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PERSPECTIVE

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 ef-
fects, 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 com-
monalities in transmission and public health response:
case finding, contact identification, and evaluation. Data
supporting interventions for either disease are, under-
standably, vastly different, given the diseases’ different
histories. However, many of the evolving issues affect-
ing 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 in-
terventions. New attention garnered by the pandemic can
ensure that knowledge and investment can benefit both
COVID-19 response and traditional public health pro-
grams such as TB programs.

In addition to having devastating effects on the econ-
omies of the world, the pandemic of coronavirus
disease (COVID-19) itself and the responses entailed
in containment and mitigation efforts could have di-
sastrous consequences for existing public health pro-
grams, 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 CO-
VID-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, ap-
proaches to TB control might hold lessons for the pub-
lic 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 health-
care workers and other susceptible patients and con-
tact 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 ef-
ficient measures to control the diseases. For TB, many
years of clinical and experimental studies have pro-
vided a wealth of information on which to base con-
tact identification, prioritization, and evaluation (4).
Investigations of TB outbreaks have been especially
informative (6). Not surprisingly, this level of under-
standing of SARS-CoV-2 transmission does not exist,
and the relative contributions to transmission of large
respiratory droplets, fomites, and aerosols remain con-
troversial (7). Notably, transmission of both pathogens
has been associated with superspreader events (8-10).

The clinical manifestations of COVID-19 were ini-
tially 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 conse-
quences, is still increasing rapidly (3,11). Both the de-
gree 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 ad-
ministrative, 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 in-
dividual or combinations of measures. These uncer-
tainties preclude the ability to readily identify more
targeted and efficient control strategies. Thus, an ur-
gent 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 PCR-
based testing quickly followed by contact identifica-
tion and evaluation (generally called contact tracing
in the context of COVID-19) is the key strategy in re-
ducing 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 rap-
idly. The core actions involve identifying persons
with the disease (index case-patients) and identi-
fying 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 be-
coming 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, el-
ements of this activity (15,16). Although the same

682

information and approaches apply in generally re-
source-poor, high TB-incidence countries and although
international guidelines exist, implementation of rou-
tine 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. tuber-
culosis 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 symptomat-
ic 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, set-
tling on the mucosal lining of large airways, or be self-
inoculated 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 trans-
mission is not well-quantified (22). However, increas-
ing 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 um in aero-
dynamic diameter (23). Large droplets per se are not
effective vehicles for transmission of M. tuberculosis;
however, as the water content of large droplets evapo-
rates, droplet nuclei are formed. The closeness and du-
ration of exposure to a person with infectious TB, as
well as the ventilation of the space in which the expo-
sure occurs, influence the likelihood of transmission.
Nevertheless, TB outbreaks have been documented
with more casual exposures in churches, schools, nurs-
ing 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 in-
fectious 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 res-
taurant in Guangzhou (Y. Li, unpub. data, https://doi.
org/10.1101/2020.04.16.20067728).

For both TB and COVID-19, cough is a predomi-
nant symptom, and airborne droplets are produced
by any forced expiratory maneuver, especially cough-
ing; at least for TB, the severity of cough is an indi-
cator of transmission risk. For TB, several additional
indicators assist in quantifying the risk for transmis-
sion from the index case and, thus, in assigning prior-
ity 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 rou-
tinely used for COVID-19, although quantification
of viral load in nasal or pharyngeal swab specimens
and an assessment of the severity and duration of re-
spiratory 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 acquisi-
tion of infection with the closeness and duration of ex-
posure 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 out-
er 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 ex-
posed 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
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and, in particular, those charged with investigating out-
breaks and conducting contact tracing, should be certain
that the data being collected will enable analyses direct-
ed toward identifying factors that influence viral trans-
mission. 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 mea-
sures for TB are based on the understanding, backed by
strong empirical and experimental evidence, that M. tu-
berculosis is transmitted nearly exclusively by aerosols
(23,35). Some of the strongest evidence of M. tubercu-
losis 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 ven-
tilation 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 consis-
tent 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 (Dia-
mond Princess) in late January 2020 and the USS The-
odore Roosevelt in March 2020 provide unique oppor-
tunities, similar to those provided by the USS Byrd, to
gain a more detailed understanding of transmission
patterns for SARS-CoV-2. To date, published assess-
ments of COVID-19 outbreaks in these 2 separate set-
tings consist of initial assessments, 1 documenting the
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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 disem-
barkation; 9 tested positive for SARS-CoV-2 (39). No
berthing information is available for those passen-
gers. The USS Roosevelt outbreak investigation was a
serostudy of a convenience sample of 382 crew mem-
bers (40). Although the sample was not representa-
tive of the entire crew, 60% of the participants had
antibodies to SARS-CoV-2, indicating prior infection.
Notably, 20% of the seropositive group denied hav-
ing 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 ven-
tilation patterns in areas inhabited by infected and
noninfected persons could provide important infor-
mation concerning aerosol transmission and the role
of spread of the virus by asymptomatic persons. Al-
though 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 cir-
culation. 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 expe-
rience with TB, considerable patience, skill, and in-
genuity 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 reas-
sign or recruit and train staff, as well as to establish a
robust laboratory diagnostic testing capacity to deliver
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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; invest-
ments required should be used to improve all public
health programs and be sustained over time. Thirty-
five 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 mo-
ment and use the attention garnered by this novel
virus pandemic to ensure that new investments con-
tribute not only to the control of COVID-19, but also
to the strengthening of older, yet very relevant pub-
lic 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 establish-
ment of public health programs, and these programs
were geared to deal with TB as a public health prob-
lem (46,47). Public health approaches to COVID-19,
relying as they do on accelerated responses, digital
technologies, and large numbers of trained communi-
ty-based contact investigators, could establish a new
more comprehensive paradigm for the public health
programs of the future.
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EID Podcast
Telework during
Epidemic
Respiratory lliness

The COVID-19 pandemic has caused us
to reevaluate what “work” should look like.
Across the world, people have converted
closets to offices, kitchen tables to desks,
and curtains to videoconference back-
grounds. Many employees cannot help but
wonder if these changes will become a
new normal.

During outbreaks of influenza, corona-
viruses, and other respiratory diseases,
telework is a tool to promote social dis-
tancing and prevent the spread of disease.
As more people telework than ever before,
employers are considering the ramifica-
tions of remote work on employees’ use of
sick days, paid leave, and attendance.

In this EID podcast, Dr. Farugue Ahmed,
an epidemiologist at CDC, discusses the
economic impact of telework.

Visit our website to listen:
https://go.usa.gov/xfcmN
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Genomic Evidence of In-Flight
Transmission of SARS-CoV-2
Despite Predeparture Testing

Tara Swadi,* Jemma L. Geoghegan,* Tom Devine, Caroline McElnay, Jillian Sherwood, Phil Shoemack,
Xiaoyun Ren, Matt Storey, Sarah Jefferies, Erasmus Smit, James Hadfield, Aoife Kenny, Lauren Jelley,
Andrew Sporle, Andrea McNeill, G. Edwin Reynolds, Kip Mouldey, Lindsay Lowe, Gerard Sonder,

Alexei J. Drummond, Sue Huang, David Welch, Edward C. Holmes, Nigel French, Colin R. Simpson, Joep de Ligt

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 manda-
tory testing for severe acute respiratory syndrome coro-
navirus 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 passen-
gers 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 pro-
gression, 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 transmis-
sion are likely.
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In response to the growing international risks as-
sociated with importation of coronavirus disease
(COVID-19), on March 20, 2020, New Zealand closed
its borders to all but New Zealand citizens, perma-
nent 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. Per-
sons 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 fa-
cilities 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 respira-
tory 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 Auck-
land, 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 dif-
ferent countries before a layover in Dubai; prede-
parture SARS-CoV-2 test results were negative for 5
(Figure 1). These 7 passengers had been seated with-
in 4 rows of each other during the ~18-hour flight
from Dubai to Auckland. Because recent studies
have reported conflicting findings of the risks associ-
ated with in-flight transmission (2-4), we undertook
a comprehensive investigation to determine the po-
tential source of infection of these travelers.

These authors contributed equally to this article.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 3, March 2021 687



SYNOPSIS

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

Case Details and Consent

In New Zealand, COVID-19 is a notifiable disease;
all positive cases are reported to the national surveil-
lance system, enabling further public health investi-
gation. 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 notifi-
able diseases database, EpiSurv (https://surv.esr.
cri.nz/episurv/index.php). While in MIQ, all 86 pas-
sengers 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 pre-
vious test result was negative. Cabin crew members
departed New Zealand soon after their arrival and
were therefore not tested. Investigations used infor-
mation 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

Genome Sequencing

Independent viral extracts were prepared by the
Institute of Environmental Science and Research
(Porirua, New Zealand) from the 7 positive respira-
tory tract samples in which SARS-CoV-2 was initially
detected by rRT-PCR. We extracted RNA from SARS-
CoV-2-positive samples and subjected it to whole-ge-
nome 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 pas-
sengers 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 phy-
logenetic 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
amonyg sites (HKY+T), 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
meantime+13 hours) (Table2). The meanincubation
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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 pas-
sengers A, B, D, E, F, and G, and a 3-day incuba-
tion 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 Boe-
ing 777-300ER aircraft. It departed Dubai on Sep-
tember 28, 2020, at 5:29 pm; arrived in Kuala Lum-
pur 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 Lum-
pur. The flight arrived in Auckland on September
29 at 11:31 am. During the flight and before depar-
ture in Dubai airport, mask use was not mandato-
ry; 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

In-Flight Transmission of SARS-CoV-2

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. Passen-
gers 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 Ro-
torua, New Zealand. All passengers reported wear-
ing 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 Ro-
torua 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 SARS-
CoV-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 Identicalt 1 additional Identical Identical Identical
mutation

Genome ID (GISAID 20CV0408 20CV0409 20CV0410 20CV0401 20CV0398 20CV0414 20CV0415
accession no.) (5) (EPL_ISL_ (EPL_ISL_ (EPL_ISL_ (EPLISL_ (EPL_ISL_ (EPL_ISL_ (EPL_ISL_

582019) 582020) 582021) 582018) 582017) 582022) 582023)
Preflight testing result Negative Negative Negative Negative Not tested Negative Not tested
(date)f (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 C; GeneXpert, GeneXpert, GeneXpert, GeneXpert, GeneXpert, BD Max, BD Max,

E-gene C; E-gene C, 27, E-gene C; E-gene C; E-gene C; N1-gene C; N1-gene C;

14.3, N2- N2-gene C; 33.3, N2-gene 18.5 N2-gene 18.5, N2 gene 22.0 N2-gene 22.1, N2-gene

gene C; 16.4 29.3 C:36.8 Ci20.4 Ci22.3 Ci22.3 Ci19.1
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 5h 44 min
Seat no. on flight 26G 26D 24C 27D 28G 24D/E/FIG
PPE worn on airplane  Face mask Face mask Not reported Face mask Not reported Face mask Face mask
and bust and glovesY and glovesY 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.
TPartial genome obtained (1 amplicon failed, resulting in 1,200 ambiguous nucleotide bases) but has the 5 defining mutations of the cluster.
fSelf-reported.
8§GeneXpert, https://www.cepheid.com; BD Max, https://www.bd.com.
fIReportedly 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
Arrived Kuala Lumpur, Malaysia, Sep 28, 7:11 Pm
Departed Kuala Lumpur Sep 28, 9:03 pm
Arrived Auckland, Sep 29, at 11:31 AM

Departed Dubai, Sep 28, 5:29 pm
Arrived Kuala Lumpur, Sep 29,12:11 AM
Departed Kuala Lumpur, Sep 29, 2:03 AM

Arrived Auckland, Sep 29, 11:31 AM

Passengers A and B

Depart Zurich, Switzerland, Sep 27, 3:25 pm
Arrived Dubai, Sep 27, 11:02 Pm

Departed Zurich Sep 28, 2:25 am
Arrived Dubai, Sep 28, 8:02 AM

Passenger C

Departed Kiev, Ukraine, Sep 27, 3:16 pmt
Arrived Dubai, Sep 27, 8:59 pm

Departed Kiev Sep 28, 1:16 AMT
Arrived Dubai, Sep 28, 5:59 AM

Passenger D

Departed Dublin, Ireland, Sep 27, 2:10 pmt
Arrived Dubai Sep 28, 12:05 Am

Departed Dublin Sep 28, 2:10 amt
Arrived Dubai Sep 28, 9:05 AM

Passenger E

Departed Kochi, India, Sep 25, 8:21 AM8
Arrived Dubai, Sep 25, 10:35 AM

Departed Kochi Sep 25, 2:51 Pm§
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 AmY|
Arrived Dubai Sep 28, 02:45 Am

Arrived Dubai Sep 28, 11:45 AM

*Daylight savings time zone (Greenwich mean time +13 hours).
tFlight EK2354.

FFlight 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 Sep-
tember 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 report-
ed symptom onset (rhinorrhea, general weakness,
cough, and muscle pain) on October 2. Test results
for samples collected on October 2 from both per-
sons were positive.

Test results for passenger C were also positive
on October 2, but the passenger did not report symp-
toms 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 Oc-
tober 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 in-
cluded coryza, headache, muscle pain, general weak-
ness, 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 Oc-
tober 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 infec-
tion. 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 posi-
tive 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 pas-
senger A on October 1, consistent with having been
infectious while on flight EK448 2 days earlier (Fig-
ure 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. Passen-
ger 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 con-
sistent with in-flight transmission. Passenger G was
a travel companion of passenger F, and their date of

Figure 4. Simplified maximum-
likelihood 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

In-Flight Transmission of SARS-CoV-2

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 surveil-
lance purposes. The sequences obtained were as-
signed 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

identical, sampled September 2-23, 2020. Scale bar shows the number of mutations relative to the closest reconstructed ancestor

from available global data.
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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 Septem-
ber 2-23. These findings were consistent with virus
introduction onto the airplane from Switzerland by
passenger A, B, or both (Figure 5). Nevertheless, ac-
curately 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 passen-
ger C as the source.

Discussion

Evidence of in-flight transmission on a flight from
the United Arab Emirates to New Zealand is strong-
ly 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 case-
patients infected before the flight, 4 (C, D, E, and F)
were probably infected during the flight, and the re-
maining passenger (G) was probably infected while
in MIQ. All 7 passengers were seated in aisle seats
within 2 rows of where the presumed index case-
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patient(s) were seated.

Combined, these data present a likely scenario of
>4 SARS-CoV-2 transmission events during a long-
haul flight from Dubai to Auckland. These transmis-
sion 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 se-
quencing, an in-flight seating plan, and dates of dis-
ease onset. These data do not definitively exclude an
alternative exposure event, such as virus transmis-
sion at the Dubai airport before boarding (e.g., dur-
ing 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 trans-
mitted during flight have recently been published
(3,4,16,17). Those reports, along with the findings
we report, demonstrate the potential for SARS-
CoV-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 inop-
erative for 30 minutes during the 2-hour refueling
stop in Kuala Lumpur, such that the environmental
control system would not have been working dur-
ing 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 prede-
parture testing, including the modality and timing of
any such testing. Although not definitive, these find-
ings underscore the value of considering all interna-
tional passengers arriving in New Zealand as being
potentially infected with SARS-CoV-2, even if pre-
departure 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
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Nigeria Centres for Disease Control and Prevention es-
tablished 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 sys-
tem 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 out-
breaks. Interviewees provided multiple examples of ear-
lier outbreak detections but suggested notifications and
logging could be improved to ensure action. EBS proved
effective in detecting outbreaks, but we noted clear op-
portunities for efficiency gains. We recommend improv-
ing signal logging, standardizing processes, and revising
outputs to ensure appropriate public health action.

In 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 sus-
tained commitment to global health security with a fo-
cus on the implementation of the International Health
Regulations (IHR 2005) (4). The World Health Orga-
nization considers implementation of event-based sur-
veillance (EBS) a major priority for developing coun-
tries worldwide and a critical component for meeting
IHR (2005) commitments (5,6).
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EBS is the organized and rapid capture of in-
formation about events that are a potential risk to
public health (7). Information captured by EBS can
include rumors and other ad hoc reports from indi-
rect 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 ani-
mals; contaminated food products; and water and
environmental hazards (7).

EBS systems have been implemented across Af-
rica but most are at the community level (8-11). Sup-
porting 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 sup-
port this implementation (12). Sharing knowledge
and best practices from the few existing national EBS
systems implemented in Africa is crucial for inform-
ing this process.

The Nigeria Centres for Disease Control and Pre-
vention (NCDC) introduced EBS in 2016. NCDC EBS
was supported by the University of Maryland Bal-
timore (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 informa-
tion 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 ob-
jectives and provide recommendations to improve
effectiveness and efficiency and maximize utility of
the system.

Methods

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 compris-
ing quantitative and qualitative data collection using
semistructured interviews, document reviews, obser-
vations, questionnaires, and analysis of routinely col-
lected data.

We conducted 19 semistructured interviews by
purposive sampling of key NCDC staff members di-
rectly involved in or receiving outputs from the EBS
system. Staff included call handlers, surveillance of-
ficers, 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 informa-
tion for certain attributes, such as ease of use, produc-
tion 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 supple-
mented 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 manu-
ally linked escalated signals to raw source signals.
We linked escalated signals to raw source signals if
the following were consistent: disease or syndrome;
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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 detect-
ed, we defined a signal cluster as linked signals on
the same disease or syndrome that occurred +2 days
in the same geography (Table 1).

Evaluation

Data Quality

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 num-
bers of cases associated with the signal.

Acceptability and Simplicity

We used questionnaires and semistructured staff in-
terviews to investigate the ease of use of EBS system
components, including data entry, logging of calls,
prioritization of signals, escalation, and ease of pro-
ducing 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 event-
based 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 definitiont

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.

