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Considerations for Establishing
Successful Coronavirus Disease
Vaccination Programs in Africa
Victor Williams, Bassey Edem, Marianne Calnan, Kennedy Otwombe, Charles Okeahalam

The accelerated development of coronavirus disease
(COVID-19) candidate vaccines is intended to achieve
worldwide immunity. Ensuring COVID-19 vaccination is
crucial to stemming the pandemic, reclaiming everyday
life, and helping restore economies. However, challenges
exist to deploying these vaccines, especially in resourcelimited sub-Saharan Africa. In this article, we highlight lessons learned from previous efforts to scale up vaccine distribution and offer considerations for policymakers and key
stakeholders to use for successful COVID-19 vaccination
rollout in Africa. These considerations range from improving weak infrastructure for managing data and identifying
adverse events after immunization to considering financing options for overcoming the logistical challenges of vaccination campaigns and generating demand for vaccine
uptake. In addition, providing COVID-19 vaccination can
be used to promote the adoption of universal healthcare,
especially in sub-Saharan Africa countries.

T

he World Health Organization (WHO) declared
the spread of severe acute respiratory syndrome
coronavirus 2 (SARS-COV-2), the causative agent
of coronavirus disease (COVID-19), a pandemic in
March 2020 on the basis of the rapid rate of increase in
infections across many countries. As of May 9, 2021,
≈157 million cases and 3.2 million deaths had been
recorded globally (1), a figure that continues to grow.
The COVID-19 pandemic, which originated in Wuhan, China, in late 2019, led to global shutdowns or
restrictions of economic and social activities and has
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K. Otwombe); Medical Research Council Unit The Gambia at
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caused an unprecedented strain on healthcare services. Although the initial infections were transmitted to
local residents from travelers, community infections
now make up the bulk of new infections despite ongoing use of preventive measures, including restricted movement, sanitization, face mask wearing, and
social distancing based on guidelines or mandates
enacted by various governments. New infections continue to occur daily, and many countries anticipate
a third wave, which is already underway in a few
places. Effectively rolling out programs to distribute
available vaccines is urgently needed to complement
these ongoing public health measures (2,3).
When we have limited knowledge of the epidemiology of an infectious disease, waiting to achieve
global herd immunity without a vaccine comes at
considerable cost because health systems need to
increase their use of resources for unplanned expenses to address illness and death. Herd immunity
is the indirect protection from an infectious disease
acheived in a susceptible population when an adequate proportion of the population becomes immune to the infection (4,5). Ongoing research has
demonstrated that persons who recover from the
infection develop antibodies and cellular immune
responses that might offer some protection; these
findings form the basis for continuing development
of COVID-19 vaccines (6,7). The duration of protection achieved postinfection, although uncertain, is
estimated to be ≥6 months (4,6,8).
As of May 7, 2021, WHO had documented 183
candidate vaccines in preclinical evaluation stages
and 97 in clinical evaluation, including 22 in phase
3 or 4 trials and ≥8 approved by different national
regulatory authorities for emergency or full use
(8–10). Consequently, vaccination of priority groups
and the general population has begun on different
scales globally including in countries in Africa. Unfortunately, the discovery of multiple COVID-19
variants has raised uncertainty about the efficacy of
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the available vaccines. Variants have been detected
in many countries: United States (B.1.526/B.1.526.1/
B.1.427/B.1.429), South Africa (B.1.351), United Kingdom (B.1.1.7/B.1.525), Brazil (P.1/P.2), and India
(B.1.617/B.1.617.1/B.1.617.2/B.1.617.3) (11).
Considering that successful candidate vaccines
will require mass production to meet global demand, governments need to take immediate action
to address potential barriers to establishing effective
vaccination campaigns in Africa after vaccines are
available. Data from WHO and the United Nations
Children’s Fund (UNICEF) indicate that, in 2019, Africa had the highest levels of unvaccinated children
and the highest number (6.8 million) of children
without any doses of the diptheria-pertussis-tetanus1
(DPT1) vaccine (12). These data illustrate the challenges facing individual country vaccine programs.
However, previous successful vaccination campaigns
in Africa provide models from which countries can
draw best practices for evidence-informed decision
making and planning. MenAfriVac campaigns, introduced in 2010 to provide meningococcal vaccines in
the Africa meningitis belt, led to a substantial reduction in meningitis epidemics and a 99% reduction in
group A meningococcal meningitis (13). The success
can be attributed to commitments from multilateral
stakeholders to develop and distribute the vaccine
and affected countries to roll out vaccination campaigns with efficient surveillance systems simultaneously (13). Because the target population for COVID-19 vaccination is broader, country vaccination
programs in Africa should consider both universal
and unique potential challenges to this effort. Anticipating and understanding these challenges and addressing them through data-driven planning, will be
vital to overcome barriers to establishing successful
COVID-19 vaccination campaigns that include robust
social behavior efforts targeted to residents (Table 1).
Vaccine Characteristics
Although many COVID-19 vaccines remain in clinical
development, ≥8 vaccine candidates have completed

phase 3 trials and received emergency authorization: Oxford-AstraZeneca (https://www.astrazeneca.
com), Moderna (https://www.modernatx.com), Pfizer-BioNTech (https://www.pfizer.com), Gamaleya
(Sputnik) (https://sputnikvaccine.com), Sinovac
(CoronaVac) (http://www.sinovac.com), Sinopharm
(http://www.sinopharm.com), Novavax (https://
www.novavax.com), and Janssen (Johnson & Johnson) (https://www.jnj.com). Moderna and Pfizer report >90% efficacy and Oxford-AstraZeneca 62%–90%
when recipients have been fully vaccinated (9,14–16).
Candidate vaccines are mainly being developed from
mRNA (e.g., Pfizer-BioNTech and Moderna), nonreplicating viral vector (e.g., Oxford-AstraZeneca, Gamaleya, and Janssen), or inactivated virus (e.g., Sinovac
and Sinopharm). The logistic requirements vary for
distributing different vaccines. Except for the Janssen
vaccine, which requires only 1 dose, all of the vaccines require 2 intramuscular doses administered several days apart (9). The Pfizer-BioNTech and Moderna
vaccines might be challenging to administer in Africa
because each requires –70°C cold chain storage and
transportation (14).
The WHO target product profile for COVID-19
vaccines specifies that target vaccines should be indicated for active immunization, administered in either
a 1- or 2-dose regimen, viable for all age groups in
an outbreak, including the elderly, and have a rapid
onset of protection, preferably ≤2 weeks (17). Also,
the vaccine must be prequalified in a multidose vial
presentation and be thermostable, which can simplify vaccine distribution and eliminate the additional
costs required for cold chain management. Distributing vaccines to target populations in mass campaigns,
as postulated, requires a less complex administration
route than other distribution strategies. However,
mass vaccination campaigns might present some
challenges. The elderly constitute an important target
population, and inadequate immune response to vaccination in this age group is well documented; in addition, experience with routine immunization of this
age group in Africa is limited (18).

Table 1. Key considerations for COVID-19 mass vaccination program development*
Category
Key considerations
Vaccine characteristic
Vaccine thermostability and requirement for cold chain system; route of administration; no.
doses/person; COVID-19 testing capacity; adverse event surveillance
Financing
Ability of low-and middle-income countries to pay for vaccines and deliver financing
Prioritizing beneficiaries
Priority populations: healthcare workers, first responders, essential services personnel, elderly
persons, persons with coexisting conditions, children; use of phased approach with timelines
Vaccination policy and logistics
National policy to guide vaccination process and ensure availability of resources. Timelines for
receiving and distributing vaccine from manufacturers after procurement
Communications
Effective communication about benefits of the vaccine to increase acceptability, especially with
phased approaches
Vaccine data management systems Track demographics of vaccinated persons, doses received, risk factors, and adverse events
*COVID-19, coronavirus disease.

2010
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Influenza and pneumonia are the vaccines most
commonly recommended for elderly persons, and
studies on the uptake and effectiveness of these vaccines in Africa are few. Studies from South Africa show
that elderly populations at risk for high mortality rates
have reduced uptake of the influenza vaccine, indicating the need for more effective approaches to increase
uptake and ultimately achieve population-level immunity (19). Compared with the influenza vaccine, which
showed an efficacy of 30%–50% among persons ≥65
years of age and 70%–90% in children and younger
adults, available data from 2 leading vaccine candidates
(Pfizer-BionTech and Oxford-AstraZeneca) indicate an
efficacy >90% in persons ≥65 years of age (15,16,18).
This notable improvement in vaccine design addresses
reduced immune response among the elderly.
Program Monitoring
One challenge to establishing vaccination programs
in Africa is that data from COVID-19 testing has been
suboptimal, which might affect rollout of vaccination
campaigns. Because of limited testing, information on
the number of cases and patient demographics is lacking, further hindering effective planning. Therefore,
countries in Africa need to increase testing capacity to
better characterize and manage the pandemic.
Another planning consideration is the capacity to monitor adverse events following immunization (AEFI), which is imperative in the context of a
COVID-19 vaccine rollout. First, these vaccines have
undergone rapidly accelerated development. The
adverse event profiles of the vaccines are not fully
known, and early data from trials of 2 leading vaccine candidates suggested more adverse events occurred in the vaccine groups than in the control
groups (15,16). After rollout of the vaccines, adverse
events including rheumatoid symptoms, blood clots,
severe headache, and fever were reported, but WHO
guidance indicates that the benefits of the vaccine
outweigh the risks (20). Phase 4 studies and robust
postmarketing surveillance will strengthen risk profile characterization and help manufacturers and regulators effect risk minimization strategies, vital steps
that might have been missed because of the accelerated development and licensing process (21).
South Africa is the only country in Africa that has
thus far conducted COVID-19 vaccine trials, indicating that safety and efficacy data for the vaccines might
be limited in these populations (14). AEFI reporting
has historically been weak in Africa, using only passive monitoring systems that are restricted to tuberculosis (TB) and HIV. However, AEFI systems are
being scaled up, as demonstrated in Malawi and the

Democratic Republic of the Congo, where officers are
being trained on pharmacovigilance and AEFI with
subsequent active follow-up to improve documentation of adverse events from medications and vaccines
(22,23). This process has been recognized by WHO as
a best practice and recommended for other countries
in Africa. Multistakeholder collaborations are needed
to sustain the strengthening of postlicensure AEFI
monitoring (21) and the national immunization technical advisory groups in each country should identify
and address policy issues related to COVID-19 vaccine rollout and administration (24).
Vaccination Logistics
Rollout of a COVID-19 vaccination campaign in Africa
will require each country to formulate a national deployment plan, a document that will guide the overall
allocation of resources for a successful campaign by
ensuring the availability of personal protective equipment, vaccine supply, storage and transportation
within a continuous cold chain system (if needed),
human resources, security, and other prerequisites
(24). It can be argued that some of these resources are
already available from the WHO Expanded Program
on Immunization (EPI) programs in different countries and that COVID-19 vaccination administration
programs can easily be integrated. However, existing EPI programs target specific populations, mainly
pregnant women and infants, and might not offer adequate resources to accommodate a large-scale population-based vaccination campaign. In addition, existing challenges encountered by EPI programs, such as
lack of funding, human resources, logistics infrastructure, transportation to certain difficult-to-access terrains, and kidnappings and killings of EPI program
staff in conflict zones in some Africa countries, further
complicate the challenges brought by the COVID-19
pandemic (12). Therefore, careful assessment of the
current state of each country’s EPI will be required to
identify critical deficiencies and necessary resources
added before existing EPI infrastructures can be integrated into successful COVID-19 vaccination campaigns. Given that larger populations will need to be
vaccinated compared with target groups in previous
vaccination campaigns for other diseases, adopting a
phased approach based on priorities for vaccinating
different population groups in each country could
prevent overburdening of existing EPI infrastructures
and resources (13,25).
COVID-19 Vaccination Program Financing
To prepare for distributing licensed COVID-19 vaccines once they became available, the United States
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and European Union committed funds for developing
programmatic infrastructure and purchasing vaccine
doses. Considering the cost of advanced candidate
vaccines, uncertainty had been expressed about how
developing countries would fund vaccine purchases
(26). A coalition, COVID-19 Global Access (COVAX),
led by the Global Alliance for Vaccines and Immunizations (Gavi), the Coalition for Epidemic Preparedness Innovation, and WHO, was tasked with
ensuring equitable distribution of licensed COVID-19
vaccines to give developing countries access to the
vaccines through the advance market commitment
model (27). This model has been used to successfully
distribute new vaccines, such as pneumococcal conjugate vaccines, in low- and middle-income countries.
COVAX has been proposed to provide COVID-19
vaccine for 20% of the population of each country
registered under the WHO fair allocation mechanism
(28). Since February 2021, >41 Africa countries have
received 18 million doses of the COVID-19 vaccine
from COVAX to commence vaccination of priority
populations; COVAX has committed to distributing
additional doses to accommodate more vaccinations.
So far, vaccinations in Africa constitute ≈1.5% of vaccinations globally. Observed challenges include low
vaccine uptake because of poor administration and
vaccine hesitancy, which have resulted in expiration
of received vaccines in some countries (29,30).
Since 2001, the cost of the basic package of vaccines recommended by the United Nations for all children has risen >2,700% (from US $1.38 to $39.00) (27)
even at the best possible price, paid by the most impoverished countries eligible for support from Gavi.
For countries graduating from or not eligible for Gavi
assistance, just adding 1 new vaccine to a national EPI
program’s mandate would cost US $0.54–$2.34 per
person in resources above the vaccine purchase price
(31). However, variations within and between countries and the uncertain price per dose and wastage
rates for the candidate COVID-19 vaccines makes the
actual administration costs difficult to predict (32).
Countries need to develop a financial strategy that,

in addition to contributions from COVAX, enables
them to procure adequate amounts of the vaccine
to ensure access among the beneficiary populations.
Considering the number of resources deployed to address the COVID-19 pandemic, reductions in development assistance for health, and economic activity
lost because of widespread quarantine, each country
needs to carefully identify the resources required for
its COVID-19 vaccination program and where to find
those resources. Resource requirements will depend
on COVID-19 incidence, target vaccination coverage,
size of at-risk populations, special demographic and
geographic features, availability of existing infrastructure, and competing social priorities (33).
In line with the principles of universal health
care, vaccination targets should be supported by financial mobilization in a way that ensures resources
are available in a timely and reliable manner, do not
burden the poor, minimize administrative costs, promote program efficiency, require accountability in resource use, and boost self-sufficiency (34). Countries
need to consider the pros and cons of each funding
source, whether private or public, domestic or external, when making reasoned choices for financing
options to achieve vaccination goals of equity, access,
use, quality, and safety. For example, depending on
out-of-pocket fees to finance immunization services
will burden the poor. The type and characteristics of
funding mechanisms (Table 2) should also be considered. For example, although trust funds might generate a steady stream of financial resources that can be
earmarked for vaccination, they can be administratively costly under certain circumstances.
Prioritizing Vaccine Recipients
Prioritizing who should receive the COVID-19 vaccine and in what order may create ethical dilemmas.
COVID-19 vaccine strategies aim to achieve sufficient
coverage to develop population-level immunity.
However, the people most susceptible to severe COVID-19 infections are often nearing the end of their
economic productivity, have underlying conditions,

Table 2. Sources of financing for administering COVID-19 mass vaccination programs*
Type
Domestic
External
Public
Tax revenues (national or subnational) for current spending Project grants from bilateral or multilateral agencies
Tax revenues (national or subnational) for repaying
Grant portion of development loans
domestically or internationally held debt
Budget support
Social health insurance (compulsory)
Debt relief proceeds
Sectorwide approaches
Private
User fees (out of pocket, direct employer payment)
Vaccine fund
Cross-subsidies
Project grants from philanthropic institutions
Health insurance
Contributions (often in-kind) from vaccine manufacturers
*COVID-19, coronavirus disease.

2012
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Table 3. Guiding ethical principles when considering who should receive COVID-19 vaccine (35)*
Principle
Description
Practical application
Equality
Equal interest of everyone unless good reasons May be most appropriate to guide allocation of scarce resources
to justify differential prioritization
among persons or populations who can be expected to derive
the same benefit from the resource (e.g., high-risk populations)
Best outcomes
Allocation according to capacity to do most
May be most appropriate to guide the allocation of scarce
good or minimize most harm (e.g., saving most resources that confer substantially different benefits to different
possible lives)
persons (e.g., groups expected to derive the most benefit)
Prioritize highest
Allocation to persons most at risk
May be most appropriate to guide allocation of resources
risk
intended to protect those most at risk (e.g., groups most at risk
for infection and severe illness)
Prioritize those
Allocation to persons with certain skills that can May be most appropriate to guide allocation of resources to
tasked with
save others or because of their participation in health care workers, first responders, vaccine trial participants,
helping others
helping others (e.g., vaccine trial volunteers)
etc.
*COVID-19, coronavirus disease.

or both. Although these target populations may be
prioritized to receive the vaccine, they often have the
weakest immune responses (18). However, available
data from 2 leading COVID-19 vaccine candidates
indicates that, on the contrary, immune responses
are similar across all age groups (15,16). Conversely,
groups at high risk for exposure to the virus, such
as healthcare providers, supermarket workers, and
other frontline workers, are often young and healthy.
Questions persist about whether to prioritize
specific population groups hardest hit by the virus.
In sub-Saharan Africa, with its youthful populations,
high HIV and TB rates, and inadequate resources,
decision makers must make ethically justifiable decisions about who receives the COVID-19 vaccine and
in what order (35) (Table 3). When identifying priority populations, countries should consider the effects
of the availability of data in the immunization system
on the criteria, such as age, used to identify potential
recipients to ensure accurate tracking. Finally, along
with the ethical justifications for which populations
are prioritized, countries should consider what they
need to achieve to maximize the benefit of the vaccine: preventing increased death and illness by vaccinating populations at highest risk for becoming infected and seriously ill or for transmitting the disease
to others and maintaining reciprocal obligations with
frontline or critical service providers, including those
who volunteered to participate in vaccine development trials, to ensure continuity of services and encourage future participation.
Communicating Accurate Information about
COVID-19 Vaccines
Rollout of COVID-19 vaccine programs shows that
vaccine hesitancy exists regardless of the proven benefits of vaccination (36,37). In a 15-country survey
on COVID-19 vaccine perceptions in Africa, 60% of
respondents believed that the threat posed by COVID-19 is exaggerated, 42% reported that they have

been exposed to a lot of disinformation, and 18%
(range 4%–38%) would not accept a COVID-19 vaccine (60% of those because they do not trust the safety
of the vaccine and 15% because they claim the virus
does not exist) (37). These concerns and others posed
by the emergence of multiple variants of the virus urgently need to be addressed by providing appropriate information to potential vaccine recipients about
the benefits of available vaccines, including offering
protection against known variants (38,39).
Scale-up of programs to distribute antiretroviral
medication to treat HIV has shown that continuous
communication promoting benefits and debunking
myths related to a particular treatment are needed
to increase acceptance (40). Vaccines are preventive
and do not have a prolonged course like HIV treatment and therefore urgently need widespread acceptance. Vaccine refusal because of stigma or differing
personal, cultural, or religious beliefs has contributed
to a resurgence in vaccine-preventable diseases, such
as measles, which had been greatly reduced in different regions of the world (41,42); vaccine refusal poses
a threat to COVID-19 vaccine uptake in Africa and
other parts of the world. Mass advocacy and information campaigns are needed to address those concerns
(43,44). In response to this need, WHO developed a
COVID-19 vaccine communications plan to promote
high vaccine acceptance globally. WHO is also partnering with global and regional organizations, scientific communities, civil societies, policy- and decisionmakers, media, and the general public to achieve this
by making regular and easily accessible communication available about potential benefits and risks of the
vaccines (21,45). Countries in Africa should develop
country- and culture-specific communication plans in
appropriate languages and communication modes to
address specific miscommunication and reinforce the
use of preventive measures, such as social distancing,
handwashing, and face masks, that have been shown
to limit transmission of infection. Interim guidance
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from WHO on risk communication and community
engagement readiness and response to COVID-19
provides a step-by-step guide for country teams (45).
Vaccine Data Management Systems
Successful public health interventions require a robust
data management system for efficient data collection,
analysis, and interpretation to inform planning and
admininstration. This necessity was demonstrated
during the 2014 Ebola outbreak in West Africa and
continues to be used when developing other public
health interventions, including those for HIV, TB,
and malaria (46,47). At the onset of the COVID-19
pandemic, different systems were developed by different countries and organizations to document and
track the pandemic globally and locally (1,48). However, challenges arise from duplicate health information systems, systems not being linked to one another
or not using unique identifiers for patients, or systems depending on outside donors that are specific to
health programs that might not cover all populations
in sub-Saharan Africa (49). A robust system in which
data can be disaggregated into different sociodemographic indices is required for COVID-19 surveillance
and tracking related demographics, doses of vaccine
administered, adverse events, and underlying conditions in vaccinated persons. Any proposed COVID-19
vaccination data system should be integral to existing country immunization information systems and,
where feasible, linked with laboratory information
systems to easily verify COVID-19 test results and
enhance case-based management (50). As COVID-19
vaccines are available, a COVID-19 vaccination certificate might become a requisite for international
travel, pending the availability of a cure (8). Robust
data systems with unique personal identifiers could
be used to form a database for identifying and certifying vaccinated persons. Such systems could also support research on vaccine effectiveness. However, the
number of doses required for specific vaccines must
be considered during planning because of the need
to follow up with persons who miss second or third
doses. These vaccination information systems will be
vital for monitoring, evaluating, and improving surveillance of and response to COVID-19 outbreaks.
Conclusions
The COVID-19 pandemic, although it has disrupted
life and destabilized economies globally, has also
presented an opportunity for global leaders to reassess basic healthcare infrastructure and preparedness
for and capacity to respond to health emergencies
in their countries. In many countries, the COVID-19
2014

pandemic response has revealed weaknesses in leadership and disparities in the health infrastructure
available to some residents that might be strengthened through collaboration, cooperation, and communication among all stakeholders.
The scientific community’s ongoing research and
efforts to develop vaccines in the shortest possible
time is commendable and should receive maximum
support from all stakeholders. Equitable access to
these vaccines should be guaranteed and distribution and admininstration not hindered by cost or
logistic challenges. In addition, each country should
identify suitable funding mechanisms to procure the
right number of vaccine doses and plan for how to
deliver them to its target populations. Countries need
to clearly define policies on who will be prioritized
for vaccination and develop clear admininstration
strategies to support the vaccination campaign. Adequate health information systems for documentation
and data management are required to track progress,
identify challenges, and provide evidence for admininstrators and policymakers. Communicating with
intended beneficiaries of vaccination is of utmost importance and should be done through various media
to address concerns and minimize miscommunication. Appropriate emphasis should also be placed
on mass education about COVID-19 and vaccination
campaign policies.
About the Author
Dr. Williams is a medical epidemiologist and a graduate of
the University of the Witwatersrand School of Public Health.
His research interests are emerging infectious diseases,
tuberculosis, and vaccine-preventable diseases.
References
1.
2.

3.
4.

5.
6.

World Health Organization. WHO coronavirus disease
(COVID-19) dashboard [cited 2021 May 9]. https://covid19.
who.int
Altmann DM, Douek DC, Boyton RJ. What policy
makers need to know about COVID-19 protective immunity.
Lancet. 2020;395:1527–9. https://doi.org/10.1016/
S0140-6736(20)30985-5
Horton R. Offline: COVID-19—a reckoning. Lancet.
2020;395:935. https://doi.org/10.1016/S0140-6736
(20)30669-3
Kirkcaldy RD, King BA, Brooks JT. COVID-19 and
postinfection immunity: limited evidence, many remaining
questions. JAMA. 2020;323:2245–6. https://doi.org/10.1001/
jama.2020.7869
Randolph HE, Barreiro LB. Herd Immunity: Understanding
COVID-19. Immunity. 2020;52:737–41. https://doi.org/
10.1016/j.immuni.2020.04.012
Sewell HF, Agius RM, Kendrick D, Stewart M. Covid-19
vaccines: delivering protective immunity. BMJ. 2020;
371:m4838. https://doi.org/10.1136/bmj.m4838

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

COVID-19 Vaccination Programs in Africa
7.

8.

9.

10.
11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Suthar MS, Zimmerman MG, Kauffman RC, Mantus G, Linderman SL, Hudson WH, et al. Rapid generation of
neutralizing antibody responses in COVID-19 patients. Cell
Rep Med. 2020;1:100040. https://doi.org/10.1016/
j.xcrm.2020.100040
Phelan AL. COVID-19 immunity passports and vaccination
certificates: scientific, equitable, and legal challenges.
Lancet. 2020;395:1595–8. https://doi.org/10.1016/
S0140-6736(20)31034-5
World Health Organization. Draft landscape and tracker of
COVID-19 candidate vaccines [cited 2020 Dec 20].
https://www.who.int/publications/m/item/draftlandscape-of-covid-19-candidate-vaccines
World Health Organization. COVID-19 vaccines [cited 2021
May 8]. https://www.who.int/emergencies/diseases/
novel-coronavirus-2019/covid-19-vaccines
Centers for Disease Control and Prevention. SARS-CoV-2
variant classifications and definitions [cited 2021 May 9].
https://www.cdc.gov/coronavirus/2019-ncov/casesupdates/variant-surveillance/variant-info.html
World Health Organization and United Nations Children’s
Fund. Progress and challenges with achieving universal
immunization coverage: 2019 WHO/UNICEF estimates of
national immunization coverage [cited 2020 Aug 6].
https://www.who.int/immunization/monitoring_
surveillance/who-immuniz.pdf
Trotter CL, Lingani C, Fernandez K, Cooper LV, Bita A,
Tevi-Benissan C, et al. Impact of MenAfriVac in nine countries of the African meningitis belt, 2010-15: an analysis of
surveillance data. Lancet Infect Dis. 2017;17:867–72.
https://doi.org/10.1016/S1473-3099(17)30301-8
Mahase E. Covid-19: What do we know about the late stage
vaccine candidates? BMJ. 2020;371:m4576. https://doi.org/
10.1136/bmj.m4576
Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A,
Lockhart S, et al.; C4591001 Clinical Trial Group. Safety
and efficacy of the BNT162b2 mRNA Covid-19 vaccine.
N Engl J Med. 2020;383:2603–15. https://doi.org/10.1056/
NEJMoa2034577
Ramasamy MN, Minassian AM, Ewer KJ, Flaxman AL,
Folegatti PM, Owens DR, et al.; Oxford COVID Vaccine Trial
Group. Safety and immunogenicity of ChAdOx1 nCoV-19
vaccine administered in a prime-boost regimen in young and
old adults (COV002): a single-blind, randomised, controlled,
phase 2/3 trial. Lancet. 2021;396:1979–93. https://doi.org/
10.1016/S0140-6736(20)32466-1
World Health Organization. WHO target product profiles for
COVID-19 vaccines [cited 2021 May 7]. https://www.who.
int/publications/m/item/who-target-product-profiles-forcovid-19-vaccines
Ciabattini A, Nardini C, Santoro F, Garagnani P,
Franceschi C, Medaglini D. Vaccination in the elderly: The
challenge of immune changes with aging. Semin Immunol.
2018;40:83–94. https://doi.org/10.1016/j.smim.2018.10.010
van Vuuren A, Rheeder P, Hak E. Effectiveness of
influenza vaccination in the elderly in South Africa.
Epidemiol Infect. 2009;137:994–1002. https://doi.org/
10.1017/S0950268808001386
World Health Organization. Statement of the WHO Global
Advisory Committee on Vaccine Safety (GACVS) COVID-19
subcommittee on safety signals related to the AstraZeneca
COVID-19 vaccine [cited 2021 May 9]. https://www.who.
int/news/item/19-03-2021-statement-of-the-who-globaladvisory-committee-on-vaccine-safety-(gacvs)-covid-19subcommittee-on-safety-signals-related-to-the-astrazenecacovid-19-vaccine

World Health Organization. Global vaccine safety. Global
Advisory Committee on Vaccine Safety, 27–28 May 2020
[cited 2021 May 9]. https://www.who.int/vaccine_safety/
committee/reports/May_2020/en
22. Nzolo D, Kuemmerle A, Lula Y, Ntamabyaliro N, Engo A,
Mvete B, et al. Development of a pharmacovigilance
system in a resource-limited country: the experience
of the Democratic Republic of Congo. Ther Adv Drug
Saf. 2019;10:2042098619864853. https://doi.org/10.1177/
2042098619864853
23. Jusot V, Chimimba F, Dzabala N, Menang O, Cole J,
Gardiner G, et al. Enhancing pharmacovigilance in subSaharan Africa through training and mentoring: a GSK pilot
initiative in Malawi. Drug Saf. 2020;43:583–93. Erratum in:
Drug Saf. 2021;44:723. https://doi.org/10.1007/
s40264-020-00925-4
24. Duclos P. National Immunization Technical Advisory
Groups (NITAGs): guidance for their establishment and
strengthening. Vaccine. 2010;28(Suppl 1):A18–25.
https://doi.org/10.1016/j.vaccine.2010.02.027
25. Sarma H, Budden A, Luies SK, Lim SS, Shamsuzzaman M,
Sultana T, et al. Implementation of the World’s largest
measles-rubella mass vaccination campaign in Bangladesh:
a process evaluation. BMC Public Health. 2019;19:925.
https://doi.org/10.1186/s12889-019-7176-4
26. Kupferschmidt K. ‘Vaccine nationalism’ threatens global
plan to distribute COVID-19 shots fairly. Science [cited 2020
Aug 6]. https://www.sciencemag.org/news/2020/07/
vaccine-nationalism-threatens-global-plan-distribute-covid19-shots-fairly
27. Portnoy A, Ozawa S, Grewal S, Norman BA, Rajgopal J, Gorham KM, et al. Costs of vaccine programs across 94 low- and
middle-income countries. Vaccine. 2015;33(Suppl 1):A99–108.
https://doi.org/10.1016/j.vaccine.2014.12.037
28. World Health Organization. Fair allocation mechanism for
COVID-19 vaccines through the COVAX facility [cited 2021
May 9]. https://www.who.int/publications/m/item/
fair-allocation-mechanism-for-covid-19-vaccines-throughthe-covax-facility
29. Holder J. Tracking coronavirus vaccinations around the
world. The New York Times. Updated 2021 May 8 [cited
2021 May 9]. https://www.nytimes.com/interactive/2021/
world/covid-vaccinations-tracker.html
30. Mwai P. British Broadcasting Corporation. Covid-19 Africa:
What is happening with vaccines? Updated 2021 April 23
[cited 2021 May 9]. https://www.bbc.com/news/56100076.
31. Brew J, Sauboin C. A systematic review of the incremental
costs of implementing a new vaccine in the expanded
program of immunization in sub-Saharan Africa. MDM
Policy Pract. 2019;4:2381468319894546. https://doi.org/
10.1177/2381468319894546
32. Vaughan K, Ozaltin A, Mallow M, Moi F, Wilkason C,
Stone J, et al. The costs of delivering vaccines in low- and
middle-income countries: Findings from a systematic
review. Vaccine X. 2019;2:100034. https://doi.org/10.1016/
j.jvacx.2019.100034
33. Guignard A, Praet N, Jusot V, Bakker M, Baril L. Introducing
new vaccines in low- and middle-income countries:
challenges and approaches. Expert Rev Vaccines.
2019;18:119–31. https://doi.org/10.1080/14760584.
2019.1574224
34. Kalantari N, Borisch B, Lomazzi M. Vaccination—a step
closer to universal health coverage. J Public Health.
2020:s10389–020–01322-y.
35. World Health Organization. Global health ethics. Ethics and
COVID-19: resource allocation and priority setting [cited
21.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2015

PERSPECTIVE

36.
37.

