms and 2 underwent abdominal
CT with contrast, but both had unremarkable results. Three patients had symptoms of bacteremia
at the time of COVID-19 diagnosis; bacteremia was
diagnosed in the other patient after 15 days in the
hospital intensive care unit (ICU). The ICU patient
received a single 800-mg intravenous dose of tocilizumab (TCZ) to treat COVID-19–associated hyperinflammatory syndrome. Increased risk for severe
infection, including bacteremia, has been associated with long-term TCZ treatment when administered for non-COVID-19 indications (3). To our
knowledge, no previous F. nucleatum infection has
been reported with TCZ use in general. The patient
died of COVID-19–related severe respiratory failure on day 21 in the ICU, but the other 3 patients
were discharged to home without complications.
Although SARS-CoV-2 infection initially was described as an agent of severe pneumonia, other organ
involvements are now well described. Other studies
among hospitalized COVID-19 patients have shown
that 18%–48% had digestive complaints ranging from
anorexia to diarrhea and abdominal pain (4,5). RTPCR detected the virus in the feces of 48%–53% of patients with abdominal complaints and feces remained
positive in 20%–33% of patients even after respiratory
samples converted from RT-PCR–positive to negative (4,6). The propensity of SARS-CoV-2 to infect
digestive organs might be explained by the fact that
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Table. Characteristics of 4 cases of Fusobacterium nucleatum bacteremia in patients with COVID-19, Belgium*
Characteristic
Patient 1
Patient 2
Patient 3
Patient 4
Age, y
52
51
34
70
COVID-19 diagnosis
Day of admission
Day of admission
Day of admission
Day of admission
Symptoms at diagnosis
Dry cough and sore
Cough, abdominal pain, Cough, abdominal pain,
Fever (38.5°C),
throat for 7 d
and diarrhea for 7 d
and diarrhea for 7 d
vomiting for 1 d
Underlying conditions
Hypertension
Diabetes, hypertension,
None
Diabetes, hypertension,
obesity
hypothyroidism, history
of stroke
Radiological findings
Chest CT
Ground glass
Diffuse infiltrates in all
Ground glass opacities Ground glass opacities
opacities in all lobes
lobes
in 10% of lungs
in 10% of lungs
Abdominal CT with contrast
NA
NA
Unremarkable
Unremarkable
Blood culture collection
Day 1
Day 15
Day 1
Day 1
Time to positivity (no. sets)
96 h (1 of 2)
55 h (1 of 2)
72 h (1 of 2)
72 h (1 of 2)
COVID-19 therapy
HCQ 400 mg oral
None
None
HCQ 400 mg oral 2/d
2/d on day 1, then
on day 1, then 200 mg
2/d for 4 d; TCZ 800
200 mg 2/d for 4 d
mg IV once; and RDV
200 mg IV loading dose,
then 100 mg 4/d for 4 d
Antimicrobial drug therapy
None
None
TZP 4 g IV 4/d for 6 d MTZ 500 mg orally 3/d
for 7 d
F. nucleatum antimicrobial susceptibility testing
Amoxicillin/clavulanic
S
S
S
S
Clindamycine
S
S
S
S
Imipenem
S
S
S
S
Metronidazole
S
S
S
S
Piperacilline/tazobactam
S
S
S
S
Outcome
Discharged home
Died
Discharged home
Discharged home
*COVID-19, coronavirus disease; CT, computed tomography; HCQ, hydroxychloroquine; IV, intravenous; MTZ, metronidazole; RDV, remdesivir; S,
susceptible; TCZ, tocilizumab; TZP, piperacilline-tazobactam.

angiotensin converting enzyme 2, a known receptor used by the virus to enter human cells, has been
found to be highly expressed in enterocytes (4,7).
The reservoir of F. nucleatum is generally considered to be the oral cavity (8). Only 1 of these patients
had oral symptoms, but no oral lesions were observed.
The 3 other patients had abdominal symptoms, suggesting that bacteremia might be the consequence of
translocation from the digestive tract (9). F. nucleatum
has been shown to colonize colon mucus with associated mucosal inflammation (10).
In conclusion, digestive tract invasion by SARSCoV-2 and secondary inflammatory response might
promote translocation of opportunistic pathogens,
such as F. nucleatum, and further research could elucidate this interaction. Nonetheless, our observations
suggest that anaerobe bacteremia should be considered as a complication of COVID-19.
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We diagnosed tuberculosis in an illegally wild-captured
pet ring-tailed lemur manifesting lethargy, anorexia, and
cervical lymphadenopathy. Whole-genome sequencing confirmed the Mycobacterium tuberculosis isolate
belonged to lineage 3 and harbored streptomycin resistance. We recommend reverse zoonosis prevention and
determination of whether lemurs are able to maintain M.
tuberculosis infection.

T

uberculosis (TB) is an ancient disease affecting a
plethora of domestic and wild animals, including humans. In primates, TB can cause severe multisystemic disease. The prevalence of TB in lemurs
within Madagascar is unknown; the most recent
documented case occurred in 1973 (1). Reverse zoonotic transmission of TB can occur when nonhuman
primates are in close contact with humans (1). We
report a clinical case and genomic analysis of TB
infection in a female subadult ring-tailed lemur (Lemur catta) held at a nongovernmental organization
facilty in Southwestern Madagascar. The University
of San Diego (San Diego, CA, USA) provided ethics
authorization (no. IACUC 0619-01).
The lemur was born in the wild in September or
October 2018 and was surrendered to the facility in
April 2019. On July 12, the animal was emaciated,
anorexic, and lethargic; it had a large fistulated mass
on the left cervical region. The mass was surgically
removed and found to be caseous and necrotic (Figure). Despite rehydration and systemic antimicrobial
therapy, the lemur died on July 16.
We confirmed TB infection by PCR on the lymph
node sample using GeneXpert MTB/RIF assay (Cepheid, https://www.cepheid.com) (2). We cultured
on Löwenstein-Jensen solid medium to confirm streptomycin resistance using the proportions method, enabling phenol chloroform DNA extraction and genomic
DNA sequencing using Oxford Nanopore Technologies
(ONT) (https://www.nanoporetech.com) long-read sequencing. We basecalled raw data using ONT Guppy
software version 3.4.5. We performed read mapping
using minimap2 version 2.17. For decontamination,
we used a manually curated database including viral
nontuberculosis mycobacteria and human sequences,
augmented with L. catta genome (GenBank accession
no. PVHV00000000) to improve host DNA filtering. Decontaminated reads were mapped to the M. tuberculosis
H37Rv reference genome (accession no. NC_000962.3);
we called single-nucleotide polymorphisms (SNPs) using bcftools version 1.10 (http://samtools.github.io/
bcftools/bcftools.html) and masked repetitive regions
(3). We performed genotypic resistance testing using
Mykrobe Predict version 0.8.2 (https://www.mykrobe.
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Figure. Lymph node removed from ring-tailed lemur in
Madagascar that exhibited advanced clinical symptoms consistent
with tuberculosis. Blade is 44 mm by 22 mm.