TWHO 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 state-
ments 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 re-
trieved 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 regard-
ing 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 evalua-
tion attributes by 2 investigators.

Results
Description of the EBS System

Detection of Signals

In accordance with the World Health Organization
definition of a signal of interest (7), NCDC’s EBS de-
tected 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 lan-
guage 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, facilitat-
ing communications with the public, healthcare
workers, and surveillance officers. The Connect
Centre operated telephone, text messaging, and
WhatsApp (https://www.whatsapp.com) plat-
forms to receive signals. All communications were
logged on SugarCRM.
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Manual searches of online media sources includ-
ed online news media websites, television, and radio.
Daily online media searches were performed using
a news aggregator website (http://ww?38.latestnige-
rianews.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 individ-
ually 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 sig-
nal 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 de-
partment 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 sig-
nal 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 re-
lated actions.

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 as-
signed to NCDC.

As part of their roles in EBS, 2 senior NCDC sur-
veillance officers acted as the surveillance focal point
responsible for the follow up of escalated signals. A fur-
ther 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 de-
scriptive text fields, such as in newspaper headlines.
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Logs of escalated signals were maintained in Ex-
cel during September 1, 2017-December 1, 2017, and
then replaced by paper logbooks. Both Excel and the
paper log contained records of escalated signals de-
tected 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 record-
ed by the EBS team over the evaluation period, 99
(96%) included data concerning the source of the in-
formation, 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 concern-
ing the verification of escalated signals. Information
logged included date of signal escalation, signal de-
tails, source of information, source person, investiga-
tion outcomes, and action taken. During the evalu-
ation, 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.

Raw Signals Detected

During November 1, 2016-June 30, 2018, the EBS sys-
tem detected 69,831 raw signals. Peaks in raw signals
were observed during periods of known national
disease outbreaks, including the peak of a meningi-
tis outbreak during March-April 2017, a cholera out-
break during September 2017, a monkeypox outbreak
during October 2017, and a Lassa fever outbreak dur-
ing January-March 2018 (Table 3). Among raw sig-
nals, 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 cat-
egorized 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) in-
cluded 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 geo-
graphic information, among which 22,489 refer-
enced states (multiple states were recorded in 1,428
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records). Niger State was most frequently refer-
enced (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 re-
cords 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 esca-
lated events, 61 (44%) were from the Connect Centre,

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
Tatafot 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.

tTatafo 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 record-
ed 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 be-
fore escalation so that a record indicated that the
original raw signal was triaged and logged appro-
priate 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 Cen-
tre 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*

Date raw Top infectious disease topics

signal Lassa HIV/ Meningitis, Monkey  Yellow

detected fever AIDS CSM Ebola Cholera  Polio  Malaria pox fever B Other  Total

2016
Nov 6 269 4 118 33 206 166 0 3 20 496 1,321
Dec 83 727 1 51 17 63 42 0 2 3 170 1,159

2017
Jan 206 54 3 56 1 368 39 0 6 10 437 1,180
Feb 479 440 6 42 7 79 91 0 7 7 184 1,342
Mar 749 279 832 148 102 319 83 0 12 167 200 2,891
Apr 255 385 5,116 113 44 101 372 0 9 40 288 6,723
May 374 270 1,035 1,768 76 93 210 0 11 6 178 4,021
Jun 266 469 384 106 154 167 112 0 9 37 256 1,960
Jul 215 470 89 81 215 116 199 0 14 59 389 1,847
Aug 1,308 269 48 208 116 138 241 0 10 26 262 2,626
Sep 254 266 33 152 2,100 95 166 4 209 37 470 3,786
Oct 130 300 38 268 231 399 157 3,034 357 59 1,408 6,381
Nov 36 524 18 116 102 126 331 316 42 85 716 2,412
Dec 23 1,267 43 114 210 100 186 123 400 47 485 2,998

2018
Jan 1,494 335 49 150 92 371 115 25 615 15 379 3,640
Feb 2,008 363 67 190 41 105 186 19 152 38 436 3,605
Mar 2,812 442 91 350 139 231 212 11 104 204 742 5,338
Apr 1,216 476 48 158 244 302 1,072 33 215 45 554 4,363
May 407 585 30 2,777 676 172 456 20 40 39 705 5,907
Jun 108 489 55 264 531 195 176 35 66 63 793 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. tFor
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 ef-
fective 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 noti-
fications, although vital, were often unstructured and
lacked targeting to ensure action.

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

Staff considered manual searches time-consum-
ing and resource intensive. Senior staff expressed
concern that the time spent on manual searches po-
tentially 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 connectiv-
ity, 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 auto-
mated; 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 perform-
ing 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 es-
calation 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 appro-
priately triggered public health investigation. Inter-
viewees considered the EBS system useful for dis-
ease 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)
Language translation in Nigeria is
an issue. There are three main
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)

We need something better to
record what happens. When
something is escalated... there
needs to be an electronic record
of it where | can view it and see
what it is concerning and whether
it has been followed up and what
the action taken was. (Deputy
director)

Underdetection of events in
areas where English was not
the main spoken language

Suboptimal recording limited
effective oversight

*EBS, event-based surveillance.
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routine integrated disease surveillance and response
reporting in Nigeria. Interviewees reported that sev-
eral large outbreaks were detected earlier or exclu-
sively by EBS, primarily by Tatafo, including early
detection of a large monkeypox outbreak that would
not have been subject to routine surveillance. How-
ever, comparison of EBS with integrated disease sur-
veillance and response is not practical due to lack of
detailed recording of outbreaks investigated in rela-
tion 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, how-
ever 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 to-
ward urban areas. Further, Nigeria has >520 different
spoken languages; limitation to English, the official
language of Nigeria spoken by =53% of the popula-
tion, 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 geo-
graphical 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. How-
ever, 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 un-
derstanding 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. Fur-
ther, 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 esca-
lated signals were recorded as investigated or veri-
fied. 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 over-
sight. 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 appropri-
ate responders more efficient.

Although interviewees indicated that several ma-
jor outbreaks were detected earlier than would have
been evident via routine indicator surveillance, if de-
tected 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 estimat-
ing 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 search-
es 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 limi-
tations. 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 re-
quired public health action. Some signals requiring
investigation likely were not identified by the EBS
surveillance system.

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.
Accordingtoitsusersand NCDCleadership, the EBS
system helped trigger public health actiontoaddress
events of concern that otherwise might not have
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been detected or for which response might have been
delayed. However, the extent to which investiga-
tion and response improved was difficult to estab-
lish in view of limitations in recording. EBS tasks,
such as prioritization, were not performed consis-
tently and a lack of recording hindered oversight
in ensuring appropriate public health action oc-
curred. 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 main-
tenance of the NCDC EBS system required funding
and investments in resources, including software sys-
tems, staff, training materials. At the time of our eval-
uation 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 rec-
ommended implementation of SOPs, centralized
event and response logging, targeted outputs, and
continuous quality improvement processes. In addi-
tion, Tatafo should be enhanced to include non-Eng-
lish languages. We recommend public health orga-
nizations with surveillance needs similar to those in
Nigeria use our evaluation to inform implementation
of national EBS systems.
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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 au-
reus IE (SalE). 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 young-
er than those with StIE and SalE, were predominately
boys, and had higher temperature at admission, history
of oral aphthae before |IE diagnosis, and higher lympho-
cyte count (p<0.05). Pediatric KIE exhibits unique fea-
tures compared with StIE and SalE. 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 suspect-
ed as the causative pathogen.

nfective endocarditis (IE) is a rare but potentially

life-threatening disease in children and has an in-
cidence of 0.8-3.3 cases/1,000 pediatric hospital ad-
missions (1). Although early reports described IE
exclusively in children whose hearts were structur-
ally 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 pa-
tients. In addition to children with congenital heart
disease, other groups of children have emerged as be-
ing at high risk for IE, including children born prema-
turely; those with noncardiac congenital malforma-
tions, 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 a-hemolytic viri-
dans group streptococci (e.g., Streptococcus sanguis,
S. mitis group, and S. mutans), staphylococci, and en-
terococci. In patients with IE who are >1 year of age,
the viridans group streptococci are the most com-
monly 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, Agqregatibacter acti-
nomycetemcomitans, Cardiobacterium hominis, Eikenella
spp., and Kingella kingae) is a rare cause of IE, account-
ing for ~1.4% of all cases of endocarditis (2,4).

Kingella spp. are carried asymptomatically in
the oropharynx and disseminate through close in-
terpersonal contact. These gram-negative bacteria
(especially K. kingae) are commonly the etiology of
pediatric bacteremia and the leading cause of osteo-
myelitis 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 predis-
posing conditions (6).

Kingella 1E (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 pediat-
ric population in a few published reports. Kingella

These authors contributed equally to this article.
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appears to cause an even higher number of endo-
cardial 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 cas-
es of KIE (12). Serious cardiovascular and central
nervous system complications and a need for emer-
gent cardiac surgery for life-threatening complica-
tions that do not respond to conservative medical
treatment have been described in the pediatric pop-
ulation (13). Kingella spp. as a causative pathogen
of endocarditis has been poorly studied, and the
number of studies regarding the pediatric popula-
tion 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 ex-
cluded 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 associ-
ated 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 manu-
facturers’ instructions for bacteria identification.
Antimicrobial-susceptibility profiles of the isolates
were determined by the disk diffusion method (Ox-
oid, 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
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medical history, clinical manifestations, laboratory
findings, imaging studies, treatment, and outcome.
The characteristics of KIE were compared with char-
acteristics of Streptococcus species IE (StIE) and S. au-
reus IE (SalE). The study was approved by the local
institutional review board.

Statistical Analysis

To compare baseline correlates between case catego-
ries, we employed a x? test for categorical variables,
analysis of variance test for parametric continuous
data, and Kruskal-Wallis test for nonparametric con-
tinuous data. We calculated p values for the post hoc
comparison with Bonferroni correction for the num-
ber of comparisons. Statistical analyses were per-
formed 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. pneu-
moniae [n = 6], and S. pyogenes [n = 2]); and in 16 pa-
tients (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 non-
KIE (16 + SD 10.29 months vs. 91 + SD 74.11 months;
p<0.001). Although the difference was not statistical-
ly 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 que-
ries 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 statistical-
ly significant differences were observed in previous
noncardiac disease and previous interventions (sur-
gery, 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 proceduret 0 (0) 6 (15) 0.195
Long-term CVL 0 (0) 5(12) 0.277
Recent catheterizationt 4 (21) 6 (15) 0.804
Time from catheterization to infection, wk 14.50 (10-23)% 6.00 (2.9-14)t 0.24
Community-acquired infection 19 (100) 33 (80) 0.097

*Values are no. (%) except as indicated. CVL, central venous line.

TRecent catheterization or dental procedures defined as <6 mo before diagnosis of infective endocarditis.

fMedian (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 ex-
amined (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. Hepa-
tosplenomegaly was more common among non-KIE
patients. Approximately a quarter of KIE patients re-
ported 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 find-
ings were noted.

The leukocyte count at admission differed signifi-
cantly 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 ap-
proached significance (p = 0.055) in neutrophil-lym-
phocyte 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 param-
eters of the complete blood count or the level of inflam-
matory 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 non-
KIE group (p<0.001) fulfilled the Duke major clinical
criterion blood culture component. However, blood-
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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 diagno-
sis of a heart murmur (p = 0.027) and hepatospleno-
megaly (p<0.001) were less prevalent in patients
with KIE. The absolute leukocyte count was signifi-
cantly higher in the KIE group than in the StIE group
(p<0.005). KIE was significantly more likely to be
community-acquired than SalE (p<0.012). Absolute
neutrophil count was significantly lower in the KIE
group than the SalE 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 non-
KIE. 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 intrahospi-
talization death rate of 17%.

Discussion

In this study we described the distinct features of pe-
diatric KIE in a large cohort. We found that pediatric
patients with KIE have similar characteristics, en-
abling the suspicion of Kingella as a causative patho-
gen when patients seek care. KIE is community-ac-
quired and occurs in children (mean age 16 months)
who are experiencing hyperpyrexia and have no his-
tory 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 indi-
cating that Kingella are often carried in the orophar-
ynx 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 signifi-
cantly more prevalent in the KIE group than the non-
KIE group (4.27 K leukocytes/mL vs. 2.21 K leuko-
cytes/mL). This finding is probably because of the
younger age of KIE case-patients. Children with KIE
had fewer positive blood cultures and shorter dura-
tion 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 pro-
longed antimicrobial regimens for eradication.

A previous study in Israel suggests that the pro-
portion of pediatric KIE cases in Israel is rising, from
4.2% of total IE cases during 1980-1991 to 14% dur-
ing 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 differenti-
ating 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) <0.001ft
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 involvementt 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.

tBy Mann-Whitney test.

fPercentage 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) <0.001t
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) 0.0038
Temperature, °C, median (IQR) 40 (39.45-40) 39 (39-39.6) 39 (38.4-40) 0.013f
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 0.002t
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) 0.0128
Lymphocytes, K/mL, mean (SD) 4.27 (+ 3.04) 2.09 (+ 1.36) 2.40 (+ 2.38) 0.007t
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) <0.001t
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 <0.001t
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.

TDenotes statistical significance between Kingella IE and both Streptococcus IE and Staphylococcus aureus IE.

fDenotes 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 be-
tween the KIE group and the SalE subgroup; how-
ever, larger numbers are needed to draw significant
conclusions. The similar trends observed in these
groups emphasize the high risk for major complica-
tions in KIE as observed in previous studies (16,26).
For reasons unknown, KIE causes devastating dam-
age 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 clini-
cal 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 a-toxin, a pore-forming exotoxin, has also
been implicated as a major cause of cardiac tissue
damage in SalE (29).

The limitations of our study include its retrospec-
tive data gathering and the relatively small cohort.
We did not include cases of IE caused by coagulase-
negative 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 p value
Surgical intervention 8 (42) 15 (37) 0.958
Urgent surgical interventiont 4 (8) 4 (15) 0.07
Congestive heart failure 7 (37) 7@17) 0.192
Valvular impairment 11 (58) 15 (37) 0.233
Central nervous system involvement 4 (21) 8 (20) 1
Intrahospital death 0(0) 6 (17) 0.131

*|E, infective endocarditis.
1<10 days after diagnosis.
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nosocomial and foreign body-associated endo-
carditis and occur in a distinct hospital-associated
population. Including those bacteria would have bi-
ased 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 Kin-
gella endocarditis. An additional limitation is a se-
lection 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 SalE.
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,
Caitlin E. Shockey, David Daigle, Zachary D. Schneider, Julia Charles, Atsuyoshi Ishizumi,
Andrea Stewart, Laura A Vonnahme, Clive Brown, Stefanie White, Nicole J. Cohen, Marty Cetron?

Public health travel restrictions (PHTR) are crucial mea-
sures during communicable disease outbreaks to prevent
transmission during commercial airline travel and miti-
gate cross-border importation and spread. We evaluated
PHTR implementation for US citizens on the Diamond
Princess during its coronavirus disease (COVID-19) out-
break 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.

Public 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 Look-
out (PHLO) record (2,3). The DNB, established in
2007, prevents travelers who are contagious or po-
tentially contagious with a communicable disease
of public health concern from obtaining a boarding
pass for any commercial flight within, to, or from the

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: https://doi.org/10.3203/eid2703.203820
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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 per-
son 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 agen-
cies, or international partners may initiate PHTR re-
quests 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 syn-
drome 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 expo-
sure. 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 larg-
est single cohort on US federal PHTR previously com-
prised 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 for-
eign 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 Prin-
cess, 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 pas-
sengers and 1,045 crew (6). Two days earlier, 1 symp-
tomatic 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 Febru-
ary 5, additional passengers on the cruise ship tested
positive for the virus; Japanese authorities instituted
a 14-day onboard quarantine for all passengers. Effec-
tive quarantine of the crew was challenged by com-
munal living quarters, few single-occupancy rooms
for isolation, and the need for crew to continue per-
forming 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 test-
ed negative. During Japan’'s 14-day quarantine, pub-
lic health authorities relocated passengers >80 years
of age or with underlying conditions, along with pas-
sengers residing in windowless cabins, to land-based
quarantine facilities (7).

Preliminary data suggested that although most
transmission occurred before quarantine implemen-
tation, 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 Prin-
cess, representing 14% of those on board; additional
test results were pending. Concurrently, positive tests

US Travel Restrictions and COVID-19 on Ship

among passengers were declining, but positive cases
were increasing among the crew (7). The overall in-
fection rate on the Diamond Princess (19.2% of pas-
sengers 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 citi-
zens 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 CO-
VID-19 aboard the ship during the quarantine, and
to prioritize US citizen welfare and safety, the US
government offered a large-scale voluntary repatria-
tion involving controlled movement of US citizens,
permanent residents, and their partners from the Dia-
mond Princess to the United States and encouraged
all eligible to participate. A total of 329 persons dis-
embarked 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 Ja-
pan (USEMB Japan), informed US citizens and resi-
dents that those electing to remain in Japan would be
placed on PHTR (18). CDC rapidly established an ac-
tive monitoring process to confirm that persons not
testing positive for SARS-CoV-2 remained asymp-
tomatic 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 SARS-
CoV-2 infection or underlying health problems;
others were spouses or travel companions of hospi-
talized patients, crew members, or persons who de-
clined 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 citi-
zens 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 com-
mercial travel would be allowed after they had been
off the ship for 14 days, provided they remained as-
ymptomatic and had not tested positive for SARS-
CoV-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; Appen-
dix Figure 1, panel A, https:/ /wwwnc.cdc.gov/EID/
article/27/3/20-3820-Appl.pdf). For those who ex-
perienced symptoms during the monitoring period,
CDC and USEMB Japan facilitated medical evalua-
tion 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: docu-
mentation 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 im-
provement 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 spec-
imens 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 ap-
proval of local public health centers (19,20). Obtain-
ing additional tests to meet CDC criteria (criteria 1;
Appendix Figure 1) was challenging for many hos-
pitals, 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; Appen-
dix Figure 1, panel C). Time-based criteria were deter-
mined 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 hospi-
tals 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 pa-
tients, 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 com-
munication 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 implementa-
tion, we described characteristics of persons subject to
PHTR: US state of residence; sex; age; crew or passen-
ger; history of close contact with a case (e.g., infected
cabin mate); number of cabin mates; initial SARS-
CoV-2 test result; presence of symptoms at the time
of testing (symptomatic or asymptomatic), and dispo-
sition (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 remov-
al to the modified criteria. We described outcomes,
successes, and challenges of the monitoring process
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to identify lessons learned, based on our professional
judgment and expertise on containing infectious dis-
eases. 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 per-
sons 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 disem-
barking 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 criti-
cally 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 Feb-
ruary 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%) com-
pleted 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 per-
sons 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% ClI) 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) 0.005t
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.