38.

39.

40.

41.
42.

43.

44.

2016

2021 May 8]. https://www.who.int/ethics/publications/
ethics-and-covid-19-resource-allocation-and-priority-setting/en
Sallam M. COVID-19 vaccine hesitancy worldwide: a concise
systematic review of vaccine acceptance rates. Vaccines
(Basel). 2021;9:160. https://doi.org/10.3390/vaccines9020160
Africa Centres for Disease Control and Prevention.
COVID-19 vaccine perceptions: a 15-country study [cited
2021 May 9]. https://africacdc.org/download/covid-19vaccine-perceptions-a-15-country-study
Benenson S, Oster Y, Cohen MJ, Nir-Paz R. BNT162b2
mRNA Covid-19 vaccine effectiveness among health care
workers. N Engl J Med. 2021;384:1775–7. https://doi.org/
10.1056/NEJMc2101951
Abu-Raddad LJ, Chemaitelly H, Butt AA. Effectiveness of the
BNT162b2 Covid-19 vaccine against the B.1.1.7 and B.1.351
variants. N Engl J Med. 2021 May 5 [Epub ahead of print].
https://doi.org/10.1056/NEJMc2104974
Stranix-Chibanda L, Brummel S, Pilotto J, Mutambanengwe
M, Chanaiwa V, Mhembere T, et al.; PROMISE study team.
Slow acceptance of universal antiretroviral therapy (ART)
among mothers enrolled in IMPAACT PROMISE studies
across the globe. AIDS Behav. 2019;23:2522–31.
https://doi.org/10.1007/s10461-019-02624-3
Jegede AS. What led to the Nigerian boycott of the polio
vaccination campaign? PLoS Med. 2007;4:e73.
https://doi.org/10.1371/journal.pmed.0040073
Phadke VK, Bednarczyk RA, Salmon DA, Omer SB.
Association between vaccine refusal and vaccine-preventable
diseases in the United States: a review of measles and
pertussis. JAMA. 2016;315:1149–58. https://doi.org/10.1001/
jama.2016.1353
Krause NM, Freiling I, Beets B, Brossard D. Fact-checking
as risk communication: the multi-layered risk of
misinformation in times of COVID-19. J Risk Res. 2020;
23:1052–9. https://doi.org/10.1080/13669877.2020.1756385
Malecki KMC, Keating JA, Safdar N. Crisis communication
and public perception of COVID-19 risk in the era of social
media. Clin Infect Dis. 2021;72:697–702. https://doi.org/
10.1093/cid/ciaa758

45.

46.

47.

48.

49.

50.

World Health Organization. Risk communication and
community engagement readiness and response to
coronavirus disease (COVID-19): interim guidance. Updated
2020 March 19 [cited 2021 May 8]. https://apps.who.int/
iris/bitstream/handle/10665/331513/WHO-2019-nCoVRCCE-2020.2-eng.pdf.
Fähnrich C, Denecke K, Adeoye OO, Benzler J, Claus H,
Kirchner G, et al. Surveillance and Outbreak Response
Management System (SORMAS) to support the control
of the Ebola virus disease outbreak in West Africa. Euro
Surveill. 2015;20:21071. https://doi.org/10.2807/1560-7917.
ES2015.20.12.21071
Jobanputra K, Greig J, Shankar G, Perakslis E, Kremer R,
Achar J, et al. Electronic medical records in humanitarian
emergencies—the development of an Ebola clinical
information and patient management system. F1000
Res. 2016;5:1477. https://doi.org/10.12688/
f1000research.8287.1
Dong E, Du H, Gardner L. An interactive web-based
dashboard to track COVID-19 in real time. Lancet Infect Dis.
2020;20:533–4. https://doi.org/10.1016/
S1473-3099(20)30120-1
Mpofu M, Semo BW, Grignon J, Lebelonyane R, Ludick S,
Matshediso E, et al. Strengthening monitoring and
evaluation (M&E) and building sustainable health
information systems in resource limited countries:
lessons learned from an M&E task-shifting initiative in
Botswana. BMC Public Health. 2014;14:1032.
https://doi.org/10.1186/1471-2458-14-1032
World Health Organization. Overview of VPD surveillance
principles [cited 2021 May 8]. https://www.who.int/
immunization/monitoring_surveillance/burden/vpd/
WHO_SurveillanceVaccinePreventable_01_Overview_R2.pdf

Address for correspondence: Victor Williams, School of Public
Health, University of the Witwatersrand, 27 Saint Andrews
Rd, Park Town 2193, Johannesburg, South Africa; email:
victormw55@gmail.com

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

Comparison of Lyme Disease
in the United States and Europe
Adriana R. Marques, Franc Strle, Gary P. Wormser

Lyme disease, or Lyme borreliosis, is the most common
tickborne disease in the United States and Europe. In
both locations, Ixodes species ticks transmit the Borrelia
burgdorferi sensu lato bacteria species responsible for
causing the infection. The diversity of Borrelia species
that cause human infection is greater in Europe; the 2
B. burgdorferi s.l. species collectively responsible for
most infections in Europe, B. afzelii and B. garinii, are
not found in the United States, where most infections are
caused by B. burgdorferi sensu stricto. Strain differences seem to explain some of the variation in the clinical
manifestations of Lyme disease, which are both minor
and substantive, between the United States and Europe.
Future studies should attempt to delineate the specific
virulence factors of the different species of B. burgdorferi
s.l. responsible for these variations in clinical features.

L

yme disease, or Lyme borreliosis, is the most common tickborne disease in both the United States
and Europe; an estimated ≈476,000 cases are diagnosed and treated per year in the United States and
>200,000 cases per year in western Europe (1–3). The
principal tick vector in the United States is Ixodes scapularis, followed by I. pacificus; in Europe, most cases
are transmitted by I. ricinus, followed by I. persulcatus
ticks (Table 1). The etiologic agent, Borrelia burgdorferi,
was discovered in 1982 in the United States. Later, it
became recognized that strains of B. burgdorferi in Europe were more heterogenous than strains in North
America. B. burgdorferi sensu lato was then classified
into 3 main genospecies. The originally discovered
genospecies was named B. burgdorferi sensu stricto.
The second genospecies was named Borrelia garinii
sp. nov., and the third was named Borrelia afzelii sp.
nov. Recently, the taxonomy of the family Borreliaceae (and the genus Borrelia) has been revised into 2
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Ljubljana, Ljubljana, Slovenia (F. Strle); New York Medical
College, Valhalla, New York, USA (G.P. Wormser)
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main genera, Borrelia and Borreliella (4). The spirochetes that cause relapsing fever retained the genus
name Borrelia, and spirochetes that cause Lyme disease have been renamed Borreliella (hereafter referred
to as Lyme borrelia). However, these changes have
been challenged (5).
Most cases of Lyme disease in the United States
occur in the mid-Atlantic, Northeast, and Upper Midwest regions. B. burgdorferi s.s., which also is found in
Europe, causes most human infections in the United
States (1,2); the newly recognized species B. mayonii
(which is not known to exist in Europe) is an infrequent cause of human illness in the Upper Midwest
region of the United States (6). The incidence of Lyme
disease in Europe is highest in the Scandinavian and
Baltic states in northern Europe and in Austria, the
Czech Republic, Germany, and Slovenia in central Europe. B. afzelii and B. garinii are the genospecies most
frequently detected in I. ricinus and I. persulcatus ticks
and cause most cases of Lyme disease in Europe (1,2).
Neither genospecies is found in the United States.
Transmission of B. burgdorferi s.s. by I. scapularis or
by I. pacificus ticks is very infrequent during the first
36 hours after tick attachment; in contrast, transmission of B. afzelii by I. ricinus ticks may occur within 24
hours (Table 1) (7).
Erythema Migrans and Other Skin Manifestations
After Lyme borrelia are deposited in the skin by the
bite of an infected Ixodes tick, an infection is typically established at that site, which causes the characteristic skin lesion, erythema migrans (Figure
1). Erythema migrans is the most common clinical
manifestation of Lyme disease in the United States
and Europe, occurring in >80% of patients in both
geographic areas (2). Overall, US patients with erythema migrans caused by B. burgdorferi s.s. are less
likely than patients in Europe with erythema migrans caused by B. afzelii or B. garinii to remember a
tick bite at the site of the lesion (25% vs. 60% for B.
afzelii or 64% for B. garinii) but more likely to have
concomitant systemic symptoms (69% vs. 38% or
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Table 1. Lyme disease in the United States and Europe
Variable
United States
Tick vector
Ixodes scapularis, I. pacificus
Lyme borrelia
Mostly Borrelia burgdorferi sensu stricto; B.
mayonii may occur in the upper midwestern
United States
Speed of tick transmission of
Rarely before 36 h
Lyme borrelia
Predominant patient sex
Male patients account for 56% of reported
cases during 2001–2018; no manifestation
is predominant among female patients
Coinfections
Risk depends on the geographic area; the
most common co-infections are
anaplasmosis and babesiosis.

37%), multiple erythema migrans skin lesions (13%
vs. 5% for both B. afzelii and B. garinii), and regional
lymphadenopathy (29% vs. 8% or 3%) (8–10) (Table
2). Erythema migrans lesions in patients acquiring
the infection in the United States have a shorter incubation period from tick bite to lesion development
and are less likely to have central clearing at the time
of diagnosis (8–10). The frequency of central clearing at least partially depends on the duration of the
erythema migrans lesion before the diagnosis, and
the duration is on average longer in Europe than in
the United States (8–10). In Europe, the percentage
of patients with multiple erythema migrans lesions
is lower for adult patients than for children (8–11),
whereas in the United States, multiple erythema migrans lesions occur with similar frequency in adults
and children (8,12–14). Patients infected with B.
mayonii, found in the Upper Midwest region of the
United States, can exhibit multiple and very small
erythema migrans lesions (6).
In the United States, an entity referred to as southern tick-associated rash illness (STARI) is associated
with a skin lesion very similar to erythema migrans
(Figure 2). STARI, however, occurs after the bite of ticks
of a different species, Amblyomma americanum, and is
not caused by Lyme borrelia. The etiology of STARI
has not been determined. A. americanum ticks are
most frequently found in the southeastern and southcentral United States, but their range is spreading

Europe
I. ricinus, I. persulcatus
Mostly B. afzelii and B. garinii, but several other
species cause human disease, including B. burgdorferi
s.s., B. bavariensis, B. spielmanii, and B. lusitaniae
I. ricinus ticks may transmit B. afzelii within 24 h
Most cases of erythema migrans and acrodermatitis
chronica atrophicans occur in women; neuroborreliosis
and arthritis are predominant in men
Risk depends on the geographic area; the most
common co-infection is tick-borne encephalitis

to geographic areas where I. scapularis tick bites are
common (15). The potential for diagnostic confusion
clearly exists in areas such as Long Island, New York,
where both tick species coexist. STARI does not occur
in Europe, presumably because A. americanum ticks
are not found in that geographic area. Available, but
limited, data suggest that STARI can be distinguished
from erythema migrans on the basis of different serum metabolic profiles (16).
Two clinical manifestations of Lyme disease
involving the skin occur exclusively in infections
acquired in Europe: borrelial lymphocytoma and
acrodermatitis chronica atrophicans (ACA) (Figure
3). Borrelial lymphocytoma appears as a small area
of skin induration that slowly enlarges to a solitary
bluish-red nodule or plaque with a diameter of up
to a few centimeters and is predominantly located
on the ear lobe in children and on the breast in
adults. It usually develops at the site of a tick bite
and is often accompanied with an erythema migrans lesion (17). ACA is a late cutaneous manifestation of Lyme disease located primarily on the extensor parts of the distal extremities. It starts with
reddish-blue discoloration and swelling of the skin
(an inflammatory phase), which slowly enlarges
and, if untreated, is followed by atrophic changes
several months to years later. For some patients,
ACA was known to have been preceded by an earlier manifestation of Lyme disease, such as erythema

Figure 1. Erythema migrans skin lesions from patients in Europe (A, B) and the United States (C, D).
2018
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Table 2. Characteristics of erythema migrans in the United States and Europe
United States, % cases
Characteristic
Borrelia burgdorferi sensu stricto*
Tick bite at skin site
25
Central clearing
35
Systemic symptoms
69
Multiple erythema migrans lesions
13
Regional lymphadenopathy
29

*Data from culture-confirmed erythema migrans caused by B. burgdorferi sensu stricto from reference (8).
†Data combining patients with culture-confirmed erythema migrans caused by B. afzelii from references (10) and (8).
‡Data from culture-confirmed erythema migrans caused by B. garinii from reference (9).

migrans (18). The apparent explanation for the absence of these manifestations in the United States is
that these skin infections are principally caused by
B. afzelii (Table 3).
Neurologic Manifestations
The typical presentation of early Lyme neuroborreliosis is cranial nerve palsy, particularly facial nerve
palsy, as well as lymphocytic meningitis and painful
radiculitis. In the United States, the most common
manifestation of early Lyme neuroborreliosis is facial palsy. Most cases of early Lyme neuroborreliosis
in Europe are caused by B. garinii and B. bavariensis;
in adult patients, painful meningoradiculitis is most
common (19,20). In a study of 194 adult patients with
Lyme neuroborreliosis in Denmark during 2015–
2017, radicular pain affected 70% of the patients and
facial nerve palsy 43%; intrathecal production of IgG
or IgM against Lyme borrelia was found in 87% (21).
Similar results were found in a retrospective series
of 431 Lyme neuroborreliosis patients in Denmark,
which included 126 children. Radicular pain (in 66%)
and facial nerve palsy (in 41%) were the predominant
symptoms; 84.5% of patients had evidence of intrathecal antibody production against Lyme borrelia
(22). Although there are no comparable studies from
the United States, it seems that adult US patients with
early Lyme neuroborreliosis less frequently have severe radicular pain (23) (Table 3). Newer studies addressing Lyme neuroborreliosis in the United States
would be a welcome addition for providing additional data on the frequency of particular symptoms
and also on clarifying the frequency of intrathecal antibody production to B. burgdorferi s.s. at the time of
symptom onset.
Late Lyme neuroborreliosis with encephalitis,
myelitis, or encephalomyelitis has been reported in
Europe but is very rare in the United States (24). On
the other hand, 2 neurologic manifestations that have
been reported to occur in the United States are now
regarded as controversial. The first is Lyme encephalopathy, a poorly defined entity, which occurs in the
absence of cerebrospinal fluid pleocytosis, intrathecal

Europe, % cases
B. afzelii†
B. garinii‡
60
64
69
62
38
37
5
5
8
3

production of antiborrelial antibody, or direct microbiologic evidence of B. burgdorferi s.s. infection in the
central nervous system. Symptoms include memory
and concentration complaints. A now-recognized
source of confusion with regard to this entity is that
some patients with posttreatment Lyme disease syndrome in the United States report cognitive difficulties, and a subset of these patients have abnormal
neurocognitive test results (25,26). Adding to the controversy, however, is the question of what constitutes
dysfunction on such testing and the clinical significance of the test results (27).
The second controversial neurologic manifestation in the United States is a chronic distal symmetric sensory neuropathy. In Europe, distal axonal neuropathy in the context of Lyme disease is
exclusively associated with ACA. In patients with
ACA, the neuropathy is predominantly sensory,
most often in the involved skin areas (28). Case series in adult patients in the United States reported a similar neuropathy but without evidence of
ACA (29,30). The distribution of neurologic deficits, which is predominantly sensory, is distal and
typically symmetric, but it can be asymmetric. The

Figure 2. Southern tick-associated rash illness skin lesions.
Adapted from Centers for Disease Control and Prevention,
National Center for Emerging and Zoonotic Infectious Diseases,
Division of Vector-Borne Diseases.
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Figure 3. A) Borrelial
lymphocytoma on nipple,
showing local swelling and a
remnant of erythema migrans on
chest; at the time of diagnosis,
the lesions had been noticed
for 6 weeks. B) Acrodermatitis
chronica atrophicans involving
the right hand, showing redpurple discoloration, swelling,
and skin atrophy; at the time of
diagnosis, the lesions had been
noticed for ≈2.5 years.

neuropathy is primarily axonal and thought to be a
mononeuropathy multiplex, which can be confluent (24). Cerebrospinal fluid examination is usually
unremarkable. Major concerns have been raised as
to whether this entity has been appropriately validated as a manifestation of B. burgdorferi s.s. infection in the United States (31).
Overall, several factors have probably contributed to the belief that cognitive complaints or a chronic
distal symmetric sensory peripheral neuropathy was
attributable to Lyme disease in the United States (31).
These factors include the use of diagnostic testing that
is no longer considered valid, failure to appreciate that
background seropositivity for antibodies to B. burgdorferi s.s. exists, and failure to include matched controls to
determine if an association with cognitive complaints
or peripheral neuropathy with a positive diagnostic assay for Lyme disease is higher than expected.

may be shorter (1). Of note, B. burgdorferi s.s. was
the most prevalent species of Lyme borrelia found
in synovial fluid in a study of patients with Lyme
arthritis in Europe (36). An acute manifestation of
Lyme arthritis in children in the United States can
mimic septic arthritis; this manifestation, however,
does not seem to occur in children in Europe with
Lyme arthritis (37).
With regard to demographics, Lyme disease in
the United States is more common in male patients
(56% of the patients reported during 2001–2018
were male) (38). Indeed, no clinical manifestation
has been associated with a female predominance in
the United States, whereas in Europe, most cases of
erythema migrans and ACA occur in women (39,40).
Many studies (but not all) demonstrated a male predominance for Lyme neuroborreliosis and Lyme
arthritis (22,35,36,41).

Lyme Arthritis
Lyme arthritis will develop in ≈60% of US patients
with untreated erythema migrans over a 2-year period (32) and is said to comprise 28% of Lyme disease cases reported to the US Centers for Disease
Control and Prevention that have data on symptoms available (33). Lyme arthritis seems to be less
frequent in Europe (34,35), and for untreated patients in Europe, the interval between onset of erythema migrans and development of Lyme arthritis

Laboratory Diagnosis, Treatment,
and Prophylaxis
In the United States and Europe, most laboratory tests
performed to diagnose Lyme disease are based on
detecting serum antibodies to Lyme borrelia. Because
Lyme disease in Europe is caused by a more diverse
group of Lyme borrelia, criteria for test interpretation were more challenging to standardize than in the
United States. In the United States, the Centers for Disease Controland Prevention has recommended the

Table 3. Lyme disease clinical manifestations in the United States and Europe
Manifestation
United States
Radicular pain from Lyme neuroborreliosis
Less common in the United States*
Lyme arthritis
More common in the United States in
untreated patients with erythema
migrans; may have septic arthritis-like
presentation in children
Acrodermatitis chronica atrophicans
No autochthonous US cases
Borrelial lymphocytoma
No autochthonous US cases
Lyme encephalopathy
Controversial in the United States
Diffuse axonal peripheral neuropathy
Controversial in the United States
*More studies, however, are needed.

2020

Europe
More common in Europe
Occurs in Europe; more commonly
associated with Borrelia burgdorferi sensu
stricto; septic arthritis-like manifestation in
children seems to be rare
Occurs in Europe (late manifestation)
Occurs in Europe
Not recognized to occur
Occurs but only in conjunction with
acrodermatitis chronica atrophicans
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standard 2-tier algorithm since 1995. This approach
typically uses a sensitive enzyme immunoassay
(EIA) as the initial step. A negative result requires no
further testing. A positive or equivocal result is followed by supplemental testing using separate IgM
and IgG immunoblots as the second-tier assay. The
interpretation of immunoblot results uses standardized criteria (at least 2 of 3 signature bands for a positive IgM immunoblot and 5 of 10 signature bands for
a positive IgG immunoblot). Results from the IgM
immunoblot are only relevant when the duration of
the illness is <30 days. Of note, testing performed
in Europe is more likely to have positive results for
patients who acquired Lyme disease in the United
States than is testing performed in the United States
to diagnose infection acquired in Europe (42). Recently, a 2-EIA approach has been approved as an
alternative (or modified) 2-tier testing strategy (Figure 4). This new approach has higher sensitivity in
early disease, similar specificity (43), greater ability
for automation, and offers objective, quantitative
values that leads to less variability in interpretation
of the result. Also, the 2-EIA approach can be used
in the United States and Europe. Moreover, it opens
the door for a possible point-of-care test, a development that would be particularly helpful for patients
with facial palsy, carditis, and pediatric patients
with Lyme arthritis when septic arthritis is part of

the differential diagnosis. A disadvantage is that the
2-EIA approach does not establish the extent of IgG
seropositivity, which is essential knowledge for diagnosing late Lyme disease.
Recommendations for treating Lyme disease are
generally very similar in guidelines for the United
States and Europe. One difference is that phenoxymethylpenicillin (penicillin V) is recommended for
treatment of erythema migrans and borrelial lymphocytoma by some of the guidelines in Europe but is not
part of the treatment recommendations in the United
States (1,44,45). Another difference is the recommendation by some authorities in Europe to use intravenous ceftriaxone to treat erythema migrans, as well
as other manifestations of Lyme disease, in pregnant
women; whereas in the United States, antimicrobial
drug treatment of Lyme disease for pregnant women
is the same as that for nonpregnant patients, except
that doxycycline is not recommended for pregnant
women (1,44,46). Postexposure antimicrobial prophylaxis with a single 200-mg dose of doxycycline
has been shown to reduce the risk for Lyme disease
after an I. scapularis tick bite and is recommended for
consideration for tick bite prophylaxis in the United
States (44). A recently published study conducted in
Europe has also shown that a single 200-mg dose doxycycline successfully prevented Lyme disease after a
tick bite (47). To what extent doxycycline will be used
Figure 4. Standard 2-tier and
modified 2-tier algorithms
for serodiagnosis of Lyme
disease. The US Centers for
Disease Control and Prevention
recommended a standard
2-tier algorithm (A) and the
modified 2-tier algorithm (B).
*For patients with signs or
symptoms consistent with
Lyme disease for <30 days,
the provider may treat and
follow up with a convalescentphase serum sample. Patients
with erythema migrans should
receive treatment on the basis
of the clinical diagnosis. WB,
Western blot.
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in Europe after a tick bite is unknown; the standard of
care has been observation (1).
Lyme Borrelia Co-infections
Ixodes ticks can carry multiple pathogens, and a single tick bite may result in transmission of >2 infectious agents. Pathogens potentially transmitted by I.
scapularis ticks to humans include B. burgdorferi s.s.,
B. mayonii, B. miyamotoi, Anaplasma phagocytophilum,
Babesia microti, Ehrlichia muris eauclairensis, and the
deer tick virus subtype of Powassan virus (48). The
frequency of co-infections depends on the prevalence
of the infectious agents in ticks, which will vary in
different geographic areas. In the United States, A.
phagocytophilum and B. microti are the most frequent
co-infections in patients with Lyme disease (49). In
the northeastern United States, ≈11% of patients infected with B. miyamotoi, a relapsing fever spirochete,
are co-infected with B. burgdorferi s.s.; of note, B. miyamotoi infections per se can cause positive results on
first-tier tests for Lyme disease, potentially leading
to diagnostic confusion. Encephalitis caused by deer
tick virus is relatively rare, but cases may be increasing. In Europe, in addition to Lyme borrelia, I. ricinus
ticks can transmit tick-borne encephalitis virus, A.
phagocytophilum, species of the bacterial genus Rickettsia, B. miyamotoi, and Babesia protozoans. Tick-borne
encephalitis virus is well recognized as a cause of
co-infection in patients with Lyme disease in Europe
(50). More data are needed on the frequency of coinfections in both the United States and Europe.
Conclusions
Lyme disease is common in many areas of the United
States and Europe and may have a variety of clinical
manifestations. The duration of infection and the species of Lyme borrelia causing the infection can affect
the clinical features of Lyme disease. In the United
States, patients with erythema migrans more often
have concomitant systemic symptoms than do patients in Europe. In Europe, Lyme arthritis is associated with B. burgdorferi s.s. and Lyme neuroborreliosis with B. garinii. Certain cutaneous manifestations
of Lyme disease in Europe do not occur at all in the
United States. It will be valuable to delineate the specific virulence factors of the different species of Lyme
borrelia that contribute to these clinical differences.
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Mycobacterium microti
Infections in Free-Ranging
Red Deer (Cervus elaphus)
Giovanni Ghielmetti, Anne M. Kupca, Matthias Hanczaruk, Ute Friedel, Hubert Weinberger,
Sandra Revilla-Fernández, Erwin Hofer, Julia M. Riehm, Roger Stephan, Walter Glawischnig

Infections with Mycobacterium microti, a member of the M.
tuberculosis complex, have been increasingly reported in
humans and in domestic and free-ranging wild animals. At
postmortem examination, infected animals may display histopathologic lesions indistinguishable from those caused by
M. bovis or M. caprae, potentially leading to misidentification of bovine tuberculosis. We report 3 cases of M. microti
infections in free-ranging red deer (Cervus elaphus) from
western Austria and southern Germany. One diseased animal displayed severe pyogranulomatous pleuropneumonia
and multifocal granulomas on the surface of the pericardium. Two other animals showed alterations of the lungs and
associated lymph nodes compatible with parasitic infestation. Results of the phylogenetic analysis including multiple
animal strains from the study area showed independent
infection events, but no host-adapted genotype. Personnel involved in bovine tuberculosis–monitoring programs
should be aware of the fastidious nature of M. microti, its
pathogenicity in wildlife, and zoonotic potential.

T

uberculosis (TB) is one of the most prevalent zoonotic diseases worldwide and remains the leading cause
of death from a single infectious agent (1). The causative
pathogens of TB in humans and animals are a group
of closely related acid-fast bacilli commonly known as
the Mycobacterium tuberculosis complex (MTBC). One
animal-adapted sublineage within the complex, M. microti, was first isolated from field voles (Microtus agrestis) that had granulomatous tuberculosis-like lesions
(2). Although wild rodents, such as bank voles (Myodes
glareolus), wood mice (Apodemus sylvaticus), and shrews
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Zurich, Switzerland (G. Ghielmetti, U. Friedel, R. Stephan);
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Veterinary Disease Control, Austrian Agency for Health and Food
Safety (AGES), Innsbruck and Mödling, Austria (H. Weinberger,
S. Revilla-Fernández, E. Hofer, W. Glawischnig)
DOI: https://doi.org/10.3201/eid2708.210634

(Sorex araneus), are considered to be primary reservoirs
for M. microti, several other hosts have been identified,
including domestic and wild animals (3,4). Overall, cats
(5,6), New World camelids (7), and free-ranging wild
boar (8–10) seem to be prone to M. microti infections; humans (11–14) and other animal species, including pigs
(15), goats (16), cattle (17,18), dogs (19), captive meerkats
(20), squirrel monkeys (21), and ferrets (14), are most
likely incidental hosts.
This broad host range, however, highlights the
pathogenic potential of M. microti and the need to
reveal its virulence mechanisms. Comparative genomics studies have identified >100 genes whose
presence are facultative and differ among members
of MTBC. Many of these genes occur in chromosomal regions of difference (RD) that have been deleted
from certain species and that may confer differences
in phenotype, host range, and virulence (22). Isolates
of the animal-adapted ecotype defined as M. microti
are characterized by the deletion of the RD1mic in the
RD1 region, which includes open reading frame coding for well-known virulence factors, such as early
secreted antigenic target (ESAT) 6, locus tag Rv3875,
and CFP-10, a culture filtrate protein encoded by the
neighboring gene Rv3874 (23). Strains lacking RD1
are likely to be less virulent or pathogenic than other
members of the MTBC possessing an intact locus
(22). However, pulmonary and disseminated M. microti infections have been described in both immunocompromised and immunocompetent human patients in different countries in Europe (11,12,14,24).
Until recently, reports of M. microti infections were
geographically restricted to continental Europe and
the United Kingdom. However, a recent study from
South Africa revealed the presence of this Mycobacterium species in 1.9% of local human tuberculosis
cases (25). These findings highlight the potential of
M. microti to cause clinical illness in immunocompetent patients and suggest that the pathogenicity of
certain strains is higher than previously estimated.
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Therefore, it is crucial to identify clinical MTBC isolates at the species level, and the zoonotic risk posed
by M. microti should be further evaluated.
The mode of infection of M. microti can only be
speculated for humans, animals, and in particular herbivores, such as free-ranging red deer. Similar to that
for M. caprae, transmission of M. microti is likely to occur indirectly through a contaminated environment.
Wounds in the oral cavity may play an important role
as entry ports for M. microti; involvement of the lungs,
heart, and eventually additional organs is most likely a
consequence of bacteremia, as it is in other animal species (3,5). The first confirmed M. caprae TB case in deer
in western Austria was recorded in 1998. Subsequent
infections in cattle, deer, and humans were reported in
the same area (26). As a consequence, an ongoing wildlife surveillance program monitoring M. caprae in deer
was started in 2008 (27). Furthermore, Germany in 2007
and Switzerland in 2013 reported anecdotal outbreaks
in cattle (28,29). During 2011–2013, a monitoring program coordinated by the EMIDA ERA-Net (Coordination of European Research on Emerging and Major
Infectious Diseases of Livestock European Research
Area Networks) partnership and including specific regions of Austria, Switzerland, Germany, and Italy was
conducted with the aim of investigating the prevalence
of bovine tuberculosis (bTB) in red deer and additional
wildlife species such as wild boar, chamois, and roe
deer (30,31). We report 3 TB cases in red deer identified
within the framework of these monitoring programs.
Study Material and Methods
Cases

Three cases of natural M. microti infections in red deer
were identified (Table 1). The deer in case 1, a highly
emaciated 9-year-old stag from the province of Vorarlberg, Austria, was humanely killed by a local game
warden, who submitted the lungs, heart, and lymphatic
tissues (including medial retropharyngeal, tracheobronchial, and mediastinal lymph nodes) fresh for pathoanatomic inspection. Thereafter, histologic examination and
mycobacterial analysis of the lungs were performed.
The deer in case 2 was a stag 1–3 years of age and in case
3 a hind >2 years of age, both in the province of Miesbach, Germany, where deer are regularly hunted. The
heads, lungs, intestines, and associated lymph nodes

were macroscopically inspected; subsequently, histopathologic and bacteriologic examinations of the lungs
and lymph nodes were performed.
Mycobacterial Analyses and Histologic Examination