com) and confirmed streptomycin resistance (causative
variant R83P/CCG4407954CGG) (4). For lineage identification, we used both SNP-based method, which uses
known lineage-defining SNPs, and k-mer-based methods, which rely on an in-silico equivalent of PCR probes
analyzing each SNP alleles’ 20bp flanking regions (5–7).
Both methods confirmed the isolate as lineage 3.1.1
(Central Asian sublineage Kilimanjaro, CASI-KILI). We
ruled out laboratory cross-contamination and assessed
relative genomic distance of this isolate compared with
other human TB isolates from Madagascar by reanalyzing all lineage 3 TB isolates cultured in the laboratory
during March 2017–June 2019 for which lineage typing and genomic sequencing data were available, and
created a SNP distance matrix and phylogenetic tree
(Appendix Figures 1, 2, https://wwwnc.cdc.gov/EID/
article/27/3/20-2924-App1.pdf). The lemur’s isolate
was substantially distant from other isolates by a closest
SNP distance of 63 SNPs (mada_116), ruling out laboratory contamination or transspecies transmission within
the samples processed on site (3). We submitted M. tuberculosis lineage 3 consensus sequence to GenBank (accession no. PRJNA659624).
Human TB isolates in the region of Toliara most
frequently belong to lineage 1 (Institut Pasteur de
Madagascar, unpub. data). However, lineage 3 isolates were previously isolated in humans from other
regions of Madagascar (7). Pet lemurs are transported
over vast distances (8,9); this lemur may have originated or been transferred from another region of
Madagascar. The Malagasy lineage 3 profile shares
978

similarities with strains found in Tanzania and the
Indo-Pakistanese subcontinent (7).
Human activities, including trade and translocation of wild animals and keeping of wildlife as pets,
have resulted in reverse zoonotic TB and spillover
into wild populations in, among others, meerkats (Suricata suricatta), banded mongoose (Mungos mungo),
and Asian elephants (Elephas maximus) (10). Although
the risks of transmitting emerging diseases from
wildlife to humans have received much attention, the
risks that human diseases present to wildlife are not
well described. In addition to other anthropogenic activities that imperil wildlife (e.g., deforestation, bushmeat consumption, animal trafficking), the effects of
human disease reservoirs may become increasingly
detrimental (10).
Illegal trade of wild-captured lemurs is rampant in Madagascar (8,9). Moreover, humans are
frequently in close contact with pet or tourist facility–based lemurs. Some resorts encourage tourists to
feed lemurs from their mouths, whereby pathogens
could be transferred. Because lemurs make poor pets
and often become aggressive, many are discarded as
adults, some by release into forests with wild conspecific populations (8,9).
We present anatomopathologic and molecular diagnostics evidence that wild-born lemurs
can become infected with and die from complications of TB. To minimize risk for transmission of
TB between humans and lemurs, we recommend
enforced prohibition of keeping wild-captured lemurs as pets, systematic clinical screening and microbiological testing of facility-based animals and
staff who become ill, and necropsy of deceased lemurs. Because we do not know if lemurs are able to
maintain M. tuberculosis infection, we recommend
quarantine and testing at lemur facilities and caution against release of captive lemurs into the wild.
We also warn against close proximity or contact
between humans and lemurs (captive or wild) in
Madagascar, given the potential for reverse zoonotic and zoonotic transmission of TB and other infectious diseases.
Acknowledgments
We thank Madagascar Ministry of the Environment and
Forests for permission to study ring-tailed lemurs (no.
155/19/MEDD/SG/DGEF/DGRNE) and the lemur
facility for permission to conduct surgery and sample the
sick ring-tailed lemurs.
The University of San Diego and Lemur Love, Inc.
provided funding for this study.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

RESEARCH LETTERS

About the Author
Dr. LaFleur is an assistant professor at the University
of San Diego, California, USA, and the founder and
director of Lemur Love, a US-based nonprofit
organization conducting research, conservation, and
small-scale development in Madagascar. Her research
examines the ecology of wild ring-tailed lemurs and the
legal and illegal trades of wild-captured lemurs
in Madagascar.
References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

Blancou J, Rakotoniaina P, Cheneau Y. Types of TB bacteria
in humans and animals in Madagascar [in French]. Arch Inst
Pasteur Madagascar. 1974;43:31–38.
Ligthelm LJ, Nicol MP, Hoek KGP, Jacobson R,
van Helden PD, Marais BJ, et al. Xpert MTB/RIF for rapid
diagnosis of tuberculous lymphadenitis from fine-needleaspiration biopsy specimens. J Clin Microbiol. 2011;
49:3967–70. https://doi.org/10.1128/JCM.01310-11
Hunt M, Bradley P, Lapierre SG, Heys S, Thomsit M,
Hall MB, et al. Antibiotic resistance prediction for
Mycobacterium tuberculosis from genome sequence data with
Mykrobe. Wellcome Open Res. 2019;4:191. https://doi.org/
10.12688/wellcomeopenres.15603.1
Shitikov E, Kolchenko S, Mokrousov I, Bespyatykh J,
Ischenko D, Ilina E, et al. Evolutionary pathway analysis and
unified classification of East Asian lineage of Mycobacterium
tuberculosis. Sci Rep. 2017;7:9227. https://doi.org/10.1038/
s41598-017-10018-5
Rutaihwa LK, Menardo F, Stucki D, Gygli SM, Ley SD,
Malla B, et al. Multiple introductions of Mycobacterium
tuberculosis lineage 2–Beijing into Africa over centuries.
Front Ecol Evol. 2019;7:112. https://doi.org/10.3389/
fevo.2019.00112
Stucki D, Brites D, Jeljeli L, Coscolla M, Liu Q, Trauner A,
et al. Mycobacterium tuberculosis lineage 4 comprises
globally distributed and geographically restricted
sublineages. Nat Genet. 2016;48:1535–43. https://doi.org/
10.1038/ng.3704
Ferdinand S, Sola C, Chanteau S, Ramarokoto H,
Rasolonavalona T, Rasolofo-Razanamparany V, et al. A
study of spoligotyping-defined Mycobacterium tuberculosis
clades in relation to the origin of peopling and the
demographic history in Madagascar. Infect Genet Evol.
2005;5:340–8. https://doi.org/10.1016/j.meegid.2004.10.002
LaFleur M, Clarke TA, Reuter KE, Schaefer MS,
terHorst C. Illegal trade of wild-captured Lemur catta within
Madagascar. Folia Primatol (Basel). 2019;90:199–214.
https://doi.org/10.1159/000496970
Reuter KE, LaFleur M, Clarke TA, Holiniaina Kjeldgaard F,
Ramanantenasoa I, Ratolojanahary T, et al. A national survey
of household pet lemur ownership in Madagascar. PLoS
One. 2019;14:e0216593. https://doi.org/10.1371/journal.
pone.0216593
Chomel BB, Belotto A, Meslin FX. Wildlife, exotic pets, and
emerging zoonoses. Emerg Infect Dis. 2007;13:6–11.
https://doi.org/10.3201/eid1301.060480

Address for correspondence: Marni LaFleur, Department of
Anthropology, University of San Diego, Saints Tekawitha-Serra
Hall, Suite 218C, 5998 Alcala Park, San Diego, CA 92110-2492,
USA; email: marni.lafleur@gmail.com

Genomic and Pathologic
Findings for Prototheca cutis
Infection in Cat
Grazieli Maboni,1 Jessica A. Elbert,1
Justin M. Stilwell, Susan Sanchez
Author affiliations: University of Guelph, Guelph, Ontario, Canada
(G. Maboni); Athens Veterinary Diagnostic Laboratory, Athens,
Georgia, USA (G. Maboni, S. Sanchez); University of Georgia,
Athens (J.A. Elbert, J.M. Stilwell)
DOI: https://doi.org/10.3201/eid2703.202941

Severe nasal Prototheca cutis infection was diagnosed
postmortem for an immunocompetent cat with respiratory
signs. Pathologic examination and whole-genome sequencing identified this species of algae, and susceptibility testing determined antimicrobial resistance patterns.
P. cutis infection should be a differential diagnosis for soft
tissue infections of mammals.

P

rototheca spp. (phylum Chlorophyta, order Chlorellales, family Chlorellaceae) are ubiquitous algal
organisms that represent emerging infectious agents
of humans and animals (1). Protothecosis has been increasingly reported for immunocompromised human
and animal patients (1,2). At least 14 species of Prototheca have been recognized; 1 case of P. cutis–associated dermatitis in an immunocompromised man has
been reported (3,4). We describe a case of P. cutis in a
domestic cat in Georgia, USA.
In January 2020, an 11-year-old, 5.8-kg, neutered
male, domestic cat was examined for sneezing, wheezing, congestion, and rhinitis. This indoor/outdoor cat
was negative for feline leukemia and feline immunodeficiency viruses. The cat showed no response to
treatment with steroids and cefovecin sodium (Convenia; Zoetis, https://www.zoetis.com). From June
2019 through January 2020, the nasal planum became
rounded and disfigured. A biopsy sample submitted
to a private diagnostic laboratory indicated a fungal
infection containing organisms suggestive of Cryptococcus spp. Because of concerns over the zoonotic
potential of Cryptococcus spp., the cat was euthanized
and submitted for postmortem examination.
Gross reflection of the skin revealed that a locally
extensive area of connective tissue and musculature
overlying ≈70% of the nasal bridge and dorsal nasal planum was diffusely soft, variably tan to light orange, and
mildly gelatinous (Appendix Figure 1, https://wwwnc.cdc.gov/EID/article/27/3/20-2941-App1.pdf).