1By 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) (Fig-
ure 4). Multiple persons reported persistent positive
test results after symptom resolution; complete infor-
mation was not available for the full cohort. CDC re-
moved all PHTR by April 15.

Discussion

The Diamond Princess COVID-19 outbreak rep-
resents 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 epi-
demic rapidly became a pandemic. Lessons learned
from the experience of implementing PHTR on an un-
precedented scale can inform the future use of PHTR
in outbreaks with pandemic potential.

The first critical lesson is that during a novel dis-
ease epidemic, the lack of information about the dis-
ease challenges the general practice that ethical use
of PHTR requires evidence-based decisions regard-
ing when persons may be contagious or at risk of be-
coming contagious (6). CDC routinely uses PHTR for
diseases such as infectious tuberculosis or measles,
in which case definitions and criteria for determin-
ing noninfectiousness are well established (3). Dur-
ing this incident, little was known about SARS-CoV-2
transmission; transmission dynamics in Wuhan, Chi-
na, and during the severe acute respiratory syndrome
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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 ob-
served notable challenges in identifying persons who
might transmit SARS-CoV-2 during travel or contrib-
ute to cross-border spread of disease (22). Limited in-
formation was available to determine whether poten-
tially 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 de-
termined and it was possible to persistently test posi-
tive (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 laborato-
ries in Japan and obtaining medical records and Eng-
lish translations (24). These challenges highlight the
importance of multinational coordination at all levels
and sectors. CDC used the best available data to mod-
ify criteria as needed through the event, ensuring that
PHTR removal criteria were both evidence based and
feasible in the international setting. The modified cri-
teria 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 chal-
lenges to meeting those criteria.

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



US Travel Restrictions and COVID-19 on Ship

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 indi-
vidually to the DNB and PHLO, document that crite-
ria 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 de-
tailed passenger and crew manifests, it was relatively
straightforward to identify, notify, and obtain con-
tact information for the persons at risk. If exposure
had occurred in a less well-defined situation, iden-
tification 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 remov-
al is completed by US jurisdictions or foreign public
health authorities (1-3). For this event, CDC inde-
pendently created a mechanism to document that ex-
posed persons remained asymptomatic at the end of
the 14-day period through an active monitoring pro-
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cess that continued past the end of Japan’s mandated
quarantine period. Despite rapid implementation,
CDC’s monitoring process worked well: most travel-
ers 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 ac-
tive monitoring information from Diamond Princess
travelers and responding to individual travelers” que-
ries about their situations. However, in situations in
which this level of coordination is unlikely or per-
sons 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 per-
sons 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 travel-
ers” 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 high-
quality 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 re-
turn safely to the United States (1), but this option is
challenging on a large scale and may have been es-
pecially 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 de-
layed for public health reasons by requesting airlines
to waive rebooking fees.

Limitations of the analysis were incomplete infor-
mation, including hospital locations and clinical se-
verity, 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 transmis-
sion 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 Prin-
cess travelers under active monitoring and never
tested. Transmission on the cruise ship was possi-
ble for many days before the vessel quarantine be-
gan; 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 high-
risk exposures and advises persons who are symp-
tomatic, 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 infec-
tious. 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 dur-
ing the coronavirus disease pandemic. We searched the
literature to systematically review whether GeneXpert-
based testing of pooled sputum samples achieves sensi-
tivity 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 car-
tridge savings. Our results show that pooling may improve
efficiency of GeneXpert-based testing.

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 en-
dorsed Xpert MTB/RIF for laboratory detection of
tuberculosis (TB) (1), signaling a sea change for di-
agnosing TB. Xpert MTB/RIF increased sensitivity
over microscopy and its ability to simultaneously de-
tect 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 ne-
gotiated 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 dis-
rupting 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-test-
ing 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 test-
ing (3). There is an urgent need to develop laboratory
testing approaches to expand TB diagnostic and case-
finding services in preparation for crises, such as the
COVID-19 pandemic.

GeneXpert-based testing for TB requires 1 car-
tridge 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 process-
ing. If a pooled-sample test is negative, all samples in
the pool are considered negative; if the pooled-sam-
ple 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 screen-
ing donated blood for hepatitis and syphilis) (4-9).
The method can substantially reduce workload and
cost and, for TB, could more efficiently process sam-
ples for diagnosis. We reviewed the literature to de-
termine 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 test-
ing using GeneXpert for pulmonary TB on pooled
samples would result in similar numbers of patients
being confirmed with TB as testing samples individu-
ally. Secondarily, we aimed to describe the advan-
tages 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 Janu-
ary 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/27/3/20-
4090-Appl.pdf). S.V.M.A.L. and K. K. eliminated du-
plicates, screened titles and abstracts, and read full
texts to determine eligibility. We also searched for ar-
ticle 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 ex-
cluded studies that pooled several samples from the
same patient to increase the yield and those that in-
cluded samples other than sputum. Given the paucity
of studies, we included both those that directly pro-
cessed 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. re-
solved disagreements by consensus.
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Data extracted included study identifiers (au-
thor, 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 speci-
ficity 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. Specific-
ity 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 inter-
vals 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 partici-
pants 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 As-
sessment 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/ core-
software-cochrane-reviews/revman/revman-5-down-
load) to generate the graphs on the risk of bias (Ap-
pendix 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 meta-
regression. 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 pub-
lication 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 confer-
ence 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 col-
lected stored samples with known GeneXpert results.
Studies pooling direct clinical samples were conduct-
ed 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 posi-
tive specimens in each pool to explore the effect on
sensitivity. Pools were prepared with clinical samples
from consecutive patients in 5 studies and in bench-
prepared spiked sputum in a laboratory setting in 1
study. The latter study had also prepared the pool
using combinations of smear-positive/culture-pos-
itive 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 manufactur-
er’s guidelines. Studies that processed and homog-
enized 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 col-
lected 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%) par-
ticipants 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 (26) per pool were in the bench-
based study. Only 2 studies reported specificity, 1 in
which pools were tested with Xpert MTB/RIF (99%,
95% CI194%-100%) and 1 in which pools were tested
with Ultra (100%, 95% CI 96%-100%; Table 2) (12,15).
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The 2 studies (13,14) combining 2 sputum sam-
ples 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 sensi-
tivity ranges for Xpert MTB/RIF (63%-81%) and for
Ultra (80%-100%) (Table 2).

Given that all studies had <200 pools, we com-
bined the results from all studies with similar pool siz-
es and test type (e.g., all studies that pooled 4 samples
and test them using Xpert MTB/RIF) to evaluate the ef-
fect of the number of pooled samples on accuracy. Al-
though 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 pan-
demic 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 RIF-
recruited No. cartridge  Pooling  No. GX-pos,t  GX-neg,t 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
(23) 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
(24) 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
(20) 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.

tSingle tests.
13 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 spu-
tum. If only pools containing a positive sputum sam-
ple were considered, 109/114 2-sputa pools tested by
Xpert MTB/RIF had a MTB-positive result (sensitivity
93.2%,95% CI187.09%-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-pos-
itive 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 (C) values of the pooled samples compared
with the individual tests. Most of the C, changes were
relatively small, although studies were not sufficient-
ly powered to determine statistical significance. One
study reported that the pooled Xpert MTB/RIF test
was negative in 5/10 samples with very low indi-
vidual Xpert MTB/RIF semiquantitative results (12).
The South African study that used reconstituted pro-
cessed 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 C, value increase of 12 (IQR 0.3-20.0), and
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22 pools containing only smear-negative/culture-
positive samples had a median C, increase of 6.2 (IQR
3.2-16.0) (11). Another study (13) also reported that
Xpert MTB/RIF C, values increased slightly with in-
creasing pool ratios and, although most pools had C,
values similar to the individual sample tests, pools
containing >12 sputum samples had a median in-
crease in C, value of 2.1 (IQR 0.0-4.5).

A study from South Africa (11) reported 5 five-
sample pools in which 1 was smear-positive/culture-
positive and RIF-resistant and 3 five-sample pools in
which 1 was smear-negative/ culture-positive and RIF-
resistant. All 8 pools containing RIF-resistant samples
tested positive for RlIF-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 re-
sults. 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-re-
sistant and 1 as MTB-positive/RIF-sensitive.

Only 2 studies (12-15) reported on the operation-
al effects of using a pooling method, including car-
tridge costs and time savings. The 2 studies (12,15) us-
ing 4 samples per pool reported savings in cartridge
costs alone of 31% ($2,295 on 230 Xpert MTB/RIF

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 3, March 2021
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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 post False post False negt True negt % (95% ClI) % (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.
TAt least one of the patients included in the pool had an Xpert-positive test.

TAIl 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 pro-
cess and run samples (Table 3). All 6 studies includ-
ed comments indicating the pooling procedure was
feasible and beneficial. The study from South Africa
(11) noted the lower sensitivity found among smear-
negative/culture-positive patients. Several studies
mentioned the need for specific training on the pool-
ing 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 lit-
erature on the performance of the pooling method

using sputum for GeneXpert testing for detecting pul-
monary 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 C, values consistently reported a
slight increase in C, values and corresponding lower
MTB/RIF semiquantitative results for pooled sam-
ples. This result is to be expected because testing sam-
ples 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 expect-
ed to help improve the sensitivity of pooled tests be-
cause the new assay has a much lower limit for de-
tection 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.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 3, March 2021
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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 sensitivi-
ties reported in 2 studies included in this review, sug-
gesting 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 nega-
tive individual samples correctly reported negative
results for the pooled samples (12-15). This is an im-
portant consideration because the additional steps
required to split sputum samples and the need to
keep track of sputum batches with a link between in-
dividual samples could be prone to cross contamina-
tion and error. Further studies are needed to replicate
these findings under operational conditions.

Regarding the reproducibility of RIF resistance re-
sults in pooled samples, in 1 study from South Africa,
all 8 individual RIF-resistant results were detected as
pooled RlF-resistant (11). However, in a study in Cam-
bodia, 3 samples with RIF-resistant results from indi-
vidual 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 pool-
ing seems to be an unreliable method to detect RIF resis-
tance, 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)
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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 sam-
ples 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 evalua-
tion. For example, in active case finding, it is likely a
pool ratio of 1:4 would be highly efficient and gener-
ate 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

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



could affect results. For example, splitting samples
before adding the GeneXpert buffers requires divid-
ing 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 lig-
uid 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 notifica-
tion, 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 man-
agement and procedure training. As with routine test-
ing 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 severe-
ly disrupting health services, the availability of diag-
nostic 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 pa-
tients with presumptive TB. Quarantine and restric-
tion 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 house-
holds and the resulting increase in contact with other
household members in crowded conditions could in-
crease 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 presump-
tive TB each year have been procured (2). Individual
rapid molecular diagnostic testing for all patients
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with presumptive TB remains the standard of care
and a goal for national TB programs worldwide, but
the cost of individually testing all estimated symp-
tomatic 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 fa-
cilities 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-to-
positive testing ratio in persons identified through
outreach activities means that pooling strategies
might decrease costs.

Despite the potential usefulness of our find-
ings, the quality of evidence we present remains in-
sufficient 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 evalu-
ations 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 test-
ing method in subpopulations (e.g., HIV-positive vs.
HIV-negative, men vs. women), and very few sam-
ples tested rifampin resistant. C, values also need to
be interpreted with caution.

Although both Xpert MTB/RIF and Ultra tests re-
port C, values, the test algorithms that determine their
C, and semiquantitative results differ, which impacts
the interpretation of C-based analyses. Moreover,
because C, ranges vary between multiple tests on the
same homogenized sample, it would have been pref-
erable 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 en-
courage 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
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In 2011, South Africa implemented a policy to decen-
tralize treatment for rifampin-resistant tuberculosis (TB)
to reduce durations of hospitalization and enable local
treatment. We assessed policy implementation in West-
ern 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 hospitaliza-
tions, 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.

outh Africa has a high tuberculosis (TB) preva-
lence, complicated by multidrug resistance to ri-
fampin 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-suscep-
tible 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 pretreat-
ment death rates caused by limited bed capacity, and
patient loss to follow-up because of long-term hospi-
talization 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 treat-
ment delays (3,5-11). In 2011, the South African Na-
tional 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 pa-
tients 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 chal-
lenges to implementation in rural areas.

Despite these demonstrated benefits of decentral-
ization, 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 du-
ration 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

Data Source
We extracted records of TB laboratory tests conduct-
ed 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 moni-
tor TB cases in the Western Cape. Samples originated
from patients at various facilities, including special-
ized TB hospitals, primary healthcare clinics, mo-
bile 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 ap-
proved 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 sub-
mit 2 clinical samples from each patient to the near-
est NHLS laboratory (14). Usually, the first sample
was tested with Xpert MTB/RIF (Cepheid, https://
www.cepheid.com). If RR TB was detected, the sec-
ond sample was sent to the Green Point laboratory for
smear microscopy, culturing with the mycobacterial
growth indicator tube (Becton, Dickinson, and Com-
pany, 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 confer-
ring second-line drug (SLD) resistance. Although
samples from tertiary (non-TB) hospitals with their
own culture laboratories are not included in this da-
taset, 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 (Appen-
dix, https://wwwnc.cdc.gov/EID/article/27/3/20-
3204-Appl.pdf).

Each NHLS record represents a single laboratory
test but lacks a unique patient identifier. Therefore,
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to track patients over time, we used a patient match-
ing 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; ]. Bor,
unpub. data, https://www.biorxiv.org/content/
early/2018/11/02/450304) (Appendix).

Definitions

We defined a patient with RR TB as someone who
submitted >1 clinical sample with bacteriological
confirmation of M. tuberculosis and rifampin resis-
tance according to Xpert MTB/RIF, LPA, phenotyp-
ic 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 out-
side 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 follow-
up, 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 diag-
nostic sample. We excluded patients who had no sub-
sequent 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 document-
ed 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 facil-
ity name, type, and geocoordinates from NHLS and
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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 validat-
ed 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 move-
ment 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, rifampin-
resistant; 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 clini-
cally stable patients with no SLD resistance could
initiate treatment at local hospitals and clinics desig-
nated as decentralized treatment initiation sites (2).
According to this policy, although a small propor-
tion of patients would still be hospitalized for clini-
cal 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 re-
garding sex, age, TB type, type of facility submitting
the initial RR TB sample, smear status, number of

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

visits, and time in care. To assess decentralization
implementation, we calculated the percentage of pa-
tients 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., pa-
tients who submitted samples from a non-TB hospi-
tal 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 clin-
ic or non-TB hospital.

We then used simple linear regression to esti-
mate 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 loca-
tions. In addition, we used multivariable logistic re-
gression 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 (pulmo-
nary, 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 ex-
cluded patients missing data on age, sex, or both.

One decentralization goal was to enable treat-
ment closer to patients” homes (2). We calculated the
percentage of patients that had samples from >2 fa-
cilities, 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 consec-
utively for each patient. We used linear regressions to
assess temporal trends in these travel outcomes.

We stratified analyses by whether patients” ini-
tial 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 dis-
tance 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 =  Outside Cape Town

Characteristict Overall, n = 2,878 1,878 n = 1,000 p valuet
Sex§ 0.32
F 1,245 (43.4) 825 (44.1) 420 (42.0)
M 1,626 (56.6) 1,047 (55.9) 579 (58.0)
Age group, Y1 <0.01
15-34 1,420 (50.1) 978 (53.0) 442 (44.9)
35-54 1,232 (43.5) 761 (41.2) 471 (47.8)
>55 180 (6.4) 108 (5.8) 72 (7.3)
Type of TB 0.72
Pulmonary only 2,685 (93.3) 1,747 (93.0) 938 (93.8)
Extrapulmonary only 70 (2.4) 47 (2.5) 23(2.3)
Both 123 (4.3) 84 (4.5) 39 (3.9
Results of closest smear within 30 d of first RR TB—positive sample 0.93
Negative 1,396 (48.5) 913 (48.6) 483 (48.3)
Scanty positive 310 (10.8) 202 (10.8) 108 (10.8)
Positive + 262 (9.1) 178 (9.5) 84 (8.4)
Positive ++ 181 (6.3) 118 (6.3) 63 (6.3)
Positive +++ 499 (17.3) 321 (17.1) 178 (17.8)
Unknown 230 (8.0) 146 (7.8) 84 (8.4)
Setting of first RR TB—positive result <0.01
TB hospital 103 (3.6) 43 (2.3) 60 (6.0)
Clinic 2,361 (82.0) 1,554 (82.7) 807 (80.7)
Non-TB hospital 414 (14.4) 281 (15.0) 133 (13.3)
Median time in care** in first year after RR TB 11 (5-12) 11 (5-12) 11 (6-12) <0.01#
diagnosis, mos (IQR)
Median number of visitstt in the first year after RR 9 (5-12) 8 (4-12) 10 (5-12) <0.01#

TB diagnosis, (IQR)

*Patients without second-line drug resistance who attended >2 visits. RR, rifampin-resistant; TB, tuberculosis.

tData are no. (%), except where otherwise indicated.

tp values determined by 2 test of patients in Cape Town versus outside Cape Town.