We isolated mycobacteria following a standardized
protocol as described elsewhere (32). In brief, 2–3 g
of minced tissue samples were homogenized in 5 mL
0.9% NaCl solution by using a rotating-blade macerator system (Ultra-Turrax IKA, https://www.ika.com).
The suspension was decontaminated by using 1% Nacetyl-L-cystein-NaOH solution and neutralized with
20 mL phosphate buffer (pH 6.8). We centrifuged the
solution for 20 min at 3300 × g and plated the obtained
pellet on 2 growth media: Löwenstein-Jensen medium
with glycerin and PACT (polymyxin B, amphotericin
B, carbenicillin, and trimethoprim) and Stonebrink
medium with pyruvate and PACT (BD, https://www.
bd.com). Cultures of lung and lymph node specimens
on solid Stonebrink medium yielded growth of suspicious mycobacterial colonies after 4–6 wk of incubation
at 37°C. The isolates were identified by using GenoType MTBC reversed line blotting (Hain Lifescience,
https://www.hain-lifescience.de). For histologic examination, we fixed tissue samples in 10% nonbuffered formalin for ≈48 h, then trimmed and routinely
embedded them in paraffin wax. Sections of 3–4 μm
were prepared and stained with hematoxylin and eosin (HE) and Ziehl Neelsen (ZN) or modified ZN (33).
Investigation of Phylogenetic Relationships

DVR spoligotyping (direct variable repeat spacer
oligonucleotide typing) was performed using a commercial microarray system (Alere Technologies,
https://www.globalpointofcare.abbott) with integrated data analysis as described elsewhere (29).
Multilocus variable-number tandem repeats analysis
(MLVA) was conducted based on the 24-loci panel
standardized for M. tuberculosis typing (34). We amplified the single markers by endpoint PCR and subsequently analyzed them by using a capillary electrophoresis device (29). To investigate the phylogenetic
relationships between the 3 isolates from red deer, we
analyzed 8 additional strains isolated from different
wild and domestic hosts that originated from the regions bordering Germany, Austria, and Switzerland
by MLVA (Table 2). We calculated a neighbor-joining

Table 1. Overview of 3 cases of tuberculosis caused by Mycobacterium microti in red deer, Austria and Germany
Case
Age, y/sex Year isolated
Main findings
Country
1
9/M
2017
Severe pyogranulomatous pleuropneumonia, multifocal to coalescing granulomas Austria
on the epicardium
2
1–3/M
2013
Moderate focal nonpurulent pneumonia
Germany
3
>2/F
2013
Moderate purulent bronchitis and bronchiolitis, fibroblastic pleuritis, lungworms
Germany
2026
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phylogenic tree based on the copy numbers of the
tested loci using the MIRU-VNTRplus (https://www.
miru-vntrplus.org/MIRU) server and exported it using MEGAX version 10.11 (35).
Results
Case 1

Postmortem examination of the stag revealed multiple
enlarged lymph nodes exhibiting a whitish cut surface.
The lung tissue showed severe pyogranulomatous
pleuropneumonia with multifocal to confluent cavernous granulomas of 2–10 mm diameter (Figure 1, panel
A). Multifocal to coalescing granulomas of 4–25 mm
diameter were observed on the surface of the epicardium (Figure 1, panel B). Histopathologic examination of the lung revealed a severe chronic multifocal to
coalescing pyogranulomatous pneumonia with focal
areas of fibrosis, central areas of necrosis and mineralization, surrounded by numerous epithelioid macrophages and a few multinucleated Langhans giant cells.
Lymphocytes, plasma cells and occasionally welldifferentiated fibroblasts surrounded the granulomas
(Figure 1, panel C). Few extracellular and intracellular
acid-fast bacilli were identified in the pulmonary lesions by using ZN staining (Figure 1, panel D).
Case 2

Macroscopically, a single yellowish, pinhead-sized
focus in the left dorsal main lobe of the lung of this

Table 2. Multilocus variable-number tandem-repeat analysis of 8
Mycobacterium microti strains used in study of tuberculosis
caused by M. microti in red deer, Austria and Germany
Year
Strain
isolated
Host
Country
Reference
TG 481
2010
Wild boar Switzerland
(31)
TG 435
2010
Wild boar Switzerland
(31)
TI 17–1545
2017
Wild boar Switzerland
(9)
TG 15–1955
2015
Cat
Switzerland
(5)
TG 15–294
2015
Cat
Switzerland
This study
ZH 1522744
2016
Cat
Switzerland
(5)
18–2304
2016
Red fox
Austria
This study
SG 17–2287
2017
Alpaca
Switzerland
This study

stag was observed. Lymph nodes and intestines did
not display any abnormalities. Histologically, the pulmonary focus consisted of macrophages and lymphocytes with single multinucleated Langhans-type giant
cells in the lesion, surrounded by eosinophilic lymphocytes (Figure 2). Numerous eosinophilic granulocytes were seen in the pulmonary lymph node. These
findings were compatible with a parasitic infestation.
Intracellular acid-fast bacilli could not be identified
by using modified ZN staining.
Case 3

The caudal part of the main lobes of the lung of this
hind showed multiple whitish foci <0.5 cm in size.
Enlarged pulmonary lymph nodes and multifocal
fibroblastic pleuritis were observed. The histologic
examination revealed moderate purulent bronchitis
and bronchiolitis with several intraluminal stages of
lungworms and infiltration of numerous eosinophilic

Figure 1. Macroscopic and
histopathologic features in the
red deer in case 1 in study
of tuberculosis caused by
Mycobacterium microti in red
deer, Austria and Germany.
A) Gross picture of the cutting
surface of the lungs with
severe pyogranulomatous
pleuropneumonia with
multifocal to confluent
cavernous granulomas, 2–10
mm diameter. B) Multifocal to
coalescing granulomas 4–25
mm diameter on the surface
of the epicardium. C) Chronic
multifocal to coalescing
pyogranulomatous pneumonia
in lungs with central areas of
necrosis and mineralization
surrounded by numerous
epithelioid macrophages and a
few multinucleated Langhans
giant cells. Single lymphocytes
and plasma cells were observed around the periphery and between the granulomas, hematoxylin and eosin stain. Scale bar = 20 μm.
D) Numerous macrophages and epithelioid cells containing solitary or multiple acid-fast bacilli. Ziehl Neelsen stain. Scale bar = 10 μm.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021
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of M. microti (36). MLVA showed 2 distinct genotypes
(Figure 4; Appendix, https://wwwnc.cdc.gov/EID/
article/27/8/21-0634-App1.xlsx), 1 for the 2 identical
isolates from the red deer from Germany and 1 for the
red deer isolate from Austria. Of interest, the isolates
from Germany were closely related to isolates from
Switzerland, whereas 2 isolates from Austria, originating from a red deer (case 1) and a red fox, were
genetically more distant despite their geographic
proximity (Figure 5).

Figure 2. Histopathologic features in red deer in case 2 in study
of tuberculosis caused by Mycobacterium microti in red deer,
Austria and Germany. Lung tissue highly infiltrated by round
cells, predominantly lymphocytes and some macrophages, single
multinucleated Langhans-type giant cells, hematoxylin and eosin
stain. Scale bar = 500 μm.

granulocytes. We observed very few multinucleated
Langhans-type giant cells (Figure 3) and could identify no intracellular acid-fast bacilli in the lesions using modified ZN staining.
Investigation of Phylogenetic Relationships

The isolates from 11 animals (3 wild boars, 3 cats, 1
alpaca, and 1 red fox), integrated for further comparative genotyping, exhibited the same spoligotype signature, SB0118, characterized by the presence of spacers
37–38 (https://www.mbovis.org). The same signature is also registered in the international spoligotyping database SpolDB4 as ST 539 and is characteristic

Figure 3. Histopathologic features in red deer in case 3 in study of
tuberculosis caused by Mycobacterium microti in red deer, Austria
and Germany. Lung tissue with granulocytic infiltration and some
multinucleated Langhans-type giant cells, hematoxylin and eosin
stain. Scale bar = 100 μm.
2028

Discussion
Case 1 in this study reported an M. microti–positive
stag killed in the alpine region in western Austria
manifesting clinical signs of tuberculosis. Tuberculosis caused by M. caprae has been described several
times in domestic animals and wildlife in this area
(26,30). Specifically, red deer represent a reservoir
and a possible source of infection with M. caprae for
cattle in Austria, Germany, Italy, and Switzerland
(26,28,29,37). M. microti has been isolated only once in
Austria, from a red fox without visible lesions (Table
2). This fox was located at a distance of ≈30 km from
the site where the M. microti–positive stag in case 1
was found. Clear evidence proving transmission of
M. microti between individual animals of the same
species or between species is missing. Human-to-human transmission regarding this pathogen has previously been investigated and the possibility cannot
be dismissed (14). However, ingesting feed or water
from contaminated sources, for example, might play
an important role in transmitting mycobacteria to
wildlife. In fact, recent reports suggest that M. microti
infections might often occur through oral ingestion
and that direct transmission between animals is less
likely (9,20).
The presence of MTBC in wild red deer seems to
depend on multiple factors, such as population density, TB prevalence in nearby cattle or other wildlife
species, and the morphologic structure of the habitat.
Observations made from infected wild deer in New
Zealand showed that M. bovis prevalence decreased
substantially after control of TB-infected possums,
suggesting that wild deer may be spillover hosts that
can be regularly reinfected by possums (38). In fact,
considering the high levels (>50%) of bTB in cattle in
Europe before eradication campaigns, sporadic transmissions to wildlife populations might have occurred.
It is, however, surprising to note that as a result of
successfully lowering the prevalence in cattle, the disease has been eradicated from wild deer populations,
such as in Switzerland (38). The situation is considerably different for deer in captivity or in high-density
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populations, which could be the origin of TB dissemination to other species (39). Of interest, the virulence
of M. microti seems to vary greatly both between host
species and within the same species. Most visible lesions compatible with TB diagnosed in M. bovis– and
M. caprae–infected red deer are located in the lymph
nodes, particularly the medial retropharyngeal and
mesenteric lymph nodes, suggesting oral rather than
aerosol transmission. The respiratory tract, including
the lungs and associated lymph nodes, seems to be
affected by MTBC in a secondary phase of the infection, which is also likely for M. microti infections in
red deer (30).
DVR spoligotyping analysis is a popular technique worldwide for molecular characterization of
MTBC of animal origin with excellent resolution and
cost-benefit ratio (40,41), but the discriminatory power is too low to prove any link on an epidemiologic

level or even minute transmission patterns among
M. microti lineages. The molecular background of M.
microti seems highly conserved, and traceback analyses are delicate. The 11 isolates included in this study
were collected over an 8-year period from regions
bordering Austria, Germany, and Switzerland (Table
2). These strains originated from 5 different wild and
domestic animal species, and most of the animals in
these cases showed severe TB lesions. Although the
number of isolates investigated was small, in accordance with previous studies, no correlation between
host species and M. microti genotypes was observed
(4,42). Moreover, even though the isolates from Switzerland were genetically close, genetic variation determined by MLVA did not correlate with the relative
geographic distance of their origin. In fact, the isolates
from red deer in Germany were genetically closer to
the strains from Switzerland, whereas the 2 isolates

Figure 4. Neighbor-joining tree based on the copy numbers of 24-loci mycobacterial interspersed repetitive unit variable-number
tandem-repeat analysis derived from 11 Mycobacterium microti clinical isolates and type strain M. microti Reed ATCC 19422T in study
of tuberculosis caused by M. microti in red deer, Austria and Germany. We calculated the tree using the MIRU-VNTRplus server (https://
www.miru-vntrplus.org; Appendix, https://wwwnc.cdc.gov/EID/article/27/8/21-0634-App1.xlsx) and exported it using MEGAX version
10.11 (https://www.megasoftware.net). Scale bar indicates substitutions per site.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021
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Figure 5. Geographic
distribution of tuberculosis
cases caused by
Mycobacterium microti in
different animal species
over 8 years from study of
tuberculosis caused by M.
microti in red deer, Austria
and Germany. Central Europe
(left) and the region bordering
Germany, Austria, and
Switzerland (right) are shown.
Animals are shaped and
colored: red deer, red; cats,
pink; wild boar, dark blue;
alpaca, orange; and red fox,
light blue.

from Austria, originating in the border region shared
with Switzerland, were genetically more distant (Figures 4, 5), which suggests that the circulation of hostadapted M. microti genetic lineages is unlikely. MLVA
has been successfully used worldwide as an ancillary
tool for animal TB epidemiologic surveillance and
outbreak investigations in multihost scenarios (27,43–
45). However, the discriminatory capacity of wholegenome sequencing has elsewhere been shown to
be superior for identifying MTBC strains belonging
to the same regional clonal complex, which may apply to M. microti as well (39,46). Under certain specific
circumstances, such as for formalin-fixed, paraffinembedded samples or extremely fastidious strains,
MLVA represents a valid alternative to whole-genome sequencing.
These findings highlight the wide host range of
M. microti and suggest that it might be an opportunistic pathogen rather than a host-adapted MTBC member, such as M. tuberculosis. In the past, similar to Mycobacterium bovis BCG strains, certain vole strains of
M. microti have been used to develop live attenuated
human TB vaccines in the United Kingdom and the
former Czechoslovakia (47–49). Therefore, marked
virulence differences between M. microti strains are
likely to exist (50).
Some seemingly feasible theories about the natural transmission route of M. microti suggest that the
natural foci and reservoirs of this animal-adapted
lineage are small rodents and that the pathogen subsequently infects predators, such as cats or foxes,
through ingestion; the mode of infection for herbivores, such as red deer or alpacas, remains ill defined.
The lesions we observed in the lungs of the deer in
case 1, however, provide strong evidence of bacterial
shedding, which might occur either as a consequence
of inflammatory processes that break into the airways
or by infection of alveolar macrophages that are part
2030

of the exudate (5), which result in environmental contamination and further transmission of the pathogen
(3). It is therefore alarming that animal species, such
as red deer, that can cover long distances in short periods of time might contribute to the spread of M. microti, an MTBC agent.
Because of the potential zoonotic risk related to
MTBC members, rapidly and accurately identifying
the mycobacterial species causing disease in animals
hunted for human consumption is crucial. Once
MTBC is detected, determining whether M. bovis or
M. caprae is present is of primary importance for veterinary and public health authorities. To date, molecular testing of cultured bacteria remains the preferred
method for differentiating MTBC species. Because of
the fastidious nature of M. microti and the extremely
slow growth rate of specific animal strains, this differentiation can take several months or remain incomplete in cases where the mycobacterium cannot be
cultured. On the basis of published data, it can be assumed that a large proportion of M. microti infections
remain culture negative, even if the incubation time
is prolonged to 18 weeks (8). Therefore, identifying
species using molecular methods on native samples
is recommended.
These findings show the morphologic versatility of lesions induced by M. microti in red deer.
Given the absence of typical pulmonary lesions
in some cases, such as in the red deer in cases 2
and 3, diagnostic pathologists must remain highly alert. Incidence of this pathogen should be
monitored within the framework of bTB surveillance programs and suspicious cases differentiated from classical bTB caused by M. bovis and
M. caprae. The actual occurrence of M. microti in
wildlife may be underestimated, and personnel
involved in bTB monitoring programs should be
aware of its pathogenicity and zoonotic potential.
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Therefore, molecular methods to differentiate this
member of the MTBC should be included in the diagnostic workflow of bTB reference laboratories.
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Plague Transmission from
Corpses and Carcasses
Sophie Jullien, Nipun Lakshitha de Silva, Paul Garner

Knowing whether human corpses can transmit plague
will inform policies for handling the bodies of those who
have died of the disease. We analyzed the literature to
evaluate risk for transmission of Yersinia pestis, the causative agent of plague, from human corpses and animal
carcasses. Because we could not find direct evidence of
transmission, we described a transmission pathway and
assessed the potential for transmission at each step. We
examined 3 potential sources of infection: body fluids of
living plague patients, infected corpses and carcasses,
and body fluids of infected corpses. We concluded that
pneumonic plague can be transmitted by intensive handling of the corpse or carcass, presumably through the inhalation of respiratory droplets, and that bubonic plague
can be transmitted by blood-to-blood contact with the
body fluids of a corpse or carcass. These findings should
inform precautions taken by those handling the bodies of
persons or animals that died of plague.

P

lague is an ancient disease that has killed millions
of persons including one third of the population
of Europe during the Black Death pandemic in the
14th century (1). Plague remains a threat in many
parts of the world (2) and has been categorized by the
World Health Organization as a reemerging disease
(3). Caused by Yersinia pestis, a nonmotile, gram-negative coccobacillus, this zoonotic disease has its main
reservoir in rodents (4,5). Humans become infected
by Y. pestis through bites from infected fleas or animals, handling or ingesting infected animals or humans, or inhaling aerosolized droplets from infected
tissues (Figure 1) (6–10). Plague has 3 main clinical
syndromes: bubonic plague, which is characterized
by inflammation of lymph nodes after a flea bite or
scratch from an infected animal (11,12); pneumonic
plague, which is spread by inhalation of droplets
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from infected humans or animals; and septicemic
plague, which results from the hematogenous spread
of bubonic or pneumonic plague (13).
To inform World Health Organization recommendations on personal protective equipment (PPE)
for healthcare workers, we evaluated whether corpses
of plague patients might be infectious. Little is known
about the potential infectiousness of corpses, the duration of risk for infection to humans handling corpses, or possible transmission routes. Information on
infectiousness of human corpses can guide development of protective measures for healthcare staff and
relatives who might not use PPE during traditional
funeral rituals (14). We know of 3 possible transmission routes: direct contact with infectious body fluids,
such as through open wounds or inhalation; indirect
contact through contaminated clothing; and bites
from infected fleas from corpses or their clothes. In
this review, we sought to estimate the risk for Y. pestis transmission from body fluids of corpses. Because
little direct evidence for plague transmission from
corpses exists, we assessed evidence for potential
transmission by body fluids of living plague patients,
corpses and carcasses, and body fluids of corpses and
carcasses. We also analyzed the potential duration of
infectiousness of body fluids from corpses and carcasses (Figure 2) (15).
Methods
We used different inclusion criteria for each potential
transmission pathway (Table 1). Because we assumed
that the consumption of human corpses was rare, we
excluded cases caused by the consumption of infected
meat. We also excluded cases caused by transmission
from vectors, such as fleas.
We searched PubMed, Embase, Science Citation Index, and Scopus for literature published by
May 20, 2019, and identified all relevant studies regardless of language, publication status, or publication date (Appendix, https://wwwnc.cdc.gov/EID/
article/27/8/20-0136-App1.pdf). We also manually
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Figure 1. Reservoirs of Yersinia
pestis and transmission routes
leading to different forms of
plague. Black arrows indicate
links between infection sources
and transmission routes. Orange
arrows indicate causality of
different plague syndromes
according to transmission routes.

searched the reference lists of all identified papers
and contacted relevant researchers.
Study Selection

First, we (2 review authors) independently screened
the abstracts of articles retrieved by the search strategy and classified them using predefined eligibility
criteria (Table 1). For the second stage of screening,
we retrieved full-text copies and applied the same
criteria. We assessed manuscripts in French, Russian,
German, and Chinese with the help of native-speaking authors and plague experts or through online
translation. We resolved any discrepancies through
discussion and excluded studies that did not meet the
inclusion criteria (Figure 3; Appendix Table 1).
Data Extraction, Bias Assessment, and Analysis

For each included study, we (2 review authors) extracted data on protocol and other characteristics (Appendix Tables 4–57). We also considered each study’s
limitations by assessing risk for bias using 6 questions

modified from the quality appraisal tool developed
by Cho et al. (16) (Appendix Table 3). We did not find
suitable data for statistical analysis.
Results
We identified 644 studies (616 in the literature search,
after removal of duplicates, and 28 in the manual
search) and used 25 in the final review (Figure 3). Ten
studies addressed potential transmission by body fluids of living persons who had plague, 16 addressed
potential transmission from corpses and carcasses,
and 2 addressed potential transmission from body
fluids of human corpses and animal carcasses. Three
studies addressed >1 research question.
Infectiousness of Body Fluids of Living
Plague Patients
Study Descriptions

We found 10 studies that documented direct humanto-human transmission of Y. pestis (Appendix Table
Figure 2. Potential plague
transmission routes from human
corpses. Black arrows indicate
links between infection sources
and transmission routes. Orange
arrows indicate causality of
different plague syndromes
according to transmission routes.
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Table 1. Inclusion criteria for literature review on transmission of plague from human corpses
Infectiousness of body fluids of
Infections acquired from corpses
Infectiousness of body fluids of corpses
Research topic
living plague patients
and carcasses
and carcasses
Study type
Descriptive (including
Descriptive (including case series
Descriptive (including case series and
surveillance data, case series,
and case reports)
case reports)
and case reports)
Participants
Persons who have laboratoryPersons or animals that died of
Persons or animals that died of laboratoryconfirmed plague
laboratory-confirmed plague
confirmed plague
Outcomes
New case of confirmed plague
New case of confirmed plague
New case of confirmed plague attributed to
attributed to direct transmission
attributed to direct transmission
direct transmission from an infected corpse
from an infected human (i.e.,
from an infected corpse or carcass
or carcass, with a specified period
human-to-human transmission)
between the time of death of the plague
victim and time of contact with corpse
Isolation of Yersinia pestis by culture from
body fluids from an infected corpse or
carcass, with a specified period between
the time of death of the plague victim and
the time of Y. pestis identification
Exclusion
None
Studies reporting only cases of
Studies examining the persistence of Y.
criteria
plague attributed to consumption of
pestis DNA in corpses or carcasses that
infected meat, or cases transmitted
were previously buried, in the soil, or on
by vectors such as fleas
environmental surfaces

4). In total, 4 studies described plague cases during
the 20th century in Brazil (17), South Africa (18), and
the United States (19,20) and 6 reported outbreaks
during 1997–2017 in Madagascar (21–24), Uganda
(25), and the Democratic Republic of the Congo (26).
Altogether, the 10 studies described 2,388 plague
cases caused by direct human-to-human contact, including 1,861 cases documented during an outbreak
in Madagascar (21). Nearly all the patients had primary pneumonic plague, except for 4 patients who
had septicemic plague (18,26) and 6 who had a mixed
form described as probable pneumonic affectation
secondary to buboes (18).

Risk for Bias

Six studies included adequate descriptions of patient
characteristics such as age, sex, and form of plague;
3 had inadequate descriptions; and 1 did not provide such information. Four studies described efforts to trace contacts from the index case, suggesting a perception of contagiousness. All 10 studies met
our inclusion criterion by providing a description of
laboratory methods used to confirm cases, although
2 studies included only partial descriptions. We used
the quality appraisal tool to judge whether the suggested transmission route and causative relationship
to infection was plausible for 8 studies. We could not
Figure 3. Flowchart of study
on plague transmission
from human corpses. Study
examined 3 potential sources
of infection: body fluids of living
plague patients (objective 1),
infected corpses and carcasses
(objective 2), and body fluids of
infected corpses (objective 3).
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make definitive judgements for 2 studies that comprised 50 cases but lacked sufficient data (Table 2; Appendix Tables 6, 8, 10, 12, 14, 16, 18, 20, 22, 24).
Findings

Various studies reported bloody sputum from the
index patient (23,25), infected contacts (18,22), or
both (24). Transmission was attributed to respiratory
droplets for 1,893 combined cases (20,21,23,25) and to
aerosolized bacteria for 311 combined cases (24,26).
A combination of 3 studies found that 63 cases were
consistent with human-to-human transmission, but
the studies did not provide further details (17,19,22).
To assess the contagiousness of plague patients,
we extracted data about uninfected contacts. Across 4
studies that provided such information, a total of 51
contacts were infected by 5 index patients (although
however, some infected contacts then acted as index patients for additional infections), whereas 341
contacts of those 5 index patients did not become ill
(22–25). The study authors estimated incidence proportions of 8%, 8.4%, and 55% (23–25). One study estimated the transmission rate to be 0.41 susceptible
persons/day (22). Some studies reported that infected
contacts had close and prolonged exposure to index
patients (18,20,23–25). Four studies from South Africa
and Madagascar attributed plague transmission to funerary activities, such as preparing bodies for funerals or active participation in the funerals (18,21–23).
Uninfected contacts included family members who
slept in the same bed as the patient until the night before the patient’s death (24,25); some of these contacts
slept with their heads <2 meters from the coughing
plague patient (25).
Summary

In total, 6 studies described 2,204 cases of direct Y.
pestis transmission through infective cough droplets
from living plague patients. Some direct transmission

occurred only after close and prolonged exposure.
We found no publication describing human-to-human transmission of plague through other body fluids, such as blood (although patients with pneumonic
plague can produce respiratory droplets from bloody
sputum), urine, feces, sweat, or bubo pus.
Plague Transmitted by Corpses and Carcasses
Study Descriptions

We analyzed 16 retrospective case reports and series
published during 1930–2019 (Appendix Tables 25–
57). The studies documented a total of 250 cases in 7
countries: 114 in China (27–29), 96 in the United States
(8,19,30–35), 17 in Libya (36), 12 in Kazakhstan (37),
9 in Madagascar (23), 1 in South Africa (38), and 1 in
Saudi Arabia (39). Plague was more common among
men than women, and patient ages ranged from 1–69
years. The combined studies reported 125 cases of
primary bubonic plague (mostly with axillary buboes), 70 of primary pneumonic plague, 8 of primary
septicemic plague, and 2 of primary intestinal plague.
Risk for Bias

Ten studies adequately described the main characteristics of participants (Table 3; Appendix Tables
27, 29, 31, 33, 35, 37, 39, 41, 43, 45, 47, 49, 51, 53, 55,
57). Twelve studies did not describe efforts to trace
all contacts of the index patient. These studies provided no information on whether other persons were
exposed but did not get infected, complicating our
assessment of corpse contagiousness. Eight studies had missing or partial descriptions of laboratory
methods used for defining confirmed cases of plague;
however, patients with unconfirmed infection were
highly suspected to have plague because of clinical
and epidemiologic data. Using the quality appraisal
toll, we judged the proposed transmission route
and causative relationship to infection to be highly

Table 2. Risk for bias in studies on human-to-human transmission of plague*
Were the
Were patient Was there some methods used
characteristics effort to trace all
for tracing
adequately
contacts from the
contacts
Study
reported?
index case?
adequate?
Almeida et al. (17)
Partial
Unknown
NA
Begier et al. (25)
Yes
Yes
Yes
Bertherat et al. (26)
No
Partial
Unknown
Evans et al. (18)
Yes
Unknown
NA
Kellogg et al. (20)
Yes
Unknown
NA
Kugeler 2015 (19)
Partial
Unknown
NA
Rabaan et al. (21)
Partial
Partial
Unknown
Ramasindrazana et al. (22)
Yes
Yes
Yes
Ratsitorahina et al. (23)
Yes
Yes
Unknown
Richard et al. (24)
Yes
Yes
Unknown
*NA, not applicable.