1

These authors contributed equally to this article.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 3, March 2021

979

RESEARCH LETTERS

Microscopic evaluation revealed a severe granulomatous nodular dermatitis, panniculitis, cellulitis, pyogranulomatous osteomyelitis, and rhinitis (Figure).
Disseminated throughout the nasal turbinates were
numerous free and intrahistiocytic sporangia with and
without endospores (Figure). Although these findings
suggest previously resolved infection in the skin, subcutis, and muscle and active infection in the nasal turbinates, the initial site of infection (cutaneous vs. nasal
turbinates) and disease pathogenesis could not be definitively determined (Appendix).
Fungal culture yielded white colonies growing
in the presence and absence of light at 30°C (Appendix Figure 2). Cytologic examination revealed colonies of round cells with internal septations and thick
walls resembling sporangia and endospores, which
were identified with lactophenol cotton blue stain
(Appendix Figure 2). Sporangia were gram positive, although they appeared to be unevenly stained
(Appendix Figure 2). Genus and species were not

identified by matrix-assisted laser desorption ionization/time-of-flight mass spectrometry and GEN
III Microbial identification (Biolog, https://www.
biolog.com). Partial sequencing of the internal transcribed spacer region and the D1/D2 region of the
28S rRNA gene yielded sequences 96% and 99% homologous to those from P. cutis available in BLAST
(https://blast.ncbi.nlm.nih.gov) and CBS-KNAW
(https://www.knaw.nl, currently Westerdijk Fungal Biodiversity Institute) databases.
Because the mitochondrial cytb gene potentially represents a new standard method for identifying Prototheca species (5), we performed wholegenome sequencing to investigate cytb as well as
other genes by using Illumina MiSeq (https://www.
illumina.com) (Appendix). The nuclear genome
was 19,237,076-bp long, and the plastid genome
was 51,673-bp long, which corresponds to genome
sizes obtained from sequencing of P. cutis JCM15793
strain ATCC PRA-138 (https://www.atcc.org) (6). We
Figure. Histologic lesions
associated with protothecosis
caused by Prototheca cutis
in a cat. A) Subgross crosssection of the nasal turbinates
showing marked expansion
of the nasal epithelium and
overlying subcutaneous tissue.
B) Epithelioid macrophages
(arrows) with abundant,
intracytoplasmic, gray material
multifocally dissecting through
subdermal collagen and
musculature. Hematoxylin
and eosin (H&E) stain; scale
bar indicates 50 µm. C)
Submucosal glands (arrows),
markedly displaced by myriad
macrophages, neutrophils,
lymphocytes, plasma cells, and
algal sporangia. H&E stain;
scale bar indicates 50 µm. D)
Algal sporangia (black arrows),
which sometimes endosporulate
(white arrows), producing up to
8 endospores (inset). H&E stain;
scale bar indicates 10 µm and
does not apply to inset.
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submitted the genome assembly to GenBank (accession no. JABBYS000000000). The in silico–targeted
gene alignment revealed genes homologous with
available P. cutis sequences including cytB (99.8%,
accession no. MT363977), chloroplast genome DNA
(99.54%), 18S rRNA gene (100%, accession no.
MT360051), ITS (99.12%, accession no. MT359908),
and 28S rRNA (D1/D2 domain) (100%, accession no.
MT360265), which were deposited in GenBank.
We performed susceptibility testing for antifungal and antimicrobial drugs because both have
been used against Prototheca spp. infections in animals (7,8). The isolate showed high MICs for fluconazole and itraconazole and a low MIC for amphotericin B (Table). Resistance to fluconazole and
susceptibility to amphotericin B are well recognized
for other Prototheca species (9); however, resistance
to itraconazole could be unique to P. cutis. MICs
were high for most antimicrobial drugs, including
cefovecin, which had been unsuccessful in treating

the cat (Table). Oxacillin, pradofloxacin, and trimethoprim/sulfamethoxazole inhibited growth at the
lowest concentrations, indicating in vitro sensitivity to these drugs. We further investigated whether
resistance genes from the whole-genome sequence
corresponded to phenotypic resistance. We used
the Comprehensive Antibiotic Resistance Database
(https://card.mcmaster.ca) to identify genes conferring resistance to β-lactams, tetracyclines, aminoglycosides, chloramphenicol, and vancomycin. Consistent with MICs, no resistance genes corresponded to
pradofloxacin and trimethoprim/sulfamethoxazole
(Table). The MIC data provided here may be helpful for establishing future clinical breakpoints for
Prototheca spp.
Our primary concern with regard to this case
was determining the zoonotic potential of the agent,
which was initially misdiagnosed as Cryptococcus
spp. Although Prototheca spp. are widely considered
to be zoonotic agents, reports of definitive cases of

Table. Antimicrobial and antifungal MICs and resistance genes identified by whole-genome sequencing of Prototheca cutis isolated
from a nasal lesion in a cat*
MIC, g/mL
Class
AMR genes
Antimicrobial testing†
Oxa-168, NmcA, OXA-198, IMP-8
-lactams
Amoxicillin/clavulanate
8
Ampicillin
>8
Oxacillin
<0.25
Penicillin G
8
Cefazolin
>4
Cefovecin
>8
Cefpodoxime
>8
Cephalothin
>4
Imipenem
4
Tetracyclines
tet(31)
Doxycycline
>0.5
Minocycline
1
Tetracycline
>1
Quinolones
None found
Enrofloxacin
>4
Marbofloxacin
2
Pradofloxacin
<0.25
Aminoglycosides
AAC(6')-Ij, AAC(3)-Xa, AAC(3)-VIIIa
Amikacin
>32
Gentamicin
8
Lincosamides: clindamycin
4
None found
Macrolides: erythromycin
>4
None found
Rifamycins: rifampin
>2
None found
Nitrofurans: nitrofurantoin
>64
None found
Phenicols: chloramphenicol
>32
catB10
Sulfonamides: trimethoprim/sulfamethosoxazole
<2
None found
Vancomycin
>16
vanA, vanRO
Antifungal testing‡
Not investigated
Azoles
Fluconazol
>256
Itraconazol
>32
Polyenes: amphotericin B
0.19

*AMR genes were identified by using the Comprehensive Antibiotic Resistance Database (https://card.mcmaster.ca). Interpretation of MICs was not
included in this table because clinical breakpoints for Prototheca spp. are not available. AMR, antimicrobial resistance.
†Antimicrobial susceptibility testing was performed by using a Trek Sensititre Gram Positive panel (TREK Diagnostic Systems, http://www.trekds.com).
‡Antifungal susceptibility testing was performed by using MIC test strips (Liofilchem, https://www.liofilchem.com).
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zoonotic transmission are lacking in the literature.
Zoonotic transmission from bovids is thought to occur via consumption of contaminated milk (10). The
zoonotic potential of P. cutis is unclear; infectivity is
probably similar to that of other Prototheca spp.
Our report of P. cutis isolation from a cat reinforces
protothecosis as an emerging infectious disease of humans and animals. We emphasize the potential of P.
cutis to infect presumably immunocompetent hosts.
The veterinary and human medical communities
should be aware of the unusual clinical, pathologic,
and microbiological manifestations of protothecosis.

9.

Marques S, Silva E, Carvalheira J, Thompson G. Short
communication: in vitro antimicrobial susceptibility of
Prototheca wickerhamii and Prototheca zopfii isolated from
bovine mastitis. J Dairy Sci. 2006;89:4202–4. https://doi.org/
10.3168/jds.S0022-0302(06)72465-1
10. Melville PA, Watanabe ET, Benites NR, Ribeiro AR, Silva JA,
Garino Junior F, et al. Evaluation of the susceptibility of
Prototheca zopfii to milk pasteurization. Mycopathologia.
1999;146:79–82. https://doi.org/10.1023/A:1007005729711
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Nontuberculous mycobacteria infection is increasing in
incidence and can lead to chronic, debilitating pulmonary disease. We investigated the accuracy of diagnosis code–based nontuberculous mycobacteria lung disease claims among Medicare beneficiaries in the United
States. We observed that these claims have moderate
validity, but given their low sensitivity, incidence might be
underestimated.