8A 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.
t1Defined 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*

Description

Overall,
n=2,878

Cape Town,
n=1_878

Outside Cape

Town,n=1,000 pvaluet

Hospitalization in TB hospital, no. (%)
No. patients with >1 sample from a specialized TB hospital in the
first year after RR TB diagnosis

1,228 (42.7) 545 (29.0) 683 (68.3) <0.01

Moved to care outside TB hospital, no. (%)

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

837 (68.2) 317 (58.2) 520 (76.1) <0.01

Median length of TB hospital stay, d (IQR)
Median hospitalization period of patients who moved to care outside
of a TB hospital in the first year after RR TB diagnosis

99 (61-136) 79 (50-118) 108 (72—144) <0.01%

Any movement, no. (%)
No. patients who had samples from >2 different facilities in first year
after RR TB diagnosis

1,765 (61.3) 1,012 (53.9) 753 (75.3) <0.01

Median no. of visits (IQR)
No. unique days with >1 laboratory sample in the first year after RR
TB diagnosis

9 (5-12) 8 (4-12) 10 (5-12) <0.01%

Median total distance, km (IQR)
Total Euclidian distance between all facilities visited by each patient
in the first year after RR TB diagnosis

4.4(0.0-41) 15(0.0-20) 46.0(0.2-122)  <0.01%

Median distance between consecutive visits, km (IQR)
Median distance between facilities visited consecutively by each
patient in the first year after RR TB diagnosis

2.7(0.0-19.8) 1.4 (0.0-12.2) 24.0(0.2-64.8)  <0.01%

*Patients without second-line resistance who attended >2 clinic visits. RR, rifampin-resistant; TB, tuberculosis.

ty2 p values of patients in Cape Town versus outside Cape Town.
Ip 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 co-
hort 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 hospi-
tals, 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 diagno-
sis. In particular, 894 (38%) patients who submitted
their initial sample from a clinic and 231 (56%) who

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

submitted their initial sample from a non-TB hospi-
tal submitted >1 additional sample from a TB hospi-
tal (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%) tran-
sitioned 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 hos-
pital 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% ClI
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 out-
side of a TB hospital stayed constant in and outside
Cape Town. In Cape Town, the estimated first TB hos-
pital 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 Slope p Slope p Interaction
Description (95% CI) value (95% CI) value (95% CI)  value pvaluet
Hospitalization in TB hospital, no. (%) -0.4 0.33 -1.0 0.02 11 0.23 0.03
No. patients with >1 sample from a (-1.2t00.5) (-1.7t0 -0.2) (-0.9t03.1)
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 (-0.91t01.3) (-1.3t01.6) (-1.81t01.8)
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 -36(-8.7to 0.14 -0.28 0.87 0.24
Median hospitalization period of patients (-5.7 t0 2.6) 1.5) (-4.3103.7)
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 (-1.21t00.3) (-1.7 to —0.06) (-1.2t0 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) (-0.2t00.2) (-0.01t0 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 (-0.41t00.2) (0.5 to -0.01) (-1.3t0 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 t0 0.04) (-0.4 to -0.02) (-0.5t0 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.
Tp value of interaction term between quarter of diagnosis and location.

We included 2,831 patients in the individual-
level 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 facili-
ties: 268 clinics, 41 non-TB hospitals, and 6 TB hos-
pitals (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 fa-
cilities than those in Cape Town (75% vs. 54%; p<0.01)
(Table 2). Overall, the median Euclidean distance
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traveled between facilities was 4.4 km (IQR 0-41 km).
The median distance traveled was significantly short-
er 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 per-
centage points per quarter (95% CI 0.1%-1.7%; p =
0.04) and the total distance between all facilities vis-
ited 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 statisti-
cally 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 near-
est 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 implemen-
tation 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 ad-
dition, the percentage of patients who were likely
hospitalized decreased significantly in Cape Town
but not outside Cape Town. In Cape Town, the es-
timated average duration of TB hospitalization was
nearly a month shorter and decreased over time com-
pared with stays outside Cape Town, where duration
remained constant.

These findings suggest that after the decentral-
ization policy was implemented, more decentraliza-
tion 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 sys-
tem 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

Rifampin-Resistant TB, South Africa

patients in rural areas posed challenges to in-home
medication administration. Additional outreach ef-
forts 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 intro-
duced 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 out-
side 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 trav-
eled 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 Qutside 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 +++ 21 (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 diagnosist 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.

tEstimated change per quarter (i.e., 3 mos).

areas of South Africa is well-documented (18-20). Al-
though rural areas face more challenges to decentral-
ization, the spread of local facilities throughout West-
ern 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 transmis-
sion during travel (22).

Although NHLS data are reliable for assessing
aspects of TB and HIV care, its use introduces limita-
tions to our study (18,23-29). These data lack infor-
mation regarding treatment initiation, hospitaliza-
tion, admission and discharge dates, and treatment
outcomes. We therefore focused on where patients
submitted samples and assumed repeat samples im-
plied treatment prescription and monitoring (29,30).
We also assumed that providing a sample at a TB hos-
pital implied inpatient admission, which we believe
is reasonable given that TB hospitals in the Western
Cape only provide inpatient care (12). To focus on pa-
tients most likely to have started and continued RR
TB treatment, we excluded patients without subse-
quent samples after the initial RR TB sample. How-
ever, 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.
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Without admission and discharge dates, our TB
hospital stay duration estimate is a proxy for true hos-
pital 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 dif-
ferences 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 decentraliza-
tion 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 rou-
tinely collected laboratory data can be used to assess
care patterns following policy implementation. How-
ever, other interventions, such as the introduction of
GeneXpert, occurred in 2011 and 2012, which might
also have affected TB diagnostic use and care. Our re-
sults 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-

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 3, March 2021
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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 out-
comes (9-11). Although Western Cape was the fore-
runner 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 <1y after
diagnosis. B) All movements
made <1y after diagnosis that
involved TB hospitals. C) All
movements made <1y after
diagnosis that did not involve

a TB hospital. RR, rifampin-
resistant; 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 implemen-
tation. 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 Antimicrobial-
Resistant Staphylococcus aureus
Clonal Complex 9 between Pigs
and Humans, United States
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Transmission of livestock-associated Staphylococcus au-
reus 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 whole-
genome sequences from 32 international S. aureus CC9
isolates and 49 LA-SA CC9 isolates from IHO pigs and hu-
mans 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 poly-
morphisms. 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.

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, in-
cluding skin and soft tissue infections (SSTIs), pneu-
monia, endocarditis, osteomyelitis, and bacteremia
(5-8). Recent evidence supports emergence of diverse
clones associated with IHOs. S. aureus clonal complex
9 (CQ9), 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 indus-
trial livestock production in the United States (9-11).

The population structure and transmission dy-
namics of emerging LA-SA CC9 strains in the United
States remains poorly understood. Previous epidemi-
ologic 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 na-
sal 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 chil-
dren (<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 Caro-
lina (2). Whole-genome sequencing (WGS) analysis
provides an opportunity to characterize the popula-
tion 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 eluci-
date 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 trans-
mission 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 Caro-
lina (IHO-1), as described previously (12). We collect-
ed additional pig samples by hanging a length of un-
dyed, 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-IHO-
6). Isolates from IHO-2-IHO-6 have not been pub-
lished 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-Appl.pdf). Sample collection,
sample processing, and S. aureus isolation methods
were described previously (1-3). MLST was previ-
ously 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 sam-
ple of 49 isolates from North Carolina were subject-
ed 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 iso-
late each from 2 community resident adults (Appen-
dix). For comparative purposes, we also included an
international collection of 32 S. aureus CC9 genomes
available as of August 1, 2018, from the National Cen-
ter for Biotechnology Information (NCBI) Reference
Sequence Database (http://www.ncbi.nlm.nih.gov/
RefSeq), which included information on source, geo-
graphic location, and collection year.
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WGS and Bioinformatic Analyses

We prepared DNA for multiplexed, paired-end se-
quencing 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.biooscien-
tific.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 x 300 bp. WGS data are available in the NCBI
Sequence Read Archive (http://www.ncbi.nlm.nih.
gov; BioProject no. PRINA574434).

We used SPAdes (13) to generate de novo as-
semblies and compared these against the S. au-
reus MLST database (14) to assign MLSTs. We used
ABRicate (https://github.com/tseemann/abricate)
to search the ResFinder database for antimicrobi-
al-resistance (AMR) genes (15). We used BLASTN
(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) to detect
genes in the phage-associated immune evasion clus-
ter (IEC), including scn, chp, sak, sea (GenBank acces-
sion 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 poly-
morphism (SNP) calling, as described previously (8).
We used Gubbins version 2.3.1 (18) to remove recom-
bination from the SNP alignment and used the remain-
ing SNPs in the core genome to construct a midpoint-
rooted 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 MEGAS (21). To define a SNP-based threshold
for assigning isolates into putative transmission clus-
ters, 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 antimi-
crobial drugs by using the Phoenix Automated Mi-
crobiology 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 Hop-
kins Hospital based on Clinical Laboratory Standards
Institute (CLSL 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 % 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 har-
bored the mecA gene, was present in C1 and C2 but
absent from C3.

C1 was composed of isolates primarily originat-
ing 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 pre-
dominance within the clade. A single isolate from
Colombia (South America) grouped into C3 with iso-
lates 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 re-
vealed multiple distinct subclades, one of which

742

contained all 6 IHO-1 pig isolates from North Caro-
lina (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 iso-
lates fell into 2 distinct putative transmission clusters
(Figure 2). The minimum pairwise SNP distance be-
tween 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 pu-
tative transmission cluster isolates, 14 were recovered
from THO 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 commu-
nity 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); lin-
cosamides, including [nu(A); aminoglycosides, includ-
ing aac6”-aph2”, spc, and aadD; and streptogramins, in-
cluding vga(A), . (Figure 2).

We noted abundant genetic determinants confer-
ring 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 iso-
lates were uniquely enriched for erm(A) genes, 16%
(8/50) for vga(A), ., 42% (21/50) for Inu(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 expan-
sion 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 re-
latedness 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), .; 13, Inu(A); 14, Inu(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 anti-
microbial-resistant LA-SA CC9 between IHO pigs
and humans in the United States.

Our results also provide evidence of household-
level transmission of LA-SA CC9 between IHO work-
ers 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 im-
munocompromised 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), ; 10, Inu(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.
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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 implica-
tions might arise regarding treatment regimens for LA-
MDRSA CC9 colonization and infection. Most (63.3%;
31/49) LA-SA CC9 isolates from North Carolina were
multidrug-resistant and carried multiple genes confer-
ring 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 LA-
SA CC9 between IHO pigs and humans, and between
humans and other humans, in the top 10 pig-produc-
ing counties in North Carolina. These findings are
consistent with previous publications on LA-SA CC9
and other lineages of LA-SA. First, a separate anal-
ysis 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 hu-
man SSTI and bloodstream infections (8,10,25). Last,
prior WGS analyses and epidemiologic studies have
provided support for household transmission of LA-
SA CC9 and CC398 between persons based on spatial,
temporal, and genotypic overlap (2,3,26). In our anal-
ysis, the exact transmission pathway remains unclear
because we did not ascertain the direction of trans-
mission or whether transmission occurred through
direct or indirect contact.

Previous studies have suggested a S. aureus mu-
tation rate of 5-10 SNPs per year per genome (27-30),
but our threshold of 43 SNPs was justified for 2 rea-
sons. 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 within-
person 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 transmis-
sion clusters. We excluded only 1 isolate from an IHO
worker from putative transmission clusters, and the
excluded isolate was not the SSTI-associated isolate
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(data not shown). Second, the aim of this study was
to clarify whether any SNP-based evidence of trans-
mission between IHO pig and human populations in
North Carolina exists, rather than provide evidence
of recent or incident transmission or to identify spe-
cific 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 epidemi-
ologic 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 pres-
sure, 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), highlight-
ing 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 ag-
riculture, could provide critical insight into the poten-
tial contribution of antimicrobial use in the clonal ex-
pansion of LA-SA CC9 and its associated AMR genes
in the United States.

The strengths of our study included using SNP-
based 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 ac-
tively expressing concerns about IHO-related expo-
sures (36). Second, our study used SNP distance to
classify human isolates closely related to IHO pig
isolates, which is an improvement on previous stud-
ies that used spa-typing, MLST typing, absence of IEC
genes (specifically scrn), phenotypic AMR determi-
nation, or combinations of these techniques, to clas-
sify 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 epide-
miologic 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 phylo-
genetic tree at the midpoint; therefore, we are un-
sure 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 epidemio-
logic 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 [HO 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 Da-
tabase, 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 in-
vestigations 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 tem-
poral data analysis to investigate the frequency of
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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
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Maria Skaalum Petersen, Marin Strgm, 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 coun-
try, 187 cases were reported between March 3 and April
22, 2020. Large-scale testing and thorough contact trac-
ing were implemented early on, along with lockdown
measures. Transmission chains were mapped through
patient history and knowledge of contact with prior cas-
es. 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 inten-
sive care units and no deaths occurred. Superspreading
was evident during the epidemic because most second-
ary 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, so-
cial distancing, and large-scale testing.

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 glob-
ally and caused clusters of contagion in Europe (2).
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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 posi-
tive for COVID-19 (Figure 1). The last case was diag-
nosed on April 22 and recovered on May 8, at which
point the first wave of COVID-19 ended in the coun-
try. To eliminate COVID-19, the Faroe Islands used
an active suppression strategy that included large-
scale 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 con-
tact 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 lock-
down on March 12, 2020, when only 3 confirmed
cases were known in the country. The main non-
pharmaceutical interventions were closing schools,
childcare centers, and nonessential public workplac-
es. 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 pub-
lic generally followed.

The Faroe Islands quickly adapted diagnostic
real-time reverse transcription PCR (RT-PCR) re-
sources to test for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the virus that causes CO-
VID-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 pos-
itive 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 per-
sonal 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 quar-
antine 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 con-
tact with all isolated COVID-19 cases and quarantined
contacts. To monitor for symptom development and
clinically evaluate whether cases needed to be hospi-
talized, task force members contacted diagnosed cases
atintervals 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 infor-
mation on quarantine before RT-PCR testing and the

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 27, No. 3, March 2021
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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. Re-
ported 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 rou-
tinely. Testing required a referral from a doctor.

During the initial epidemic period, recovery cri-
teria in the Faroe Islands followed guidelines from
Denmark and considered persons who were without
symptoms for >48 hours recovered. However, be-
cause 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. Gen-
eration 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 Statisti-
cal Computing, https://www.r-project.org). We as-
sumed a gamma distributed model on 124 identified
infector-infectee pairs for which symptom onset was
known for both cases.

The reproduction number (R) is the average
number of secondary cases each case will infect. A
time-varying reproduction number (R) is the aver-
age number of secondary cases caused by each pri-
mary case at different times in the epidemic. R, 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 R, 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 esti-
mate R. Using sliding windows reduces noise while
retaining the possibility to show changes in real-time
in different phases in the epidemic. We used local se-
rial interval data and the distribution of local and im-
ported case counts as input data.

We determined the observed individual reproduc-
tive number (R , ) by using transmission chains in the
Faroe Islands. R, 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 R and R ,_data
comparable. For cases of unknown transmission, we
set the infector as diagnosed 5 days earlier by round-
ing the serial interval from 5.35 to 5 days to avoid
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underestimating R by censoring these cases. Because
R . is based on the infector and R is based on the in-
fectee, we displaced R | forward by the serial interval

of 5 days to facilitate visual comparison of R , and R..