2036

Were the laboratory
methods used for
defining a confirmed
case of plague
reliable?
Yes
Partial
Yes
Yes
Yes
Yes
Yes
Yes
Partial
Yes

Was the
Was the
route of
cause-effect of
transmission transmission
plausible?
plausible?
No
Unknown
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Unknown
Unknown
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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Table 3. Risk for bias summary in studies on plague acquired from corpses and carcasses*
Were the
Were the laboratory
Were patient Was there some methods used
methods used for
characteristics effort to trace all
for tracing
defining a confirmed
adequately
contacts from the
contacts
case of plague
Study ID
reported?
index case?
adequate?
reliable?
Centers for Disease
Yes
Unknown
NA
Yes
Control and Prevention
(30)
Christie et al. (case series
Partial
Unknown
NA
Partial
1; 37)
Christie et al. (case series
Partial
Unknown
NA
Partial
2; 37)
Gage et al. (31)
Yes
Unknown
NA
Yes
Ge et al. (case report; 27)
Yes
Yes
Yes
Yes
Ge et al. (case series; 27)
Partial
Unknown
NA
Unknown
Kartman et al. (33)
Partial
Unknown
NA
No
Kartman et al. (32)
Partial
Unknown
NA
Unknown
Kugeler et al. (34)
No
Unknown
NA
Unknown
Mitchell et al. (39)
Yes
Unknown
NA
Unknown
Poland et al. (35)
Yes
Yes
Yes
Yes
Ratsitorahina et al. (23)
Yes
Yes
Unknown
Yes
Saeed et al. (40)
Yes
Yes
Yes
Yes
Sagiev et al. (38)
No
Unknown
NA
Unknown
Von Reyn et al. (36)
Yes
Yes
Yes
Yes
Wong et al. (8)
Yes
Yes
Yes
Yes
Wu et al. (28)
Yes
Unknown
NA
Yes
Zhang et al. (29)
Partial
Unknown
NA
Partial
*ID, identification; NA, not applicable.

plausible in 11 studies. Although the remaining 5
studies and case series described in an additional
2 sources also proposed transmission routes, they
lacked the information needed to judge plausibility.
Furthermore, some case series could not fully exclude
fleaborne transmission in all patients.
Findings

Corpses were described as the source of exposure in
3 studies comprising up to 42 cases (23,38). Axillary
bubonic plague developed in 1 patient after he had
conducted a postmortem examination of 2 infected
corpses during the 1920s (38). It is unclear whether the
examiner had skin lesions on the hands, was wearing
PPE during the autopsy, or how soon the autopsies
were conducted after death. The second study described 9 persons who contracted pneumonic plague
after attending the funeral of someone who died of
plague (23). Eight of these contacts had lodged at
the house of the deceased person for 2 days after the
patient’s death and might have had contact with the
deceased person’s wife and son, who also died of
plague shortly after. Although the authors concluded
that “infection resulted from active participation in
the funeral ceremonies and attendance on patients,”
it is difficult to distinguish between human-to-human
and corpse-to-human transmission in this scenario
(23). The third study reported 32 persons infected by
contact with plague patients or corpses; this study

Was the
Was the
route of
cause-effect of
transmission transmission
plausible?
plausible?
Yes
Yes
Yes

Yes

Partial

Partial

Yes
Yes
Partial
Yes
Yes
Partial
Yes
Yes
Yes
Yes
Unknown
Yes
Yes
Yes
Unknown

Yes
Yes
Partial
Yes
Yes
Partial
Yes
Yes
Partial
Yes
Unknown
Yes
Yes
Partial
Partial

provided no disaggregated data nor further details
on the route of transmission (29).
The remaining 13 studies reported 208 cases of
plague transmitted by carcasses of camels, goats, cats,
a bobcat, a fox, a coyote, a mountain lion, Tibetan
sheep, marmots, dogs, rabbits, squirrels, and other
rodents. Most exposures consisted of carcass-related
activities, such as killing the animal, skinning the carcass, or conducting a necropsy, all of which require
relatively long and close exposure to the infection
source.
Only 1 study directly specified the duration of
time between the death of the infected animal and
exposure, a period of ≈35 hours (8). Three studies
described a total of 11 cases in which exposure occurred <24 hours after the death of the infected animal (23,34,39). In addition, 3 other studies described
26 patients who had killed the infected animal, implying immediate exposure (32,33,36).
Of the patients who had bubonic plague, 5 had
open skin lesions on their hands or arms while they
handled the carcass with bare hands (33,34,35,39).
Other persons who had no skin lesions were exposed
to the same infection source but were not infected
(34,35). Most cases of bubonic plague were axillary,
consistent with the inoculation of Y. pestis through
cuts in the hands or arms. Two studies attributed
transmission of primary pneumonic plague to inhalation of aerosols generated by handling the carcass,
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including 1 study that theorized aerosol inhalation
during necropsy (8,27).
Summary

Limited evidence exists for plague transmission from
human corpses. Ten studies reported plague transmission through direct skin contact with blood from
animal carcasses, leading to 121 cases of bubonic
plague. Persons who had cuts or skin abrasions had
an increased risk of contracting plague. The potential
infectiousness of other body fluids remains unknown.
It is possible that pneumonic plague might be spread
by actions that cause aerosolization of infected body
fluids, but this process would require considerable
manipulation of the corpse or carcass.
Infectiousness of Body Fluids of Corpses or Carcasses

We identified 2 studies that detailed the infectious
period of plague-infected animal carcasses; however,
we could not find any studies documenting the duration of infectiousness of human corpses. One experimental study from Madagascar published in 1965
isolated Y. pestis from rodents that died of septicemic
plague and were buried in laterite alone or in laterite enriched with manure to simulate local conditions
(40). Y. pestis was successfully isolated after 5 and 10
days, but not 15 days, after the death and burial of the
rodents. Another study reported the case of a wildlife biologist who was in contact with a mountain lion
carcass ≈35 hours after the animal had died (8). The
time of death was identified from a mortality signal
transmitted from the animal’s radio-collar after recording no movement for 6 hours. Y. pestis was isolated by culture of the animal’s tissues and subtyped by
pulsed-field gel electrophoresis. The same strain was
later isolated from the biologist, indicating that the
mountain lion was the source of the biologist’s infection. We judged both studies to be at low risk for bias.
In summary, we do not know how long Y. pestis can survive in the body fluids of persons that
die of plague, and thus we do not know how long
the human corpse might be contagious. Because 1
study documented transmission from an animal 35
hours after death, we surmise the risk for infection
from animal carcasses period might extend beyond
24 hours (8).
Discussion
Historical narratives of plague outbreaks suggest that
human-to-human transmission is common for pneumonic plague, but more modern researchers have
contested this claim (41). Kool (42) summarized data
from historical records and contemporary experiences
2038

and used qualitative analysis to conclude that “pneumonic plague is not easily transmitted from one
person to another.” Some analysts have estimated
transmission potential of plague using mathematical
models based on historical data (43,44). The studies
in this review, which examine mostly modern plague
outbreaks (many earlier reports did not provide sufficient detail to meet our inclusion criteria), provide evidence that pneumonic plague is transmissible from
human to human, but only after close and prolonged
exposure. Historical records that did not meet inclusion criteria also provided useful information on the
transmissibility of pneumonic plague. For example,
some excluded studies demonstrated the isolation of
Y. pestis from sputum of patients who had pneumonic
plague (45,46), suggesting the potential for transmission of plague through inhalation of infected sputum.
We found that bloody sputum was clearly reported as the source of plague transmission in several studies. In studies describing plague transmitted
from corpses, the types of contaminated body fluids
causing plague transmission, although presumably
blood, were not clearly described. Activities reported
as the cause of infection included skinning, butchering, and flaying carcasses, as well as conducting postmortem examinations, all of which result in contact
with blood. However, transmission could potentially
occur through other body fluids, such as urine, feces,
gastric content, or bubo pus.
We did not find evidence that plague can be transmitted by body fluids other than sputum and blood.
In addition, the length of time that Y. pestis can survive in body fluids or that the corpse is contagious is
unknown. We found only 1 study describing plague
transmission from an animal that had been dead for
≈35 hours before patient exposure.
The studies in this review described 2 main routes
of transmission. The first is the inhalation of particles,
which can result in pneumonic plague. Plague patients
generate contaminated droplets by coughing, which is
associated with bloody sputum. Corpses do not produce contaminated droplets by cough, but handling
the corpse in preparation for autopsy or funeral can
generate contaminated droplets of body fluids, mainly
blood. Regardless, a close and prolonged exposure is
probably needed for disease transmission.
The second route of transmission is through the
handling of corpses, such as prolonged exposure during invasive procedures. Some studies documented
skin cuts or abrasions on the hands of the persons
who became infected, although other studies have
not commented on the presence of open wounds.
Thus, it is difficult to know whether transmission
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Figure 4. Summary of the
transmission routes described
in study on plague transmission
from human corpses.

through intact skin can occur, although such transmission seems improbable. We did not find any
study describing plague acquired through contact
with mucosa.
In some cases, we could not distinguish between
transmission routes from corpses, such as whether
transmission occurred through body fluids, clothing contaminated with body fluids, or fleas on the
body or clothing from the corpse. Our examination
of documented plague transmission from the body
fluids of living plague patients found that all such
reports were of primary pneumonic plague, suggesting the inhalation of particles as the transmission route. Our examination of the infectiousness
of body fluids of corpses and carcasses showed that
it is difficult to totally exclude the possibility that
some cases of bubonic plague were transmitted
by fleas. Although most patients were infected by
animals (thus excluding the possibility of fleas carried on clothes), the corpses themselves might have
had fleas. However, our inclusion criteria limited
the likelihood of fleaborne transmission, and we
appraised the plausibility of the proposed transmission route for each study. We excluded studies associated with fleas or unknown sources of
transmission (30). We noted instances when studies reported an absence of flea bites (33) or when
fleaborne transmission might not have been fully
excluded (19).
In summary, we provide evidence for plague
transmission from human corpses (Figure 4). Inhalation of respiratory droplets produced by intense
manipulation of the corpse or carcass could result
in pneumonic plague, especially after close and prolonged exposure. Direct skin contact with infected
body fluids (mainly blood; it is unclear whether other body fluids might also be infectious) could cause

bubonic plague, or when a person has cuts on their
hands, eventually septicemic plague. These findings
suggest that persons handling the corpses of those
who have died of plague should use PPE, including
an adequate mask, gloves, and gown.
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etymologia
Culex quinquefasciatus [′kyo͞o leks ′kwinkwə fa she ′ah tus]
Sarah Anne J. Guagliardo, Rebecca S. Levine

I

n 1823, the American entomologist Thomas Say described Culex
(Latin for “gnat”) quinquefasciatus, which he collected along the
Mississippi River. Originally written as “C. 5-fasciatus,” the name
refers to 5 (“quinque”) black, broad, transverse bands (“fasciatus”
or “fasciae”) on the mosquito’s dorsal abdomen. The name remains
despite later revelations of more than 5 fasciae, thanks to improved
microscopy. Although quinquefasciatus is the official scientific
name, there are at least 5 synonymous names for this species.
Say described this species as “exceedingly numerous and troublesome.” “Quinx” are among the world’s most abundant peridomestic mosquitoes, earning the nickname “southern house mosquito.” Cx. quinquefasciatus is found throughout subtropical and tropical
areas worldwide, except for exceedingly dry or cold regions. This
mosquito is a principal vector of many pathogens, transmitting the
phlebovirus Rift Valley fever virus and the 2 flaviviruses St. Louis
encephalitis virus and West Nile virus, in addition to filarial worms
and avian malarial parasites.
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Four Human Cases of EEE, Connecticut

During 3 weeks in 2019, 4 human cases of Eastern
equine encephalitis (EEE) were diagnosed at a single
hospital in Connecticut, USA. The cases coincided
with notable shifts in vector–host infection patterns in
the northeastern United States and signified a striking
change in EEE incidence. All 4 cases were geographically clustered, rapidly progressive, and neurologically
devastating. Diagnostic tests conducted by a national
commercial reference laboratory revealed initial granulocytic cerebrospinal fluid pleocytosis and false-negative
antibody results. EEE virus infection was diagnosed only
after patient samples were retested by the arbovirus laboratory of the Centers for Disease Control and Prevention in Fort Collins, Colorado, USA. The crucial diagnostic
challenges, clinical findings, and epidemiologic patterns
revealed in this outbreak can inform future public health
and clinical practice.

E

astern equine encephalitis virus (EEEV) is a singlestranded, positive-sense RNA arbovirus within
the Alphavirus genus of the Togaviridae family. EEEV
is maintained in enzootic cycles between ornithophilic Culiseta melanura mosquitoes and passerine birds
in hardwood swamps in the northeast region of the
United States (1). Epizootic cycles develop when virus infects mammal-biting bridge vector mosquitoes
and then spreads to dead-end hosts, such as humans
or husbanded animals (2,3). Mechanisms of viral or
ecologic changes that could sustain epizootic patterns
are of great public health interest.
Human Eastern equine encephalitis (EEE) disease
develops 4–10 days after arboviral transmission (4).
Neuroinvasive EEE occurs in just 5% of cases, but
mortality rates exceed 30% and neurologic effects are
widespread (5). Animal studies suggest that central
nervous system (CNS) invasion occurs by neuroolfactory spread or by crossing the blood–brain barrier during peak viremia (6). Neuronal injury occurs
via direct viral toxicity or secondarily through CNS
vasculitis, in which the basal ganglia, thalamus, and
cortex commonly are affected (7). Histopathologic
traits include tissue infiltration of neutrophils and
mononuclear cells, perivascular cuffing, inclusion
bodies, and neuronal necrosis (6–8). Like other alphaviruses, EEEV can antagonize components of innate
and adaptive immunity to enable rapid propagation
in brain tissue (9). Inflammatory cascades and direct
cytopathy continue to amplify cerebral injury, leading to progressive fever, confusion, coma, cerebral
edema, and death (6,10–12).
Thus far, the epidemiologic significance of EEE in
the United States has been relatively small, and only
4–8 human cases are diagnosed nationally in a typical year; before 2019, Connecticut had only 1 human

case, in 2013 (13–15). However, during 2019, human
cases climbed to 38 nationally, and 19 of these were
in New England, representing the largest EEE outbreak in 50 years (5,16). Experts are closely tracking
whether the increased EEE cases reflect similar patterns occurring in West Nile virus (WNV), Powassan
virus, Zika virus, and other arboviruses undergoing
shifts in background prevalence (11–14). We describe
the diagnosis, clinical features, and epidemiology of 4
human EEE cases from Connecticut, USA, that illustrate lessons for emerging viral disease.
Cases and Objective Findings
Case 1

A 77-year-old woman with prior breast cancer and
treatment for Lyme disease arrived at the emergency
department with acute fever, headache, weakness,
and confusion (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/27/8/20-3730-App1.pdf). Cerebrospinal fluid (CSF) studies revealed mild protein elevation with monocytic pleocytosis (Table). Standard
infectious workup was performed, along with WNV
testing and an immunofluorescence assay (IFA) arboviral panel that included EEE, Western equine encephalitis, Saint Louis encephalitis, and California encephalitis; all results were negative (Appendix Table).
Despite empiric meningitis treatment, her illness
progressed swiftly, involving seizures, coma, flaccid
paralysis, and refractory shock, marking an especially
severe case (Appendix Figure 1). CSF counts on day
7 and 13 shifted to a lymphocytic pleocytosis with escalating protein level, yet infectious workup results
remained negative (Table; Appendix Figure 2). Secondary inflammatory pathology was treated with
methylprednisolone, plasma exchange, and intravenous immunoglobulin (IVIg), yielding fleeting small
improvements (Appendix Figure 1).
Computed tomography (CT) imaging on day 2 of
illness showed nonspecific subcortical changes (Figure 1), but magnetic resonance imaging (MRI) on day
4 showed diffuse T2 signal throughout the forebrain,
thalamus, cerebellum, and brainstem (Figure 2). Repeat MRI on days 12 and 18 revealed expansion of
bilateral frontotemporal edema and injury, consistent
with progression of inflammatory mechanisms (Figure 2; Appendix Figure 2).
Recent mosquito surveillance and reported
equine cases of EEE, plus the patient’s temporal and
geographic proximity to these reports, environmental exposures, and current symptom progression, all
suggested arboviral disease. Thus, we also sent initial
CSF samples to the Arbovirus Diagnostic Laboratory,
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Table. Clinical and laboratory findings of 4 patients hospitalized with Eastern equine encephalitis, Connecticut, 2019*
Characteristics and
diagnostic testing
Case 1
Case 2
Case 3
Case 4
Age, y/sex
77/F
73/M
64/M
42/M
Date of illness onset
Aug 28
Sep 11
Sep 12
Aug 21
Signs and symptoms
Fever, confusion,
Stupor, left-sided
Fever, right arm
Neck pain, fever, dysarthria,
headache, shock, coma,
weakness
clumsiness; rapid
confusion, seizures
seizures, flaccid paralysis
progression to coma
Day of brain MRI; result
Day 4; diffuse T2
Day 4; hyperintensity
Day 5; left thalamic
Day 3; leptomeningeal
hyperintensity cerebrum, bilateral basal ganglia,
enhancement, T2
enhancement right frontal and
cerebellum, brainstem
right occipital regions
hyperintensity
parietal lobes, T1 hyperintense
temporal lobe
signal globi pallidi
Days postadmission
Laboratory findings
3
7
13
2
4
9
2†
4
2
9
21
CSF values
Protein, mg/dL
90
238
94
112
119
174
108
146
236
288
ND
Glucose, mg/dL
57
74
53
62
64
81
65
78
225
79
ND
Leukocytes/mm3
60‡
13
9
428
62
40
1,162
33
343
142
13
Neutrophils, %
22
2
0
86
9
0
76
8
80
0
2
Lymphocytes, %
38
73
100
9
78
85
11
87
14
89
79
Immunoassay, CSF
Reference lab§
IgM IFA
–
ND
ND
ND
–
ND
ND
–
ND
–
ND
IgG IFA
–
ND
ND
ND
–
ND
ND
–
ND
–
ND
CDC
IgM MIA
+
ND
ND
ND
+
ND
ND
+
ND
+
+
PRNT¶
1:4
ND
ND
ND
1:32
ND
ND
1:16
ND
ND
1:4,096#
Immunoassay, serum
Reference lab**
Day 7
IgM IFA
–
ND
ND
ND
ND
ND
ND
–
ND
ND
ND
IgG IFA
–
ND
ND
ND
ND
ND
ND
+; 1:16
ND
ND
ND
CDC
Day 6
IgM MIA
ND
ND
ND
ND
ND
ND
ND
+
ND
ND
ND
PRNT#
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
Outcome
Death on day 22
Death on day 10
Death on day 8
Severe sequelae
*CDC, Centers for Disease Control and Prevention; CSF, cerebrospinal fluid; IFA, indirect immunofluorescence assay; lab, laboratory; MIA, microparticle
immunoassay; ND, not done; PRNT, plaque reduction neutralization test; –, negative; +, positive.
†CSF from outside hospital laboratory before transfer.
‡CSF with 40% mononuclear cells.
§CSF IFA >1:4 is positive.
¶CSF PRNT >1:2 is positive.
#CSF contaminated with blood.
**Serum IFA >1:16 positive.

part of the Division of Vector-Borne Diseases, National Center for Emerging and Zoonotic Infectious Diseases, at the Centers for Disease Control and Prevention (CDC) in Fort Collins, Colorado, USA. On day
18 of the patient’s illness, CDC reported microspherebased immunoassay (MIA) IgM screening for EEEV
was positive and confirmed by plaque-reduction
neutralization test (PRNT) titers. Given the patient’s
grave brain injury, her family elected to pursue comfort-focused care strategies, and she died on day 22 of
her illness (Appendix Figure 1).
Case 2

A 73-year-old man who enjoyed feeding wild animals
around his wooded home was found unresponsive
after reporting new dizziness, paresthesia, and confusion the previous day. In the emergency department
he was stuporous, with left-sided weakness, but neuroimaging results were negative. His CSF samples
2044

had a granulocytic pleocytosis and elevated protein
on day 2 of illness (Table). Despite empiric treatment, he experienced abnormal neuromuscular tone,
brainstem dysfunction, coma, and respiratory failure
requiring mechanical ventilation (Appendix Figure
1). Subsequent CSF studies on days 4 and 9 of illness
revealed lymphocytic pleocytosis and persistent protein elevation (Table). Commercial EEEV IFA on CSF
collected on day 4 was negative, as were further infectious studies. IVIg was started on day 9 without
improvement. MRI on day 4 showed diffuse patchy
enhancement, edema, and injury (Figure 2).
Retesting of CSF by CDC demonstrated positive
EEEV IgM MIA results, confirmed by PRNT on day 9
of illness. Understanding the gravity of his injury, his
family requested a comfort-centered care transition,
and he died on day 10 after compassionate extubation
(Figure 1). At autopsy, gross and microscopic pathology of the brain showed ischemic changes, vascular
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congestion, inflammatory cell infiltration and microgliosis (Figure 2; Appendix Figure 3), although viral
inclusions were not found.
Case 3

A 64-year-old man with Parkinson’s disease and
rheumatoid arthritis was admitted with fever and
right arm clumsiness that rapidly progressed to coma
and ventilator dependence by day 2. Despite antimicrobial and steroid immunosuppressant treatments,
his function declined persistently (Appendix Figure
1). MRI on day 2 and 5 showed progressive enhancement and T2 hyperintensity in limbic, thalamic, and
striatal regions, advancing to severe edema and compression (Figure 2).
Initial CSF studies showed elevated protein and
granulocytic pleocytosis, shifting to lymphocytic predominance and higher protein by day 4 (Table). New
seizures on day 4 were controlled with levetiracetam,
but the cooccurring sympathetic and neuromuscular
instability remained intractable, signifying especially
severe disease (Appendix Figure 1). IVIg was started
on day 6 without improvement. On day 8, the patient
had acute loss of brainstem reflexes, and a CT showed
global cerebral edema and brainstem compression
(Figure 1). Hypertonic therapy was started; however,
his family soon elected for a comfort-centered focus,
and he was compassionately extubated that day.
Reference laboratory EEEV IFA from serum on
illness day 6 was negative. Day 4 CSF was retested by
CDC; 12 days postmortem, the sample tested positive
for EEEV IgM, which was confirmed by PRNT with
a 1:16 titer (Table; Appendix Figure 1). Postmortem
pathology studies revealed severe ischemic, inflammatory, and compressive injury (Figure 2).

Case 4

A 42-year-old man with hepatitis C and childhood
ventriculoperitoneal shunt placement arrived at the
emergency department with neck pain, fever, dysarthria, and confusion. His neurologic function declined
rapidly, and he experienced refractory seizures that
required intubation and multidrug treatment (Appendix Figure 1). CSF also showed granulocytic to
lymphocytic shift of pleocytosis and elevated protein
on days 2 and 9 (Table). We confirmed his shunt was
nonfunctional; we removed it because of the concern
of infection and started the patient on broad-spectrum
antimicrobial drugs. Results of autoimmune panels,
WNV serology, and EEEV IFA for IgG and IgM from
CSF on day 9 were negative (Appendix Table).
Right frontal lobe brain biopsy on day 15 showed
cortical necrosis and inflammation of unclear etiology (Appendix Figure 2). He received empiric IVIg
on days 23–27 per regular protocols for neuroinflammatory pathologies but showed no clinical or radiographic improvement. His ongoing hospital course
remained complicated (Appendix Figure 1). MRI
studies revealed spreading patchy cortical hyperintensity, gyriform enhancement, and mild subcortical
injury (Figure 2; Appendix Figure 1, panel C).
On day 40, CDC testing of CSF collected on day
21 of his illness returned positive results for EEEV
IgM, confirmed by PRNT titer of 1:4,096. Subsequent
CDC retesting of the stored day 9 CSF sample also
returned positive results. After 6 weeks, the patient
was discharged to inpatient hospice, where he became more alert and regained language comprehension. He moved to a rehab facility and continued to
have slow improvement but remained dependent on
skilled care.

Figure 1. Representative computed tomography axial sections showing early gray-white boundary changes among patients with
Eastern equine encephalitis, Connecticut, USA, 2019. A) Axial section showing early gray-white boundary changes on day 3 of illness.
B) Axial section with advancing subcortical edema on day 5 of illness. C) Axial section showing diffuse edema with mass effect on
adjacent structures and risk of herniation syndromes after 7 days of infection.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021
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Figure 2. Mechanisms of injury in 4 human cases of Eastern equine encephalitis, Connecticut, USA, 2019. A) Magnetic resonance
imaging (MRI) representative axial section from day 2 of a patient’s illness shows early development of edema around the thalamus,
basal ganglia, and limbic cortical (arrows) and subcortical (arrowheads) regions. B) Representative MRI axial section from day
4 of a patient’s illness shows progression of injury in these regions and the diencephalon, basal forebrain, and subcortical areas
(arrowheads). C) MRI axial section after 1 week of a patient’s illness shows expanding patchy and confluent cortical edema (arrows)
and diffuse swelling in basal regions (arrowheads). D) Hematoxylin and eosin (HE)–stained photomicrograph shows the gray-white
matter interface with perivascular lymphocytic cuffing and hypoxic-ischemic change in adjacent cortex. Original magnification ×40. E)
HE-stained photomicrograph shows a recent gray matter microinfarction, including ischemic neurons with red cell change (5-pointed
star) and perineuronal vacuolation (4-pointed star). Original magnification ×200. F) HE-stained photomicrograph shows details of acute
hypoxemic-ischemic change with perineuronal (4-pointed stars) and nonspecific vacuolation, red neurons (5-pointed star), rarefaction,
and pyknotic cellular debris. Original magnification ×400.

Diagnostic Testing

Epidemiologic and clinical features, together with
knowledge of unprecedented prevalence of EEEVpositive mosquitoes in the state, prompted our virology laboratory to contact CDC’s Arbovirus Diagnostic Laboratory to have case 1 retested with
expedited processing. After this positive test result, the Connecticut Department of Public Health
(DPH) and CDC approved submission of subsequent samples directly to CDC for priority testing.
Turnaround was improved from 3–4 weeks to <10
days. Connecticut DPH subsequently validated an
in-house EEEV IgM MIA test for rapid and sensitive screening for future outbreaks.
Reference laboratory EEEV IFA testing of CSF
at 1:4 dilution was negative for IgM for all cases in
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samples spanning day 3, 4, 6, and 9 of illness. Upon
learning of false-negative results, the commercial laboratory retested 3 of the CSF samples undiluted, but
results remained negative. Thus, for our samples, IFA
IgM findings did not correlate with the duration of
illness or concentration as shown by PRNT titer.
Local Epidemiology

During June–October 2019, mosquitoes were trapped
and tested for arbovirus infection at 92 fixed-trapping
sites in Connecticut as a part of the statewide surveillance program. During the season, mosquitoes
are collected weekly at each location by using CDC
light traps baited with dry ice and gravid traps baited
with a hay-lactalbumin infusion. Sample preparation
and EEEV detection was consistent for all sites and
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between years. Connecticut surveillance sites first collected EEEV-positive mosquitoes in late July 2019, ≈4
weeks earlier than other years having EEEV (17,18).
Equine EEEV infections surfaced in early August and
continued through September. Numbers of EEEVpositive mosquitoes peaked by late August, but
numbers remained elevated through mid-October.
The 4 human cases occurred in late August and early
September within a localized region of southeastern
Connecticut where equine and vector involvement
also were highest. Shortly before the incidence in humans, numbers of Cs. melanura mosquitoes and mammal-biting bridge vectors carrying EEEV both rose
distinctly (Figure 3, panel A). Climate conditions in
the preceding months had shown temperatures 2.4°F
above average through the summer and 2.6°F warmer during the winter; the region had 11 inches more
precipitation than normal (19,20). Concordantly,

21,880 Cs. melanura mosquitoes were collected in Connecticut during 2019, which is 2.4 times the annual
average during 2001–2018 (Figure 3, panel B). All
human and equine EEE cases were tightly clustered
geographically and coincided with temperature and
vector population rises (Figure 4).
Discussion
The cases we report represent a notable diversion
from the background incidence and clinical severity of EEE in this region. This single-state experience
is striking individually but becomes more salient in
relation to patterns occurring contemporaneously in
nearby states and possibly in the future (Appendix
Figure 5). Recognizing and controlling epidemics
requires dependable diagnostic methods and coordination between clinicians, health departments, and
surveillance programs. Viral neuroinvasive infections
Figure 3. Epidemiology of EEE
and mosquito vector populations,
Connecticut, USA, June 2–
November 2, 2019. A) Epidemic
curve of EEE in Connecticut in
mosquito populations, horses,
and humans. Error bars indicate
95% CIs. B) Weekly collection of
Culiseta melanura mosquitoes
during 2019 compared with longterm historical averages. EEE,
Eastern equine encephalitis; EEEV,
EEE virus; +, positive.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2047

SYNOPSIS

Figure 4. Geographic distribution of EEE in mosquitoes, humans, horses, and pheasant flocks, Connecticut, USA, 2019. EEE, Eastern
equine encephalitis; EEEV, EEE virus; +, positive.

can pose even greater challenges because our best diagnostic efforts reveal an etiology in only one third of
encephalitis cases (21). Our experience demonstrates
the importance of unified efforts in recognizing a new
epidemic and avoiding public health pitfalls.
Because virus rarely is present in specimens
when patients are symptomatic, EEEV assays target host antibodies produced against viral epitopes.
EEEV IgM usually becomes measurable 3–8 days after infection (22). Assay processing time can further
extend the lag time from clinical onset to initiation of
secondary injury mechanisms and the ability to make
diagnostically informed decisions. The cases we report demonstrate the challenges of mismatched timeframes for analytic pathways versus critical periods
for intervention in patient care and community education. Assessment of data needed for decision-making becomes crucial, especially when considerations
2048

involve rapidly devastating illness, expensive treatments, or time-sensitive community interventions.
Our experience exemplified the need for prompt compilation and synthesis of findings to guide decisions,
such as whether and when to begin IVIg or plasma
exchange treatments during case 1 and to postpone
outdoor school sporting events statewide during case
4. Future ability to establish evidence-based treatments or targeted protocols likewise will depend on
improved timing of diagnosis and decision-making.
Shared clinical features from our patients also
highlight patterns to alert practitioners of EEEV infection as the etiology of encephalitis. We noted rapid
shifts in CSF profiles from granulocytic to lymphocytic predominance. Seizures, secondary inflammatory
injury, cerebral edema, rapid deterioration, and clinical considerations for starting immunomodulatory
treatments all should be signals prompting outreach
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to public health and laboratory medicine colleagues.
Other features of severe disease that were especially
prominent in our patients, and possibly underrecognized as elements of critical neuroinvasive EEE
overall, included refractory shock with adrenergic insensitivity and neuromuscular instability with either
flaccid paralysis or rigidity.
Diagnosing EEE in our patients was unexpectedly challenging because the commercially available
arbovirus IFA test failed to detect EEEV antibodies
in all cases. Yet, all 4 CSF samples tested positive at
the CDC laboratory by the more recently developed
MIA to screen for EEEV IgM and confirmatory PRNT.
Whereas older IFA methods use spots of virus-infected cells affixed to slide wells, MIA uses microbeads
coated with EEEV envelope proteins as the antigenpresenting substrate incubated with a patient’s CSF
or serum, then secondary IgM for detection (23). For
PRNT, IgM-reactive samples are serially diluted,
each dilution is mixed with infectious virus, then
inoculated into cell culture. If present, virus-specific
neutralizing antibodies will reduce the number of
virus-induced plaques observed after a designated
incubation period. Of note, the virus strain EEE New
Jersey 60 is used in all 3 methods and does not appear
to explain the discrepancy.
Because only 1 test in the United States, DxSelect Arbovirus IFA IgM/IgG (Focus Diagnostics,
https://www.focusdx.com), has been cleared by
the Food and Drug Administration for diagnosing
EEEV, Western equine encephalitis virus, St. Louis
encephalitis virus, and California encephalitis/La
Crosse virus, all commercial reference laboratories
use the same IFA kits for arbovirus antibody detection. Many potential variables exist within IFA
testing, including slide and reagent manufacturing,
manual processing of antibody application steps,
microscopy techniques and equipment, and subjective reading of results. Nevertheless, no other falsenegative IFA results have been reported to date. Of
note, arboviral IFA kits are approved by the Food
and Drug Administration only for serum testing at
an initial dilution of 1:16; CSF testing must be validated independently at each commercial laboratory,
including ascertaining the starting dilution. Because
of the failure to detect antibody at a 1:4 screening
dilution in our 4 cases, the reference laboratory now
screens all CSF samples undiluted.
Because only 4–8 cases occur nationally in a typical year, EEE is a rarely diagnosed infection, and large
reference laboratories might receive few to no positive samples annually. The infrequent positivity rates
among samples provides little opportunity to verify

diagnostic assays by using clinical specimens or for
comparison between IFA and other methods; we
found no such reports in the literature. Nonetheless,
MIA clearly was more sensitive than IFA as a screening test in our patients. A specific reason for the failure of IFA testing in these cases was not identified,
but the presumed lower sensitivity of IFA methods
should remain a consideration in future epidemics.
Regardless of the cause, the discovery of systematic
false-negative results highlights the need to think
broadly about testing strategies for arboviral disease
in a public health context, and particularly for cases of
infectious encephalitis.
Crucial epidemiologic and viral ecologic factors also shed light on regional EEE emergence
and could provide warnings for EEE risk in future
years. Historically, EEEV has cyclic years of high
amplification; Connecticut saw spikes in 2003 and
2009 and in 2013, when the only prior human case
was recorded (15,18). However, closer examination
of mosquito surveillance during high-activity years
reveals patterns associated with the emergence of
epidemics (Figure 3; Appendix Figure 4). Highactivity years had exceptional increases of EEEV
carriage by Culiseta mosquitoes, after which greater
infection of mammal-biting vectors was reported.
When human or equine cases emerged, temporal
and geographic correlation were noted after the
upsurges (Figures 3, 4). Mechanisms for human
spillover from vector–host cycles remain unclear;
studies also show direct transmission from primary
enzootic vectors to mammalian and human hosts
during larger EEE epizootic events (1–3,24–27).
Therefore, prevention must be informed by recognition of earlier seasonal escalation of Cs. melanura
populations and rapid rise of EEEV within enzootic
or epizootic vectors (24).
Locally, the Connecticut River Valley has abundant densely wooded freshwater swamps, creating
ideal habitat for EEEV enzootic vectors and hosts, and
likely models conditions elsewhere (1,17). Weather
patterns preceding our cases increased the productivity of mosquito larval environments and might
have fostered Cs. melanura mosquitoes overwintering
and early reproduction, per our trap collection timelines (1,2,18–20,27). Indeed, EEEV-positive mosquito
counts were greater than any other arbovirus in our
region, reaching 20 times normal in Connecticut and
200 times normal in Massachusetts (Appendix Figure
4). As the climate warms, the risk for EEE outbreaks
could increase because of emergence of EEEV into
optimized environments and from late-season persistence of infected vectors. Additional studies assessing
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population genetics of the virus and vectors are needed to illuminate the triggers and evolution of such
epidemics (2,5,25–27).
In the face of climatic and global changes, including
warmer temperatures and human population growth
and interaction with vector ecologies, future arboviral epidemics are certain, and the likelihood of an increasing burden of EEE is high. Coordination between
public health and hospital settings to improve surveillance, clinical detection, and community education
will be essential for gaining control of this potentially
devastating neuroinvasive disease. Of note, awareness
to reappraise and navigate diagnostic testing through
local and reference laboratories has become a crucial
skill for early detection of EEE cases and management
of a local epidemic. Our state’s experience shows the
importance of bringing together public health, healthcare, diagnostic systems, and vector-control agencies,
as well as community education and diagnostic systems, to mitigate risk for EEE among the public.
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Severe Acute Respiratory
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Coronavirus disease has disproportionately affected persons in congregate settings and high-density workplaces. To
determine more about the transmission patterns of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
in these settings, we performed whole-genome sequencing and phylogenetic analysis on 319 (14.4%) samples
from 2,222 SARS-CoV-2–positive persons associated with
8 outbreaks in Minnesota, USA, during March–June 2020.
Sequencing indicated that virus spread in 3 long-term care
facilities and 2 correctional facilities was associated with a
single genetic sequence and that in a fourth long-term care
facility, outbreak cases were associated with 2 distinct sequences. In contrast, cases associated with outbreaks in
2 meat-processing plants were associated with multiple
SARS-CoV-2 sequences. These results suggest that a
single introduction of SARS-CoV-2 into a facility can result
in a widespread outbreak. Early identification and cohorting (segregating) of virus-positive persons in these settings,
along with continued vigilance with infection prevention and
control measures, is imperative.