N

ontuberculous mycobacteria (NTM) infection is
an illness of increasing incidence caused by environmental organisms and can lead to chronic pulmonary disease (1–5). The accuracy of International
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Classification of Diseases (ICD) diagnosis codes for
NTM infection has been evaluated only in limited
fashion (6) and is unknown in the context of bronchiectasis, which most patients with pulmonary NTM
infection have (7,8). We investigated the accuracy of
ICD diagnosis codes for NTM infection among Medicare beneficiaries in the United States by using the
Bronchiectasis and NTM Research Registry (BRR) as
the reference standard.
We identified persons with a diagnosis of bronchiectasis (ICD Ninth Revision, Clinical Modification
[ICD-9-CM], codes 494.0 or 494.1) from 2006–2014
Medicare data. BRR is a database of persons with
bronchiectasis, NTM infection, or both at 13 US medical institutions (8). BRR captures clinical data from
the 24-month period before enrollment and at annual
follow-ups. We matched study participants enrolled
at 7 BRR sites to Medicare data (9). Medicare observation began on the later date of either enrollment or
data-start (January 1, 2006) and ended on the earlier
date of either coverage-end or data-end (December
31, 2014). We included study participants with an
overlap in BRR and Medicare observation, excluding
claims or cultures outside this overlap.
We established a primary case definition of an
NTM infection as >1 inpatient discharge or outpatient
visit coded 031.0 (pulmonary mycobacterial infection) assigned by a clinician; we also established alternative definitions (Table). For the primary and each
alternative case definition, we calculated positive
predictive value (PPV) as the proportion of Medicare

claim–based NTM infections meeting the BRR case
definition +12 months of the first claim. Sensitivity
was calculated as the proportion of patients meeting
the BRR case definition who had a claim for NTM infection within +12 months of meeting that definition.
All analyses were performed by using SAS statistical
software 9.4 (SAS Institute Inc., https://www.sas.
com). This study was approved by the Institutional
Review Board at Oregon Health & Science University.
Of the 530 Medicare beneficiaries also enrolled in
BRR at the 7 sites, 457 (86.2%) were matched (Figure).
Our final analytic sample included 403 participants
who averaged 73.5 years of age (range 62–98 years,
SD 6.2) and were mostly women (80.4%) and White
(95.8%). Of the 403 participants, 205 (50.9%) had >1
NTM infection claim based on a diagnosis code assigned by a clinician.
We observed that diagnosis code–based claims
have moderate validity for identifying NTM infection. Our primary case definition had a PPV of 63.2%
(95% CI 57.1%–69.4%) (Table) and was 69.9% (95% CI
63.9%–75.9%) sensitive in detecting NTM infection
within ±12 months of the first claim date. PPV was
maximized when a second claim was required and
codes restricted to those assigned by an infectious
disease specialist. In a previous study, the microbiologic NTM infection case definition (1) had a high
PPV (77%) and yielded maximized sensitivity and
PPV when combined with ICD-9-CM codes (6). Our
results were similar in that NTM infection codes had
fairly high PPVs but lower sensitivity.

Table. Positive predictive value and sensitivity of ICD-9-CM diagnosis code–based case definitions for NTM infection in 2006–2014
Medicare data by using Bronchiectasis and NTM Research Registry as reference standard, United States*
No. participants with
No. participants
diagnosis-based
meeting BRR case
Medicare claim for
definition for NTM
NTM case definition†
NTM infection
PPV (95% CI)‡
infection§
Sensitivity (95% CI)¶
Primary definition: ICD-9-CM 031.0
All clinician-given codes#
234
63.2 (57.1–69.4)
226
69.9 (63.9–75.9)
ID specialist– and pulmonologist-given
205
65.4 (58.9–71.9)
226
61.5 (55.2–67.9)
codes only
ID specialist–given codes only
127
70.1 (62.1–78.0)
226
39.8 (33.4–46.2)
Pulmonologist-given codes only
133
60.9 (52.6–69.2)
226
36.7 (30.4–43.0)
Secondary definition: ICD-9-CM 031.0, requiring a second 031.0 claim >30 d but <12 m of first claim
All clinician-given codes
122
72.1 (63.3–79.9)
226
41.6 (35.2–48.0)
ID specialist– and pulmonologist-given
100
74.0 (64.3–82.3)
226
33.2 (27.1–39.7)
codes only
ID specialist–given codes only
45
82.2 (71.1–93.4)
226
16.4 (11.6–21.2)
Pulmonologist-given codes only
44
70.5 (57.0–83.9)
226
13.3 (30.4–43.0)
*BRR, Bronchiectasis and NTM Research Registry; NTM, nontuberculous mycobacteria; ICD-9-CM, International Classification of Disease, Ninth Version,
Clinical Modification; ID, infectious disease; PPV, positive predictive value.
†Only ICD-9-CM 031.0 code (pulmonary mycobacterial infection) was considered; other codes for NTM (031.8 [other specified mycobacterial diseases]
and 031.9 [unspecified disease due to mycobacteria]) were not considered.
‡PPV for meeting a case definition for NTM infection in BRR within +12 months of first ICD-9-CM NTM code-cased claim (code 031.0).
§NTM cases were identified in BRR on the basis of culture positivity on >1 respiratory specimen or antibiotic treatment for NTM during follow-up (a
macrolide plus >1 antibiotic drugs).
¶Sensitivity for an ICD-9-CM NTM code–based claim within +12 months of meeting a case definition for NTM infection in BRR.
#Clinician types include physicians, physician assistants, and nurse practitioners, excluding radiology or laboratory-associated claims.
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sample size and overlap with BRR observation time.
Last, we only evaluated ICD-9-CM codes, although
ICD Tenth Revision, Clinical Modification (ICD-10CM), codes have been required since 2015 (10). However, understanding the validity of ICD-9-CM codes
is essential for interpretation of the existing literature
that is based on ICD-9-CM codes and to inform future research using ICD-10-CM codes. Further, ICD9-CM codes for NTM map directly to ICD-10-CM
codes (ICD-9-CM 031.0 equates to ICD-10-CM A31.0
[pulmonary mycobacterial infection]), helping guide
future comparisons.
Our results indicate that a case definition of >2
claims given 30 days apart within 12 months of each
other accurately identifies pulmonary NTM infection in patients who also have bronchiectasis. Given
low sensitivity, incidence might be severely underestimated in claims-based epidemiologic research.
Claims data provide critical information about the
epidemiology of NTM infection when clinical data
are not available, but findings should be interpreted
with awareness of the potential for misclassification.
Figure. Flow diagram of the analytic sample (n = 403) of Medicare
beneficiaries and persons from BRR matched during 2006–2014,
United States. Original pool of Medicare beneficiaries (n = 530)
included beneficiaries of Medicare parts A, B, and D but not C and
excluded those with cystic fibrosis and a history of HIV or organ
transplant. BRR, Bronchiectasis and NTM Research Registry.

False-positive diagnosis codes could be caused by
several factors. The Medicare population includes persons with chronic illness whose records might include
codes from previous NTM infections, but we could not
evaluate this possibility because of limited claims data
before BRR baseline. More than half of study participants with false-positive codes had negative cultures,
indicating that the code was applied for NTM evaluation or monitoring in the absence of active disease.
Higher PPVs, when restricted to specialist-assigned
codes, imply that general clinicians might be more
likely to assign the disease code when disease criteria
are not met. The poor sensitivity was not unexpected;
NTM infection is frequently underdiagnosed and miscoded as a nonpulmonary NTM or other infection. Our
case definition required 1 positive culture, whereas
current diagnostic guidelines require 2; of study participants meeting our case definition, 35% had a second positive culture within 12 months.
A limitation of our study is that we only included
Medicare beneficiaries >65 years of age with bronchiectasis; also, BRR collects data from specialized NTM
centers, which might differ from general clinic settings. Our Medicare data ended in 2014, limiting the
984
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We surveyed availability of phenotypic drug susceptibility
testing for drug-resistant Mycobacterium tuberculosis in
Europe. Of 27 laboratories, 17 tested for linezolid, 11 for
clofazimine, 9 for bedaquiline, and 6 for delamanid during 2019. Our findings indicate that testing capacity for
newer and repurposed tuberculosis drugs exists, but its
availability is limited.