Determining Transmission Chains

We determined transmission chains by interviewing
newly diagnosed patients about their contacts and
whereabouts 2 weeks before symptom onset and link-
ing 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 earli-
est 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 trans-
mission 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 identi-
fied; 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 §, a total
of 7,653 RT-PCR tests for SARS-CoV-2 had been per-
formed 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 cas-
es 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 hospi-
talized case-patients, 7 had >1 underlying condition,
including hypertension, emphysema, asthma, ulcer-
ative colitis, diabetes, and cardiovascular disease.
We noted 10 cases of unknown or uncertain ori-
gin and 9 from known contact with a person who was
not tested or who tested negative (Figure 3). We clas-
sified 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 import-
ed 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 gam-
ma 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) 14.2) 19 (13.3) 0(0.0)
Loss of smell or tastet 63 (33.7) 23 (26.1) 40 (40.4) 3(12.5) 56 (39.2) 4 (20.0)
Fatiguet 26 (13.9) 11 (12.5) 15 (15.2) 0 (0.0) 23 (16.1) 3(15.0)
Rhinorrheat 44 (23.5) 21 (23.9) 23 (23.2) 4 (16.7) 35 (24.5) 5(25.0)
Body achest 36 (19.3) 22 (25.0) 14 (14.1) 14.2) 30 (21) 5(25.0)
Chest tightnesst 15 (8.0) 8(9.1) 7(7.1) 14.2) 14 (9.8) 0(0.0)
Diarrheat 11 (5.9) 2(2.3) 9(9.1) 2(8.3) 6 (4.2) 3(15.0)
Abdominal paint 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.
1Only 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
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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
cases that caused >10 secondary infections superspreading cases.

disease was over before their case was discovered. We classified

days; SD 4.12 days, 95% CI 3.56-4.93 days). R, 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, R, 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). R ,_
roughly followed R, when displaced by the serial inter-
val 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 CO-
VID-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,
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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 re-
flects the timely government restrictions on access
to care homes, nursing homes, and hospitals, which
might explain why no COVID-19 deaths or inten-
sive care unit admissions occurred and only 8 case-
patients 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 ar-
riving 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 re-
strictions 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 Is-
lands. 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
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days, implemented restrictions resulted in quarantine
of most new cases before diagnosis because of travel
or contact with a previous case (Figure 5). This find-
ing 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 trac-
ing and quarantine would not have been enough to
eliminate the epidemic without simultaneously imple-
menting 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

T
Ro

Time-varying
= Observed

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

Mar
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Figure 4. Time-varying reproduction number (R)) and observed reproduction number (R ) for coronavirus disease by date, Faroe
Islands. Green shading indicates 95% Cl for R.. We noted a rapid decrease in R, from 4.88 on March 16. From March 24 onward,

R, and R,  were <1 until April 22 when the last case was confirmed in the Faroe Islands. After May 4, R rose >1 due to increasing
uncertainty in the estimate. We calculated R, by using the EpiEstim package in R (R Foundation for Statistical Computing, https://www.r-
project.org) and local data on serial interval and imported cases. R | was determined by information from the transmission chains. We

made 2 adjustments to compare R _to R: we moved R |

5 days forward (equal to the serial interval) because R

is measured on the

obs

infector; and we set R on the infected case. When the infector was unknown, we set transmission as 5 days earlier, equal to the serial

interval, to avoid underestimating R
varying reproduction number.

obs
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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-infec-
tions, a higher viral load in superspreaders, or that su-
perspreaders 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, includ-
ing 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 in-
dependently and were quarantined with their family
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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 investi-
gate 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-nega-
tive 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-neg-
ative results. One consequence of the intensive test-
ing regime in the Faroe Islands is that clinical data re-
flect 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 pro-
portions 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 dif-
ference 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 propor-
tion of asymptomatic cases might be misclassification
of symptoms in previous reports from the country,
meaning COVID-19 cases categorized as asymptom-
atic patients were presymptomatic. The most preva-
lent 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 R and R showed a
rapid decrease as effects of social distancing, contact
tracing, and quarantine were established, which indi-
cates that the measures had the desired effect. Toward
the end of the epidemic, after May 4, R, increased to

60-

~ New cases
[ Mean no. contacts

50+

40+

30+

No. persons

20+

O.
3 5 7

9 11 13 15 17 19 21 23 25 27 29 31 2

>1 and had an increasingly high 95% CI, even though
no new cases were detected after April 22. R, 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 R, falls to <1, an epidemic will die out, indicat-
ing that measures to suppress the spread are working.
Changes in R should be interpreted with caution, and
assigning causal effects to specific government mea-
sures 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 be-
havior caused by the media focus on the pandemic
probably also have had an independent effect from
any government measures. Furthermore, the statisti-
cal methods we used frequently overestimate R in
the early stages of an epidemic, which would make
the decrease in R, seem more rapid than it was (25).

Most countries have pursued a strategy to miti-
gate 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,

|
4 6 8 10 12 14 16 18 20 22

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 re-
duced, 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 sensi-
tivity of oropharyngeal swabs used for RT-PCR, which
might lead to false-negative test results and, thus, un-
derestimating 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, as-
certaining much about severe COVID-19 in the Faroe
Islands is difficult, but the country shows a good rep-
resentation 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 incom-
ing 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 super-
spreading 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 indica-
tive that other countries with easily monitored borders
could feasibly eliminate COVID-19 by using a combi-
nation of large-scale testing, contact tracing, social dis-
tancing 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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Livestock, Phages,
MRSA, and
People in Denmark

Methicillin-resistant Staphylococcus aureus, bet-

ter known as MRSA, is often found on human skin.
But MRSA can also cause dangerous infections that
are resistant to common antimicrobial drugs. Epide-
miologists carefully monitor any new mutations or
transmission modes that might lead to the spread of
this infection.

Approximately 15 years ago, MRSA emerged in
livestock. From 2008 to 2018, the proportion of in-
fected pigs in Denmark rocketed from 3.5% to 90%.

What happened, and what does this mean for
human health?

In this EID podcast, Dr. Jesper Larsen, a senior re-
searcher at the Statens Serum Institut, describes the
spread of MRSA from livestock to humans.

Visit our website to listen:
https://go.usa.gov/x743h
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Oral Human Papillomavirus
Infection in Children during the
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Human papillomavirus (HPV) infections are found in chil-
dren, but transmission modes and outcomes are incom-
pletely 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 gen-
otypes 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 dur-
ing 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.

Cutaneous 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
(a-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 sub-
groups of a-HPVs. These high-risk HPVs are known
to be involved in development of anogenital and head
and neck cancers, and estimated to be causally associ-
ated with =4.5% of all human cancers (7).
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Nonsexual HPV transmission modes includes
vertical or horizontal transmission and autoinocula-
tion (i.e., multisite HPV infections, which can spread
from 1 site to another within an individual). Vertical
transmission can be further categorized as pericon-
ceptual (time around fertilization), prenatal (during
pregnancy), and perinatal (during birth or immedi-
ately thereafter) (3,8). Perinatal transmission has been
regarded as the most likely explanation for HPV de-
tection 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 plas-
ma, spermatozoa, and vas deferens (15). Studies have
shown that the placenta is not a sterile microenviron-
ment; 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 tropho-
blasts, which could feasibly explain prenatal transmis-
sion (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 ef-
fect 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 geno-
type variation in children in Finland and determine
infection outcomes during the first 6 years of life.

These senior authors contributed equally to this article.
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Material and Methods

Participants

The Finnish Family HPV Study is a prospective co-
hort 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 provid-
ed written, informed consent at the first visit for the
study. The Research Ethics Committee of Turku Uni-
versity 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/27/3/20-
2721-Appl.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 (Cyto-
brush; 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 ex-
ternal primers and GP05+/bioGP06+ internal prim-
ers) 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 per-
formed by using the Multimetrix Kit (Progen Bio-
technik GmbH, https://www.progen.com), which
detected 24 low-risk, putative high-risk, and high-
risk 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 geno-
types (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-trans-
ferase fusion protein capture on fluorescent beads, as
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described (21). Serum samples were scored as posi-
tive when antigen-specific medium fluorescence in-
tensity 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 re-
corded 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 in-
fection. Clearance was defined as an event at any fol-
low-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 gen-
otype-specific HPV clearance or persistence were
analyzed by using the most prevalent high-risk HPV
types (species a7: HPV18, 39, 45, 59, 68, and 70; spe-
cies a9: HPV16, 31,33, 35, 52, and 58). To model inci-
dent 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 covari-
ates recorded at baseline and previously implicated
as potential risk factors for HPV infections were test-
ed (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; smok-
ing; use of alcohol; history of skin warts, oral/ genital
warts, and papillomas; history of sexually transmit-
ted infections; drug consumption; oral and genital
HPV DNA status; and HPV serologic results at base-
line before the birth of the index child. For the moth-
er, the risk factors were a Pap test at baseline, deliv-
ery 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 signifi-
cance. 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

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



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 vagi-
nal 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 con-
tagiosum) 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 clini-
cal lesions on their oral mucosa. The most common le-
sions 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 pres-
ence of hand warts and oral HPV at the 6-year visit.

We also provide an overview of oral HPV in-
fections in children who had HPV genotypes and
their point prevalence during the follow-up pe-
riod (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 immedi-
ately 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 dif-
ferent 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

Oral Human Papillomavirus Infection in Children

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 6y
Oral sample 324 309 300 296 295 291 264 265 201
Mean + SD age, mo 0 0.08 + 1.14 + 223+ 6.41 + 1261+ 2490+ 36.98 + 77.47 £
0.37 0.18 0.33 0.45 0.67 1.01 1.31 11.01
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) 41 (20.4)
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) 20 (49.9)
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) 21(51.2)
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) 35(17.4)
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) 6 (3.0)
No. HPV genotypes 15 5 8 7 9 10 7 4 8
Low-risk HPV
HPV6 11 (3.4) 5(1.6) 3(1.0) 724 414  3(1.0) 1 (0.4) 2(0.8) 4(2.0)
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) 20(10)
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) 2(1.0)
HPV31 31 (0.9) - - 2(0.7) - 1(0.3) - - 3(1.5)
HPV33 2 (0.6) - 8 (2.7) 2(0.7) 1(0.3) - 2(0.8) - 2(1.0)
HPV39 1(0.3) - 1(0.3) - - - - - 2(1.0)
HPV45 1(0.3) - 1(0.3) 1(0.3) - - - 1(0.5)
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) - - 1(0.5)
HPV66 4(1.2) 1(0.3) 2(0.7) - 1(0.3) - 1(0.4) - -
HPV68 1(0.3) - - - - - - - -
HPV82 1(0.3) - - - - - - - -

*Values are no. (%) unless indicated otherwise. Two cases where excluded
genotype not found at that visit.

because of missing sample at birth. HPV, human papillomavirus. —, HPV

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 infec-
tions among this group of incident infections. Ka-
plan-Meier analysis showed that there were no sig-
nificant 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 geno-
types 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 distribu-
tion 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
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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 in-
fection 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 per-
sistent oral HPV infection. The mean time of persis-
tence 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, fol-
lowed 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 a9 resulted most frequently in the full-time per-
sistence of oral HPV infection in early childhood, fol-
lowed by clade a7.

We summarized the predictors of incident,
cleared, and persistent oral high-risk HPV infections in
these children (Table 3). All established or implicated

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 3, March 2021
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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
Clade A10: HPV6, 11, 13, 44, 55, 74

41 22.8 (0.1-92.2)
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 co-
variates, 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 associat-
ed 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 indi-
cate that none of the HPV genotypes present at birth
would promote acquiring another specific HPV geno-
type, 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 in-
fection 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 a9 resulted most frequently in the
full-time persistence of oral HPV infection during the
early childhood, followed by a7 as the second most
frequent clade.

HPV acquisition at birth has been regarded to be
caused by vertical transmission, although controver-
sial 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 moth-
er-to-child transmission of HPV is a major infection
route. Neonatal HPV infection through vertical trans-
mission 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% CDt Clearance, IRR (95% CI)t  Persistence, OR (95% CI)t
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.

tAdjusted for age and all significant (and borderline significant) univariates in the model.
fBinary 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 infec-
tions 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 al-
most 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 HPV®, 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 autocor-
relation (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, pha-
ryngeal, 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 oropha-
ryngeal 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
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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 new-
borns at delivery and the mothers was almost per-
fect (weighted « = 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 verti-
cally 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 HPV16-
specific 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-me-
diated immunity, irrespective of their partner/sexual
status (27,28).

Oral HPV persistence during the 6-year follow-
up period was predicted by oral HPV infection and
seroconversion to high-risk HPV of the mother dur-
ing the follow-up. We have recently shown that hu-
man 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 concor-
dance 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 infec-
tions after birth are not caused by vertical transmis-
sion 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 in-
fections could be reinfections among the family, and
the incident HPV infections for a child were predicted
by HPV seropositivity of the father. However, rein-
fection of the child needs to be further studied.

In our study, 41% of children remained constant-
ly HPV negative during the follow-up period (<9 con-
sequent 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 in-
fection can be acquired nonsexually and is already
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common at an early age. The oral cavity is the com-
mon 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 chil-
dren can acquire a persistent HPV infection, the tim-
ing of prophylactic HPV vaccination is imperative.
Maternal HPV antibodies, irrespective of whether
they are acquired by natural HPV infection or vacci-
nation, might protect the fetus, newborn, and young
child against early HPV infection. In addition, chil-
dren who have persistent HPV infections (caused by
immunologic tolerance) might also benefit from vac-
cination, as has been the case with hepatitis B virus-
infected newborns or children (30).
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Enterovirus D68
and Acute Flaccid

Myelitis, 2020

Around 2014, a mysterious, polio-like ill-
ness emerged in California and Colorado.
Acute flaccid myelitis (AFM) primarily in-
fects children, and if untreated, can lead
to paralysis and respiratory failure. Despite
extensive surveillance and research cam-
paigns, the true cause of this debilitating
disease remains unknown.

New research has shed light on a possible
connection between AFM and a pathogen
called enterovirus D68.

In this EID podcast, Dr. Sarah Kidd, a medi-
cal epidemiologist at CDC, and Sarah Grego-
ry discuss what is known—and unknown—
about AFM.

Visit our website to listen:
https://go.usa.gov/x7CkY
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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 evidence-
based policymaking, we formulated a mathematical mod-
el for coronavirus disease transmission within a regional
population. This compartmental model accounts for quar-
antine, 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 esti-
mates and forecasts. This online learning approach en-
ables early identification of new trends despite consider-
able variability in case reporting.

Coronavirus disease (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (1), was detected in the United States in January
2020 (2). Researchers documented deaths in the Unit-
ed States caused by COVID-19 in February (3). There-
after, 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 dou-
bling 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 distanc-
ing practices such as teleworking, travel restrictions,
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use of face masks, and government mandates pro-
hibiting 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 ef-
fects of these measures indicate that they substantial-
ly reduced disease prevalence (8,9).

In mid-June and mid-September 2020, the daily inci-
dence 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 trans-
mission 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 vari-
ous 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 analy-
sis 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; Phoe-
nix, 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. lllustration 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 (1), 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 (,,) and protected (,) 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 o population.
The incubation period is divided into 5 stages (E,—E,), 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/27/3/20-3364-
App1.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.
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number of political units (i.e., counties and indepen-
dent 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 mod-
els. However, curve-fitting models can generate only
single-peak epidemic curves, so we abandoned this ap-
proach after the MSAs of interest all experienced multi-
ple waves of disease (Appendix 1, https:/ /wwwnc.cdc.
gov/EID/article/27/3/20-3364-Appl.pdf).

Each MSA-specific model accounted for 25 pop-
ulations (Figure 1; Appendix 1 Figure 1). We con-
sidered infectious persons to be exposed and incu-
bating virus (i.e., presymptomatic), asymptomatic
while clearing virus, or symptomatic. The parameter
p,characterized therelative infectiousness of exposed
persons and p, characterized that of asymptomatic
persons compared with symptomatic persons. In
our model, infected persons quarantined with rate
constant k, and symptomatic persons with mild dis-
ease quarantined with rate constant j,. We modeled
social distancing by enabling the movement of sus-
ceptible and infectious persons between mixing and
socially distanced (i.e., protected) populations. The
size of the protected population was determined by
2 parameters: A, a rate constant; and p, a steady-state
population setpoint, where index i refers to the cur-
rent social distancing period. The model accounts
for varying adherence to social distancing practices
over time by using n distinct social distancing peri-
ods after an initial period of social distancing. Per-
sons in the protected population were less likely to
be infected and less likely to transmit disease by a
factor m,. Within the mixing population, disease was
transmitted with rate constant f. The model repro-
duced a nonexponentially distributed incubation
period by dividing the incubation period into 5 se-
quential stages of equal mean duration, given by 1/
k,. We considered infected persons in the first stage
of the incubation period to be noninfectious and un-
detectable. A fraction of exposed persons, f,, left the
incubation period without symptoms. The remain-
ing persons left with symptoms. The other symp-
tomatic persons, f,, progressed to severe disease; the

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



remainder had mild disease and recovered. The
fraction of persons with severe disease who recov-
ered is denoted as f,; the others died. We considered
hospitalized persons (or those at home with severe
disease) to be quarantined. Persons left the asymp-
tomatic state with rate constant c,, left the mild dis-
ease state with rate constant c, and left the severe
disease/hospitalized state with rate constant c,,.

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 ex-
pected case reporting (Appendix 1 Equations 23, 24)
and a negative binomial model for variability in new
case detection (Appendix 1 Equations 25-27). We de-
signed the model to consider multiple periods of so-
cial distancing with distinct setpoints for the quasista-
tionary 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 mea-
surement model for n = 0 had a total of 20 parameters.
We considered 6 of these parameters to have adjust-
able values (Table 1) and 14 to have fixed values (Ta-
bles 2, 3) (12-20; Appendix 1). The adjustable model
parameters were t,, the start time of the local epidem-
ic; 0>t the time at which the initial social distancing
period began; p, the quasistationary fraction of the
total population practicing social distancing; A, an
eigenvalue characterizing the rate of movement be-
tween the mixing and protected subpopulations and
establishing a timescale for population-level adoption
of social distancing practices; and p, which character-
ized the rate of disease transmission in the absence of
social distancing. The measurement model parameter
f,, represented the time-averaged fraction of new cas-
es 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 ¢, 0, p, A, B, and f,..

The compartmental model had 3 adjustable pa-
rameters for each additional social distancing peri-
od after the initial. For 1 additional period of social
distancing (n = 1), the additional adjustable param-
eters were 7,>0, the onset time of second-phase so-
cial distancing; p,, the second-phase quasistationary
setpoint; and A, which determined the timescale for
transition from first- to second-phase social distancing
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Table 1. Inferred values of parameters in models for forecasting
regional epidemics of coronavirus disease, United States

Parameter® Estimatet Definition
to 33d Start of transmission
33d Start of social distancing

Po 0.87 Social distancing setpoint

Ao 0.10/d Social distancing rate

Yt 2.0/d Disease transmission rate

fo 0.12 Fraction of active cases
reported

r 12 Dispersal parameter of
NB(r,p)+

*to, o, Po, Ao, and S are adjustable parameters of the compartmental model;
fo 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.

TAIll 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 reporting-
time-dependent value is determined by Appendix 1 Equation 26,
https://wwwnc.cdc.gov/ElD/article/27/3/20-3364-App1.pdf).

behavior. For a second social distancing period, we
replaced p, with p, and A with A, at time ¢ = 7,. If ad-
herence to effective social distancing practices began
to relax at time ¢ = 7, then p,<p,.