I

n the United States, coronavirus disease (COVID-19) has disproportionately affected adults
residing in long-term care facilities (LTCFs) (1–5).
Outbreaks in LTCFs have caused high numbers of
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hospitalizations and deaths. Similar findings have
been reported in correctional facilities, where severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2) infection incidence among inmates and staff
is ≈5 times greater and age-adjusted mortality rate
3 times greater than that of the general population
(6–8). Workers in high-density workplaces (e.g.,
meat-processing plants) have similarly been heavily
affected; minority populations have been disproportionately affected (9–11).
The first COVID-19 case in Minnesota was detected on March 6, 2020. Shortly thereafter, COVID-19 outbreaks occurred across the state, including in LTCFs (March 12, 2020) and meat-processing
plants (March 15, 2020), followed shortly thereafter
by correctional facilities (March 25, 2020). During
March 6–June 30, 2020, the Minnesota Department of
Health (MDH) identified and responded to 1,060 distinct outbreaks of COVID-19 in LTCFs, comprising
4,421 cases in residents and 3,002 in staff members.
In addition, 4 discrete outbreaks in correctional facilities resulted in 382 cases, and 68 outbreaks in meatprocessing plants resulted in ≈2,616 cases among
employees (data only from persons interviewed and
where workplace information was provided); outbreaks in these 3 settings accounted for 31.3% of all
identified persons in Minnesota.
For outbreaks in congregate settings and highdensity workplaces, confirming the temporal and
relational aspects of SARS-CoV-2 transmission was
difficult, and the role of intrafacility spread versus
multiple introductions was difficult to disentangle
on the basis of epidemiologic information alone.
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Whole-genome sequencing (WGS) of specimens
from outbreak case-patients can be used to determine transmission dynamics and relatedness of viral
pathogens in infectious disease outbreaks (12–15).
Unprecedented efforts to sequence SARS-CoV-2 genomes have occurred at the local, regional, national, and international levels to investigate potential
reinfections (16–19), nosocomial transmission (20),
patterns of community spread (G.K. Moreno et al.,
unpub. data, https://doi.org/10.1101/2020.07.09.2
0149104) (21,22), and sources of SARS-CoV-2 introduction without known epidemiologic links (23).
In Minnesota, as part of the Centers for Disease
Control and Prevention (CDC) SARS-CoV-2 Sequencing for Public Health Emergency Response, Epidemiology and Surveillance (SPHERES) consortium, the
Minnesota Molecular Surveillance of SARS-CoV-2
initiative solicited specimens from outbreak case-patients for sequencing and genetic variation analysis to
determine virus transmission patterns in congregate
settings and meat-processing plants. To supplement
epidemiologic information, assess whether single or
multiple introductions were likely to have occurred
during a facility outbreak, and evaluate molecular
relatedness, we performed WGS on a convenience
sample of SARS-CoV-2–positive specimens associated with outbreaks.
Methods
We chose 3 types of outbreak settings for WGS
(LTCFs, correctional facilities, and meat-processing
plants) and selected specific facilities partly according
to outbreak effect and severity, the need for further
clarity regarding transmission patterns, and availability of samples. Selected outbreaks occurred during March 6–June 30, 2020, at 4 unique LTCFs (A–D),
2 correctional facilities (A and B), and 2 meat-processing plants (A and B); cases were identified in persons
residing in the same county as meat-processing plant
A (community samples A).
At LTCFs, an outbreak was defined as >1 confirmed COVID-19 case in a resident or staff member.
At correctional facilities, an outbreak was defined as
1 of the following:
• >2 cases in the inmate population >7 days after
intake to a new facility with an epidemiologic
link (defined as residing in the same unit or ward
within a 14-day period).
• >2 cases in correctional staff members with an epidemiologic link (defined as having the potential
to have been within 6 feet for >15 minutes while
working in the facility during the 14 days before
symptom onset (e.g., worked on the same unit

during the same shift). An epidemiologic link
also requires that cases among correctional staff
neither shared a household nor were identified as
close contacts with each other outside the facility
during the standard case investigation.
• >1 facility-acquired COVID-19 cases in an inmate
(defined as a confirmed diagnosis >14 days after
entry to the facility, without exposure during the
previous 14 days to another setting where an outbreak was known or suspected).
At meat-processing facilities, an outbreak was
defined as >3 laboratory-confirmed COVID-19 cases among facility workers who resided in separate
households. On June 1, we added to the definition of
an outbreak in meat-processing plants that case onset
dates occurred within 14 days of each other.
We defined case-patients at all outbreak locations as persons with a positive SARS-CoV-2 result
according to reverse transcription PCR (RT-PCR), determined by using the original CDC protocol (24). We
collected epidemiologic data (sex, age, symptom status, symptom onset date, residence, occupation, and
potential source of exposure) by interviewing persons
with laboratory-confirmed SARS-CoV-2.
The MDH Public Health Laboratory (PHL) performed WGS on available specimens positive for
SARS-CoV-2 by RT-PCR, collected March 6–June 30,
2020. Specimens were obtained from the nasopharynx, anterior nares, or oropharynx. SARS-CoV-2
RNA extracts were acquired either as residuals from
clinical testing at the MDH PHL or from other clinical laboratories serving Minnesota residents. We
created cDNA and tiled amplicons as described in
the ARTIC Network nCoV-2019 sequencing protocol (25). We prepared Illumina sequencing libraries for next-generation sequencing according to the
Nextera DNA Flex protocol created by the State
Public Health Bioinformatics Group (StaPH-B) (26)
and performed sequencing by using 2×250 bp Illumina V2 chemistry on MiSeq instruments (https://
www.illumina.com). Consensus SARS-CoV-2 genome sequences for each specimen were generated
with the StaPH-B Toolkit Monroe pipeline (https://
staph-b.github.io/staphb_toolkit/workflow_docs/
monroe). We individually reviewed assembled
SARS-CoV-2 genomes in Geneious Prime 2019.2.1
(https://www.geneious.com) and discarded genomes with gaps >125 nt.
We used the Augur toolkit (27) to align SARSCoV-2 genome consensus sequences, generate phylogenetic trees, and incorporate epidemiologic sequence
metadata. We aligned genomes with MAFFT version

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2053

RESEARCH

7.310 with options “–keeplength–reorder–anysymbol–nomemesave–adjustdirection” (28). Variation in
sequences identified in the first 54 and last 67 bases of
the Wuhan-Hu-1 reference sequence (GenBank accession no. MN908947.3) was masked during tree generation because of the inability of the tiled-amplicon
sequencing approach to reliably generate sequence
in those regions. We used IQ-TREE version 1.6.1 to
create phylogenetic trees with parameters “-ninit 2 -n
2 -me 0.05” (29). Output from Augur was visualized
by using Auspice as hosted by the nextstrain team
(http://auspice.us) (27). The resulting trees were visualized with the Interactive Tree of Life (30); branch
lengths rounded and scaled represent mutations from
the reference. Pangolin lineages for all samples were
retrieved after assemblies were submitted to GISAID
(https://github.com/cov-lineages/pangolin) (27,31).
We defined genetically closely related sequences (i.e., clusters) as cases that were both associated
epidemiologically with a known outbreak and that
formed a monophyletic clade on the statewide phylogenetic tree. Branch lengths were scaled to represent
the number of single-nucleotide mutations.
In accordance with federal human subjects protection regulations at 45 CFR §46.101c and §46.102d
and with the Guidelines for Defining Public Health
Research and Public Health Non-Research, a human
subjects protection coordinator at CDC and the MDH
reviewed the project. They determined it to be a non-

research, public health response exempt from institutional review board evaluation.
Results
As of June 30, 2020, we had successfully conducted
WGS and phylogenetic analysis of 468 total samples,
319 (68.2%) of which were associated with the 8 outbreaks, constituting 14.4% of the 2,222 total positive
cases identified from outbreaks in Minnesota through
June 2020. Specimens were obtained from staff and
residents from 4 LTCFs (180 [35.6%] specimens from
505 case-patients were sequenced), staff and inmates
from 2 correctional facilities (110 [20.2%] specimens
from 544 case-patients were sequenced), and employees at 2 meat-processing plants, along with community case-patients (29 [2.5%] samples from 1,173 identified case-patients) (Table). Among most sequenced
specimens, virus spread was associated with a single
genetic sequence unique to each outbreak facility at
3 LTCFs and both correctional facilities. At a fourth
LTCF, outbreak cases were associated with 2 distinct
sequences. In contrast, cases associated with outbreaks in the 2 meat-processing plants were represented by multiple SARS-CoV-2 sequences. (Figure 1)
Single Cluster in LTCFs

During the COVID-19 outbreak at LTCF A (3), April
15–June 11 (Figure 2), infection was confirmed for
51/77 residents and 38/108 healthcare workers

Table. Features of outbreaks and convenience samples of specimens collected and characterized by whole-genome sequencing at
LTCFs, correctional facilities, and meat-processing plants in Minnesota, USA, March 6–June 30, 2020*
Total confirmed
Total samples
Total outbreak cases
Total samples
outbreak cases successfully sequenced
at facility confirmed successfully sequenced
Outbreak facility
at facility, no.
from facility, no. (%)
Role at facility
by role, no.
by role, no. (%)
LTCF
A
89
27 (30.3)
Staff
38
10 (26.3)
Residents
51
17 (33.3)
B
190
82 (43.2)
Staff
76
5 (6.6)
Residents
114
77 (67.5)
C
139
32 (23.0)
Staff
56
23 (41.0)
Residents
83
9 (10.8)
D
74
39 (52.7)
Staff
21
3 (14.2)
Residents
53
36 (67.9)
Correctional facility
A
128
49 (38.3)
Staff
82
15 (18.3)
Inmates
46
34 (73.9)
B
416
61 (14.7)
Staff
210
1 (0.5)
Inmates
206
60 (29.1)
Meat-processing plant
A
432
16 (3.7)
Employees
432
16 (3.7)
B
724
5 (0.7)
Employees
724
5 (0.7)
Community sample A
17
8 (47.1)
Known contact
9
2 (22.2)
No known
8
6 (75.0)
contact
Total
2,222
319 (14.4)
NA
NA
NA
*No cases or samples sequenced after June 30, 2020, are included in study. An outbreak is defined as closed if there are no new coronavirus disease
cases for 28 days after the onset date of the last case. The outbreak at correctional facility A was considered closed as of July 20; the outbreak at
correctional facility B was considered closed as of August 5. The outbreaks at processing plants A and B were considered ongoing as of November 6,
2020. LTCF, long-term care facility; NA, not applicable.
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Figure 1. Phylogenetic tree of severe acute respiratory syndrome coronavirus 2 associated with selected outbreaks in Minnesota, USA,
March 6–June 30, 2020. IQ-TREE (29) was used with the general time reversible substitution model for tree generation. Branch lengths
were scaled to represent number of single-nucleotide mutations as shown in the scale key. LTCF, long-term care facility.

(HCWs) tested after identification of SARS-CoV-2–
positive HCWs. Specimens from 17 residents (33.3%
of case-patients) and 10 HCWs (26.3% of case-patients) were available for WGS. SARS-CoV-2 viral
sequences from these 27 persons were genetically
closely related (pangolin lineage B.1.2). Viral genomes from 2 HCWs (MN-MDH-1007 and MNMDH-1016) sampled on April 30 and 1 resident
(MN-MDH-1171) sampled on May 18 at LTCF A
did not cluster with each other or the primary outbreak cluster, although all were a part of the broad
pangolin lineage B.1.
In LTCF B (3) (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/27/8/20-4838-App1.pdf), during April 29–June 11, SARS-CoV-2 positivity was confirmed for 114 of 182 tested residents and 76 of 233
tested HCWs, after a SARS-CoV-2–positive resident

was identified on April 29. All 82 sequenced specimens
from this facility, including those from 77 residents
(67.5% of case-patients) and 5 HCWs (6.6% of case-patients), were closely related (pangolin lineage B.1.116).
The first COVID-19 case at LTCF C (Appendix
Figure 2) was identified on April 24. Four positive
HCWs and 3 symptomatic residents were identified
by April 30. Throughout May and June, facilitywide
testing was implemented; ≈941 residents and staff
were tested and 80 SARS-CoV-2–positive residents
and 52 SARS-CoV-2–positive staff members were
identified. Phylogenetic analysis of the 32 successfully sequenced genomes, including those from 9
residents (10.8% of case-patients) and 23 staff members (41% of case-patients) showed that viruses from
29 of the 32 case-patients were closely related (pangolin lineage B.1.2). Viruses from the remaining 3
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case-patients (pangolin lineages B.1 and B.4) were
not closely related to each other nor identified with
further transmission.
Two Distinct Clusters in an LTCF

LTCF D (Figure 3) is a 100-bed facility with ≈78
residents and 100 staff, where an outbreak began
on April 17, 2020, with a symptomatic HCW. The
first cases in residents and staff were identified on
April 20, 2020; subsequent testing identified of 53
SARS-CoV-2–positive residents and 21 positive
staff members. Although this outbreak was epidemiologically similar to outbreaks at other LTCFs,
an analysis of the genetic relatedness among 39
sequenced isolates demonstrated that 2 distinct
genetic clusters were in the facility during approximately the same period. In contrast to the
outbreaks in LTCFs A, B, and C, viruses from both
clusters at LTCF D seemed to circulate simultaneously throughout the facility, each contributing to
the outbreak. All sequenced isolates from LTCF D
belonged to the broad pangolin lineage B.1.
Single Cluster in Correctional Facilities

In late March 2020, an outbreak of SARS-CoV-2 was
identified in correctional facility A (Figure 4). The first
identified case-patient was an inmate who became
symptomatic and had a positive SARS-CoV-2 test result
on March 25. By March 30, a total of 7 confirmed cases
and 6 suspected cases among the inmate population

were identified. During March 30–April 7, SARS-CoV-2
test results were positive for 15 staff members. Analysis
of the genetic relatedness of the virus from 34 inmates
(73.9% of case-patients) and 15 staff members (18.3% of
case-patients) from correctional facility A were all closely related (pangolin lineage A.1).
In early June 2020, an outbreak was identified in
correctional facility B (Appendix Figure 3). The investigation revealed that an employee had symptoms
consistent with COVID-19 on May 13, had a positive
SARS-CoV-2 test result on May 14, and was subsequently excluded from work and isolated at home.
Approximately 2 weeks later, 3 additional case-patients (1 staff member and 2 inmates from the same
unit as the index patient) had positive SARS-CoV-2
test results. A point-prevalence survey on June 1 in
this unit revealed 63 SARS-CoV-2–positive inmates
among the 87 tested. Subsequent facilitywide testing of both staff and inmates identified cases in other
units, 83 new cases in inmates and 1 new case in a
staff member, identified among the ≈2,200 persons
tested. Test results were ultimately positive for 210
staff members and 206 inmates during this outbreak.
Phylogenetic analysis of viruses from this outbreak
among the 1 staff member (0.5% of staff case-patients)
and 60 inmates (29.1% of inmate case-patients) at correctional facility B shows that all viruses were closely
related (pangolin lineage B.1.2) and genetically identical to, or plausibly descended from, the sequence of
SARS-CoV-2 from the index case-patient.
Figure 2. Phylogenetic tree
of severe acute respiratory
syndrome coronavirus 2
genome sequences associated
with long-term care facility
A, Minnesota, USA, April
15–June 11, 2020. Solid
circles represent sequences in
samples from residents; open
circles represent sequences
from samples from healthcare
workers. IQ-TREE (29) was
used with the general time
reversible substitution model
for tree generation. Branch
lengths were scaled to
represent number of singlenucleotide mutations, as shown
in the scale. MDH, Minnesota
Department of Health.
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Figure 3. Phylogenetic tree
of severe acute respiratory
syndrome coronavirus 2
genome sequences associated
with long-term care facility D,
Minnesota, USA, April 17–
May 15, 2020. Filled circles
represent sequences taken
from residents; open circles
represent sequences from
healthcare workers. IQ-TREE
(29) was used with the general
time reversible substitution
model for tree generation.
Branch lengths were scaled
to represent number of singlenucleotide mutations, as shown
in the scale. MDH, Minnesota
Department of Health.

Linking LTCF C with Correctional Facility B

During the epidemiologic investigation at LTCF C, we
learned that an HCW at LTCF C was a household contact of a correctional facility B employee. Both persons
became symptomatic at the same time, and both subsequently had positive test results in mid-May. SARSCoV-2 genome sequences recovered from these 2 household contacts were identical to each other and to the
genomic sequences recovered from 32 inmates at correctional facility B (Figure 5). In addition, this genomic sequence differs by only a single mutation (G5617T) from
isolates sequenced from 13 case-patients at LTCF C.
Multiple Clusters in Meat-Processing Plants

In early April 2020, an outbreak was detected at
processing plant A (Figure 6), a large primary and
secondary meat processor. This outbreak continued
for several weeks until mid-May, when the number
of cases among workers began to increase rapidly.
During March 15–July 1, a total of 446 persons with
confirmed cases who reported working at processing

plant A, including 4 (1%) case-patients with positive
test results in March (management and office staff),
5 (1%) in April, 211 (47%) in May, and 226 (51%) in
June. Of the 16 samples (3.7% of case-patients) sequenced during March 15–June 3, at least 6 clusters
or single cases were unrelated. Although most genomes sequenced from processing plant B belonged
to pangolin lineages B.1, B1.2, B.1.26, one early case is
genetically quite different (pangolin lineage A.1). An
interview confirmed that this early case-patient had
traveled out of the state during the exposure period
(14 days before symptom onset).
During May 15–June 1, we sequenced samples obtained from 8 case-patients in the county where processing plant A is located (community samples A).
From these 8 samples, we identified 5 clusters. Of the 8
samples, 5 were closely related with 3 clusters from processing plant A, while the remaining 3 samples formed
2 distinct clusters. Of the 5 sequences from community
samples A that clustered with sequences from processing plant A, 4 had sequences that were identical to
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sequences from processing plant A, and all 4 persons
had no known contact with a verified case-patient.
In mid-April 2020, an outbreak was identified
among employees at processing plant B (Appendix
Figure 4), another large meat-processing plant. By
May 1, a total of 649 cases among workers at processing plant B were confirmed. Sequencing of the 5 available samples from processing plant B (0.7% of cases)
identified 1 cluster and 2 single genomes, all belonging to pangolin lineage B.1.
Discussion
WGS identified 3 primary patterns of genetic relatedness among cases in various outbreak settings:

outbreaks in which cases were part of 1 genetically
related cluster; an outbreak with 2 unique clusters
of cases, each contributing to the outbreak during
the same period; and outbreaks for which multiple
genetically distinct sequences were present. Phylogenetic analyses of the viral sequences from available specimens (Appendix Table 1) associated with
outbreaks in LTCFs A, B, and C were all consistent
with >1 primary cluster affecting each facility, suggesting that a single introduction of SARS-CoV-2 into
a facility can result in a widespread outbreak. This
finding is similar to previously reported findings,
in which WGS has evidenced rapid spread in highdensity settings as opposed to multiple introductions
Figure 4. Phylogenetic tree
of severe acute respiratory
syndrome coronavirus 2
genome sequences associated
with correctional facility A,
Minnesota, USA, March 25–
June 30, 2020. Filled circles
represent sequences from
samples from inmates, open
circles represent sequences
from samples from facility staff.
IQ-TREE (29) was used with
the general time reversible
substitution model for tree
generation. Branch lengths
were scaled to represent
number of single-nucleotide
mutations, as shown in the
scale. MDH, Minnesota
Department of Health.
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Figure 5. Phylogenetic tree of severe acute respiratory
syndrome coronavirus 2 genome sequences associated
with long-term care facility C and correctional facility B,
Minnesota, US, April–June 2020. Filled circles represent
sequences from samples from inmates or residents;
open circles represent sequences from facility staff or
healthcare workers. Sequences from long-term care
facility C are shown on a white background; sequences
from correctional facility B, on a gray background.
Sequences from 2 household contacts are noted with
stars. IQ-TREE (29) was used with the general time
reversible substitution model for tree generation. Branch
lengths were scaled to represent number of singlenucleotide mutations, as shown in the scale. MDH,
Minnesota Department of Health.
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Figure 6. Phylogenetic tree
of SARS-CoV-2 genome
sequences associated with
meat-processing plant A and
the surrounding community,
Minnesota, USA, March 15–June
30, 2020. Open circles represent
sequences from samples from
staff at processing plant A;
squares represent sequences
from samples from persons in
the surrounding community.
IQ-TREE (29) was used with
the general time reversible
substitution model for tree
generation. Branch lengths were
scaled to represent number of
single-nucleotide mutations,
as shown in the scale. MDH,
Minnesota Department of Health.

contributing to the outbreak (20). Cases from LTCF
D, in contrast, formed 2 distinct genetic clusters, 1
consisting of 17 related samples and the other consisting of 22 samples. This finding is consistent with
a potential scenario in which there were 2 separate,
independent introductions into the facility and subsequent parallel intrafacility spread of each individually distinct sequence.
Phylogenetic analysis conducted for LTCFs A
and C also demonstrated outlier SARS-CoV-2 viral
sequences that were not genetically closely related
to the primary cluster in each facility. This finding
suggests community-acquired infection and subsequent introduction of SARS-CoV-2 into the facility
(3). Two of the 3 outlier case-patients at LTCF C had
positive test results >1 month after the first identified case. Similarly, 2 of the 3 outlier case-patients
identified at LTCF A were identified 10 days after
the first identified case-patient, and the third had a
positive test result 28 days later. It is not possible
to determine whether these introductions of distinct
genetic sequences resulted in additional spread,
given that WGS characterization was not performed
on all positive samples in each facility and not all
HCWs or residents were tested. However, the timing of the identification of these outlier cases after
the date of the first identified primary case suggests that mitigation strategies implemented after
the initial identification of the outbreak, including
cohorting strategies, infection prevention and control measures, and correct use of personal protective
equipment (PPE), may have effectively prevented
2060

intrafacility transmission of these late outlier cases,
as has been reported (3,21,22).
WGS identified a different genetic landscape
in meat-processing plants, in which several distinct sequences contributed to the facility outbreak.
This finding is despite sequencing of only 2.5% of
SARS-CoV-2–positive samples from the processing
plants, suggesting that increased sequencing may
have identified even greater genetic diversity. In
addition, several genomes identified at processing
plant A were either identical or closely related to genomes in the surrounding community (community
samples A). Of the 8 sequenced community samples
(community sample A), 6 were from persons with
no known epidemiologic link to a case-patient at
processing plant A, strongly suggesting an unrecognized connection. The benefit of WGS for identifying previously unrecognized transmission patterns
has been established (20,32). Although no definitive
conclusions can be made regarding the direction
of transmission, WGS provided strong evidence of
worker/community member spread; hypothesized
factors potentially contributing to this transmission
pattern are communal housing, multigenerational
families, and group transportation.
WGS has contributed to improved knowledge of
an outbreak after retrospective analysis (G.K. Moreno
et al., unpub. data, https://doi.org/10.1101/2020.07
.09.20149104) (3,20,21), justification for specific public
health measures (21,22), and added insight to transmission patterns in high-risk settings. Our work further supports use of WGS in these situations while
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identifying several additional public health implications. WGS has demonstrated that outbreaks in LTCFs
and correctional facilities can result from a single introduction. Continued vigilance, including facilitywide
staff screening and subsequent exclusion of symptomatic HCWs or staff and those with known or suspected contacts, is imperative. WGS has demonstrated
extensive intrafacility spread; closely related sequences comprise all or most cases contributing to the outbreak. Measures such as infection prevention and
control, consistent and correct use of PPE, cohorting
of known positive residents, and exclusion of positive
HCWs must be maintained. WGS has also illuminated
the transmission patterns in processing plants, including the multiple introductions identified through the
multiple genetically distinct sequences identified and
the related community strains. WGS has illustrated the
need for community-level mitigation to prevent introductions in high-density worksites, including accessible communitywide testing, housing and transportation strategies, and facility-level measures to prevent
unintended introduction into the workplace.
The first limitation of this study is that only a
subset of specimens were available for sequencing
because of different laboratory specimen retention
policies. For example, at LTCF B, samples from only
5 staff members were available for sequencing. Similarly, in meat-processing plant B, only 5 samples were
available because of a clinical testing laboratory protocol that resulted in the discarding of samples after
≈7 days. In addition, not all available samples could
be successfully sequenced, primarily because of degraded quality or low concentrations of viral RNA.
Another limitation is that not all staff and employees at the LTCFs, correctional facilities, and processing plants agreed to be tested. Because of the incomplete genomic picture at each setting, definitive
conclusions about single introductions in LTCFs A
and D are speculative, and these individual introductions may have resulted in some virus transmission
that was not identified in the study.
Last, we were not able to present sociodemographic data such as race or ethnicity associated with
these outbreaks because of limitations in the case investigation process and incomplete case data. This
limitation is particularly relevant because of the disproportionate effect of COVID-19 on those who are
Black, indigenous, or other persons of color. Because
those populations disproportionately experience incarceration and a high proportion of meat-processing
plant employees are persons from immigrant communities, these settings can serve to amplify racial
and ethnic health disparities related to COVID-19.

LTCFs, correctional facilities, and high-density
workplace settings have many factors that are hypothesized to contribute to rapid transmission of SARSCoV-2. These factors include insufficient resources and
training in infection prevention and control, difficulties implementing social distancing because of close
habitation or work environment, and delayed case detection and access to care (8,11,33). WGS results have
demonstrated that many outbreaks in Minnesota were
caused by single introductions of SARS-CoV-2, highlighting the value of consistent and correct PPE use,
rigorous and systematic infection prevention and control, environmental control measures, and systematic
testing of residents and staff to identify asymptomatic
infected persons. As this pandemic continues, community mitigation strategies and strong enforcement of
policies to reduce the risk of introducing SARS-CoV-2
virus into congregate settings are more crucial than
ever. Similarly, infection prevention and control and
aggressive containment practices are vital for mitigating the spread of SARS-CoV-2 after its introduction
into a facility. WGS can be a useful tool for supplementing epidemiologic information and examining
the role of facility and community factors contributing
to SARS-COV-2 outbreaks in high-risk settings.
This article was preprinted at https://www.medrxiv.org/
content/10.1101/2020.12.30.20248277v1
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The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic is evolving differently in Africa
than in other regions. Africa has lower SARS-CoV-2 transmission rates and milder clinical manifestations. Detailed
SARS-CoV-2 epidemiologic data are needed in Africa. We
used publicly available data to calculate SARS-CoV-2 infections per 1,000 persons in The Gambia. We evaluated
transmission rates among 1,366 employees of the Medical Research Council Unit The Gambia (MRCG), where
systematic surveillance of symptomatic cases and contact
tracing were implemented. By September 30, 2020, The
Gambia had identified 3,579 SARS-CoV-2 cases, including 115 deaths; 67% of cases were identified in August.
Among infections, MRCG staff accounted for 191 cases; all
were asymptomatic or mild. The cumulative incidence rate
among nonclinical MRCG staff was 124 infections/1,000
persons, which is >80-fold higher than estimates of diagnosed cases among the population. Systematic surveillance and seroepidemiologic surveys are needed to clarify
the extent of SARS-CoV-2 transmission in Africa.
Author affiliations: Medical Research Council Unit The Gambia at
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y the end of October 2020, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic had spread to 6 continents and caused
>45 million coronavirus disease (COVID-19) cases
and 1.1 million deaths (1). Despite having 15.6% of
the worldwide population (2), by October 31, 2020,
Africa had only 3.9% (1.76 million) of the world’s
COVID-19 cases and 3.6% (42,233) of deaths during
the pandemic (1). Data suggest that the pandemic
is evolving differently in sub-Saharan Africa compared with the rest of the world and that the outbreak started later (3).
Of note, severe COVID-19 cases seem to occur
less frequently in Africa than in the rest of the world
(4). Several factors have been proposed to explain
this. Age is likely a major factor because older persons are at higher risk for severe disease, but Africa
has an extremely young population; >60% of persons
are <25 years of age (5). However, variation of COVID-19 severity with age alone does not fully explain
the observed differences (4). Clinical cases and deaths
in Africa likely are underreported because systematic
surveillance is limited and no systematic death registration exists; thus, the true SARS-CoV-2 burden probably is underestimated (4). Nevertheless, local health
systems in Africa, which have a lower capacity to deal
with COVID-19 patients than healthcare systems in
high-resource settings, were not overwhelmed, even
at the peak of the epidemic (6). Although potential
1
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avoidance of medical care during the pandemic, as
described in other regions (7), could partly explain
the low number of hospitalized patients, the milder
COVID-19 disease severity reported appears to be
genuine, and several biologic and environmental factors have been proposed as potential contributing
factors (8–10).
Recent serosurveys conducted in Kenya, Malawi,
and South Africa showed that community transmission was several times higher than that detected by
surveillance; 5%–40% of the population had SARSCoV-2 IgG (11–13). Such results highlight the need for
robust epidemiologic studies to assess the extent of
community transmission in different regions in Africa.
The Gambia is the smallest country in continental mainland Africa and is surrounded by Senegal,
except for its narrow Atlantic coast. Although an imported case was identified in The Gambia on March
17, 2020, by June 30, 2020, only 48 additional cases had
been detected. Nevertheless, a rapid increase in cases
was seen in July 2020, and by the end of September
2020, 3,579 cases were reported (1). The trajectory of
the epidemic in The Gambia is different from that in
Senegal, which has a population ≈7 times larger than
The Gambia. In Senegal, community transmission
was reported in early April 2020, and almost 7,000
cases were recorded by the end of June (1). Systematic surveillance, testing, contact tracing for staff of the
Medical Research Council Unit The Gambia (MRCG)
at the London School of Hygiene and Tropical Medicine (https://www.mrc.gm) who had influenza-like
symptoms was implemented during the pandemic;
the first case among MCRG staff was identified on
July 18. We considered MRCG staff as a cohort to
provide additional insights into the nature of the COVID-19 epidemic in The Gambia.
Methods
Population Demographics, Climate, and
Healthcare Structure

In 2020, The Gambia had a population of ≈2.42 million. The median age is 17.8 years, and ≈41.9% of
the population are 20–64 years of age. About 95% of
the population is Muslim. The illiteracy rate is high
across the country. Around 59% of the population
live in urban and peri-urban settings, mainly along
the coast (Figure 1).
The climate is typical of the sub-Sahel region,
including a long dry season during November–May
and a short rainy season during June–October. Maximum temperature is high throughout the year, 30°C–
34°C, and lowest during the rainy season; minimum

temperatures range from 22°C–24°C during the rainy
season to 16°C−20°C during the dry season (14). Humidity can be >80% during the rainy months (15).
The government of The Gambia is the main
health provider, and healthcare delivery has 3 tiers,
based on the primary healthcare strategy in which
most healthcare delivery occurs at local health posts.
The Gambia has 4 tertiary hospitals, 38 health centers
at the secondary level, and 492 health posts at the primary level. The system is complemented by 34 private and nongovernmental organization clinics.
COVID-19 Response in The Gambia

Shortly after the first COVID-19 case was detected in
The Gambia on March 19, 2020, the country closed its
international land, sea, and air borders. On March 27,
the country declared a state of emergency, which included closing schools, nonessential shops, places of
worship, and many workplaces. Initial SARS-CoV-2
testing by PCR was focused on identifying imported
cases and tracing and isolating case contacts, especially among travelers from Senegal. The Ministry of
Health, supported by several international organizations, set up a hotline for the public, which persons,
including those with suspected cases, could call to
ask for advice or request the surveillance team to perform the SARS-CoV-2 test either at health facilities or
at home.
As the epidemic progressed, the Ministry of Health
established testing facilities at strategic locations in the
most densely populated parts of the country, mainly
the western urban areas. Persons were encouraged to
go for testing if they were symptomatic or after contact
with a confirmed COVID-19 case. Demand for testing
services was not high, and attempts to raise awareness
were unsuccessful. All identified cases were isolated
in designated facilities regardless of symptoms until
considered noninfectious as per World Health Organization (WHO) guidelines (16). Ministry of Health staff
traced and quarantined contacts for 10 days in hotels
during the early part of the outbreak, April–July 2020,
after which persons were permitted to self-isolate for
10 days at home.
MRCG Unit

MRCG is a biomedical research institution that
also provides outpatient and inpatient clinical care
to the local population through its clinical services department (CSD). As of August 2020, MRCG
had 1,336 employees. Staff were distributed as follows: 845 were along the coast, mainly in Fajara;
158 were in Keneba; 116 were in the Central River
Division, mainly in Farafenni; and 217 were in the
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Figure 1. Population density of The Gambia, including Medical Research Council Unit The Gambia (MRCG) research sites distributed
across the country.