M

ycobacterium tuberculosis is a major cause of death
globally, and increasing predicted deaths from
tuberculosis (TB) are caused by delays in diagnosis
and treatment of new cases associated with coronavirus disease containment measures (1). Drug-resistant,
multidrug-resistant (MDR), and extensively drug-resistant (XDR) TB remain major public health issues (1).
In the World Health Organization European Region, the proportion of rifampin-resistant and MDR
TB is greater than the global average. New drug
regimens incorporating bedaquiline, clofazimine,
linezolid, and delamanid to treat MDR and XDR
TB have been recommended by the World Health
Organization and are being implemented globally
(2). For newer and repurposed drugs (NRDs), phenotypic drug susceptibility testing (pDST) is not yet
fully standardized because of a lack of data for epidemiologic cutoff values. In addition, genomic DST
(gDST) lacks sensitivity, and genetic mechanisms
of drug resistance have yet to be fully established
for NRDs (3).
There have been issues with procuring pure substances for testing and availability of resistant isolates (non-XDR strains) for validation of assays. The
widely used BACTEC mycobacteria growth indicator
tube (MGIT) technology (Becton Dickinson, https://
www.bd.com) has not been calibrated against a reference standard protocol and is not fully validated for
second-line drugs, highlighting the need for sustainable external quality assessment (EQA) schemes. For
well-tolerated compounds, (i.e., moxifloxacin), phenotypic and genotypic resistance prediction using
current interpretive guidance might be discordant,
leading to uncertainty about clinical efficacy.
Availability of pDST for bedaquiline, clofazimine, linezolid, and delamanid in Europe is unknown, which is of concern in areas that have higher
incidences of drug resistance, such as eastern Europe.
Within a framework of EQA schemes implemented
by the European TB Reference Laboratory Network
and coordinated by the European Centre for Disease
Prevention and Control, we performed a survey on
the availability and performance of pDST for NRDs in
European Union/European Economic Area laboratories during 2018–2019.
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EQA is one of the key components of the European TB Reference Laboratory Network, which uses
an interlaboratory comparison to enable objectivity
in auditing the performance of a laboratory (4). For
the EQA panels, 5 well-characterized M. tuberculosis
isolates that have varying drug susceptibility profiles,
including those resistant to >1 NRDs (n = 3), were
sent to participating laboratories. These laboratories
were requested to test samples for phenotypic susceptibility to drugs routinely tested in their laboratory. Reports received were analyzed against reference
results by using established protocols (4).
A total of 28 laboratories participated and reported results within the deadline of the EQA (2018–
2019). In this EQA panel, results were reported for 15
drugs, including NRDs. Of 28 laboratories, 15 tested
for linezolid, 6 for clofazimine, 6 for bedaquiline, and
4 for delamanid during 2018. This increased to 17 tested for linezolid, 11 for clofazimine, 9 for bedaquiline,
and 6 for delamanid during 2019 (Figure). All but 1
laboratory used MGIT methods for NRDs (5).

During 2019, a total of 17 laboratories reported
100% correct results and 9 laboratories reported
96%–99% correct results. One laboratory scored 85%,
and 1 laboratory scored only 69% (i.e., below the
threshold for certification). There were 3 very major
errors (false-susceptible results) for clofazimine (n =
2) and bedaquiline (n = 1), and 1 major error (falseresistant result) for linezolid. Other errors included
very major errors for protionamide (n = 4), isoniazid
(n = 3), moxifloxacin (n = 1), and streptomycin (n =
1) and major errors for moxifloxacin (n = 3), rifampin
(n = 2), isoniazid (n = 1), and protionamide (n = 1).
Our findings show that availability of pDST is
increasing in Europe but remains limited. With the
increasing availability of the NRDs for TB, standardized and validated pDST of M. tuberculosis in culture
isolates to NRDs is crucial for appropriate use of new
drugs in treatment regimens.
Ongoing global efforts to define a set of quality control strains and standardize MGIT methods
against a reference to overcome variability (6) are

Figure. European Union laboratories performing phenotypic DST of new tuberculosis drugs, 2019. Map courtesy of Mapbox OpenStreet
Map (https://www.mapbox.com). DST, drug susceptibility testing.
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being complemented by ensuring clear rules on when
pDST is required and to ensure that gDST is fully
used. Appropriate use of pDST and gDST is essential for clinical management of MDR and XDR TB to
limit transmission and prevent development of further resistance (7). Use of bedaquiline and delamanid
requires special approval in certain countries because
of substantial cost of this drug (8). Thus, performing
pDST for NRDs is essential to ensure that isolates are
susceptible to the newer agents.
Validated and quality-controlled pDST, including automated liquid culture systems and microtiter plate-based assays for NRDs, might be used to
improve accuracy of prediction of resistance and
susceptibility to NRDs by using whole-genome
sequencing (9). Although pDST is considered the
standard for susceptibility testing for NRDs, using
whole-genome sequencing will help to detect and
characterize new mutations and insertions/deletions associated with drug resistance and also analyze strain relatedness rapidly, resulting in prompt
public health actions, and thus will be highly useful. Use of data from multicenter EQA sites (10) can
help develop standardized guidelines for pDSTs for
global use. In addition, pDST data for isolates can
be used for additional studies to validate predicting
resistance to gDSTs for NRDs.
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In August 2020, outbreaks of coronavirus disease were
confirmed on mink farms in Utah, USA. We surveyed
mammals captured on and around farms for evidence
of infection or exposure. Free-ranging mink, presumed
domestic escapees, exhibited high antibody titers, suggesting a potential severe acute respiratory syndrome
coronavirus 2 transmission pathway to native wildlife.