Statistical Model for Noisy Case Reporting

We used a deterministic compartmental model to
predict the expected number of new confirmed CO-
VID-19 cases reported daily. In other words, we as-
sumed 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

So 19,216,182* US Census Bureau (13)
lo 1 Assumption

n of Assumption

mp 0.1 Assumption

Pe 11 Arons et al. (14)
A 0.9 Nguyen et al. (15)
ke 0.94/d Lauer et al. (12)

ko 0.0038/d Assumption

jo 0.4/d Assumption

fa 0.44 (16,17)

fu 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 Wolfel 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 So, the region-specific initial number
of susceptible persons. The value given here for So is the US Census
Bureau estimated total population of the New York City metropolitan
statistical area.

tn =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
So Initial size of susceptible population*
lo Initial no. infected individualst
n No. prior social distancing periods (e.g., 0 or 1)
my Protective effect of social distancingt
e Relative infectiousness of an exposed person
without symptoms during the incubation period§
On Relative infectiousness of an asymptomatic
person in the immune clearance phase of
infection§
ke Rate constant for progression through each stage
of the incubation periodq
ko Rate constant for entry into quarantine for a
person without symptoms
jo Rate constant for entry into quarantine for a
person with mild symptoms
fa Fraction of all cases that are asymptomatic
fu 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
[ 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.

TAssuming 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/c;, symptomatic persons with
mild disease recover or progress to severe disease.

**In the model, after a mean waiting time of 1/cn, symptomatic persons
with severe disease recover or die.

trajectory. We further assumed that day-to-day
fluctuations in the random variable were indepen-
dent and characterized by a negative binomial dis-
tribution, 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 inte-
gers, which is natural for populations. Furthermore,
the shape of NB(r,p) is flexible enough to recapitu-
late 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 relat-
ed methods, such as approximate Bayesian compu-
tation, 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 quanti-
fied uncertainty in predicted trajectories of daily case
reports. We obtained a predictive inference of the ex-
pected 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 7 is set at the randomly
sampled value and p is set using an equation (Appen-
dix 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 giv-
en (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 £, (Table 1) and the fixed settings for S and I,
(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 (Crl) for the predicted
number of new case reports on a given day is the cen-
tral part of the marginal predictive posterior captur-
ing 95% of the probability mass. This region is bound-
ed 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 pos-
sible. 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 (Fig-
ure 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 consider-
ably: #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).

Forecasting Regional Epidemics of COVID-19

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 infer-
ence. For these inferences we used the complete time
series of available daily new case counts for the re-
gion 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. lllustration 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 case-
reporting 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 re-
produce 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, mean-
ing that their marginal posteriors were unimodal
(Figure 6). In the context of a deterministic model,
the significance of identifiability is that, despite un-
certainties in parameter estimates, we can expect pre-
dictive inferences of daily new case reports to cluster
around a central trajectory. The results are represen-
tative (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 em-
pirical new case count for the day immediately fol-
lowing our inference (+1), and often for each of sev-
eral additional days, fell within the 95% Crl of the
predictive posterior. When the reported number of
new cases falls outside the 95% Crl and above the 97.5
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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 his-
torical data) and predictive of the near future. If the
model is predictive of the near future, the probabil-
ity 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 anoma-
lies 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 behavior-
al changes. To explain them, we enabled the compart-
mental model to account for a second social distancing
period by increasing the setting for 7 from 0 to 1. With
this change, the number of adjustable parameters in-
creased from 7 to 10. One of the new parameters was
1,, the start time of the second social distancing period.
The other new parameters, A, and p,, replaced A, and
p, at time t = 7. The compartmental model with 2 so-
cial distancing periods better explained the data from
Phoenix than the compartmental model with only 1

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 3, March 2021
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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, lllinois; D) Dallas, Texas; E) Houston, Texas; F) Washington,
DC; G) Miami, Florida; H) Philadelphia, Pennsylvania; 1) 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.
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Figure 5. lllustration 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 |) 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 Bayes-
ian information criteria values for the 2 scenarios (Ap-
pendix 1 Table 1). Although these criteria are crude
model selection tools in the context of non-Gaussian
posteriors, we decided that they were adequately dis-
criminatory. 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 p, (=0.38) was less
than that for p (=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
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can be explained by relaxation in social distancing
practices, quantified by our estimates for p, and p,.
The MAP estimate of the start time of the second pe-
riod of social distancing corresponds to May 24, 2020
(95% Crl 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 gather-
ing, 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 S, into the exposed
population E, 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 con-
temporaneous trends explainable by relaxation of
social distancing (Appendix 1 Table 1, Figure 3).
MAP estimates for 7, indicate that the second social
distancing period began on May 27, 2020 in Houston;

Forecasting Regional Epidemics of COVID-19

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 upward-
trending 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 compart-
mental 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.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 3, March 2021
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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 mul-
tiple US MSAs. We are continuing to perform daily
forecasts and to disseminate the results (23,24). In-
ferences 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 iden-
tify harbingers of future growth in COVID-19 trans-
mission rates. We found that 2 consecutive upward-
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trending rare events in which the number of new
cases reported is above the upper limit of the 95%
Crl of the predictive posterior might indicate poten-
tial for increased transmission during the following
days to weeks. This feature might be especially pre-
dictive when anomalies are accompanied by increas-
ing prediction uncertainty, as seen in Phoenix (Fig-
ure 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 distanc-
ing practices from ~49% to ~38% (Figure 8, panel D).
However, our study sheds no light on which social
distancing practices are effective at slowing CO-
VID-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 p, inferred in panel A.
D) The marginal posteriors for
the social-distancing parameters
p, and p, 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 distanc-
ing (Appendix 1 Table 1, Figure 3). These findings are
qualitatively consistent with earlier studies indicating
that social distancing is effective at slowing the trans-
mission 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 detec-
tion is data-driven, which means that a new trend
cannot be detected until enough evidence has ac-
cumulated. 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 uncertain-
ties 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 mod-
el 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. Re-
sults 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 gla-
brata bloodstream infections. Among 1,158 isolates col-
lected 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 flucon-
azole-susceptible dose-dependent isolates (30-day mor-
tality rate 36.4%, 90-day mortality rate 43.8%; p<0.05).
For patients with FR isolates, appropriate antifungal ther-
apy was the only independent protective factor associ-
ated with 30-day (hazard ratio 0.304) and 90-day (hazard
ratio 0.310) mortality. Sequencing of pleiotropic drug-re-
sistance transcription factor revealed that 1—2 additional
Pdr1p amino acid substitutions (except genotype-specific
Pdrip 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.

Candida 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 intrinsi-
cally low susceptibility to azole drugs, especially flu-
conazole, and rapidly acquires antifungal resistance
in response to azole or echinocandin exposure (1-3).
Although the incidence of echinocandin- and multi-
drug-resistant (MDR) C. glabrata BSls is low, flucon-
azole 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 BSls
caused by this species in various locations world-
wide (1,4,5). Acquired azole resistance in C. glabrata
is most commonly mediated by overexpression of the
drug-efflux transporter genes C¢CDR1, CgCDR?2, and
CgSNQ?2 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 hyper-
virulence 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 conduct-
ed on PDR1 mutation incidence among FR C. glabrata
BSI isolates from multicenter surveillance cultures
or on mortality rates of patients infected with these
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PDR1 mutants. This deficit might be attributable to
Pdrlp 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 Pdrlp AAS result in fluconazole re-
sistance. Therefore, the aim of this study was to inves-
tigate the clinical outcomes, molecular mechanisms,
and genotypes associated with antifungal-resistant
BSl 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 pa-
tients infected with FR C. glabrata BSI isolates harbor-
ing the Pdrlp mutation.

Materials and Methods

Microorganisms and Antifungal Susceptibility Testing

A total of 1,158 BSl isolates of C. glabrata were collect-
ed from 19 university hospitals in South Korea dur-
ing January 2008-December 2018 (Appendix Table
1, https://wwwnc.cdc.gov/EID/article/27/3/20-
3482-Appl.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 sur-
veillance system differed each year. All C. glabrata
isolates were submitted to Chonnam National Uni-
versity Hospital (Gwangju, South Korea) for testing.
Species identification was based on matrix-assisted
laser desorption/ionization time-of-flight mass spec-
trometry (Biotyper; Bruker Daltonics, https://www.
bruker.com) with library version 4.0, or sequencing
of the D1/D2 domains of the 265 rRNA gene, to dif-
ferentiate C. glabrata from cryptic species (C. nivarien-
sis and C. bracarensis) within the C. glabrata complex
(15). In vitro testing of susceptibility to fluconazole,
micafungin, caspofungin, voriconazole, and ampho-
tericin B was performed for all isolates according
to the Clinical and Laboratory Standards Institute
broth microdilution method (16). MICs were deter-
mined 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 caspo-
fungin (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 re-
sistance 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 mortal-
ity rates at the time of candidemia onset were investi-
gated (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 ther-
apy was defined as the administration of >1 in vitro-
active antifungal (according to the susceptibility pat-
tern 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 ther-
apy or development of breakthrough fungemia dur-
ing treatment with the indicated antifungal agents for
>72 hours (23,24). All-cause mortality rates were as-
sessed 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 PDRI1 se-
quencing were performed for all antifungal-resis-
tant isolates of C. glabrata and for 212 F-SDD con-
trol isolates by using methods described previously
(14,21,25). PDR1 sequences of each isolate were com-
pared 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 resis-
tance to micafungin (MIC >0.12 mg/L) or caspofun-
gin (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 expres-
sion levels of C¢CDR1, CgCDR2, and CgSNQ?2 were
evaluated for 30 FR isolates of C. glabrata harbor-
ing FR-specific Pdr AAS and for 65 F-SDD control
isolates without FR-specific Pdr AAS, as described
previously (26,27). The cycle threshold (C) of each
gene was normalized to that of URA3 to determine
the AC, value. For all isolates, relative gene expres-
sion (AAC,) was reported as fold change calculated

Fluconazole-Resistant C. glabrata, South Korea

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. Categori-
cal variables were compared by using the y? test or
Fisher exact test, Student t-test or the Mann-Whit-
ney U test to compare quantitative variables, as ap-
propriate. Cox proportional hazards models were
used to evaluate potential risk factors for 30- and
90-day mortality rates by calculating the hazard ra-
tio (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%
t0 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 annu-
ally 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 associ-
ated with a voriconazole MIC >0.5 mg/L.

Mortality Rate of FR Candida glabrata BSls

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 admis-
sion (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. BSl isolates of Fluconazole Echinocandin Multidrug
year hospitalst Candida BSl isolates C. glabrata tested resistance resistance§ resistanceq
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.

tHospitals participating in this laboratory-based nationwide multicenter surveillance system differed each year.

FAntifungal 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 antifungal-
resistant 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).
YMultidrug 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 monother-
apy, 36.4% (8/22) in patients with combination an-
tifungal therapy, 90% (18/20) in patients with in-
adequate antifungal therapy, and 47.7% (21/44) in
patients with appropriate antifungal therapy. Pa-
tients treated with azole monotherapy or inadequate
antifungal therapy showed significantly higher 30-
day mortality rates than those receiving combina-
tion 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 indepen-
dently 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 anti-
fungal 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 dynam-
ics 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
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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 Pdrip

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 geno-
types for the 66 FR isolates of C. glabrata, as well as
212 control F-SDD isolates. In total, 68 types of AAS
in Pdrlp were found in the 278 isolates of C. glabrata
tested. When Pdrlp 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 Pdrlp
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 Pdrl AAS (P76S, P143T, D243N,
E259G, and T745A), 1 additional Pdrlp AAS was
found in each of 2 F-SDD isolates (0.9%, n = 212);1 (59
FR isolates) or 2 (6 FR isolates) additional Pdrlp AAS
was found in 65/66 (98.5%) FR isolates.

AAS in Pdrip Shown in Only FR isolates

Each of the 49 Pdrlp AAS was found alone in 59 FR
isolates of C. glabrata and their MLST genotypes (Ta-
ble 3). In 38 (64.4%) isolates, AAS were found in 3 do-
mains of Pdrlp, 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 Pdrlp AAS, 16 were described
previously for FR isolates, whereas 33 (67.3%) were
newly found in this study. Of these potentially nov-
el Pdrlp AAS, 5 (P327L, G346S, H576Y, T607A, and
G788W) were shared by 2 isolates with the same gen-
otype. Among these, 2 AAS (G346S [ST2] and H576Y
[ST7]), were shared by 2 isolates from the same hos-
pital in the same year. Quantitative reverse transcrip-
tion PCR revealed that 30 FR isolates harboring the
Pdr mutation exhibited significantly higher mean
expression levels of C¢CDR1, CgCDR2, and CgSNQ?2
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
CqCDR2, p = 0.0408; and 4.9- vs. 3.5-fold for C¢SNQ?2,
p = 0.0174) (Appendix Figure).

Discussion

After C. albicans, C. glabrata is the most common Can-
dida 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
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resistant to echinocandins, whereas 2%-3% were re-
sistant to echinocandins during 2015-2018. The emer-
gence of echinocandin-resistant BSI isolates of C. gla-
brata in South Korea might reflect the increased use
of echinocandin antifungals as the initial option for
candidemia after insurance coverage for echinocan-
dins 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 in-
cidence 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). How-
ever, 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 sig-
nificantly 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 mortal-
ity 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 BSls,
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 BSls 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 re-
port regarding C. glabrata BSls 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 Ko-
rea (21). We found that 100% (6/6) of MDR isolates
belonged to ST7, which harbored the V239L muta-
tion 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 sur-
veillance studies are needed. To date, few studies
have been conducted on MLST genotype-specific
differences in Pdrlp polymorphism among C. gla-
brata BSI isolates. We found that all 50 isolates of
ST3 harbored the same Pdrlp AAS (P765/P143T/

D243N), all 7 isolates of ST55 harbored E259G,
and all 4 isolates of ST59 harbored T745A, suggest-
ing the presence of MLST genotype-specific Pdrlp
AAS. P765/P143T/D243N in Pdrlp 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 Pdrlp AAS are MLST genotype-spe-
cific; because these AAS were found in both FR and
F-SDD isolates, we confirmed that they cannot be re-
sponsible 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 through-
out the entire protein without distinct hotspots, as re-
ported previously (7,13,41,45). Therefore, determin-
ing whether a certain Pdrlp 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 Pdrl mutation, compared with 5.6%

Table 2. Pdrl AAS in 66 FR isolates and 212 F-SDD BSl isolates of Candida glabrata and their MLST genotypes, based on cultures
collected during a multicenter surveillance study, South Korea, 2008-2018*

No. No. with No. isolates with 5 Pdr1p AAS found in No. isolates with additional Pdr1p
MLST Fluconazole isolates echinocandin both FR and F-SDD isolates AAS except for 5 Pdrip AAS
genotype susceptibility tested resistance  P76S P143T D243N E259G T745A 1 2 Total
ST7 FR 37 6t 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 STst 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 29 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.

TAll 6 isolates showed multidrug resistance, defined as resistance to both fluconazole and echinocandins.

fIncludes 21 STs that were each unique to a single isolate.

§Each of 6 FR isolates harbored 2 additional Pdr1 AAS (E340G/D919Y [ST7], Y556C/F5801 [ST7], N132S/G1099S [ST7], F832L/L833V [ST3],

G189V/E340G [other ST], and L366P/E555D [other ST]).

{[Two F-SDD isolates harbored additional Pdrl AAS (V502! [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*

Pdrl AAS (no. isolates)t

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), T7521 (1), N768D (1), R772K

S391L (1) (1), K776E (1), G788W (2),
L825P (1), T885A (1)

ST26 6 K365E (1), R376Q (1), N1091D (1) S3161 (1)
F3771 (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), 1392M (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)

Pdrl AAS

*AAS, amino acid substitutions; BSI, bloodstream infection; FR, fluconazole-resistant; MLST, multilocus sequence typing; ST, sequence type.

TPreviously 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 BSl isolates and 0.9% (2/212)
of F-SDD BSI isolates harbored an additional 1 or 2
Pdrlp AAS after exclusion of 5 genotype-specific
AAS (P76S, P143T D243N, E259G, and T745A). After
exclusion of 6 additional FR isolates that harbored 2
Pdrlp AAS (because determining which of the 2 AAS
was critical for fluconazole resistance was difficult to
determine), we found 49 Pdrlp AAS that were pres-
ent alone in 59 FR isolates, strongly suggesting that
these AAS were FR-specific. Of the 49 Pdrlp AAS,
16 have been described for FR isolates (7,13,14,25,43-
46). In this study, FR isolates exhibited higher mean
CqCDR1, CgCDR2, or CgSNQ?2 expression levels,
compared with F-SDD isolates; all FR C. glabrata iso-
lates 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 Pdrlp)
(7,8). Overall, our findings demonstrate that most FR
BSI isolates of C. glabrata in South Korea harbor FR-
specific Pdrlp AAS.

The cause of the high mortality rate associat-
ed with FR C. glabrata BSIs remains unclear. In this
study, we focused on FR-specific Pdrlp 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 Pdrl mutant of C. glabrata than
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in mice infected with F-SDD isolates (12). C. glabrata
might persist in the body by replicating inside phago-
cytes, 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 cumu-
lative mortality rate for patients with Pdrl mutants.
Appropriate antifungal therapy was the only inde-
pendently 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 monothera-
py, the 30-day mortality rates were 90% (antifungal
therapy) and 88.9% (azole monotherapy), which were
significantly higher than those of the patients receiv-
ing combination therapy (36.4%) or appropriate anti-
fungal 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 antifungal-
resistant Candida BSI (50), further studies including F-
SDD 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 viru-
lence of Pdrl mutants.