Upper River Division, mainly Basse (Figure 1).
MRCG staff work in different environments, including 715 (53.5%) field-based staff, such as drivers,
community workers, nurses, and research clinicians;
334 (25.0%) office-based staff, including those in administrative, operations, data-management, and statistics positions; and 177 (13.2%) laboratory-based
staff. Only 110 (8.2%) MRCG staff provide healthcare to the general population at the CSD.
CSD is 1 of 2 hospital facilities in The Gambia able
to care for severe COVID-19 patients. CSD dedicated 42 beds for COVID-19 patients, including MRCG
staff and the general population. From the start of the
epidemic, all staff were trained to wear appropriate
personal protective equipment (PPE) according to international guidelines (17).
MRCG staff underwent a clinician-administered
risk assessment in the early phases of the epidemic.
Staff deemed to be at high risk for severe disease were
advised to work from home and were excluded from
high-risk clinical areas.
Surveillance and Contact Tracing among MRCG Staff

In July 2020, MRCG established enhanced passive
case detection by testing all staff exhibiting COVID-19 symptoms, such as cough, fever, headache, sore
throat, nasal congestion, body pain, or other influenza-like symptoms. Families and contacts of symptomatic staff also were tested, as were staff known to
have been exposed to confirmed cases. In addition,
CSD staff were offered active weekly PCR-based testing, regardless of symptoms. MRCG set up a hotline
manned by doctors from whom staff could receive
answers to questions or concerns and get information
on how to access services. Case contacts were called
to confirm exposure and then tested 3–5 days after the
last exposure. Regardless of negative test results, all
exposed staff were quarantined for 14 days; SARSCoV-2–positive staff isolated in their homes for 14
2066

days, or at the MRCG site if at-home isolation was not
possible, in line with WHO recommendations (18).
Sample Collection

Samples were collected via nasopharyngeal swab,
oropharyngeal swab, or both by using FLOQSwabs
(COPAN Diagnostics, https://www.copanusa.com).
Samples were placed in single tubes containing universal transport medium (COPAN Diagnostics) and
delivered to the laboratory within 24 hours. Sampling
methods were comparable across cohorts with similar operational procedures and training.
Laboratory Methods for SARS-CoV-2 Detection

MRCG laboratories collaborated with national
public health laboratories to support national testing throughout the country during the epidemic.
MRCG and these laboratories used the same laboratory methods and assays. Because the outbreak was
expected to spread to the West Africa subregion,
MRCG staff attended an Africa Centres for Disease
Control and Prevention (https://africacdc.org) regional training workshop on diagnosing COVID-19,
which was held in February 2020 in Dakar, Senegal.
Thereafter, The Gambia established laboratory protocols for processing and testing suspected SARSCoV-2–infected samples according to WHO guidelines (19,20). The same procedures and assays were
transferred to the laboratory.
The standard test for COVID-19 diagnosis in The
Gambia is real-time reverse transcription PCR (RTPCR) of SARS-CoV-2–specific viral gene sequences. In
the early stages of the outbreak, RT-PCR diagnosis was
made by using the Berlin Charité Laboratory protocol
(21), which targets the RNA-dependent RNA polymerase and envelope protein gene. Subsequent tests
kits, primarily the Da An Gene Nucleic Acid Extraction
Kit (Da An Gene Co., Ltd., of Sun Yat-sen University,
https://en.daangene.com) and Novel Coronavirus
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(2019-nCoV) Nucleic Acid Diagnostic Kit (Sansure Biotech, Inc., http://eng.sansure.com.cn) were donated to
the national public health libraries; both tests target
the open reading frame 1ab and the nucleocapsid gene
coding regions.
Sample inactivation and downstream RNA extraction were done by using commercially available
kits according to the manufacturers’ protocols. Initial extractions were performed manually by using
the QIAamp Viral RNA Mini Kit (QIAGEN, https://
www.qiagen.com) or the IndiSpin Pathogen Kit (INDICAL BIOSCIENCE, https://www.indical.com).
When donations to the public health system became
available, kits from the Da An Gene Co., Ltd., of Sun
Yat-sen University and Sansure Biotech, Inc., were
included. As the outbreak progressed and daily
sample numbers increased, automated RNA extraction system on the QIAcube HT (QIAGEN) was implemented. In all cases, 200 µL of universal transport
medium sample was processed, and the RNA eluted
in 50–80 µL, depending on the extraction kit. RTPCR analysis was conducted with 5 µL of extracted
RNA in 25 µL of reaction mix containing reaction
buffer, one-step reverse transcription enzyme, either the Takara One Step PrimeScript III RT-PCR Kit
(TaKaRa Bio, Inc., http://www.takara-bio.com) or
SuperScript III Platinum One-Step qRT-PCR Kit (Invitrogen, https://www.thermofisher.com), and the
primer and probe mix.
Samples were defined as positive if amplification
of any viral gene occurred after 40 cycles and with all
the controls amplifying as appropriate. We defined a
COVID-19 case as any person with a SARS-CoV-2–
positive RT-PCR from a nasopharyngeal or oropharyngeal swab sample, regardless of symptomatology.
Statistical Analysis

We calculated rates of risk for COVID-19 per 1,000
persons among the population of The Gambia. For

MRCG, we stratified rates by occupational clinical
exposure for staff working at the CSD versus nonCSD staff. In addition to occupational clinical exposure, surveillance for CSD staff was more intense
due to routine testing, regardless of symptoms or
known exposure.
The Ministry of Health generated daily national
data for The Gambia (22). We extracted compiled data
from the publicly available Johns Hopkins University
COVID-19 database (23). The Gambian Government/
MRCG Joint Ethics committee approved the study
(reference no. L2020.E37).
Results
Persons <25 years of age and persons >60 years of
age are underrepresented in the MRCG cohort compared with the population of The Gambia, (Table).
In addition, urban residents are overrepresented
in the MRCG cohort; 67.6% of MRCG staff live
in cities or towns compared with 59.4% of the overall population.
SARS-CoV-2 Positivity Rates

From the start of the epidemic through September
30, 2020, a total of 17,885 samples were tested in
The Gambia; 20.1% (3,590) were SARS-CoV-2–positive. The positivity rate was lower before July (1.6%;
40/3,095 samples tested) and higher during July–September (23.7%; 3,499/14,790 samples tested) (19,20).
The number of samples collected and the positivity
rate were the highest during August–September 2020,
during which time the number of daily swabs collected varied from 28 to 524/day (median 184/day) (Figure 2). Positivity rate also varied substantially, from
<5% to >50%. Approximately 67% of confirmed cases
were detected in August; overall, 60% of confirmed
cases were among persons <40 years of age (20).
During July 1–September 30, a total of 937 samples were collected from the MRCG cohort; 191

Table. Epidemiologic and demographic characteristics of the population of The Gambia and staff of MRCG*
Baseline characteristics
The Gambia, no. (%)
MRCG staff, no. (%)
Age groups, y†
<25
1,549,084 (64.2)
51 (3.89)
25–34
367,334 (15.2)
450 (34.35)
35–44
217,500 (9.0)
381 (29.08)
45–54
132,917 (5.5)
307 (23.44)
55–64
72,500 (3.0)
113 (8.63)
>65
74,917 (3.1)
8 (0.61)
Median age, y
17.8
37.5
Sex
M
1,193,834 (49.4)
915 (68.5)
F
1,220,418 (50.6)
421 (31.5)
Living in main towns or cities‡
1,420,600 (59.4)
903 (67.6)
*MRCG, Medical Research Council Unit The Gambia at the London School of Hygiene and Tropical Medicine.
†Ages were missing for 6 MRCG staff.
‡For MRCG staff location, we considered the workplace rather than the living place.
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Figure 2. Number of daily
nasopharyngeal and oropharyngeal
swab samples tested for severe
acute respiratory syndrome
coronavirus 2 and percentage of
positive samples in The Gambia
during August–September 2020,
the timeframe for the most intense
transmission in the country.

(20.4%) were SARS-CoV-2–positive. Most (60%) confirmed cases were detected in August. The median
age among MRCG staff with SARS-CoV-2–positive
samples was 36 years.
Rates of Infection and Death

By the end of September 2020, the cumulative rate
of infection among the population of The Gambia
≈1.5/1,000 persons (Figure 3, panel A). During the
same period, 115 COVID-19 deaths were recorded
across the country.
Among MRCG staff, stratified analysis showed
that infection rates among CSD staff were 2.6 times
higher than among non-CSD staff, whom we considered representative of the infection risk among the
general population (Figure 3, panel B). By the end of
September, the cumulative risk for infection among
non-CSD MRCG staff was ≈124/1,000 persons (Figure 3, panel B). All 191 confirmed cases among
MRCG staff were either asymptomatic or mildly
symptomatic; no cases met WHO criteria for moderate or severe pneumonia and no deaths occurred in
this cohort.
Discussion
The COVID-19 pandemic arrived in The Gambia in
July 2020, later than in most countries in the world.
The Gambia had a short and intense first wave; 67%
of cases occurred in August, and most cases were asymptomatic or mild. Among our MRCG cohort, 1/7
(14.3%) persons were SARS-CoV-2–positive. During
the epidemic peak, the SARS-CoV-2 positivity rate
among the population of The Gambia was >20%.
2068

The later start of the epidemic is probably the result of the early closure of national borders, including
for air travel, and of the identification and isolation of
infected persons who continued to enter the country
from Senegal. These measures were complemented
by contact tracing and by the provision of facilities
for quarantine by the government. The relative effects of these measures, together with other measures
implemented during the state of emergency, such as
closure of schools, reduction of access to markets,
banning of large gatherings including at religious festivals, and use of facemasks, are hard to quantify, as
are behavioral changes, such as social distancing and
handwashing. Nonetheless, these measures seem to
have been key in preparing the country to respond
and minimize potential harm.
The sudden increase of cases in August coincided
with the major Muslim feast of Eid-Ul Adha, locally
called Tobaski, on July 30, 2020, during which travel
and family gatherings were common. However, the
number of COVID-19 cases had already started to increase in July.
Although climate in The Gambia is hot throughout the year, the peak epidemic coincided with the
months of highest daily humidity and highest minimum temperature but lowest maximum temperature
(14,15). Data on how temperature and humidity affect
transmission are contradictory (24,25). In The Gambia,
climate conditions might have had an indirect effect on
transmission because persons are more likely to spend
time indoors during the rainy season. In The Gambia,
the rainy season also occurs during the months with
the highest respiratory virus transmission (26).
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Through the systematic testing of the MRCG staff
cohort, including asymptomatic contacts and mildly
symptomatic cases, we might have more robust estimates of the actual rates of SARS-CoV-2 infection in
The Gambia than are available from the general population. The rate of SARS-CoV-2 in MRCG staff outside
the CSD (124 cases/1,000 persons) was >80-fold higher
than that reported for the general population. Rates
among MRCG staff remained >40-fold higher than the
general population, even when we considered only the
more intensely populated coastal area of The Gambia in
the denominator. Assuming the urban adult population

had similar exposures and transmission as our MRCG
cohort, we would expect >75,000 infections among the
601,394 persons 20–64 years of age who live in main
towns. This estimation contrasts sharply with the
3,579 cases reported during the same period across
the country and in all age groups, a discrepancy that
could be partly explained by the high occurrence
of asymptomatic or mildly symptomatic infections
and the national testing strategy that used passive
case detection and targeted symptomatic persons.
Because >50% of the population is <20 years of age,
we would expect a high frequency of asymptomatic
Figure 3. Daily COVID-19
cases and cumulative rates
of SARS-CoV-2 infection per
1,000 persons among staff of
Medical Research Council Unit
The Gambia (MRCG) and the
population of The Gambia, June
30–October 1, 2020. A) Case
rates for MRCG staff outside
the clinical service department
and the population of The
Gambia. We considered MRCG
staff outside the clinical service
department to be at the same
risk for COVID-19 as the rest
of the population. B) Risk for
SARS-CoV-2 infection among
MRCG staff stratified by potential
occupational exposure risk.
We considered clinical service
department staff at highest risk
for SARS-CoV-2 infection, and
these staff were under more
intense surveillance. Scales for
the y-axes differ substantially
to underscore patterns but do
not permit direct comparisons.
COVID-19, coronavirus
disease; SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.
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infections in The Gambia. Indeed, the discrepancies between estimated and reported cases we noted are consistent with recent seroprevalence studies from eastern
and southern Africa. Those studies suggest higher rates
of community infection compared with those estimated by passive case surveillance. For instance, 3 weeks
after the COVID-19 peak in South Africa, 40% of HIVpositive pregnant women had SARS-CoV-2 antibodies
(12). In Kenya, a retrospective survey of blood donor
samples collected during April–June 2020 found that 1
in 20 adults had SARS-CoV-2 antibodies (13). In Malawi, SARS-CoV-2 seroprevalence was 12.3% in a cohort
of 500 healthcare workers sampled during May–June
2020; using the observed seroprevalence, the researchers concluded that the predicted number of deaths was
8 times the number of reported deaths (11). In a smaller
study of 113 frontline healthcare workers in Nigeria,
45% had SARS-CoV-2 antibodies (27). In The Gambia,
>30% of the CSD staff became infected by September
30, 2020. Rates among CSD staff were higher than the
rest of the MRCG cohort, which probably reflects a
combination of stronger surveillance and occupational
clinical exposure exacerbated by traveling to work, but
the weight of each factor is difficult to estimate. However, higher seroprevalence has been reported among
healthcare workers in Europe (28).
The prevalence of mild disease also is reflected
by the low occupancy of hospital beds reserved for
severe COVID-19 patients. However, the fewer hospitalizations also could indicate avoidance of SARSCoV-2 testing because of stigmatization, which has
been observed in other regions (7). Indeed, among
the 115 COVID-19 deaths counted in The Gambia,
30% of SARS-CoV-2 tests were performed postmortem on samples collected from patients hospitalized
in non–COVID-19 health facilities. Without an official
registration system for deaths, the overall toll of COVID-19–associated deaths is difficult to quantify, and
the real number could be several times higher.
The low occurrence of severe disease in Africa
compared with other continents underlines the importance of minimizing the potential collateral damage of the COVID-19 pandemic. Such damage includes diversion of financial and personnel resources
from other services to the COVID-19 response, changes in healthcare seeking behavior, reduced availability of medicines for acute and chronic diseases, and
disruption of routine vaccination services (29–33).
The pandemic also has worsened the economic stability of households and increased food insecurity,
particularly in low- and middle-income countries
(34), and mitigating the short- and mid-term effects of
the pandemic should be a priority. Use of COVID-19
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restriction measures to control transmission must be
carefully weighed against the economic effects these
measures have on the population. Tackling fear and
stigma will be essential to avoid decreases in health
system use in future COVID-19 waves.
One limitation of our study is that, although cases in the general population and the MRCG cohort
showed similar timelines and the size of the MRCG
cohort is relatively large, MRCG cases could be considered a cluster. In addition, the level of education
and the monthly income of MRCG staff is above that
of the general population, thus, staff likely understand
and are able to better implement prevention measures. MRCG staff live mainly in urban areas, where
transmission tends to be higher (35), but they also live
in less crowded environments with better access to
water and sanitation, which could protect them from
infection. MRCG also developed policies, launched
many levels of staff education on COVID-19, and reinforced messages related to social distancing, handwashing, and the wearing of face masks at work and
in the community. Given the nature of the MRCG’s
work, the level of understanding and background
knowledge of infectious diseases, even among staff
not directly involved in research, likely is higher than
for the general population. The rapid identification
and isolation of cases through the robust surveillance
among MRCG staff should have further limited transmission. On the other hand, no moderate or severe
COVID-19 cases occurred among the MRCG staff.
The mild clinical manifestations among cases were
not modified by treatment; for instance, no MRCG
staff member met WHO criteria for hospitalization
and fewer required oxygen supplementation or dexamethasone treatment. The prevalence of risk factors
for severity should be similar between MRCG staff
and the population, except the MCRG cohort had
fewer persons >60 years of age, which is a primary
risk factor for severe COVID-19 and death.
In conclusion, SARS-CoV-2 transmission in The
Gambia was intense over a short period. Reassuringly, COVID-19 seems less severe in The Gambia than
in high-income countries in Europe, North America,
and Asia. It is unclear whether a second wave of infection will occur because the causes of the sudden
increase of cases in July are unclear. We strongly encourage continuous protection of healthcare workers
with appropriate PPE and strengthening of surveillance systems around the country to promptly detect another sudden increase of cases. Countrywide
seroprevalence surveys would clarify the epidemiology of infection in different age groups and places.
However, engaging with the community to mitigate
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collateral damage of the pandemic should take priority. In addition, investigation is needed to define the
major drivers that shape the epidemic so differently
in Africa than in some high-income regions. Clarifying such drivers should help model adequate interventions for both low- and high-income countries.
This article was preprinted at https://doi.org/10.2139/
ssrn.3736177.
Authors from the Medical Research Council Unit The
Gambia at the London School of Hygiene and Tropical
Medicine the Ministry of Health formed the Gambian
Government COVID-19 Working Group. Author
contributions: A.R., K.F. and U.D.A. designed the study;
A.R., E.C., H.B. and U.D.A. drafted the manuscript; N.M.
and A.R conducted and verified the statistical analysis;
A.R., E.U., K.F., D.N., and N.M. verified the data; N.M.
created the figures; A.B., A.J., A.K.S., A.M.P., A.R., A.S.,
A.V., B. Abatan, B. Awokola, B.K., B.M., B.N., B. Sabally,
B. Susso, C.C., C.R., D.N., E.C., E.N., E. Okoh, E. Oriero,
E.U., F.A., F.O., H.B., H.J., K.B., K.F., M.A., M.B., M.D.,
M.J., M.M.A., M.O.N., N.H., N.M., O.A., O.S., S.J., S. Jagne,
S.S., T.dS., U.D.A., U.O., O.W., Y.O., and Y.S. reviewed
the manuscript; A.J., A.M.P., A.R., A.S., B.N., B.K., C.R.,
D.N., E.C., E.U., H.B., K.F., M.A., M.M.A., M.B., U.D.A.,
and O.W. provided critical interpretation of the data; A.B.,
A.K.S., A.V., B. Abatan, B. Awokola, B. Sabally, B. Susso,
B.M., C.C.; C.R., D.N.; E.C., E.N., E. Okoh, E. Oriero, E.U.,
F.A., F.O., H.B., H.J., K.B., K.F., M.J., M.O.N., N.H., O.A.,
O.S., S.J., S. Jagne, S.S., T.dS., U.O., O.W, Y.O., and Y.S.
collected data; and A.B., A.J., A.K.S., A.V., A.M.P., A.R.,
A.S., B. Abatan, B. Awokola, B.K., B.M., B.N., B. Sabally,
B. Susso, C.C., C.R., D.N., E.C., E.U., E. Okoh, E. Oriero,
E.N., F.A., F.O., H.B., H.J., K.B., K.F., M.A., M.B., M.D.,
M.J., M.M.A., M.O.N., N.H., N.M., O.A., O.S., S.J., S. Jagne,
S.S., T.dS., U.D.A., U.O., O.W., Y.O., and Y.S. approved
the final version of the manuscript.
Infection control activities and COVID-19 testing at the
Medical Research Council The Gambia Unit are supported
by grants from the UK Research and Innovation council
(grant no. MC_PC 19061) and European Union COVID-19
response (grant no. FED/2020/417-470). The funders have
no role in the data analysis, design, or interpretation.
References
1.

Worldometers. Coronavirus updates [cited 2020 Oct 31].
https://www.worldometers.info/coronavirus
2. Worldometers. World population by region 2020 [cited 2020
Oct 31]. https://www.worldometers.info/
world-population/#region
3. Martinez-Alvarez M, Jarde A, Usuf E, Brotherton H,
Bittaye M, Samateh AL, et al. COVID-19 pandemic in west
Africa. Lancet Glob Health. 2020;8:e631–2. https://doi.org/

10.1016/S2214-109X(20)30123-6
4. Norton A, De La Horra Gozalo A, Feune de Colombi N,
Alobo M, Mutheu Asego J, Al-Rawni Z, et al. The remaining
unknowns: a mixed methods study of the current and global
health research priorities for COVID-19. BMJ Glob Health.
2020;5:e003306. https://doi.org/10.1136/bmjgh-2020-003306
5. Visual Capitalist. Mapped: each region’s median age since
1950 [cited 2020 Oct 31]. https://www.visualcapitalist.com/
median-age-changes-since-1950
6. Adepoju P. COVID-19: the sky hasn’t fallen yet in Africa.
Health Policy Watch. 2020 Aug 15 [cited 2020 Oct 31].
https://healthpolicy-watch.news/covid-19-the-skyhasnt-fallen-yet-in-africa
7. Czeisler ME, Marynak K, Clarke KEN, Salah Z, Shakya I,
Thierry JM, et al. Delay or avoidance of medical care because
of COVID-19–related concerns—United States, June 2020.
MMWR Morb Mortal Wkly Rep. 2020;69:1250–7.
https://doi.org/10.15585/mmwr.mm6936a4
8. Grant WB, Lahore H, McDonnell SL, Baggerly CA,
French CB, Aliano JL, et al. Evidence that vitamin D
supplementation could reduce risk of influenza and
COVID-19 infections and deaths. Nutrients. 2020;12:988.
https://doi.org/10.3390/nu12040988
9. Mbow M, Lell B, Jochems SP, Cisse B, Mboup S, Dewals BG,
et al. COVID-19 in Africa: dampening the storm? Science.
2020;369:624–6. https://doi.org/10.1126/science.abd3902
10. O’Neill LAJ, Netea MG. BCG-induced trained immunity:
can it offer protection against COVID-19? Nat Rev Immunol.
2020;20:335–7. https://doi.org/10.1038/s41577-020-0337-y
11. Chibwana MG, Jere KC, Kamng’ona R, Mandolo J,
Katunga-Phiri V, Tembo D, et al. High SARS-CoV-2
seroprevalence in Health Care Workers but relatively low
numbers of deaths in urban Malawi. Wellcome Open Res. 2020;
5:199. https://doi.org/10.12688/wellcomeopenres.16188.1
12. Shaw JA, Meiring M, Cummins T, Chegou NN, Claassen C,
Du Plessis N, et al. Higher SARS-CoV-2 seroprevalence in
workers with lower socioeconomic status in Cape Town,
South Africa. PLoS One. 2021;16:e0247852. https://doi.org/
10.1371/journal.pone.0247852
13. Uyoga S, Adetifa IMO, Karanja HK, Nyagwange J, Tuju J,
Wanjiku P, et al. Seroprevalence of anti-SARS-CoV-2 IgG
antibodies in Kenyan blood donors. Science. 2021;371:79–82.
https://doi.org/0.1126/science.abe1916
14. Climatestotravel.com. Climate–Gambia [cited 2020 Oct 31].
https://www.climatestotravel.com/climate/gambia
15. World Weather & Climate Information. Average humidity in
Banjul: the mean monthly relative humidity over the year in
Banjul, Gambia [cited 2020 Oct 31]. https://weather-andclimate.com/average-monthly-Humidity-perc,Banyul,Gambia
16. World Health Organization. Clinical management of
COVID-19 (Interim Guidance) 27 May 2020 [cited 2020
Oct 31]. https://www.who.int/publications-detail/
clinical-management-of-covid-19
17. World Health Organization. Rational use of personal
protective equipment (PPE) for coronavirus disease
(COVID-19) (Interim Guidance) 19 March 2020 [cited 2020
Mar 19]. https://www.who.int/publications/i/item/
rational-use-of-personal-protective-equipment-(ppe)-forcoronavirus-disease-(covid-19)
18. World Health Organization. Criteria for releasing
COVID-19 patients from isolation (scientific brief) 17 June
2020 [cited 2020 Jun 17]. https://apps.who.int/iris/rest/
bitstreams/1282284/retrieve
19. World Health Organization. Laboratory biosafety guidance
related to the novel coronavirus disease 2019 (2019-nCoV):
interim guidance, 12 Feb 2020 [cited 2020 Feb 12].

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2071

RESEARCH

20.

21.

22.

23.
24.

25.

26.

27.

28.

2072

https://www.who.int/docs/default-source/coronaviruse/
laboratory-biosafety-novel-coronavirus-version-1-1.pdf
World Health Organization. Laboratory testing for
coronavirus disease 2019 (COVID-19) in suspected human
cases: interim guidance, 2 March 2020 [cited 2020 Mar 2].
https://apps.who.int/iris/handle/10665/331329
Corman VM, Eckerle I, Bleicker T, Zaki A, Landt O,
Eschbach-Bludau M, et al. Detection of a novel human
coronavirus by real-time reverse-transcription polymerase
chain reaction. Euro Surveill. 2012;17:20285. https://doi.org/
10.2807/ese.17.39.20285-en
Ministry of Health. The Gambia. COVID-19 sitrep, 1 Oct 2020
[cited 2020 Oct 1] https://www.moh.gov.gm/wp-content/
uploads/2020/10/Gambia_The_COVID-19_Sitrep-01stOct-2020-1.doc.pdf
Johns Hopkins University. COVID-19 data [cited 2020 Oct 9].
https://github.com/CSSEGISandData/COVID-19
Wu Y, Jing W, Liu J, Ma Q, Yuan J, Wang Y, et al. Effects of
temperature and humidity on the daily new cases and new
deaths of COVID-19 in 166 countries. Sci Total Environ. 2020;
729:139051. https://doi.org/10.1016/j.scitotenv.2020.139051
Yao Y, Pan J, Liu Z, Meng X, Wang W, Kan H, et al. No
association of COVID-19 transmission with temperature or
UV radiation in Chinese cities. Eur Respir J. 2020;55:2000517.
https://doi.org/10.1183/13993003.00517-2020
Jarju S, Greenhalgh K, Wathuo M, Banda M, Camara B,
Mendy S, et al. Viral etiology, clinical features and antibiotic
use in children <5 years of age in The Gambia presenting
with influenza-like illness. Pediatr Infect Dis J. 2020;39:925–
30. https://doi.org/10.1097/INF.0000000000002761
Olayanju O, Bamidele O, Edem F, Eseile B, Amoo A,
Nwaokenye J, et al. SARS-CoV-2 seropositivity in asymptomatic frontline health workers in Ibadan, Nigeria. Am J
Trop Med Hyg. 2021;104:91–4. https://doi.org/10.4269/
ajtmh.20-1235
Moncunill G, Mayor A, Santano R, Jimenez A, Vidal M,
Tortajada M, et al. SARS-CoV-2 seroprevalence and antibody
kinetics among health care workers in a Spanish hospital
after three months of follow-up. J Infect Dis. 2021;223:62–71.

29.
30.

31.

32.

33.

34.