W

e report a wildlife epidemiologic investigation of
mammals captured on or near properties in Utah,
USA, where outbreaks of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection occurred
in farmed mink. Mink farms are relatively common
in the United States, and most are small family farms.
The US Department of Agriculture’s National Veterinary Services Laboratories (Ames, IA, USA) confirmed
SARS-CoV-2 in mink at 2 Utah farms on August 17,
2020, after an investigation by the Utah Veterinary Diagnostic Laboratory and the Washington Animal Disease Diagnostic Laboratory (1). SARS-CoV-2 outbreaks
have subsequently been confirmed at multiple farms in
Utah, Michigan, Wisconsin, and Oregon. Although epidemiologic investigations are ongoing, infected workers
are the probable source of the virus’s introduction (2).
The first reported SARS-CoV-2 infection in mink
occurred in the Netherlands in April 2020 (3). Since
then, dozens of farms in Europe have experienced
outbreaks, and more than a million mink have been
culled (2). Genetic analyses suggest spillover from human infections, and potential zoonotic transmission
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from mink to a worker is suspected (4). Clinical data
from mink infected with SARS-CoV-2 indicate the
species is highly susceptible and that infections can
range from asymptomatic to peracute (5).
We captured free-roaming mammals during August 22–30, 2020, by using Sherman (rodents) and Tomahawk (mesocarnivores) traps placed outside of barns
and barrier fences on outbreak premises and public
lands within a 3.5-km buffer zone. Sample collection
included oral, nasal (washes for mice), and rectal swab
specimens; tissue specimens; and blood specimens.
Swabs were placed in cryovials filled with 0.5 mL viral
transport medium, and tissue specimens were placed
in plastic sample bags or cryovials. Serum and swab
samples were stored on ice, and tissue specimens were
flash frozen on dry ice. Most samples were shipped
within 24 hours. Swabs and serum samples were
shipped to the National Veterinary Services Laboratories, and tissue specimens were sent to the US Geological Survey National Wildlife Health Center (Madison,
WI, USA) for testing. All swabs and tissue specimens
were tested for SARS-CoV-2 viral RNA by real-time
reverse transcription PCR (rRT-PCR) targeting the N1
and N2 genes, and serum samples were tested by virus
neutralization assay (6). A positive rRT-PCR result was
defined as detection of both N1 and N2.
We captured 102 mammals (78 rodents and 24
mesocarnivores). Rodent captures consisted of 45 deer
mice (Peromyscus maniculatus), 5 Peromyscus spp. mice,
25 house mice (Mus musculus), and 3 rock squirrels
(Otospermophilus variegatus). Mesocarnivore captures
consisted of 11 presumed escaped American mink
(Neovison vison), 2 presumed wild American mink, 5
raccoons (Procyon lotor), and 6 striped skunks (Mephitis
mephitis). Presumed escaped mink were closely associated with barns and designated as domestic escapees
on the basis of location, behavior, and appearance. We
identified wild mink by brown coat color and smaller
size compared with farmed mink. All escaped mink
and rodents, except for 4 deer mice and 1 rock squirrel, were caught on farm premises. All raccoons, the 2
presumed wild mink, and all but 1 striped skunk were
captured off-property but within the buffer zone.
Serum samples from the 11 mink escapees
tested positive for SARS-CoV-2 antibodies by virus
neutralization (Table). No other animal had a detectable antibody response. Of the antibody-positive escaped mink, 3 also had high cycle threshold
(Ct) detections by rRT-PCR of nasal swabs (range Ct
35.89–38.95) and 1 lung tissue specimen (Ct 39.2 for
N1). A rectal swab specimen from a house mouse
had a high Ct detection by rRT-PCR but was negative for SARS-CoV-2 antibodies. N1 alone was
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Table. Virus neutralization titers and rRT-PCR cycle thresholds for samples collected from captured mammals in study of SARS-CoV2 exposure in escaped mink, Utah, USA, August 2020
Animal ID
Animal
Capture date
Site
Virus neutralization titer rRT-PCR Ct†
rRT-PCR sample type
ID000003
Escaped mink
2020 Aug 23
A
128
ND
ND
ID000004
Escaped mink
2020 Aug 23
A
128
ND
ND
ID000101
Escaped mink
2020 Aug 24
A
512
ND
ND
ID000010
Escaped mink
2020 Aug 24
A
512
38.80
Nasal swab
ID000011
Escaped mink
2020 Aug 24
A
512
ND
ND
ID000012
Escaped mink
2020 Aug 24
A
512
38.95
Nasal swab
ID000013
Escaped mink
2020 Aug 24
A
128
ND
ND
ID000014
Escaped mink
2020 Aug 24
A
256
‡
Nasal swab, lung tissue
ID000052
Escaped mink
2020 Aug 30
B
64
‡
Nasal swab
ID000053
Escaped mink
2020 Aug 30
B
256
37.38
Nasal swab
ID000054
Escaped mink
2020 Aug 30
B
128
ND
ND
ID000030
Feral or wild mink
2020 Aug 26
C
Negative
ND
ND
ID000051
Feral or wild mink
2020 Aug 28
C
Negative
ND
ND
ID000017
House mouse
2020 Aug 25
C
Negative
35.89
Rectal swab
ID000064
Deer mouse
2020 Aug 30
B
Negative
‡
Oral swab
ID000093
Deer mouse
2020 Aug 31
B
Negative
‡
Rectal swab
*Ct, cycle threshold; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ND, not detected.
†Mean Ct across the N1- and N2-genes; a positive result is defined as detection of both N1 and N2.
‡Ct detection of N1-gene only.

detected by rRT-PCR in 2 samples from deer mice
(Ct 37.55 and 39.57).
Experimental studies of rodents suggest that Old
World rodents (e.g., Mus) are resistant to SARS-CoV-2
infection (7) and New World species (e.g., Peromyscus)
are susceptible (A. Fagre, unpub. data, https://doi.
org/10.1101/2020.08.07.241810; B.D. Griffin, unpub.
data,
https://doi.org/10.1101/2020.07.25.221291).
Given the demonstrated resistance of house mice to
SARS-CoV-2 infection, the high-Ct rectal swab specimen, in absence of other positive results, suggests potential ingestion and excretion of contaminated material (e.g., food, carcasses) rather than infection. In
contrast, the antibody responses of all escaped mink
combined with high-Ct swab specimens for some animals suggests recent SARS-CoV-2 infections. These
exposures in escaped mink are unsurprising given biosecurity practices on some premises did not exclude
incursions of escaped mink into barns.
Although we did not find evidence for SARS-CoV-2
establishment in wildlife, the discovery of escaped mink
with the opportunity to disperse and interact with susceptible wildlife, such as wild mink or deer mice, is
concerning. In Utah, mink farms often overlap with
designated critical mink habitats. Interactions or shared
resources between escaped mink and wild mink or
other wildlife species represent potential transmission
pathways for spillover of SARS-CoV-2 into wildlife and
could lead to health consequences or establishment of
new reservoirs in susceptible wildlife (8; A. Fagre, unpub. data, https://doi.org/10.1101/2020.08.07.241810).
Heightened biosecurity and best management practices
would help prevent accidental releases of infected animals or spillover of SARS-CoV-2 from susceptible species to native wildlife.
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Mycobacterium bovis infection in wildlife species occurs
worldwide. However, few cases of M. bovis infection in
captive elephants have been reported. We describe 2
incidental cases of bovine tuberculosis in free-ranging
African elephants (Loxodonta africana) from a tuberculosis-endemic national park in South Africa and the epidemiologic implications of these infections.

T

uberculosis (TB), caused by the human pathogen
Mycobacterium tuberculosis, is a recognized disease in human-managed and wild Asian elephants
(Elephas maximus) and African elephants (Loxodonta
africana) (1–3). Previous findings demonstrate the
importance of human-elephant interfaces for transmission. However, range countries for African and
Asian elephants also have high burdens of bovine
TB, caused by M. bovis. The World Organisation for
Animal Health (OIE) records cases of bovine TB; in
the 49 elephant range countries in Africa and Asia,
only Namibia is declared free of M. bovis (4). Therefore, the paucity of cases of M. bovis infection in
elephants is unexpected. The lack of M. bovis cases
in elephants may be caused by rare or sporadic exposure, innate resistance of the species, or limited
surveillance, especially in environments to which
bovine TB is endemic.
Kruger National Park (KNP) in South Africa has
recorded M. bovis infection in >20 wildlife species and
is considered a bovine TB−endemic area. Although
cases of M. bovis infection have been reported in other
large herbivores, such as black rhinoceros (Diceros
bicornis) and white rhinoceros (Ceratotherium simum)
(5,6), only 1 case of M. tuberculosis infection has been
found in an elephant in KNP (3), despite hundreds of
individual animals examined during 1967–1994 when
elephants were harvested (7). After the discovery of
an M. tuberculosis–infected adult bull elephant in 2016
(3), opportunistic sampling of elephants was implemented by park veterinarians.
In May 2018, a young bull elephant (E1; estimated age 18–20 years) was fatally shot in the southern
part of KNP. In addition, a young bull elephant (E2;
estimated age 3 years) in KNP was euthanized in October 2019 after being found moribund. Postmortem
examination of E1 revealed rare small, consolidated
masses in the lung. Elephant 2 had several focal
firm masses (1–2 cm2) scattered in the lung containing caseous material and some mineralization. We
took representative samples from the peripheral
(prescapular, inguinal, popliteal), head (parotid,
retropharyngeal), thoracic (tracheobronchial), and
abdominal (mesenteric) lymph nodes; lung lesions
were also sampled. We froze samples at −20°C and
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Table. Mycobacterium bovis information and spoligotype patterns for isolates from 2 African elephants, South Africa*
Sample no.
Year
Species
Spoligotype pattern
Spoligotype no.
E1
2018
M. bovis
■■ ■■■■■ ■■■■■■ ■■■■ ■■■■■■■■■■■■■■■■■
SB0121
E2
2019
M. bovis
■■ ■■■■■ ■■■■■■ ■■■■ ■■■■■■■■■ ■■■■■■■
SB1681
*Isolates were identified by mycobacterial culture and speciation.