The first limitation of our study is that a Candida
species might develop resistance within a patient dur-
ing antifungal therapy; such resistance can be identified

785



RESEARCH

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 ob-
tained during the 11-year study period, and the hospi-
tals participating differed each year; therefore, we could
not select an appropriate control group of F-SDD iso-
lates. 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 hos-
pitals in South Korea. In that study, FR was shown to be
associated with the 30-day mortality rate in a multivari-
ate analysis (37). Third, only limited numbers of patients
infected with F-SDD BSI isolates of C. glabrata were in-
cluded in our mortality analysis. Nevertheless, we in-
cluded 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 30-
day mortality rate was similar to those reported in pre-
vious studies (21,33-37).

In conclusion, we demonstrated that nearly all
FR BSl isolates of C. glabrata in South Korea harbored
FR-specific Pdrlp mutations by excluding MLST
genotype-specific Pdrlp AASs and that the isolates
were associated with higher 30-day (60.9%) and 90-
day (78.2%) mortality rates. These results suggest
that Pdrl 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. gla-
brata worldwide, improved detection and appropri-
ate antifungal treatments are critical.
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Excess All-Cause Deaths during
Coronavirus Disease Pandemic,
Japan, January—May 2020%
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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 ap-
plied quasi-Poisson regression models to vital statistics
data. Excess deaths were expressed as the range of dif-
ferences 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% ex-
cess in the observed number of deaths. Prefecture and
age structure consistency between the reported CO-
VID-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.

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) first appeared in December 2019 in
Wuhan, China, and has rapidly led to a global pan-
demic (1). Globally, accurate figures on deaths caused
by coronavirus disease (COVID-19) have been dif-
ficult to obtain because of limited availability and
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quality of virus testing (2,3) (Y. Yangetal., 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 record-
ed (4). Lockdown measures are in place in many coun-
tries and regions around the world, but such mea-
sures 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 med-
ical 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 nor-
mal circumstances (e.g., in the absence of a pan-
demic) — 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 af-
fected by a pandemic. For example, excess-death
methods have been used to quantify formal under-
estimation 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/
jalfrom-idsc/493-guidelines/9835-excess-mortality-20aug.html).

2These first authors contributed equally to this article.
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country to avoid the severe epidemics experienced in
Europe; as of September 2, 2020, a total of 68,392 CO-
VID-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 de-
clared a state of emergency (19). Perhaps uniquely
among global movement restrictions, in Japan, these
restrictions were completely voluntary, with no le-
gal force; routine healthcare functions continued, in-
cluding elective surgery and outpatient services for
nonurgent health issues. Given the relatively limited
spread of the epidemic in Japan and the voluntary na-
ture of the lockdown, it is possible that the pattern of
excess deaths in Japan differs from that in other coun-
tries. 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 Infec-
tious 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 (Janu-
ary-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 mu-
nicipalities. Prompt vital statistics are published ~2
months after the month of survey form collection.
According to the Family Registration Law, a no-
tification 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 sub-
mitted by a relative or a person who lived with the
deceased or, in some cases, by landlords, house man-
agers, or persons with similar roles. For the Prompt
Vital Statistics report, data for a given month are
based on death notifications reported to the munici-
pality 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
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in the dataset for the current month, not the previous
month. For example, if a death notification is report-
ed 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 Feb-
ruary 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 ad-
justed data in our excess deaths analysis.

For this analysis, we used data from 2012 on (in-
cluding 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 resi-
dent card), and those whose place of residence or date
of birth was unknown. Our data did not include cause-
of-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 Far-
rington algorithm, which is commonly used to es-
timate excess deaths and is used by the US Centers
for Disease Control and Prevention to estimate ex-
cess deaths associated with COVID-19 (21). The Far-
rington algorithm uses a quasi-Poisson regression
(a generalized linear model accounting for overdis-
persion) 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 ¢ is estimated by using only the data
during t —w and t + w weeks of years h —band h -1,
where w and b are predetermined parameters and / is
the year of ¢, referred to as the reference period. Data
for a period of 1 year that is not included in the refer-
ence period are divided equally and included in the
regression model as dummy variables, which enables
the model to capture seasonality. Thus, the regres-
sion model is log(E(Y)) = o + Blf + f1(t)v;,, where Y, is
the number of deaths at a certain week t, o and 3 are
regression parameters, v, is a regression parameter
vector representing seasonality, and f{t) is a vector of

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



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 over-
dispersion in the Poisson model (23). Also, as a sen-
sitivity analysis, we changed the reference period to
confirm the robustness of the results based on combi-
nations 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 pre-
vious section, we estimated the expected number of
all-cause deaths per week and the associated 95% up-
per 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 ac-
cording 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 (cu-
mulative) number of excess all-cause deaths in each
prefecture during the COVID-19 pandemic was cal-
culated by summing the excess all-cause deaths (with
negative values set to 0) in each week, from the be-
ginning 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 prefec-
ture-specific excess deaths, a method consistent with
US Centers for Disease Control and Prevention meth-
ods used (8). Last, we defined the percentage of ex-
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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., few-
er 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 ad-
justed for 2- and 3-month reporting delays and those
in May were adjusted for 1-, 2-, and 3-month report-
ing delays (Appendix, https:/ /wwwnc.cdc.gov/EID/
article/27/3/20-3925-Appl.pdf).

To verify the validity of this adjustment method,
we compared the weekly observed number of all-
cause 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 pro-
portionate differences were then calculated for each
week of February 2020. The largest difference was ob-
served in Tokyo Prefecture (January 27-February 2,
2020) and Fukuoka Prefecture (January 27-February
2,2020) at 5 deaths (Appendix Table 1), and the larg-
est 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 regres-
sion 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 be-
ginning of 2020 through May 2020 were detected in
13 prefectures. The cumulative numbers of excess all-
cause 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 ex-
ceeded 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 ob-
served 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 set-
tings, 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 ex-
cess) at the national level by age group were as fol-
lows: <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 all-
cause deaths in 4 prefectures reflect the large num-
ber 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 previ-
ous 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 in-
fluenza 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 COV-
ID-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 vari-
ability 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-as-
sociated 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
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deaths, especially in areas where testing is not wide-
spread, 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 esti-
mating 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 comprehen-
sive response to the COVID-19 pandemic, which be-
gan 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 scenari-
os: 1) COVID-19 was the primary cause of death; 2)
although other causes were diagnosed as the pri-
mary 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 di-
rectly caused by COVID-19 may be offset by the nega-
tive portion of those deaths. In fact, traffic accidents
in Japan had decreased because of decreased traffic
volume resulting from stay-at-home requests by cen-
tral 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 prefec-
tures where no all-cause excess deaths were observed,
suggesting that COVID-19 deaths in these prefectures
were not high enough to overcome natural weekly vari-
ations 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 CO-
VID-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 consis-
tent with our estimates, suggesting the need to dis-
tinguish between direct and indirect consequences of
COVID-19 by using cause-specific analyses. For the
design of future broad-based infectious disease coun-
termeasures such as lockdowns, knowing whether
excess deaths in vulnerable age groups arises from
direct COVID-19 deaths, indirect causes, or prevent-
able 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 con-
sidered 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 select-
ed a comprehensive adjustment method that does not
depend on the cause of the delay by setting 3 assump-
tions (Appendix). We have also confirmed that valid-
ity 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 (nega-
tive 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 increas-
ing effect) but may be negative (a decreasing effect).
For example, no deaths caused by COVID-19 were ob-
served in Niigata Prefecture as of May 2020, and this
study estimated 0-0 excess deaths in the prefecture
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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 ex-
cess 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 ex-
cess 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 pan-
demic. More detailed cause-specific analyses of excess
deaths in Japan, especially among persons in older age
groups, will enable better design of future interven-
tions 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 im-
prove their own future response and better respond to
the health needs of critically affected countries.
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Prevalence of SARS-CoV-2
Antibodies In First Responders
and Public Safety Personnel,
New York City, New York, USA,
May—July 2020
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Don Weiss, Rebecca A. Henseler, Nga Vuong, Lisa Mackey, Anita Patel,
Lisa A. Grohskopf, Beth Maldin Morgenthau, Demetre Daskalakis, Preeti Pathela

We conducted a serologic survey in public service agen-
cies in New York City, New York, USA, during May—July
2020 to determine prevalence of severe acute respira-
tory 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 tech-
nicians (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 eth-
nicity (aOR 1.50 [95% CIl 1.33-1.68]), and severe obe-
sity (aOR 1.31 [95% CIl 1.05-1.65]). Consistent glove
use (aOR 1.19 [95% CI 1.06-1.33]) increased likeli-
hood of seropositivity; use of other personal protective
equipment had no association. Infection control mea-
sures, including vaccination, should be prioritized for
frontline workers.
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Queens, New York, USA (A. Crawley, D. Weiss, R.A. Henseler,

B. Maldin Morgenthau, D. Daskalakis, P. Pathela)

DOI: https://doi.org/10.3201/eid2703.204340

oronavirus disease (COVID-19) was recognized in

New York City (NYC), New York, USA, in late Feb-
ruary 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 work-
place prevention protocols to reduce transmission. Se-
rologic 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 re-
sponders, 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: Brook-
lyn, Manhattan, Queens, Staten Island, and the Bronx.
The Institutional Review Board of the NYC Depart-
ment 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(1) (2).

Adults >18 years of age working onsite in a public
service agency were eligible to participate, including
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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 demo-
graphics 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-Appl.pdf). Participation was
voluntary. Consenting participants completed the
questionnaire online and provided a blood speci-
men at a collection site located at or near their work-
place during May 18-July 2, 2020. Samples were
tested for SARS-CoV-2 antibodies by using the VIT-
ROS 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 CO-
VID-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 SARS-
CoV-2 IgG seropositivity and 95% Cls were calculat-
ed by selected characteristics and exposures. In subse-
quent analyses assessing seropositivity by frequency
of aerosol-generating procedures and PPE use, we fo-
cused on occupations for which CDC-issued recom-
mendations for PPE were in place: police (including
traffic officers), medicolegal death investigators, fire-
fighters, correctional staff, security guards, firefighters
or medical first responders, paramedics, emergency
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medical technicians (EMTs), dispatchers (fire, emer-
gency 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 hous-
ing 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%]) par-
ticipants tested positive for SARS-CoV-2 IgG (Ta-
ble); however, only 10.1% (95% CI 9.8%-10.5%]) of
participants reported previous positive results for
SARS-CoV-2 by reverse transcription PCR. Seroprev-
alence 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). Sero-
positivity was highest among those with exposure to
a household member who tested positive for SARS-
CoV-2 (48.3% [95% CI 46.3%-50.3%]). In addition, se-
ropositivity was highest among persons who resided
in the Bronx (28.8% [95% CI 26.8%-30.9%]) and low-
est among those residing outside of NYC (18.3% [95%
CI17.5%-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). Sero-
prevalence also varied by occupation (Figure 1). We
also observed differences in seroprevalence by work-
place 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 re-
sponders 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 aver-
age 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 Fig-
ure 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 counter-
parts (Figure 3; Appendix Table 2). Characteristics as-
sociated 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 racet 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 = 22,6321
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-21
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.

TNon-Hispanic other race includes Native Hawaiian and other Pacific Islander and American Indian and Alaska Native.
FWeight 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 1gG, 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% Cls. 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, para-
medics, security guards, dispatchers (EMS or fire and
police), and firefighters were more likely than police
to be seropositive; correctional staff had the high-
est likelihood of seropositivity (adjusted odds ratio
[aOR] 2.55 [95% CI 2.18-2.99]). The aOR for seroposi-
tivity 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

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

comparative dates (7). However, seroprevalence var-
ied 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 var-
ied by nonoccupational factors such as race or ethnic-
ity, age group, weight status, housing type, residence
borough, and exposure to household members with
COVID-19 (8; .M. Baker, unpub. data, https://doi.or
g/10.1101/2020.10.30.20222877). However, even when
controlling for these factors, we found that seropreva-
lence 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 work-
ing in congregate or uncontrolled settings and would
be a critical population for vaccination and other pub-
lic 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 op-
tions 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 deten-
tion facilities as of September 6, 2020 (13). Such rec-
ommendations as grouping persons with laboratory-
confirmed 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 1gG, 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% Cls. 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% Cls. 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 serop-
revalence 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 uncon-
trolled, unpredictable environments in which space
is limited (e.g., ambulances) and require rapid deci-
sions that might increase employee exposure risk.
Although EMTs and paramedics both conduct pro-
cedures 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 sero-
positivity 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 be-
tween coworkers is limited. Conversely, medicolegal
death investigators and laboratory technicians, occupa-
tions with the lowest seroprevalence, might have less
frequent close contact with other persons. Our find-
ings also suggest that infection rates in the workplace
might correlate with underlying community transmis-
sion, 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 re-
sults reported to the NYC Department of Health and
Mental Hygiene, which found higher community sero-
prevalence in the Bronx (32.2%) and Brooklyn (27.0%)
than in Staten Island (19.6%) (1).

Our finding that consistent use of gloves was as-
sociated with seropositivity was unexpected. How-
ever, 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 cross-
contamination and lack of hand hygiene after glove
removal (19-22). PPE use has been demonstrated to
be effective among healthcare workers in facility set-
tings, but our study of first responders and public
safety personnel in nonfacility settings demonstrates
a different pattern, which warrants further investiga-
tion (23). Studies among healthcare workers found
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improper use of PPE, insufficient training, and per-
ceived 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 ex-
posure to COVID-19 in the workplace. According to
the hierarchy of controls, engineering and adminis-
trative controls (e.g., isolation and indoor ventilation)
are preferred, and PPE should be the last line of de-
fense to protect workers (27).

Public service personnel exposed to a SARS-
CoV-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 front-
line workers. Another factor to consider in NYC is the
high density of living conditions, which was associ-
ated with greater likelihood of infection in our study.
Even after controlling for occupation and housing
type, racial and ethnic minority groups had higher se-
ropositivity than non-Hispanic White workers. This
pattern might be explained by unmeasured social dis-
parities, 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, un-
pub. 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 ad-
dress persons working or residing in areas with high
levels of SARS-CoV-2 transmission and racial or eth-
nic disparities.

Limitations of our study include that it was a
convenience sample of public service agency person-
nel with limited numbers of healthcare profession-
als; 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 de-
signed to measure adaptation to evolving PPE use.
Temporality also limits our ability to know whether
infection occurred before or after a potential expo-
sure. Despite these limitations, our study provides
seroprevalence estimates and factors associated with
SARS-CoV-2 infection across a diverse set of occupa-
tions for which little data exist.
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Nearly 25% of first responders and public safety
personnel in our study were infected with SARS-
CoV-2 before July 2020. Seroprevalence varied by
nearly 4-fold among occupations; correctional staff
and EMTs demonstrated highest levels of seroposi-
tivity. 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, pos-
sibly because persons with consistent use had higher
and more frequent exposure to SARS-CoV-2. Never-
theless, these results have identified high-risk occu-
pations for which enhanced prevention measures in-
cluding 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 person-
years of observation. TB disease incidence rate ob-
served in the cohort was 6.0/1,000 person-years. The in-
cidence rate ratio ranged from 0.29 (95% C1 0.04—1.3) to
0.50 (95% CI 0.06—2.8), with a pooled estimate of 0.35
(95% C10.14-0.87). Overall, fluoroquinolone-based pre-
ventive therapy for DR TB exposure reduced risk for TB
disease by 65%.

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 (I). 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 pro-
longed, and it has a success rate of only 55% (1-3).
Therefore, preventive interventions, including pre-
ventive 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 be-
cause 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 tuber-
culosis strain (9).

Evidence is limited regarding effective preven-
tive regimens for MDR TB, in contrast to the abun-
dant evidence available for preventive therapy in
isoniazid-sensitive TB (10). Although data from ran-
domized controlled trials are not available to guide
the approach to preventive therapy for MDR TB,
observational studies from the Federated States of
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Micronesia, United States, United Kingdom, and
South Africa have shown efficacy of fluoroquino-
lone-based preventive therapy in adults and children
(11-17). The largest observational study with a com-
parison arm, from the Federated States of Microne-
sia, described 104 household contacts of persons with
MDR TB who received preventive therapy with a
fluoroquinolone-based regimen for 12 months. Dur-
ing 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 stud-
ies 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, Paki-
stan, which has a high TB burden and low HIV prev-
alence 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. Be-
cause 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. House-
hold 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 evalua-
tion, 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 receiv-
ing 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 fluo-
roquinolone-based 2-drug regimen for 6 months to
remaining household contacts who met these crite-
ria: 0-4 years of age; 5-17 years of age with a posi-
tive tuberculin skin test (TST) result or evidence of
immunocompromising condition, such as diabetes,
HIV, or malnutrition (body mass index [BMI] <18.5
kg/m?); or >18 years of age with evidence of an im-
munocompromising condition, such as diabetes,
HIV, or malnutrition (BMI <18.5 kg/m?). Persons
who did not meet these criteria were not prescribed
preventive therapy but were followed for the oc-
currence 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 le-
vofloxacin-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 oc-
currence 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 con-
tact experiencing TB symptoms was referred to The
Indus Hospital clinic for further evaluation, includ-
ing chest radiography and sputum testing if able to
produce sputum.

Preventive Therapy for Drug-Resistant TB

Analysis

The primary outcome of interest was the effective-
ness of preventive therapy in household contacts,
defined as disease-free survival 2 years after the di-
agnosis 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 inci-
dence 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 drug-
resistance profile (7,23). We used the definition of an
incident case of TB disease and TST positivity as de-
fined by each study.