35.

https://doi.org/10.1093/infdis/jiaa696
How to stop COVID-19 fuelling a resurgence of AIDS,
malaria and tuberculosis. Nature. 2020;584:169.
https://doi.org/10.1038/d41586-020-02334-0
Amimo F, Lambert B, Magit A. What does the COVID-19
pandemic mean for HIV, tuberculosis, and malaria control?
Trop Med Health. 2020;48:32. https://doi.org/10.1186/
s41182-020-00219-6
Ogundele OA, Omotoso AA, Fagbemi AT. COVID-19
outbreak: a potential threat to routine vaccination programme
activities in Nigeria. Hum Vaccin Immunother. 2021;17:661–3.
https://doi.org/10.1080/21645515.2020.1815490
Roberton T, Carter ED, Chou VB, Stegmuller AR, Jackson BD,
Tam Y, et al. Early estimates of the indirect effects of the
COVID-19 pandemic on maternal and child mortality in
low-income and middle-income countries: a modelling
study. Lancet Glob Health. 2020;8:e901–8. https://doi.org/
10.1016/S2214-109X(20)30229-1
Teboh-Ewungkem MI, Ngwa GA. COVID-19 in malariaendemic regions: potential consequences for malaria
intervention coverage, morbidity, and mortality. Lancet
Infect Dis. 2021;21:5–6. https://doi.org/0.1016/
S1473-3099(20)30763-5
World Health Organization. Impact of COVID-19 on people’s
livelihood their health and our food systems: joint statement
by ILO, FAO, IFAD and WHO; 2020 Oct 13 [cited 2020 Oct
13]. https://www.who.int/news/item/13-10-2020-impactof-covid-19-on-people%27s-livelihoods-their-health-and-ourfood-systems
United Nations. UN-Habitat’s COVID-19 response plan
[cited 2020 Oct 31]. https://unhabitat.org/un-habitat-covid19-response-plan

Address for correspondence: Anna Roca, MRC Unit The
Gambia at the London School of Hygiene and Tropical Medicine,
London, UK; Atlantic Road, PO Box 273, Fajara, The Gambia;
email: aroca@mrc.gm

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

Peridomestic Mammal Susceptibility
to Severe Acute Respiratory
Syndrome Coronavirus 2 Infection
Angela M. Bosco-Lauth, J. Jeffrey Root, Stephanie M. Porter, Audrey E. Walker,
Lauren Guilbert, Daphne Hawvermale, Aimee Pepper, Rachel M. Maison,
Airn E. Hartwig, Paul Gordy, Helle Bielefeldt-Ohmann, Richard A. Bowen

Wild animals have been implicated as the origin of
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), but it is largely unknown how the virus
affects most wildlife species and if wildlife could ultimately serve as a reservoir for maintaining the virus outside
the human population. We show that several common
peridomestic species, including deer mice, bushy-tailed
woodrats, and striped skunks, are susceptible to infection and can shed the virus in respiratory secretions.
In contrast, we demonstrate that cottontail rabbits, fox
squirrels, Wyoming ground squirrels, black-tailed prairie
dogs, house mice, and racoons are not susceptible to
SARS-CoV-2 infection. Our results expand the knowledge base of susceptible species and provide evidence
that human–wildlife interactions could result in continued
transmission of SARS-CoV-2.

T

he rapid global expansion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which causes coronavirus disease (COVID-19), has
been unprecedented in modern history. Although
the original human infection(s) were potentially
linked to wild animals in a wet market (1), humanto-human transmission is currently the dominant
mechanism of viral spread. Peridomestic animals,
which are represented by wild and feral animals living near humans, represent key species to evaluate
for SARS-CoV-2 epidemiology for multiple reasons.
First, given their common associations with humans
and anthropogenically modified habitats, they represent the wildlife species with the greatest chance
Author affiliations: Colorado State University, Fort Collins,
Colorado, USA (A.M. Bosco-Lauth, S.M. Porter, A.E. Walker,
L. Guilbert, D. Hawvermale, A. Pepper, R.M. Maison, A.E. Hartwig,
P. Gordy, R.A. Bowen); US Department of Agriculture, Fort Collins
(J.J. Root); The University of Queensland, St. Lucia, Queensland,
Australia (H. Bielefeldt-Ohmann)
DOI: https://doi.org/10.3201/eid2708.210180

of exposure to the virus from humans (i.e., reverse
zoonosis) or pets, such as cats. Second, should select
peridomestic wildlife prove to be susceptible to the
virus and have the capacity to replicate it to high viral titers, these species would have the potential to
maintain the virus among conspecifics. Third, should
some species possess the maintenance host criteria
mentioned, they would represent wildlife species that
would have the greatest chance (e.g., shedding ability
and proximity to humans) to spread the virus back to
humans. Wild rodents, cottontail rabbits (Sylvilagus
sp.), raccoons (Procyon lotor), and striped skunks (Mephitis mephitis) can exhibit peridomestic tendencies in
urban and suburban environments. Members of all
those species/taxonomic groups have been shown to
shed influenza A viruses after experimental inoculations (2–4), suggesting they might harbor productive
infections when exposed to other human-pathogenic
respiratory viruses.
Based upon protein analyses of amino acid residues of angiotensin-converting enzyme 2 (ACE2),
transmembrane protease serine type 2, and spike protein, species susceptibility analyses suggested that,
among other taxonomic groups, both carnivores and
wild rodents are potentially high-risk groups (5–7).
However, predicting susceptibility of specific species is more challenging. Looking at protein sequence
analysis of ACE2 binding with the spike protein of
SARS-CoV-2, one study indicated that raccoons could
be ruled out as potential hosts for SARS-CoV-2 (6),
and a different study based upon sequence analysis
suggested that the western spotted skunks (Spilogale
gracilis) had a low prediction of SARS-CoV-2 S binding propensity (7). Similarly, the same study also
suggested that American mink (Neovison vison) have
a similar prediction as western spotted skunks (7).
However, over the past several months, outbreaks
of SAR-CoV-2 in commercial mink farms have been
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reported in Europe and more recently in the United
States (8,9). Respiratory problems, rapid transmission, or unusually high mortality rates have been reported for this species in various regions (8,10), which
suggests that those analyses have limitations.
Because rodents are the largest and most diverse
order of mammals, it is not surprising that the susceptibility of rodents to SARS-CoV-2 varies by species. To date, only a handful of rodent species have
been evaluated as potential reservoir hosts or animal
models for SARS-CoV-2, and the results largely indicate that outbred species, including laboratory
animals, are at most only moderately affected. Most
nontransgenic laboratory mice (Mus musculus) are resistant to infection, but transgenic humanized mice
and hamsters, including Syrian hamsters (Mesocricetus auratus) and dwarf hamsters (Phodopus sp.), are
highly susceptible (11,12); 1 report described Roborovki dwarf hamsters becoming diseased and dying within 3 days of exposure (13). Other species, including deer mice (Peromyscus maniculatus), become
infected and shed low titers of virus, but the infection
is subclinical (A. Fagre, Colorado State University,
pers. comm., 2020 Aug 7). Considering that there are
>1,700 species of rodents worldwide, many of which
exist closely at the human–wildlife interface, there
remain many unanswered questions about SARSCoV-2 and wild rodents.
Various lagomorphs exist as pets, livestock, and
peridomestic wildlife, and as such are in a prime position to come into contact with SARS-CoV-2–infected
humans. In 1 study, New Zealand white rabbits were
experimentally infected and shed infectious virus for
<7 days without signs of clinical disease (14). Wild
rabbits, particularly cottontails in the United States,
are prolific and commonly found around human
dwellings, farms, and commercial buildings. Furthermore, as with rodents, wild rabbits are likely to be
predated upon by domestic and wild felids and canids. Thus, the susceptibility of these animals must be
determined to interpret the risk posed to them and by
them from infection with SARS-CoV-2.
Among carnivores, felids and mustelids have been
frequently linked to SARS-CoV-2 infections since the
early stages of the pandemic. Domestic cats are highly
susceptible to SARS-CoV-2 and are capable of transmitting the virus to other cats, suggesting that they
could also potentially transmit virus to other animals
(15,16). Although striped skunks are currently considered to be mephitids, they are highly related to mammals within the family Mustelidae and were formerly
classified as mustelids. Thus, on the basis of findings
for SARS-CoV-2 susceptibility in various mustelids,
2074

we determined that the closely related mephitids are
a logical candidate to evaluate for replication of this
virus. Raccoons are notoriously associated with human environments and frequently interact with human trash and sewage; these interactions have been
proposed as a potential indirect means for infected humans to transmit SARS-CoV-2 to mammalian wildlife
(e.g., raccoons and select mustelids) (17–19). Thus, it
is essential to determine the relative susceptibility of
these common peridomestic carnivores and assess the
likelihood that they could propagate infection.
In this study, we assessed 6 common peridomestic rodent species for susceptibility to SARS-CoV-2:
deer mice, wild-caught house mice (Mus musculus),
bushy-tailed woodrats (aka pack rats; Neotoma cinerea), fox squirrels (Sciurus niger), Wyoming ground
squirrels (Urocitellus elegans), and black-tailed prairie
dogs (Cynomys ludovicianus). These rodents are common in many parts of the United States, several of
them frequently come into close contact with humans
and human dwellings, and some are highly social
animals, thus increasing the likelihood of pathogen
transmission among conspecifics. In addition, we
evaluated 3 other common peridomestic mammals:
cottontail rabbits, raccoons, and striped skunks.
Materials and Methods
Animals

We evaluated the following mixed-sex animals for
susceptibility to SARS-CoV-2: deer mice, house mice,
bushy-tailed woodrats, Wyoming ground squirrels,
black-tailed prairie dogs, fox squirrels, cottontail rabbits, striped skunks, and raccoons. Deer mice, house
mice, and bushy-tailed woodrats were trapped by using Sherman traps (https://www.shermantraps.com)
baited with grain. Wyoming ground squirrels, fox
squirrels, black-tailed prairie dogs, and cottontails were
trapped using Tomahawk live traps (https://www.
livetrap.com) (e.g., 7 in × 7 in × 20 in or 7 in × 7 in × 24
in). All trapping was conducted in northern Colorado
(Larimer, Jackson and Weld Counties) in accordance
with Colorado wildlife regulations and with appropriate permits and Institutional Animal Care and Use
Committee protocols in place. Skunks and raccoons
were purchased from a private vendor. Animals were
housed in an Animal Biosafety Level 3 facility at Colorado State University, in rooms (12 ft × 18 ft) that had
natural lighting and controlled climate. Mice, blacktailed prairie dogs, and Wyoming ground squirrels
were group housed by species with access to water
and food ad libitum. All other animals were housed
individually with access to food and water ad libitum.
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Rodents were fed Teklad Rodent Diet (Enviro,
https://www.envigo.com) supplemented with fresh
fruit and occasional nuts. Rabbits were fed Manna Pro
alfalfa pellets (https://www.mannapro.com) supplemented with grass hay and apples. Skunks and raccoons were fed Mazuri Omnivore Diet (https://www.
mazuri.com) supplemented with fresh fruit and occasional eggs. Raccoons, striped skunks, and black-tailed
prairie dogs were implanted with thermally sensitive
microchips (Bio-Thermo Lifechips, http://destronfering.com) for identification and temperature measurement and deer mice were ear notched; all other animals
were identified by cage number or distinct markings.
Virus

We obtained SARS-CoV-2 strain WA1/2020WY96
from BEI Resources (https://www.beiresources.org),
passaged it twice in Vero E6 cells, and prepared stocks
frozen at −80°C in Dulbecco modified Eagle medium
containing 5% fetal bovine serum and antimicrobial
drugs. We titrated the virus stock on Vero cells by using a standard double overlay plaque assay (15) and
counted plaques 72 hours later to determine PFUs/mL.
Virus Challenge

Before challenge with SARS-CoV-2, we lightly anesthetized most animals as needed with 1–3 mg/kg
xylazine and 10–30 mg/kg ketamine hydrochloride
and collected a blood sample just before inoculation
(day 0). We administered virus diluted in phosphatebuffered saline to all species into the nares by using
a pipette (50 μL for deer and house mice, 100 μL for
bushy-tailed woodrats, and 200 μL for all other species) and observed animals until they were fully recovered from anesthesia. Virus back-titration was
performed on Vero cells immediately after inoculation, confirming that animals received 4.5–4.9 log10
PFU of SARS-CoV-2.
Sampling

We used groups of 3 animals from each species (2
ground squirrels) for preliminary studies to evaluate

viral shedding and acute pathologic changes. For
these animals, we obtained oral swab specimens prechallenge and on days 1–3 postchallenge, at which
time animals were euthanized and the following
tissues harvested for virus isolation and formalin
fixation: trachea, nasal turbinates, lung, heart, liver,
spleen, kidney, small intestine, and olfactory bulb.
The exception to this process was raccoons, for which
we euthanized only 1 animal at day 3; we kept the
remaining 2 raccoons through day 28 to evaluate serologic response. We swabbed the remaining 3–6 animals/selected species daily from days 0–5 and 7 to
further evaluate duration of viral shedding (if any).
We sedated striped skunks and raccoons for all sampling and collected a nasal swab specimen in addition to the oral swab specimen. We evaluated tissues
harvested from animals euthanized on day 7 as for
the day 3 animals. We euthanized the remaining animals at 28 days postinfection (dpi), harvested tissues
for histopathologic analysis, and collected serum for
serologic analysis. We provide the necropsy scheme
for each species (Table).
Clinical Observations

We clinically evaluated all animals daily and included assessment for temperament and any clinical signs of disease, such as ocular discharge, nasal
discharge, ptyalism, coughing/sneezing, dyspnea,
diarrhea, lethargy, anorexia, and moribund status.
The stress of handling wild animals for sampling
precluded the ability to obtain accurate body temperature measurements; as such, we excluded temperature in these preliminary studies for all species
except skunks and raccoons, which were implanted
with thermal microchips and could be measured under sedation during sampling.
Viral Assays

We performed plaque reduction neutralization assays as described (15). Serum samples were heatinactivated for 30 min at 56°C, and 2-fold dilutions
were prepared in Tris-buffered minimal essential

Table. Wildlife species evaluated for experimental infections with SARS-CoV-2 and day animals were euthanized*
Animals
No. euthanized at 3 dpi
No. euthanized at 7 dpi
No. euthanized at 28 dpi
Deer mice, n = 9
3
3
3
House mice, n =6
3
0
3
Bushy-tailed woodrats, n = 6
3
0
3
Fox squirrels, n = 3
3
0
0
Wyoming ground squirrels, n = 2
2
0
0
Black-tailed prairie dogs, n = 9
3
3
3
Cottontails, n = 3
3
0
0
Raccoons, n = 3
1
0
2
Striped skunks, n = 6
3
0
3
*dpi, days postinfection; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2075

RESEARCH

medium containing 1% bovine serum albumin starting at a 1:5 dilution and aliquoted onto 96-well plates.
An equal volume of virus was added to the serum
dilutions and incubated for 1 hour at 37°C. After incubation, serum–virus mixtures were plated onto Vero
monolayers as described for virus isolation assays.
We screened serum samples for antibodies specific
to SARS-CoV-2 to ensure seronegative status before
inoculation by using a cutoff value <50% viral neutralization. We recorded antibody titers as the reciprocal of the highest dilution in which >90% of virus
was neutralized.
Serologic Analysis

We performed plaque reduction neutralization assays as described (15). We heat-inactivated serum
samples for 30 min at 56°C, and prepared 2-fold dilutions in Tris-buffered minimal essential medium
containing 1% bovine serum albumin starting at a
1:5 dilution and aliquoted onto 96-well plates. We
added an equal volume of virus to the serum dilutions and incubated the serum dilutions for 1 hour at
37°C. After incubation, we plated serum–virus mixtures onto Vero monolayers as described for virus
isolation assays. We screened serum samples for antibodies specific to SARS-CoV-2 to ensure seronegative status before inoculation by using a cutoff value
<50% viral neutralization. We recorded antibody titers as the reciprocal of the highest dilution in which
>90% of virus was neutralized.
Quantitative Reverse Transcription PCR

We picked plaques from culture plates from each
positive animal to confirm SARS-CoV-2 viral shedding. We extracted RNA by using QiaAmp Viral
RNA Mini Kits (QIAGEN, https://www.qiagen.
com) according to the manufacturer’s instructions.
We performed reverse transcription PCR (RT-PCR)
by using the E_Sarbeco primer probe sequence described by Corman et al. (20) and the Superscript III
Platinum One-Step qRT-PCR System (Invitrogen,
https://www.thermofisher.com) with the following modification: the initial reverse transcription
was at 50°C. RNA standards for PCR were obtained
from BEI Resources.
Histopathologic Analysis

We fixed animal tissues in 10% neutral-buffered formalin for 12 days and transferred them to 70% ethanol before processing for paraffin embedding and
sectioning for staining with hematoxylin and eosin.
Slides were read by a veterinary pathologist blinded
to the treatments.
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Results
Viral Shedding

Of the 9 species evaluated, 3 (deer mice, bushy-tailed
woodrats, and striped skunks) shed infectious virus
after challenge (Figure). Deer mice, which have previously been demonstrated to shed infectious SARSCoV-2 experimentally (A. Fagre, Colorado State University, pers. comm., 2020 Aug 7), shed virus orally
for <4 days and virus was isolated from lungs (3/3)
and trachea (2/3) of animals tested at 3 dpi. All 9 inoculated deer mice shed virus on at >2 of the first 4
days after infection and had peak titers of 3.1 log10
PFU/swab specimen. Bushy-tailed woodrats shed virus orally for <5 days postinoculation (6/6), and virus
was isolated from turbinates (2/3), trachea (1/3), and
lung (1/3) from animals that underwent necropsy on
3 dpi. Peak titers from bushy-tailed woodrats reached
3.0 log10 PFU/swab specimen 3 dpi. The single bushytailed woodrat for which infectious virus was isolated
from the lungs only shed 1.3 log10 PFU/swab specimen orally on the day of necropsy, but the lungs contained 5.2 log10 PFU/g of virus.
Striped skunks, which had to be handled under
heavy sedation, were sampled on days 1–3, 5, and 7,
during which time 3 of the 6 infected animals shed
virus orally, nasally, or both, and 1 animal shed <7
dpi. Of the 3 skunks that underwent necropsy on 3
dpi, 2 had infectious virus in the turbinates but not
in other tissues tested. One of those 2 animals had
3.2 log10 PFU/g of virus in the turbinates but did not
shed detectable virus nasally or orally before euthanasia. In general, viral titers were slightly higher in
nasal samples than oral samples, but overall peak
titers in skunks were relatively low, with oral titers
reaching 2 log10 PFU/swab specimen and nasal titers
reaching 2.3 log10 PFU/swab specimen. All animals
that had plaque assay–positive samples were confirmed as having SARS-CoV-2 by RT-PCR. Similarly,
all animals that were negative by plaque assay were
confirmed as negative for viral shedding by RT-PCR.
Seroconversion

All animals were seronegative against SARS-CoV-2
at the time of inoculation. On the basis of the lack
of evidence of infection and the overall difficulty of
maintaining wildlife, we opted not to hold subsets of
squirrels or rabbits for additional time to assess seroconversion. We assessed neutralizing antibody titers
in all animals euthanized at 28 dpi, which included
deer mice, house mice, bushy-tailed woodrats, blacktailed prairie dogs, raccoons, and striped skunks.
All species that had detectable viral infections (deer
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Figure. Oropharyngeal shedding of severe acute respiratory syndrome coronavirus 2 in deer mice (A), bushy-tailed woodrats (B), and
striped skunks (C) and nasal shedding in striped skunks (D). LOD = 1 log10 PFU. LOD, limit of detection.

mice, skunks, and bushy-tailed woodrats) also had
neutralizing antibodies develop, whereas the other
species (house mice, raccoons, and black-tailed prairie dogs) did not. Deer mice and bushy-tailed woodrats reached or exceeded titers of 1:80, the 2 skunks
that shed infectious virus reached or exceeded titers
of 1:160, and the single skunk that did not shed virus
had a titer of 1:10 at 28 dpi. We did not test animals
euthanized at 3 dpi for seroconversion because previous investigations have demonstrated that neutralizing antibodies are typically not detectable during acute infection (21).
Clinical Disease

None of the animals exhibited clinical signs of disease (see Materials and Methods) at any time during
the study. Skunks and raccoons, which were sedated
for sampling procedures, did not display increased
elevated temperatures at those times. In addition to
monitoring clinical signs, we monitored behavior by
observing animals through double-paned glass and
assessing eating and response to provided enrichment (playing with toys, eating treats, using hides).

None of the animals behaved abnormally after infection compared with the acclimation period.
Pathology

None of the animals had gross lesions at the time of
necropsy. At histopathologic examination of tissues
harvested 3 dpi, rare, small foci of mild macrophage
and neutrophil infiltration were noted in the lungs of
2 woodrats and 2 deer mice with one of the deer mice
also having mild vasculitis. Two skunks had welldeveloped bronchioles associated lymphoid tissue,
but inflammation was not apparent in the lungs or
other tissues.
Discussion
COVID-19 has had a major impact on the human
population globally, but so far little is known about
how SARS-CoV-2 virus affects wildlife. Domestic
cats and dogs have repeatedly been shown to be
infected by SARS-CoV-2, but with few exceptions
these infections are subclinical or animals show
development of mild clinical disease (15,22,23).
Conversely, farmed mink are not only susceptible
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to infection but can also have fulminating fatal disease develop (10,24). In contrast, ferrets, which are
closely related to mink, shed virus after infection,
but the infection is subclinical (25). Raccoon dogs,
which were heavily implicated in the severe acute
respiratory syndrome outbreak during 2002–2004,
are susceptible to SARS-CoV-2 infection, but infections remain subclinical (26). Experimentally, deer
mice can be infected and shed the virus by oral secretions, as demonstrated by this study and others
(A. Fagre, Colorado State University, pers. comm.,
2020 Aug 7). However, other mice, including wild
house mice and nontransgenic laboratory strains
of this species, are not susceptible to infection by
SARS-CoV-2 (27).
Studies in which bats and select small mammals
were experimentally exposed to SARS-CoV-2 showed
that some species (i.e., fruit bats [Rousettus aegyptiacus]
and tree shrews [Tupaia belangeri]) are capable of minimal viral replication, but others (big brown bats [Eptesicus fuscus]) do not become infected, which suggests
that although the virus might have originated in bats,
they are unlikely to serve as reservoir hosts (28–30).
The confounding clinical response to infection between
closely related species makes predicting impacts on
wildlife and their potential for reservoir maintenance
difficult. Despite best attempts to predict host susceptibility on the basis of receptor similarity or other modeling approaches, experimental infections remain the
standard for evaluating the susceptibility of an animal
to infection and following the course of disease.
Our results demonstrate that several common
peridomestic wildlife species, including deer mice,
bushy-tailed woodrats, and striped skunks, are susceptible to SARS-CoV-2 infection and can shed infectious virus. Our results and the results of others indicate that so far, most exposed wildlife species show
development of mild to no clinical disease and either
did not shed virus or shed low levels for short durations (26,28–30). These experimental infections suggest that we can rule out several common rodents,
selected wild lagomorphs, and raccoons as potential
SARS-CoV-2 reservoirs. However, there are limitations to these experimental models, namely that the
animals in our studies were directly exposed to high
doses (e.g., 5 log10 PFU) of virus, which is unlikely
to be representative of an exposure in nature. In addition, experimental infections using low numbers
of apparently healthy, immunocompetent animals
do not generate sufficient data to fully characterize
the risk posed to animals of varying ages and health
status. However, results of this study and results
of others, combined with the dramatic response to
2078

infection seen in certain species, such as mink, indicate that SARS-CoV-2 might infect infecting wildlife, establishing a transmission cycle, and becoming endemic in nonhuman species. In particular,
the relatively high titers observed in select woodrat
tissues (e.g., 5.2 log10 PFU/g of lung) suggests that
a predator–prey transmission scenario among this
rodent species and various small wild and domestic carnivore species is plausible, and experiments
designed to capture oral transmission between prey
and predator are a logical next step in determining
the likelihood of this scenario.
The major outcomes of such an event include direct threat to the health of wildlife and establishment
of a reservoir host, which could complicate control
measures of this virus in human populations. Experimental studies to identify and characterize responses
of species to SARS-CoV-2 infection help scientists
classify those species that are at highest risk and enable implementation of prevention measures. For example, because deer mice and bushy-tailed woodrats
are commonly found in barns and sheds near humans,
when cleaning out sheds or attempting to rodent-proof
barns, persons should consider wearing appropriate
personal protective equipment to prevent exposure
to the pathogens that rodents carry, as well as to prevent exposing wildlife to SARS-CoV-2. Persons whose
occupations put them in contact with susceptible animals (biologists, veterinarians, rehabilitators) and COVID-19 patients who own cats and dogs should practice extra precaution when interacting with animals,
including minimizing their pet’s exposure to wildlife.
Of note, a photo-monitoring study provided evidence
that striped skunks can commonly use the same urban
cover types (e.g., outbuildings and decks) as domestic
cats (31). Intentionally available pet food and spilled
bird feed, which were 2 of the attractants evaluated,
produced instances where skunks and domestic cats
were documented to be on study sites simultaneously
or nearly simultaneously, which could lead to interspecies transmission of SARS-CoV-2.
Wildlife and SARS-CoV-2 are intricately involved, from the initial spillover event to potential
reverse zoonotic transmission, and we will undoubtedly continue to discover more susceptible species
as the search for zoonotic reservoirs continues. COVID-19 is just the latest in a series of examples of how
the human–wildlife interface continues to drive the
emergence of infectious disease. Using experimental
research, field studies, surveillance, genomics, and
modeling as tools for predicting outbreaks and epidemics should help provide the knowledge base and
resources necessary to prevent future pandemics.
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We evaluated the performance of self-collected anterior nasal swab (ANS) and saliva samples compared
with healthcare worker–collected nasopharyngeal swab
specimens used to test for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). We used the
same PCR diagnostic panel to test all self-collected and
healthcare worker–collected samples from participants
at a public hospital in Atlanta, Georgia, USA. Among
1,076 participants, 51.9% were men, 57.1% were >50
years of age, 81.2% were Black (non-Hispanic), and
74.9% reported >1 chronic medical condition. In total,
8.0% tested positive for SARS-CoV-2. Compared with
nasopharyngeal swab samples, ANS samples had a
sensitivity of 59% and saliva samples a sensitivity of
68%. Among participants tested 3–7 days after symptom onset, ANS samples had a sensitivity of 80% and
saliva samples a sensitivity of 85%. Sensitivity varied
by specimen type and patient characteristics. These
findings can help physicians interpret PCR results for
SARS-CoV-2.
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D

etection of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the virus that
causes coronavirus disease (COVID-19), originally relied mainly on nasopharyngeal swab (NPS) samples
collected by healthcare workers (HCWs). However,
NPS sample collection requires substantial amounts
of time and personal protective equipment (PPE) that
could be preferentially used for patient care. In light
of >98 million confirmed COVID-19 cases globally as
of January 27, 2021, relying solely on HCW-collected
specimens for testing is not feasible (1). During the
COVID-19 pandemic, many healthcare sites have experienced shortages of PPE and testing supplies. In
addition, NPS sample collection often causes coughing or sneezing, which can generate infectious aerosols and thereby put the HCW at increased risk for
exposure (2). Furthermore, NPS collection can cause
discomfort and occasional nosebleeds, possibly affecting a patient’s willingness to be retested. The use
of self-collected saliva and anterior nasal swab (ANS)
samples reduces HCW contact, limits need for PPE,
and preserves transport media and other collection
supplies needed for NPS samples.
Various upper respiratory specimen types, including saliva and oral swab samples, have demonstrated similar sensitivity to NPS samples in nucleic
acid amplification tests for SARS-CoV-2 (3–6). However, most patients in these studies reported the recent
onset of respiratory symptoms. Other investigations
have shown that many infected persons, especially those who are young and otherwise healthy, are
1

Members are listed at the end of this article.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2081

RESEARCH

asymptomatic or have mild symptoms (7–9). SARSCoV-2 RNA has been detected in NPS samples nearly
2 months after initial detection; however, the performance of self-collected ANS and saliva samples of patients with prolonged viral shedding remains unclear
(10,11). Understanding how these less invasive, selfcollected specimens perform in a variety of contexts
can inform testing strategies. We compared the diagnostic performance of self-collected ANS and saliva
samples and HCW-collected NPS samples used in
SARS-CoV-2–specific PCR by patient characteristics
and symptom status.
Methods
We recruited patients from several inpatient and outpatient departments of Grady Memorial Hospital (Atlanta, GA, USA), where a high proportion of patients
are uninsured (24%) or have Medicare/Medicaid insurance (57%) (12). Patients were eligible if their treating physician ordered collection of an NPS sample
for SARS-CoV-2–specific reverse transcription PCR
(RT-PCR) for any reason, including diagnostic (e.g.,
patients were symptomatic or exposed) or screening
(e.g., preoperative requirement or before admission
for non–COVID-19 reasons) purposes. Patients were
excluded if they were unable to provide consent, declined consent, were <18 years of age, had a contraindicated NPS specimen (e.g., had a condition that
prevented NPS sample collection), were unable to
self-collect specimens, or had previously participated in this investigation. Trained interviewers used a
standardized questionnaire to collect data on patient
demographics, reason for visit, current and previous
symptoms, and medical history (including previous
SARS-CoV-2 testing). Each participant received a US
$25 gift card.
During interviews, patients were given an infographic outlining steps for self-collection of saliva and
ANS samples (Appendix Figure, https://wwwnc.cdc.
gov/EID/article/27/8/21-0667-App1.pdf) (13). Patients self-collected raw (unenhanced) saliva in a 50mL tube. Patients then inserted a miniature flockedtip swab into 1 anterior naris, twirled the swab for 10
seconds, removed the swab and placed it directly into
the other naris, and twirled it again for 10 seconds.
Patients inserted the swab into 3 mL of viral transport media. After the interview and self-collection of
specimens, a HCW collected an NPS sample from the
participant and inserted the swab into 3 mL of viral
transport media. Hospital laboratory staff conducted
RT-PCR on the NPS sample on the same day; these
results were used to inform clinical care and were not
included in the performance analysis. NPS samples
2082

then were aliquoted and transferred to the Centers for
Disease Control and Prevention (CDC) for RT-PCR.
CDC staff extracted nucleic acid and tested samples
using the CDC 2019-nCoV Real-Time Reverse Transcription PCR (rRT-PCR) Diagnostic Panel, which is
selective for the SARS-CoV-2 nucleocapsid 1 (N1) and
2 (N2) genes, as per the Emergency Use Authorization Instructions for Use (14,15) (Appendix).
We entered and stored completed questionnaires
and laboratory results in a REDCap version 10.0.8
(https://www.project-redcap.org) database hosted
at CDC. We grouped patients according to COVID-19
symptom status: always asymptomatic participants
reported no COVID-19 symptoms at specimen collection or in the previous 14 days; currently asymptomatic participants reported no COVID-19 symptoms at
specimen collection but had symptoms in the previous 14 days; and currently symptomatic participants
reported COVID-19 symptoms at specimen collection. We categorized symptoms according to previously defined case definitions (16–18) (Appendix).
We calculated sample size using a 1-sided, 1-sample
proportions test with a continuity correction to determine whether sensitivity of self-collected samples
was >90% compared with HCW-collected NPS samples, assuming that NPS samples had a true sensitivity of 98% (3). Using α = 0.05, 80% power, and 5% NPS
percent positivity, we calculated the minimum sample size to be 920 and the required number of positive
self-collected specimens to be 46.
We compiled demographic and clinical characteristics for patients according to the results of their
NPS samples. To analyze the benefit of using both
self-collected ANS and saliva specimens for diagnosis, we merged each patient’s ANS and swab sample
results to create a self-collected combination result. If
>1 self-collected specimen was positive, we marked
that patient’s self-collected combination result as
positive. If neither was positive and >1 was negative,
then we marked that patient’s self-collected combination result as negative. We calculated sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of ANS, saliva, and
self-collected combination samples compared with
NPS samples for all patients who had a definitive
(i.e., positive or negative) NPS result and >1 self-collected specimen. Because NPS samples do not show
all SARS-CoV-2 infections, we reran the sensitivity
analysis with a combined variable for any positive
result from ANS, saliva, or NPS samples as the comparator. We compiled proportions of concordant
and discordant results for each self-collected and
HCW-collected sample and calculated Cohen’s κ
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coefficient to compare result agreement by specimen
type. We calculated the sensitivity of self-collected
specimens by patient characteristics and determined
significant differences using a 1-sample, 2-sided
test of proportions (p<0.05). We used the Pearson
correlation coefficient to compare the cycle threshold (Ct) values of positive self-collected and HCWcollected specimens; we used the Mann-Whitney
U test to compare the Ct values of NPS samples by
patient characteristic. We analyzed the data in R version 4.0.2 (The R Project for Statistical Computing,
https://www.r-project.org).
This investigation was reviewed by CDC and
conducted in accordance with applicable federal law
and CDC policy (e.g., 45 C.F.R. part 46, 21 C.F.R. part
56, 42 U.S.C.; 241(d); 5 U.S.C. 552a; 44 U.S.C. 3501
et seq.). This investigation was determined to be an
exempt public health activity by the Emory University Institutional Review Board and Grady Memorial
Hospital Research Oversight Committee.