transported them for mycobacterial culture and speciation in the Biosafety Level 3 laboratories at Stellenbosch University (Cape Town, South Africa) and
ARC-Onderstepoort Veterinary Institute (Pretoria,
South Africa).
We prepared tissues for mycobacterial culture
as previously described (8) using the BD BACTEC
MGIT 960 Mycobacterial Detection System (Becton
Dickinson, https://www.bd.com). We performed
mycobacterial speciation by region-of-difference
PCR (8) and spoligotyping (9) on Ziehl-Neelsen
stain positive cultures. We isolated M. bovis from
both tracheobronchial lymph node cultures from E1.
Culture results from E2 confirmed the presence of
M. bovis in 2 lung samples in 2 different laboratories,
and in a tracheobronchial lymph node cultured in
the second laboratory. We characterized the M. bovis spoligotype pattern from E1 as SB0121, which is
the most common strain found in KNP (9) (Table). In
contrast, in E2 we found a novel spoligotype pattern
(SB1681) not previously reported in KNP (Table).
However, this pattern varied by 1 spacer, and it is
possible that this strain evolved from the common
SB0121 strain in KNP.
The finding of M. bovis infection in 2 free-ranging
African elephants in KNP has significance for other
elephant populations in bovine TB–endemic areas. In
South Africa, the Department of Agriculture, Land
Reform, and Rural Development has the authority to
place M. bovis–infected premises under quarantine.
Previously, elephants and rhinoceros were excluded
from movement restrictions placed on other species
in bovine TB–endemic populations. However, our
findings require revisiting this assumption and investigating disease transmission risks for these species.
Kerr et al., in a retrospective study investigating antibodies to M. tuberculosis complex antigens in KNP elephants, has estimated seroprevalence at 6%–9% (10),
suggesting that M. bovis and possibly M. tuberculosis
infection is more common in KNP than previously
thought. However, no additional samples were available to confirm infection in the individual elephants
studied. It is more likely that these seropositive responses in elephants represent infection with M. bovis
because all the cases of TB in rhinoceros to date have
been due to M. bovis infection (5,6). Isolation and speciation of pathogenic mycobacteria are essential for
understanding the epidemiology of these infections,

especially in areas where human–livestock–wildlife
interfaces occur.
Our findings emphasize the importance of surveillance using molecular and bacteriological tools
for detection of bovine TB in elephants because serologic assays and visual assessment of gross and histopathological lesions cannot differentiate between
infection with M. bovis and M. tuberculosis. In areas
where elephants may have indirect (through shared
forage and water sources) or direct contact with
animal and human populations with high burdens
of M. bovis and M. tuberculosis, such as African and
Asian range countries, it is crucial that surveillance
and diagnostic tools are readily available to distinguish these pathogens to improve our understanding of epidemiology of TB at human–livestock–wildlife interfaces.
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F

luttering above us at dusk,
bats evoke awe and wonder as they signal the coming
of the night. Bats are native to
every continent but Antarctica, and they often live in or
enter human-occupied spaces.
They are highly diverse, both
phylogenetically and ecologically. Bats also carry zoonotic
diseases, including many of
the viruses discussed in the
new book Bats and Viruses, edited by Eugenia Corrales-Aguilar and Martin Schwemmle. Bats’ diversity, frequent proximity to humans, and carriage of
zoonotics make them an important and often poorly
understood component of public health and infectious disease.
Bats and Viruses sets out to review hot topics in
current research, and it also provides background
information accessible to those without specific expertise in this particular field. It is a highly technical volume that is unlikely to be readily accessible to
a general audience. It is, however, understandable
to a reader outside of the immediate technical area
of bats and viruses, especially those with technical
backgrounds in zoonotics and infectious disease;
wildlife biology, including wildlife ecology; evolutionary biology, and phylogenetics; and molecular
and cellular biology.
In addition to a review of current topics, the
book provides background in bat biology and virology; this is of great value to a reader who is not

deeply experienced in this technical area. Each chapter includes an extensive references section, providing even more opportunity to delve deeply into
the background.
The organization of the book is logical. About
half of the chapters are organized by taxonomy
of the viruses being covered: flaviviruses, alphaviruses, influenza A–like viruses, coronaviruses,
hantaviruses, polyomaviruses. Two chapters cover
immunity in bats: one on innate immunity, the other on adaptive immunity. Three chapters address
techniques used to study virology of bats: isolation
of viruses; in vivo techniques, including coverage
of bat husbandry; metagenomics.
Given the current pandemic, the chapter that
many will open up to first is “Bats and Coronaviruses,” by Susanna K. P. Lau, et al. This chapter is clearly
understandable to a reader without expertise in the
field of bat biology and virology, contains a lucid history of coronaviruses, and focuses in on some of the
more well-known coronaviruses, such as severe acute
respiratory syndrome and Middle East respiratory
syndrome viruses. Although other chapters cover
coronaviruses, this information is not indicated in the
index; a more comprehensive index would be helpful
to guide the reader across the multiplicity of topics
covered in this multiauthored volume.
This book would be useful for scientific libraries seeking a technical overview of current topics in
bats and viruses with an emphasis on human health
effects. It is accessible to readers with backgrounds
in infectious disease, wildlife biology, and molecular
or cellular biology and would be of interest to those
readers who want to know more about how those different fields interact.
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Strange Case of a Sojourn in Saranac
Terence Chorba

R

obert Louis Stevenson, the renowned Scottish
author and poet, was born in 1850 in Edinburgh,
Scotland. From childhood onward, he suffered from
frequent chest infections, fevers, and hemoptysis.
This master who gave us Treasure Island (1881–83), A
Child’s Garden of Verses (1885), Kidnapped (1886), and
Strange Case of Dr Jekyll and Mr Hyde (1886) lived his
brief 44 years in an era when tuberculosis (then called
consumption) was widespread in Europe but laboratory and radiologic diagnostics were not available.
On March 24, 1882, the date on which World TB
Day is based, Robert Koch announced his discovery
of the causative organism of tuberculosis, Mycobacterium tuberculosis. Through Koch’s use of alkalinized
methylene blue stain and a brown counterstain for
contrast, this discovery laid to rest the theory that
tuberculosis was congenital, a belief stemming from
its extensive occurrence in families. In 1895, Wilhelm
Röntgen first described the potential medical application of radiography when he captured the image of
the bony and soft-tissue structures of his wife’s hand
on a photographic plate. Without bacteriology or radiography, Stevenson’s persistently cachectic body
habitus and pulmonary symptoms were thought to
be consistent with tuberculosis, although other diagnoses have been proposed. These have included
chronic idiopathic bronchiectasis, sarcoidosis, and
hereditary hemorrhagic telangiectasia, any of which
could potentially have been exacerbated by residual
scarring from the bouts of pneumonia he experienced
as a child and by his chain-smoking as an adult.
By 1887, Stevenson had achieved considerable
wealth from his writings and acted on medical advice
to seek a climate drier than that of the British Isles.
He and his family set out for Colorado, but upon arriving in Massachusetts, he learned of the growing
reputation of physician Edward Livingston Trudeau,
who founded the Adirondack Cottage Sanatorium at
Saranac Lake, New York, for the cure of pulmonary
tuberculosis. In October 1887, Stevenson, together
with his wife, his mother, his stepson, and a family
servant, moved into Baker Cottage, a house adjacent
to the sanatorium. Stevenson remained there through
Author affiliation: Centers for Disease Control and Prevention,
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the winter and produced many essays for Scribner’s
Magazine and completed most of a novel, The Master
of Ballantrae. Trudeau was unable to demonstrate the
presence of tubercle bacilli in Stevenson’s sputum.
Stevenson left the sanatorium in April 1888 and travelled to San Francisco, Hawaii, and the Samoan Islands, where he died in 1894.
In 1915, the Saranac Chapter of the Stevenson Society commissioned John Gutzon Borglum, an American sculptor, to create the bronze bas-relief featured
on the cover of this month’s journal, to adorn the wall
of Baker Cottage in memory of Stevenson. Relief is the
term used to describe sculptural images that remain
attached to a solid background plane of the material
out of which the images themselves have been sculpted. Bas-relief is relief in which images of faces or figures are rendered with less depth than they possess
in life and in which no aspect of the image is cut away
from the underside. The master of this technique in
America was Augustus Saint-Gaudens (1848–1907),
an inspiration to Borglum and fellow alumnus of the
École des Beaux-Arts in Paris. Saint-Gaudens created
the exquisite $20 US gold coin with the standing female figure of Liberty set in bas-relief, minted from
1907 through 1933 (Figure 1). Of the Saranac bas-relief, the New York Times article from the day of the unveiling described the intent of the artist: “[Stevenson
is] shown walking on the veranda where…he says in
his letters he gained inspiration for Ballantrae and the
great Scribner essays. The figure, in fur cap and coat,