From the identified studies, we extracted the inci-
dence of TB disease among untreated household con-
tacts 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 ther-
apy 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 calcu-
late the expected number of persons in whom TB
disease would have occurred within 2 years of ex-
posure 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 preven-
tive therapy, we then compared the expected inci-
dence 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
max. dose 1,000 mg/d

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

Levofloxacin/ethionamide
max. dose 1,000 mg/d

Levofloxacin, <5 y: 15-20 mg/kg, >5 y: 7.5-10 mg/kg;

Ethionamide, 15—-20 mg/kg; max. dose 750 mg/kg

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 etal. Martin-Sanchez Saunders et
Characteristic Becerra etal. (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 <15y,Y 1: Y 1: Rate: Rate: 2yriskin TST- 2.5y risk for
2,079/100,000 p-y; 1,478/100,000 951/100,000 p- 1970/100,000 positive medium- to
<15y,Y 2: p-y; Y 2: y; 5yriskfor  p-y; 5y risk for contacts high-risk
315/100,000 p-y;  831/100,000 p-  TST-positive TST-positive without PT: contacts in
>15y, Y 1: y; risk: contacts contacts not 9/372 (2.4%) validation
2,610/100,000 p-y; 898/65,935 without PT: completing PT: cohort:
>15y,Y 2 (1.4%) 49/446 (11.0%)  6/72 (8.3%) 57/1,335
1,309/100,000 p-y; (4.3%)
risk: 163/4,515
(3.6%)
Other limitations Some children NA P-y No cases in Definition of HHCs >15y
received isoniazid- accumulated children less incidence >6
based PT over5y than 15 y; p-y mo
accumulated
over 53y

*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 dif-
ference (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 cal-
culated 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 ro-
bust to a range of different assumptions. We evalu-
ated 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 In-
stitutional Review Boards of Interactive Research
and Development, Harvard Medical School, and
Emory University.
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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 per-
sons, we verbally asked 737 (93.1%) about symp-
toms; 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 preven-
tive therapy; within that cohort, median age was 7
years (interquartile range [IQR] 3-16) and median
BMI was 14.8 kg/m? (IQR 13.4-16.9); 52% persons
were male. Of the persons offered preventive thera-
py, 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 re-
mained under observation. The 43 persons who did
not start treatment were older (median age 16 years
[IQR 3-22]) than those who started preventive treat-
ment (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 pre-
ventive 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 = 789t OnPT,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/m? 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=2522
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) 21 0 0

*FQ, fluoroquinolone; NA, not applicable; PT, preventive therapy; TB, tuberculosis; TST, tuberculin skin test.
TExcluding 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 dis-
ease 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 inci-
dence 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 me-
ta-analysis to demonstrate the potential range
of IRR and IRD (22,26,27) (Table 4). Equiva-
lent 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 es-
timated 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% Cl)

IR difference per 1,000 p-y (95% ClI)
NNT 64 91
Preventive fraction in exposed, % 57.5 48.7

*IR, incidence rate; IRR, incidence rate ratio; NNT, number needed to treat; p-y, person-years.

0.40 (0.05-2.0)
-8.0 (-23.0t0 7.1)

0.50 (0.06-2.8)
5.7 (=20.0 to 8.5)

0.29 (0.04-1.3)
-14 (-31.0 t0 3.4)
37
69.5

0.29 (0.04-1.3)
-14 (-31.0 t0 3.4)
37
69.7
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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 preven-
tive 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%
Cl. Small diamonds indicate point estimates of preventive therapy
effectiveness using data from each study with its Cl. RR, risk ratio.
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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 sev-
eral populations with different risk levels and bio-
logic 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 oc-
curred 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 iso-
niazid-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 per-
sons 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 dis-
ease 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 underestima-
tion 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 stud-
ies also had some of the limitations highlighted

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



previously. Our results are also consistent with the
TB risk reduction reported with use of isoniazid-
based 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 pub-
lished 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 inci-
dent 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 preven-
tive therapy and was not designed as an effective-
ness 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, Amanul-
lah 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 bur-
den, 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 cu-
mulative 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 de-
sign, which resulted in >91% retention at 2 years and
a high completion rate of preventive therapy. Our re-
sults 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 fluoroqui-
nolone-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 grow-
ing evidence base for effectiveness of preventive ther-
apy for DR TB and MDR TB and is consistent with ev-
idence that a fluoroquinolone-based 2-drug regimen
can be used to protect children and adults exposed at
home to DR M. tuberculosis strains.

Preventive Therapy for Drug-Resistant TB
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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). Clus-
ters of clonal origin contribute greatly to the high preva-
lence of drug-resistant TB in Thailand.

Tuberculosis (TB), caused by Mycobacterium tuber-
culosis, is a major global public health issue. South-
east 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 rifampin-
resistant 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 glob-
ally, of which 78% were MDR TB (1). More worri-
some 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. tubercu-
losis 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 tar-
gets 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 stud-
ies 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 meth-
ods 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 clon-
al 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 transmis-
sion 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, Ma-
hidol University, Thailand. These 2 laboratories cov-
er 230 hospitals handling most DR TB cases in Thai-
land (Appendix 1 Tables 1, 2, https:/ /wwwnc.cdc.
gov/EID/article/27/3/20-4364-Appl.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 col-
lected at different times as internal controls for SNP
distances. In each control pair, we included the iso-
late with the most mutations associated with drug
resistance or the chronologically earlier isolate in
the studied population (n = 579). We retrieved de-
mographic 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 concentra-
tions used were 0.2 pg/mL for isoniazid; 40.0 pg/mL
for rifampin, ethionamide, capreomycin, and cyclo-
serine; 2.0 ug/mL for ethambutol, ofloxacin, and le-
vofloxacin; 4.0 pg/mL for streptomycin; 30.0 ng/mL
for kanamycin; and 0.5 ug/mL for para-aminosalicylic
acid. We used M. tuberculosis H37Rv as the suscep-
tible reference strain.

Whole-Genome Sequence Analysis

We used multiple loops of M. tuberculosis colonies for
genomic DNA extraction (with the cetyl-trimethyl-
ammonium bromide-sodium chloride method) (9).
WGS data for 590 M. tuberculosis isolates were pro-
duced by NovogeneAlT (https://en.novogene.com)
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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 ge-
nome (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 se-
quencing 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 vari-
ants 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. PR]-
NA598981 and PRINA613706).

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 gen-
eral time-reversible with gamma-distribution model,
implemented within MEGA version 10.1 (15). We ex-
cluded 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 boot-
strap consensus tree from 1,000 replicates. We pro-
duced 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 re-
cent 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) x 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-associ-
ated mutations, especially those associated with re-
sistance to fluoroquinolones, kanamycin, or capreo-
mycin, 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 (ances-
tral 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 sub-
sets of MDR TB, we have treated all 3 as separate cat-
egories in our analyses.

We analyzed all data using R statistical software
version 3.6.1 (https://www.r-project.org) and con-
sidered p values <0.05 to be statistically significant.
We analyzed associations between clades/clusters
and geography using y? tests and visualized them
with the R package ved version 1.4-8. We calculated
odds ratios (ORs) with 95% Cls using the R package
epiR version 1.0-4. We tested factors associated with

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

Drug-Resistant M. tuberculosis, Thailand

clustering isolates using the Student f-test (numerical
data), x> 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 Chon-
buri (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%), fol-
lowed 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)
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(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 di-
versity among the DR TB isolates from Thailand. Many
isolates were distinct, differing from all others at a mean
1SD 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, whole-
genome 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; Appen-
dix 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; Ap-
pendix 1 Table 6). The percentages of MDR TB, pre-
XDR 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 chronologi-
cal pattern based on the progressive increase in num-
bers of DR mutations from base to tips in the phylog-
eny (Appendix 1 Table 8). The pattern of DR mutation
changes was nonchronological in clusters C21, C23,
(€32, 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

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

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%) exhibit-
ed acquired DR TB (MDR TB [n=29/205; 14.1%], pre-
XDR TB [n = 17/46; 37.0%], and XDR TB [n = 5/19;
26.3%]) (Table 1).

Among clustered isolates, there was some dis-
cordance 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 iso-
niazid 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 resis-
tance types, stratified by province, are shown (Ap-
pendix 1 Table 10).

Factors Associated with Possible DR TB

Transmission Clusters

TB patients from whom clustering isolates were ob-
tained had an average age of ~42 years. Isolates fall-
ing within clusters were significantly associated with
geographic regions (p = 0.001; Appendix 2 Figure 3,
panel B). Patients with TB who lived in western prov-
inces 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-resis-
tance 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 prov-
inces 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
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multiclonal MDR TB outbreaks associated with spe-
cific regions in Thailand. Bangkok, Kanchanaburi,
and Chonburi were the provinces with the high-
est 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 dif-
ferences between the 11 paired isolates used as an in-
ternal control. Second, we used an SNP cutoff concor-
dant with, or more stringent than, those in previous
studies (17-20). Our 11-SNP cutoff was proportion-
ally 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. (%)t

Clustered isolates, n = 281 INH-R, n=11 MDR TB, n = 205 Pre-XDR TB, n = 46 XDRTB,n=19
Possible primary DR TB, n = 230, 81.85% 11 (100.0) 176 (85.85) 29 (63.04) 14 (73.68)
Possible acquired DR TB, n = 51, 18.15% 0 29 (14.15) 17 (36.96) 5 (26.32)

*Using a pairwise-difference range of 0-11 single nucleotide polymorphisms, 89 clusters (minimum cluster size = 2 isolates) were recognized. DR, drug-
resistant; INH-R, isoniazid resistant; MDR, multidrug-resistant; TB, tuberculosis; XDR, extensively drug-resistant.

1DR TB types based on genotypic drug susceptibility tests.

FPossible 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 pheno-
typic 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% ClI)
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
21 31 (5.35) 12 (4.27) 19 (6.38) 0.66 (0.31-1.38)
221 413 (71.33) 236 (83.99) 177 (59.40) 3.59 (2.42-5.32)
2211 32 (5.53) 16 (5.69) 16 (5.37) 1.06 (0.52-2.17)
2.2.1.2and 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 Kan-
chanaburi. 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 else-
where in Thailand.

We identified 89 clusters (isolates in each differ-
ing by <11 SNPs) of DR TB in Thailand. The clustered
isolates showed a strong association with geograph-
ic 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 transmis-
sion events may have resulted from casual contact
between persons not known to one another (23). An-
other study in South Africa showed that 19% of XDR
TB patients discharged from the hospital caused sec-
ondary 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; Appen-
dix 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 progres-
sion 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 pre-
XDR 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 ex-
plained by different durations of the latency stage oc-
curring after transmission events leading to the emer-
gence 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
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higher because we reported numbers of MDR TB cas-
es 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 se-
lected 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 be-
ing single, having low income, suffering frequent
stress and other diseases, and lacking medical insur-
ance (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 re-
gion 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 in-
creased 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 muta-
tions (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 con-
cern 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. Be-
sides 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 pri-
oritize 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., 1S6110 restric-
tion fragment length polymorphism, spoligotyp-
ing, 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 dis-
tances among isolates and each patient’s hospital and
province of residence. In addition, an accurate esti-
mation of the exact time of the possible transmission
cannot be made: clusters originating years ago may
be continuing to spread. We also lacked informa-
tion about treatment and exposure history and of the
complete population to identify all index cases to dif-
ferentiate 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 useful-
ness 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 pos-
sible 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
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Healthcare personnel are recognized to be at higher
risk for infection with severe acute respiratory syn-
drome coronavirus 2. We conducted a serologic survey
in 15 hospitals and 56 nursing homes across Rhode
Island, USA, during July 17-August 28, 2020. Over-
all seropositivity among 9,863 healthcare personnel
was 4.6% (95% Cl 4.2%-5.0%) but varied 4-fold be-
tween hospital personnel (3.1%, 95% Cl 2.7%-3.5%)
and nursing home personnel (13.1%, 95% CI 11.5%—
14.9%). Within nursing homes, prevalence was high-
est among personnel working in coronavirus disease
units (24.1%; 95% CIl 20.6%—27.8%). Adjusted analy-
sis showed that in hospitals, nurses and receptionists/
medical assistants had a higher likelihood of seroposi-
tivity than physicians. In nursing homes, nursing as-
sistants and social workers/case managers had higher
likelihoods of seropositivity than occupational/physical/
speech therapists. Nursing home personnel in all oc-
cupations had elevated seropositivity compared with
hospital counterparts. Additional mitigation strategies
are needed to protect nursing home personnel from in-
fection, regardless of occupation.
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ealthcare personnel face higher risk of infec-
tion during the coronavirus disease (COVID-19)
pandemic because of their essential role in identify-
ing and treating persons affected (1,2). Although es-
sential 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 per-
sons known to be infected with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2).
Hospitals and nursing homes are potential
hotspots of infection transmission. Hospital person-
nel conduct activities ranging from infection screen-
ing 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 re-
sources, including staff (4,5). Nursing homes have
been referred to as “ground zero” (6) of the pan-
demic because resident deaths have contributed dis-
proportionately to overall COVID-19 mortality (2,7).
Several factors may increase intrafacility transmis-
sion, 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 chal-
lenges (8-11). Assessing SARS-CoV-2 seropositivity
among hospital and nursing home personnel may
reveal risk factors that can be addressed through ad-
ditional interventions. Community transmission has
been identified as a primary determinant of trans-
mission 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 Preven-
tion (CDC) collaborated on a serologic survey of
personnel in hospitals, nursing homes, and first re-
sponder 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 re-
lated 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 par-
ticipation. The protocol was reviewed by CDC hu-
man 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/27/3/20-
4508-Appl.pdf). Upon completing the screening and
questionnaire on a personal device, participants re-
ceived information about blood collection events at
their workplace or nearby facility. Each participant
provided 10-15 mL of blood using standard veni-
puncture techniques. Centrifuged serum samples
were transferred to a central laboratory for SARS-
CoV-2 antibody testing using the ORTHO Clinical
Diagnostics VITROS Immunodiagnostic Products
Anti-SARS-CoV-2 IgG Test (https:/ /www.orthoclini-
caldiagnostics.com). The emergency use authoriza-
tion data submitted to the US Food and Drug Admin-
istration indicated that this test measures IgG directed
at the S1 domain of the spike protein with a sensitiv-
ity 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 con-
sented 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 par-
ticipants, 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% Cls and as-
sessed significant statistical differences by evaluating
nonoverlapping 95% CI or x*tests for categorical vari-
ables and Cochran-Armitage trend tests for ordinal
variables (2-sided with a = 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/ethnic-
ity 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 emer-
gency 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 report-
ed working in additional settings that were not the fo-
cus 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 sepa-
rately. A precategorized list and free-text option were
also provided for occupation. Prespecified categories
with low frequencies were combined (Appendix Ta-
ble 2). Among nursing home occupations, 4 with low
sample size were combined (other nursing home: en-
gineer/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-mu-
tually 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 rec-
ommendations 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 in-
teraction 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, giv-
en evidence that shortages may contribute to trans-
mission (12). Similarly, questions assessing use of in-
dividual 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

SARS-CoV-2 Seropositivity in Healthcare Personnel

were the reference group for comparability to a pre-
vious study (18). There were not enough physicians
in nursing homes to categorize separately, so occupa-
tional/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 hos-
pital personnel (3.1%; 95% CI 2.7%-3.5%) and nurs-
ing 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 char-
acteristics were similar between hospital and nursing
home personnel, but some seropositivity patterns dif-
fered. Seropositivity was highest among hospital per-
sonnel 18-24 years of age, but there were no age dif-
ferences among nursing home personnel (p = 0.64 by
x> 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 seroprev-
alence 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)

Othert 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.

TOther 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 lev-
el. Among nursing home personnel, those working in
nursing home COVID-19 units had higher seropositiv-
ity (24.1%, 95% CI 20.6%-27.8%) than the overall nurs-
ing home level. Figure 2 shows workplace and occu-
pation 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% CI123.7%-39.9%),
nurses (24.6%, 95% CI118.7%-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 oc-
cupational 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 ex-
posed 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 per-
sonnel, 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 person-
nel, 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)
Workplacet
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.

TWork 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 de-
creasing frequency of needing complete PPE. Among
hospital personnel, those who reported no shortage
of PPE had higher seropositivity than those who re-
used PPE (p = 0.006). Among nursing home person-
nel, there were no significant differences in seroposi-
tivity between those who reported no PPE shortages
and those who reported extended use, reuse, or both.
Among all personnel, there were no differences in se-
roprevalence between those who received PPE don-
ning/doffing training versus those with no training
(p>0.05 by x? 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 person-
nel 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).
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In adjusted models (Figure 4; Appendix Table
3), both hospital personnel (Figure 4, panel A) and
nursing home personnel (Figure 4, panel B) with ex-
posure 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 face-
to-face interaction with members of the community
or patients had a higher likelihood of seropositiv-
ity among hospital but not nursing home personnel.
Among hospital personnel, nurses and receptionists
or medical assistants had a higher likelihood of be-
ing seropositive compared with physicians. Among
nursing home personnel, nurse assistants and social
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workers or case managers had higher likelihood com- having or using an N95 respirator/PAPR among ei-
pared with occupational, physical, and speech thera- ther hospital or nursing home personnel.

pists. Finally, hospital personnel working in surgical

units had lower likelihood of being seropositive. There Discussion

were no associations by frequency of aerosol-generat- In this study, we compared SARS-CoV-2 seropreva-
ing procedures, use of PPE shortage protocols, or not lence 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% Cls. 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 Cl width >0.30 (unreliable estimate). Other healthcare category also not included. COVID-19,
coronavirus disease.
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Table 3. SARS-CoV-2 seropositivity among hospital and nursing home personnel, by exposure to persons testing positive for COVID-
19 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 hos-
pital personnel (3.1%), who had levels comparable
to statewide seroprevalence of 2.8% based on com-
mercial laboratory data as of August 2020 (19). High
prevalence among nursing home personnel was ob-
served across all occupations studied. A study ana-
lyzing 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 se-
roprevalence may hold, but with exaggerated SARS-
CoV-2 transmission in nursing homes versus hospi-
tals. SARS-CoV-2 seropositivity among nursing home
COVID-19 unit personnel was nearly 5 times higher
than among hospital-based COVID-19 unit person-
nel. 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 (3.24.8) 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, 