Figure 1. Double Eagle, US $20 gold (fineness 0.9000) coin,
34 mm, 33.436 g, designed by Augustus Saint-Gaudens, 1907.
Obverse: Bas relief representation of Liberty, personified by a
tall, robed woman striding forward, bearing a torch in her right
hand and an olive branch in her left hand. Rays of a sunrise in
the background. Reverse: Young eagle in flight, silhouetted by
the rays of a sunrise. National Numismatic Collection, National
Museum of American History, Washington, DC., USA. Photograph
by Jaclyn Nash.
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Figure 2. Gutzon Borglum.
Statue of E.L. Trudeau, 1918.
Bronze. From Historic Saranac
Lake Wiki. Originally erected
at the Adirondack Cottage
Sanatorium. Moved to the
Trudeau Institute, Saranac Lake,
New York, 1964. The statue is a
representation of E. L. Trudeau
as a male tuberculosis patient
with a blanket folded on his lap.
In the pedestal is an inscription
with a folk-saying favorite of
Trudeau, “Guerir quelquefois,
soulager souvent, consoler
toujours” (To cure sometimes,
to relieve often, to comfort always). Trudeau started the facility,
which has been credited with being the first sanatorium in the
United States, at Saranac Lake in 1885, at the dawn of the nation’s
sanatorium movement, which peaked with over 108,000 beds in
1954. Sanatoriums remained the standard of care for tuberculosis
for over half a century in the United States; after streptomycin was
discovered in 1943 and antimicrobial drugs were subsequently
used to treat and cure tuberculosis, sanatoriums closed or were
transformed into general hospitals.

a thin hand clutching the collar together in the face of
the zero blast, breathes the spirit of the sick man out
of doors, and the lift of the head as he says ‘Come, let
us make a tale!’ reveals the rare spirit of the heroic in
physical adversity.” After Edward Trudeau died in
1915, Borglum was also commissioned to craft a lifesize statue of the founder for the Saranac sanatorium
(Figure 2).
Borglum was born to Mormons in Idaho in 1867,
but grew up in Nebraska and Kansas, where he began his formal art training. At age 22, he enrolled at
the Académie Julian and the École des Beaux-Arts,
where sculptor Auguste Rodin (1840–1917) was one
of his instructors. Over the next several years, Borglum developed more skills and success as a sculptor in Spain and England. In 1901, he embarked on
a prolific period in America; his works include the
equestrian bronze in Sheridan Circle in Washington, DC, some of the statuary of the Cathedral of
St. John the Divine in New York City, a memorial
to the fallen North Carolina infantry from Pickett’s
Charge at Gettysburg, and a bust of Abraham Lincoln now in the United States Capitol crypt. He had
white supremacist leanings, and in 1915, the same
year he made the Saranac bronze bas-relief, he also
was hired to begin a granite bas-relief carving to
honor the Confederacy on Stone Mountain, Georgia. In 1925, controversy with the committee who
gave him the commission ended with his being
fired and his work being blasted off the mountain’s
face, but the experience gave him knowledge of the

methods for sculpting on a scale that made possible
his subsequent creation of the national monument
at Mount Rushmore. From 1927 until his death in
1941, Borglum labored on that project, his greatest opus. Carved into granite in the Black Hills
of South Dakota on land that had been illegally
seized from the Lakota tribe during a gold rush in
the 1870s, this national memorial has also been the
subject of criticism for aspects of the actions of each
of the men it memorializes. Even there, a bas-relief
quality informs the work, especially in the image of
Abraham Lincoln, rising out from within the rock
toward the viewer.
The Saranac bas-relief was a piece of genius for
Borglum. Stevenson emerges from the flat plane of
the bronze to convey the image of spes phthisica, a storied term used in the nineteenth century to refer to an
elated mental state thought to be experienced by creative people with consumption, which inspired them
to produce great works.
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Article Title
Fluconazole-Resistant Candida glabrata
Bloodstream Isolates, South Korea, 2008–2018
CME Questions
1. You are advising an infectious disease practice
about management of fluconazole-resistant (FR)
Candida glabrata bloodstream isolates (BSI). On
the basis of the study of South Korean multicenter
surveillance cultures collected during an 11-year
period (2008–2018) by Won and colleagues, which
one of the following statements about mortality and
antifungal resistance of C. glabrata BSI is correct?
A.

2.7% of collected isolates were FR (minimum
inhibitory concentration [MIC] ≥64 mg/L)
B. 30- and 90-day mortality rates were significantly
higher in patients with FR vs fluconazole-susceptible
dose-dependent (F-SDD) isolates
C. Appropriate antifungal therapy was not an
independent protective factor against mortality in
patients with FR isolates
D. The rate of FR remained stable from 2008 to 2018
2. According to the study of South Korean multicenter
surveillance cultures collected during an 11-year
period (2008–2018) by Won and colleagues, which
one of the following statements about antifungal
resistance molecular mechanisms of FR C. glabrata
BSI isolates is correct?

A.

98.5% of FR isolates, but only 0.9% of F-SDD
isolates, had 1 to 2 additional Pdr1p amino-acid
substitutions (AAS) except genotype-specific Pdr1p
AAS, based on PDR1 sequencing
B. Multilocus sequence typing (MLST) showed that one
quarter of FR isolates belonged to ST 7
C. AAS in FR isolates occurred only in the inhibition
domain of Pdr1p
D. The P76S and P143T AAS were specific to FR isolates
3. On the basis of the study of South Korean
multicenter surveillance cultures collected during an
11-year period (2008–2018) by Won and colleagues,
which one of the following statements about clinical
and public health implications of outcomes and
antifungal resistance molecular mechanisms of FR
C. glabrata BSI isolates is correct?
A.

Although FR increased from 2008 to 2018,
echinocandin resistance decreased
B. The findings suggest that the high mortality rate of FR
C. glabrata BSIs is caused solely by FR
C. The findings suggest that 5 MLST genotype-specific
Pdr1p AAS are responsible for azole resistance
D. Increasing prevalence of FR BSI isolates of C. glabrata
worldwide mandates efforts to improve their detection
and implement appropriate antifungal therapy
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Article Title
Effectiveness of Preventive Therapy for Persons Exposed
at Home to Drug-Resistant Tuberculosis, Karachi, Pakistan
CME Questions
1. You are seeing a 45-year-old man diagnosed
recently with a pulmonary infection with multidrugresistant tuberculosis (MDR TB). What can you tell him
about the epidemiology and prognosis of MDR TB?
A.
B.
C.
D.

Tuberculosis trails only infection with Shigella species
as the leading infectious cause of death globally
The success rate for treatment of MDR TB is
approximately 55%
MDR TB is defined by resistance to isoniazid and
ethambutol
MDR TB is unlikely to spread to household contacts

2. The patient lives with 5 other people in a 2-bedroom
apartment. Which one of the following variables are
risk factors for incident infection with tuberculosis
among his contacts?
A.
B.
C.
D.

998

Age 20 to 25 years and obesity
Age 10 to 19 years and underweight
Age 5 to 10 years and obesity
Age less than 5 years and underweight

3. You decide to treat several members of this patient's
family with levofloxacin and ethambutol to prevent
incident tuberculosis. In the main study analysis of
the current study, what were the incidence rate ratio
(IRR) and number needed to treat (NNT) comparing
observed vs expected cases of tuberculosis
associated with preventive therapy?
A.
B.
C.
D.

IRR, 0.87; NNT 412
IRR, 0.40; NNT 64
IRR, 0.22; NNT 16
IRR, 0.08; NNT 4

4. What did the additional analyses of the efficacy
of preventive therapy in the prevention of incident
tuberculosis in the current study show?
A.
B.
C.
D.

They reinforced that preventive therapy was effective
They demonstrated that preventive therapy was not
significantly effective
They demonstrated that preventive therapy was only
effective among adults
They demonstrated that only combinations which
included moxifloxacin were effective
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