Results
During August 31–November 23, 2020, a total of
1,096 patients consented to and enrolled in the
study; 20 were excluded because they did not meet
inclusion criteria (Figure 1). Among 1,076 participants, overall positivity of any specimen was 8.0%;
NPS samples had 7.4% positivity, ANS samples had
4.4% positivity, and saliva samples had 4.8% positivity. Among the 1,076 participants, 51.9% (559) were
men, 57.1% (614) were >50 years of age, 81.2% (874)
were Black (non-Hispanic), and 74.9% (806) had >1
chronic medical condition (Table 1). Most (80.0%;
861) participants were enrolled in the emergency department: nearly half sought care for a COVID-19–
related concern (18.2%; 196) or had a chief complaint
including COVID-19–like symptoms (30.6%; 329).
Over half (56.7%; 610) of participants had >1 current
COVID-19 symptom; among currently symptomatic
participants, 68.9% (420) reported symptom onset <1
week previously.

Figure 1. Flowchart of patient enrollment and sample results for investigation of the effects of patient characteristics on self-collected
and healthcare worker–collected samples for severe acute respiratory syndrome coronavirus 2 testing, Atlanta, Georgia, USA. ANS,
anterior nasal swab; NPS, nasopharyngeal swab; QC, quality control.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2083

RESEARCH

Most (93.5%; 1,006) participants provided an NPS
sample, of which 8.0% (80/1,006) tested positive for
SARS-CoV-2. A total of 911 participants had an RTPCR result for all 3 specimens (i.e., saliva, ANS, and
NPS samples), 10 participants had results for only saliva and NPS samples, and 84 participants had results
for only ANS and NPS samples (Figure 1).
Performance of Self-Collected Sample Types

Among 995 participants who provided ANS and
NPS samples that produced definitive results, 963
(96.8%) had concordant results (κ = 0.73, 95% CI
0.64–0.82). Compared with NPS samples, ANS samples had 59% sensitivity (95% CI 47%–70%), 100%
specificity (95% CI 100%–100%), 100% PPV (95%
CI 92%–100%), and 97% NPV (95% CI 95%–98%).
Among 921 participants who provided saliva and
NPS samples that produced definitive results, 894
(97.1%) had concordant results (κ = 0.76, 95% CI
0.67–0.85). Compared with NPS samples, saliva had
68% sensitivity (95% CI 55%–78%), 99% specificity
(95% CI 99%–100%), 90% PPV (95% CI 79%–97%),
and 97% NPV (95% CI 96%–98%).
To understand the benefit of using both selfcollected specimens for diagnosis, we analyzed data
from 1,005 participants who had definitive results
for >1 self-collected specimen. We found that 977
(97.2%) had concordant results between the selfcollected combination and NPS samples (κ = 0.79,
95% CI 0.71–0.86). Using NPS as the comparator, we
found self-collected combination samples had 71%
sensitivity (95% CI 60%–81%), 99% specificity (95%
CI 99%–100%), 92% PPV (95% CI 82%–97%), and 98%
NPV (95% CI 96%–98%). When any positive was used
as the comparator, we observed little change in the
overall findings: the overall sensitivity of the ANS
swab sample decreased slightly, the sensitivity of
saliva samples increased slightly, and sensitivity of
self-collected combination samples increased slightly
(Appendix Table 1).
Sensitivity by Patient Characteristics and Symptoms

Saliva and self-collected combination samples had
higher overall sensitivities than ANS samples; this
pattern was reflected among men, participants 18–29
years of age and 50–59 years of age, and Black (nonHispanic) participants (Table 2). Among Hispanic/
Latinx participants, sensitivity was significantly lower for saliva and self-collected combination samples.
Sensitivity was higher among those not reporting any
chronic medical conditions, whose reason for hospital
visit was a COVID-19–related concern or whose chief
complaint included COVID-19–like symptoms, who
2084

reported close contact to a COVID-19 patient during
the previous <14 days, and who did not report a previous positive COVID-19 test. Sensitivity was lower
among participants who reported a previous positive
COVID-19 test (Table 2).
Sensitivity was higher among samples from currently symptomatic participants (62% for ANS, 72%
for saliva, and 76% for self-collected combination)
and was highest among samples from participants
who provided samples 3–7 days after symptom onset
(80% for ANS, 85% for saliva, and 88% for self-collected combination); these differences were statistically
significant for ANS and self-collected combination
samples (p<0.05). Sensitivity was higher for most individual symptoms, but highest among participants
reporting measured fever, congestion or runny nose,
new loss of smell, new loss of taste, cough, or subjective fever. Similarly, sensitivity was higher among
participants who met most symptom case definitions,
but highest among patients who had influenza-like
illness, COVID-19–like symptoms, or upper respiratory symptoms accompanied by loss of smell or taste.
Sensitivity was lower among patients with nonconstitutional symptoms (Table 2).
Ct Values

Among 46 participants with positive ANS and NPS
samples, 85% (for PCR target N1) and 78% (for PCR
target N2) had an ANS sample with a higher Ct value
than that of its paired NPS sample (Figure 2, panels A, B). We observed a moderate positive correlation between the Ct values of ANS and NPS samples
(r = 0.75 for N1, r = 0.71 for N2); both targets had median NPS Ct values of 22.8 (range 14.6–34.1 for N1,
14.7–35.0 for N2). Among 46 participants with positive saliva and NPS samples, 57% (N1) and 59% (N2)
had a saliva sample with a higher Ct value than that
of its paired NPS sample (Figure 2, panels C, D). We
observed a low positive correlation between the Ct
values of saliva and NPS samples (r = 0.53 for both
N1 and N2); targets had median NPS Ct values of 23.1
(range 14.6–38.3) for N1 and 23.8 (range 14.7–37.7) for
N2. When limiting the analysis to the 72 participants
who had 3 definitive and >1 positive result, Ct values
were lowest when all paired specimens were SARSCoV-2–positive; for N1, the median Ct values were
27.2 for ANS, 24.9 for saliva, and 22.6 for NPS samples (Figure 3). When <2 specimens were positive,
all specimens had median Ct values >30. Participants
who did not have COVID-19 symptoms had higher
median NPS Ct values (33.5 for N1, 34.4 for N2) than
did those who reported >1 COVID-19 symptom (25.6
for N1, p = 0.03; 26.9 for N2, p = 0.03). Among those
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Figure 2. Ct values of selfcollected and healthcare worker–
collected samples for severe
acute respiratory syndrome
coronavirus 2 testing, Atlanta,
Georgia, USA. PCR completed
using CDC 2019-nCoV RealTime Reverse Transcriptase PCR
Diagnostic Panel (15). A) ANS
and NPS samples at PCR target
N1. B) ANS and NPS samples
at PCR target N2. C) NPS and
saliva samples at PCR target
N1. D) NPS and saliva samples
at PCR target N2. ANS, anterior
nasal swab; Ct, cycle threshold;
NPS, nasopharyngeal swab.

reporting COVID-19 symptoms, participants who
had symptom onset <1 week before testing had the
lowest median NPS Ct values (23.5 vs. 30.8 for N1,
p<0.01; 24.2 vs. 33.3 for N2, p<0.01).
Discussion
In this investigation, we found that self-collected saliva samples had a higher sensitivity than self-collected
ANS samples (68% vs. 59%) compared with HCWcollected NPS samples. However, each sample type
had lower sensitivity than suggested by most previously published data (3,6,19–21). The self-collected
combination had a higher sensitivity (71%) than NPS
samples. We found that the sensitivity of self-collected samples (separately and in combination) differed
according to patient characteristics. The presence of
COVID-19 symptoms at time of specimen collection
and the time since symptom onset affected sensitivity. We also noted differences in sensitivity across
demographic groups, possibly reflecting differences
in access to care or care-seeking behavior rather than
differences in viral shedding. Our results illustrate
that certain patient characteristics are associated

with the sensitivity of self-collected specimens used
for RT-PCR.
We found lower sensitivities for saliva and ANS
samples than those for most other published studies, including 2 recent meta-analyses that found saliva samples to have sensitivities of 83.2% and 86.9%
(21,22). Many studies showing high sensitivity of selfcollected specimens enrolled symptomatic patients
who were recently hospitalized for confirmed COVID-19 or whose symptom onset was <1 week before
sample collection (3,4). A strength of our investigation
was that we included symptomatic and asymptomatic patients being tested for SARS-CoV-2 for screening
and diagnostic purposes. Because a substantial proportion of patients infected with SARS-CoV-2 have
asymptomatic or mild illness, physicians must be able
to analyze results in the context of test sensitivity in
patients with few or no symptoms. Sample sensitivity
was highest among participants reporting symptom
onset 3–7 days before sample collection. Similarly,
another study found that the sensitivity of saliva
samples was highest (95%) among symptomatic patients tested <1 week after symptom onset and lowest
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(50%) among patients tested >1 week after symptom
onset (23). The sample sensitivity differences among
patients with different demographic characteristics
might reflect differences in access to care or healthcare-seeking behavior. Delayed access to care might
postpone specimen collection, decreasing the sensitivity of the samples. For example, Hispanic/Latinx
participants who had a positive NPS sample had longer symptom duration compared with participants of
other race/ethnicity categories (data not shown).
Using 2 self-collected specimens could increase
overall test sensitivity, which reached 88% among
participants whose symptoms began 3–7 days before sample collection. Similarly, Tan et al. (24)
found that combining self-collected oropharynx and
midturbinate swab and saliva results increased test
sensitivity. Using multiple noninvasive specimens
might improve SARS-CoV-2 detection in persons
tested <1 week after symptom onset and reduce demand for PPE and HCW exposure. However, testing multiple specimens might put additional strain
on laboratory systems that are already overburdened. Pooling self-collected specimens before testing might alleviate some of this additional strain on
laboratories, but this practice should be investigated
further for accuracy.

Similar to other studies, we found that most NPS
samples had lower Ct values than did their paired saliva and ANS samples (4,25,26). We also found that median Ct values were lowest when all 3 specimens were
SARS-CoV-2–positive; the median Ct value increased
to >30 when <2 specimens were positive (Figure 3). The
lower sensitivity in this investigation might be due to
high Ct value discordant specimens, which can occur as
infection subsides. We also found slightly higher overall median Ct values for NPS samples than reported in
similar studies (5,27). However, many of these previous studies were implemented earlier in the pandemic
when previous infection or exposure was less common.
Our investigation began after the first 2 peaks in Atlanta; by the end of enrollment, Atlanta was entering
its third peak. When the Ct value of the NPS sample
is high, discordance with the self-collected specimens
also could increase. Salvatore et al. (28) found that Ct
values for NPS samples were lowest <1 week after
symptom onset. Furthermore, Wolfel et al. (29) found
viral subgenomic mRNA in throat swab specimens
collected <5 days after symptom onset and in sputum
samples taken 4–11 days after symptom onset, indicating active infection. Although Ct values are not directly
correlated with viral load, they provide a semiquantitative assessment of viral RNA concentration.

Figure 3. Ct values of self-collected and healthcare worker–collected samples for N1 target of severe acute respiratory syndrome
coronavirus 2 PCR, Atlanta, Georgia, USA. PCR completed using CDC 2019-nCoV Real-Time Reverse Transcriptase PCR Diagnostic
Panel (15). Horizontal lines within boxes indicate medians; box tops and bottoms indicate 25th and 75th percentiles; whiskers indicate
the range. ANS, anterior nasal swab; Ct, cycle threshold; NPS, nasopharyngeal swab.
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Specimen collection method might also affect
sensitivity. Procop et al. (5) compared NPS and
enhanced saliva samples (i.e., self-collected nasal
secretions or mucus, phlegm, and saliva stored in
a single tube) and found 100% positive agreement
and 99.4% negative agreement. This method of
saliva collection provides a mixture of upper and
lower respiratory secretions, thereby enabling detection for a longer time after symptom onset. We
used general spitting for saliva collection, which
has the lowest sensitivity estimate in comparison
with other saliva collection methods (22). General
spitting does not require special devices or transport media, enabling our methods and results to be
broadly applicable. The duration and pressure applied while swabbing the anterior nares also might
affect ANS sample quality. The sequence of specimen collection, which was not always clear from
published studies, could also affect sensitivity (19).
In our investigation, saliva and ANS samples were
collected before NPS samples. Collecting ANS samples after NPS samples could displace virus from
nasopharyngeal tissue or midturbinate before the
swab leaves the nares, thereby biasing self-collected ANS toward higher sensitivity.
The first limitation of our study is that because
we used a cross-sectional design, we did not have
information on whether patients were asymptomatic
or presymptomatic at specimen collection; we also
did not have data on disease severity. In presymptomatic patients, samples might have been collected
too early to detect viral RNA in some or all specimen types. Second, we lacked the statistical power
to detect significant differences in sensitivity by most
variables because the initial sample size calculation assumed self-collected specimens to have >90%
sensitivity. Third, all responses were self-reported
and could have been affected by recall bias. Fourth,
the CDC 2019-nCoV rRT-PCR Diagnostic Panel has
a higher limit of detection than many commercially
available, high-throughput assays (30), limiting our
ability to detect lower concentrations of viral RNA.
However, the clinical and public health utility of detecting these lower concentrations is unknown. Fifth,
the CDC 2019-nCoV rRT-PCR Diagnostic Panel does
not currently include saliva; instead, the assay was designed for qualitative detection of nucleic acid from
SARS-CoV-2. Of 1,006 NPS samples, 64 aliquots did
not meet storage requirements approved under the assay’s instructions for use (samples should be stored at
4°C for <72 hours after collection) (15). Because some
samples were stored for longer than recommended, viral RNA degradation might have affected the

assay’s performance. Because the CDC RT-PCR results
were not used for clinical care, excluding these specimens did not change sensitivity; furthermore, CDC
RT-PCR results were in concordance with the hospital’s RT-PCR results (data not shown). As a result,
we decided to include these specimens in the analysis
(Appendix). Our findings might not be generalizable
to other assays or techniques. Sixth, heterogenous selfcollection coaching techniques might have introduced
differences in the quality of samples collected under
the guidance of different interviewers. Finally, PCR
does not indicate whether active replication is occurring. Therefore, we are unable to determine whether
patients with positive NPS samples but negative saliva
or ANS samples have older infections or if the self-collected specimens are less sensitive than NPS samples.
Additional laboratory testing is required to clarify the
viability of different specimen types and how viability
affects clinical presentation and transmissibility. Our
study highlights that the sensitivities of saliva and
ANS samples are different than that of NPS samples.
These findings show that physicians should consider
the patient’s clinical history, exposures, and time of
symptom onset when interpreting PCR results.
Overall, the sensitivities of ANS and saliva samples were lower than that of NPS samples from patients being tested for SARS-CoV-2 for diagnostic
and screening purposes. The sample sensitivity was
highest among participants with symptom onset
within 3–7 days of specimen collection, especially
when the reason for the patient visit was COVID-19–
related, and those not reporting a previous positive
test. Encouraging persons to seek testing within a
week of symptom onset could increase the accuracy
and usefulness of self-collected specimens used for
diagnosing SARS-CoV-2 infections. It is important
that clinicians are aware of how differences in patient
characteristics and specimen type can affect test sensitivity. Testing programs and clinical settings might
consider patient characteristics, previous test results,
and timing of symptom onset when determining
which specimen types to use.
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Because of widespread use of probiotics, their safety
must be guaranteed. We assessed use of Saccharomyces boulardii probiotic yeast from medical records
for patients who had Saccharomyces fungemia or other
clinical Saccharomyces culture findings. We evaluated
all Saccharomyces sp. findings at 5 university hospitals
in Finland during 2009–2018. We found 46 patients who
had Saccharomyces fungemia; at least 20 (43%) were
using S. boulardii probiotic. Compared with a control
group that had bacteremia or candidemia, the odds ratio
for use of an S. boulardii probiotic was 14 (95% CI 4–44).
Of 1,153 nonblood culture findings, the history for 125
patients was checked; at least 24 (19%) were using the
probiotic (odds ratio 10, 95% CI 3–32). This study adds
to published fungemia cases linked to use of S. boulardii
probiotic and sheds light on the scale of nonblood Saccharomyces culture findings that are also linked to use of
this probiotic.

P

robiotics are live microorganisms intended to
provide health benefits when consumed (1). Typically, the endpoint in randomized controlled trials
of probiotics has been the prevention of diarrhea or
faster alleviation of diarrhea symptoms (2). Regarding their safety, serious adverse effects have been rare
in probiotic studies (3). However, the adverse effects
have not been fully reported (4). In 1 trial in which a
multispecies probiotic preparation was given to patients who had severe acute pancreatitis, the mortality rate was higher in the probiotic arm (5). Nevertheless, the use of probiotics is common. According
to the 2012 National Health Interview Survey in the
United States, 1.6% of adults had used prebiotics or
probiotics in the preceding 30 days (6).
Saccharomyces cerevisiae var. boulardii is a yeast
that is used as a probiotic. In hospitals in the United
States, the use of S. cerevisiae var. boulardii has been
common, especially among elderly patients (7). This
strain is difficult to distinguish microbiologically
from S. cerevisiae because they have >99% genomic
relatedness (8). Thus, in everyday clinical laboratory
work, the S. cerevisiae var. boulardii strain is identified
as either Saccharomyces sp. or S. cerevisiae. A review
from 2005 considered S. cerevisiae var. boulardii to be
the etiologic agent of Saccharomyces fungemia if the
patient received treatment with a probiotic containing S. cerevisiae var. boulardii or if a molecular typing
method confirmed the identification of this yeast (9).
The authors found 37 cases in the literature. We found
an additional 14 reports, including 22 cases of Saccharomyces fungemia with the same diagnostic method
published after this review (10–23). Thus, before our
study, 59 cases of fungemia with a link to the use of
the probiotic had been published. All of these cases

have been either individual cases or small cases series
(<7 cases) without any systematic approach to quantify the problem.
Furthermore, besides fungemia, there are few
reports on other clinically relevant microbiological
findings for this yeast (i.e., in abscesses, ascites fluid,
or the pleural cavity). The meta-analysis we mention listed 20 cases of findings other than fungemia
(9). These findings are useful because they might also
lead to a change in antimicrobial treatment.
We conducted a retrospective registry study (case
series) at 5 university hospitals in Finland to evaluate
the use of the S. cerevisiae var. boulardii probiotic in
patients who had Saccharomyces fungemia or another
clinical culture finding for this yeast. To evaluate the
association between probiotic use and subsequent
findings, we compared use of S. cerevisiae var. boulardii for patients who had a Saccharomyces infection
with use of S. cerevisiae var. boulardii for patients who
had an infection caused by another etiologic agent,
such as bacteria or Candida sp.
Methods
Background

Finland has 5 university hospitals that are secondary
referral centers of their catchment areas and tertiary
referral centers for other hospital districts. Their combined catchment areas cover more than half population of Finland (3.29 million of 5.6 million persons).
All university hospitals use the same register (SAIregistry; Neotide Ltd, https://www.neotide.fi), in
which the local clinical microbial laboratory data are
collected. These data cover all blood culture data and
most of all other clinical microbial culture data of the
catchment area of the university hospital.
Patient Data

At least 1 infectious diseases specialist in every university hospital collected the clinical data from the
medical records for all blood culture-positive cases
found in the register that were identified as Saccharomyces sp. or S. cerevisiae. The use of the S. cerevisiae
var. boulardii probiotic was defined as use at the time
of the positive culture or in the preceding 7 days.
Data were collected on use during the preceding 3
months. If the medical record was not available, the
case-patient was classified as not using a probiotic.
The Quick SOFA score and the definition of septic
shock were based on the Sepsis–3 definitions (24).
The McCabe score was determined as reported by
McCabe and Jackson (25). Data collected for casepatients who had nonblood cultures were age, sex,
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To evaluate the practice of probiotic use in the hospital ward in which the patient who had a Saccharomyces finding was given treatment, a control group
was obtained from the same SAI register. For every Saccharomyces fungemia case-patient, 2 blood
culture-positive patients (1 chronologically closest
before and 1 after) from the same ward as the case
were selected. For every clinical culture sample (other than blood), there was 1 chronologically closest
positive culture sample from the same ward as the
case-patient who served as a control. Data collected
for the controls were date, ward, microbe, age, sex,
malignancy, digestive tract disease, and S. cerevisiae
var. boulardii probiotic use at the time of the positive
culture or in the previous 3 months.

S. cerevisiae var. boulardii probiotic on the day of the
blood culture or during the preceding 7 days for 20
case-patients (43%). Medical records were not available for 10 case-patients (22%), and these patients
were classified as nonusers.
Of the 20 case-patients, 17 were using S. cerevisiae var. boulardii probiotic on the day of the blood
culture and 3 case-patients had already stopped using it (2 patients on the day before and 1 patient 5
days earlier). Five additional case-patients had used
the probiotic in the preceding 3 months, of whom 1
patient had already stopped using it 26 days earlier. For 4 case-patients, the time when the use of the
probiotic was terminated could not be determined.
Most case-patients (16/20, 80%) received the S. cerevisiae var. boulardii probiotic in the hospital, 3 casepatients in some other facility, and 1 case-patient was
using it at home. All S. cerevisiae var. boulardii probiotics found in the medical records were from the
same strain (Precosa; Biocodex Ltd., https://www.
biocodex.com). We provide characteristics, underlying diseases, and severity of the disease for these
patients (Table 1, https://wwwnc.cdc.gov/EID/
article/27/8/21-0018-T1.htm; Table 2).
Antimicrobial drugs were commonly used by
the patients (72%) during 4 weeks preceding the
fungemia. Antifungal treatment was commenced or
changed because of Saccharomyces fungemia for 23
patients (50%). For an additional 8 patients (17%), the
culture result came after the patient had died. Casefatality rates by day 7 were 22% (10 patients) and by
day 28 were 37% (17 patients). Of patients who died
by day 28, 6 patients had an ultimately fatal disease
(McCabe score 2) and 5 patients had a rapidly fatal
disease (McCabe score 3).

Statistical Analysis

Nonblood Cultures

malignancy, digestive tract disease, use of probiotics, use of antifungal medication at the time of the
culture, and possible change of medication resulting
from finding of Saccharomyces sp. The most recent
25 cases of nonblood culture findings in each hospital district were evaluated (excluding case-patients
who had positive fecal samples). Isolates were obtained from routine laboratory bacterial and fungal cultures. The anatomic site of the culture was
collected from the local hospital microbial registry
(SAI) for all culture-positive cases. Abdominal sites
were those in which culture was taken from, for example, ascites fluid, a biliary drainage catheter, or
abscess drainage fluid, but not from skin or wound
secretions. Oral and respiratory tract samples were
from sinus drainage, bronchial lavage cultures, and
pleural drainage. Other sites included samples from
perianal abscesses, mediastinum, and urine.
Control Group

We used SPSS version 22.0 software (IBM Corp.,
https://www.ibm.com) for statistical analyses. The
study was centrally approved by the Ethics Committee of Tampere University Hospital, Tampere, Finland.
The requirement for informed consent was waived.
Results
Blood Cultures

There were 46 patients with a positive blood culture
for Saccharomyces in the 5 hospitals during between
January 2009–December 2018. The median age of
case-patients was 68 (range 30–93) years and a male
predominance (63%). The most common underlying condition was a digestive tract disease (59%).
There was a medical record confirming the use of the
2092

There were 1,153 nonblood Saccharomyces culture
findings (fecal samples excluded). There was considerable variation between hospital districts in numbers of the microbial cultures and anatomic sites from
which cultures were obtained (Table 3). We evaluated use of probiotics for 125 case-patients. Medical records were not available for 6 of them. Use of
S. cerevisiae var. boulardii probiotic was confirmed
for 24 case-patients (19%). This finding was divided
by the anatomic site as follows: 17 (21%) of 82 from
the abdominal region, 4 (13%) of 30 from the oral or
respiratory tract, and 3 (23%) of 13 from other sites.
Antifungal medication was already in use at the time
of culture for 38% (47/125, the medical record was
not available for 1 case-patient) of the case-patients.
This finding led to a modification of the antifungal
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Table 2. Characteristics of 46 case-patients who had Saccharomyces fungemia in 5 hospital districts, Finland, January 1, 2009‒
December 31, 2018*
Characteristic
Value
No. patients
46
Median age, y (range)
68 (30–93)
Sex
M
29 (63)
F
17 (37)
Use of S. cerevisiae var. boulardii probiotic in preceding 3 mo†
25/46 (54)
Use of S. cerevisiae var. boulardii probiotic in preceding 7 d†
20/46 (43)
Use of S. cerevisiae var. boulardii probiotic in preceding 7 d in control group‡
4/76 (5)
Central venous catheter
8 (17)
Use of antimicrobial drugs in preceding 4 weeks
33 (72)
Change in antimicrobial drugs because of fungemia
23 (50)
Underlying diseases
Digestive tract
27 (59)
Neurologic
11 (24)
Cardiovascular
8 (17)
Solid tumor with metastasis
6 (13)
Diabetes mellitus (any type)
6 (13)
Pulmonary
5 (11)
Liver
4 (9)
Rheumatic
4 (9)
Chronic kidney§
3 (7)
McCabe score†
No or nonfatal underlying disease
22 (48)
Ultimately fatal underlying diseases (<5 y)
9 (20)
Rapidly fatal underlying diseases (<1 y)
5 (11)
Severity of disease
qSOFA score >2 at time of fungemia
16 (35)
Septic shock at time of fungemia
6 (13)
Death by day 7 after fungemia
10 (22)
*Values are no. (%) or no. positive/no. tested (%) unless otherwise indicated.
†Medical records were not available for 10 case-patients.
‡Medical records were not available for 6 control case-patients.
§History of creatinine level >120 mol/L.

medication in for 35% (44/125, medical records not
available for 2 case-patients) of the case-patients.
Controls

The controls for the fungemia case-patients (n = 76)
were mostly bacteremic (n = 65), but there were 5
case-patients infected with Candida sp. Medical records were not available for 6 control case-patients.
Median age for this group was 70 years (vs. 68 years
for case-patients), 70% were males (versus 63% for
the case-patients), 47% had digestive tract disease (vs.
59% of the case-patients), and 17% had a malignancy
(vs. 13% of the case-patients) (data were available for
64 case-patients). Use of S. cerevisiae var. boulardii probiotic by the Saccharomyces fungemia group was 43%
compared with 5% (4/76) for the control group (odds
ratio [OR] 14, 95% CI 4–44).
Microbes detected for controls who had nonblood cultures (n = 123) were also mostly bacteria (n
= 97), but Candida sp. or other yeasts (n = 51; with or
without a concomitant bacterial finding) were more
common than in blood cultures. Median age for this
group was 65 years (vs. 64 years for case-patients),
44% were males (vs. 59% for case-patients), 70% had

digestive tract disease (vs. 69% of case-patients), and
28% had a malignancy (vs. 38% of case-patients)
(data on underlying diseases were available for 100
controls). Use of S. cerevisiae var. boulardii probiotic
was 19% (24/125) in the Saccharomyces culture-positive group compared with 2% (3/123) for the control
group (OR 10, 95% CI 3–32).
Discussion
We report 20 cases of Saccharomyces fungemia in patients who used S. cerevisiae var. boulardii probiotic.
These cases have increased the number of cases reported in the literature by 34%.
We evaluated 125 of 1,153 patients who had a
nonblood Saccharomyces culture finding and confirmed use of S. cerevisiae var. boulardii probiotic by
19% of these case-patients. To our knowledge, the
magnitude of findings other than fungemia has not
been reported. Although some of these nonblood
findings might represent colonization, positive Saccharomyces cultures led to a change in antimicrobial
drugs for 44 (35%) patients who had evaluated cases.
We also evaluated use of S. cerevisiae var. boulardii
probiotic for patients who had a Saccharomyces culture
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finding and compared it with that of a control group
who had different positive blood and nonblood cultures and were in the same ward around the same
time. The Saccharomyces fungemia patients had an
OR of 14 and nonblood culture-positive patients had
an OR of 10 for use of this probiotic compared with
respective controls. Moreover, case-patient 7 (Table
1) is an example of a patient in whom probiotic use
unequivocally caused the fungemia. The patient had
had a percutaneous endoscopic gastrostomy feeding
tube inserted 2 days before the fungemia, had septic
shock, and then died. The probiotic was administered
at least once through the tube, and the tip of the tube
was unintentionally displaced from its ventricular
position, leading to an accidental peritoneal application of the probiotic.
Saccharomyces fungemias occurred most often in
patients who had diseases of the gastrointestinal tract
(59%). This finding is nearly identical to the amount
reported in a meta-analysis (58%) (9). Furthermore,
there are reports of Saccharomyces fungemias in patients not given pretreatment with a S. cerevisiae var.
boulardii probiotic that have been believed to have
been derived from contaminated central venous catheters (26–28).
Bacteremias and fungemias have not been encountered in clinical trials with probiotics in general. There
were probiotic studies conducted with susceptible
patients who did not have blood culture findings and
who had hepatic encephalopathy (29). However, serious concurrent conditions have usually been an exclusion criterion; thus, the safety profile remains unclear.
Furthermore, there are other reported safety issues
with probiotics, such as contamination of a probiotic

supplement with a pathogenic microbe or possible
transfer of an antimicrobial drug resistance gene from
a probiotic microbe to pathogenic microbes (30–32).
Regarding the benefits of probiotics, is there evidence showing that adults should use S. cerevisiae
var. boulardii probiotic in conjunction with antimicrobial drugs to prevent Clostridioides difficile infections
(CDIs) that cause diarrhea? A meta-analysis during
2017 combined S. cerevisiae var. boulardii probiotic
studies conducted in adult populations to prevent
CDIs (33). There were 5 studies. All studies had a low
number of CDIs (15 cases of CDI in control groups)
and all had nonsignificant results (pooled risk ratio
0.63, 95% CI 0.29–1.37).
Currently, several companies sell S. cerevisiae
var. boulardii yeast, but total consumption of this
yeast in Finland is not known. Thus, we are not able
to relate our study results to its use. However, nationwide consumption of probiotics does not reflect
the risk for fungemia or nonblood culture findings,
or use of this probiotic by susceptible patients in
hospitals. Cautious use of S. cerevisiae var. boulardii
probiotic in gastrointestinal surgery wards would
probably be one of the most effective ways to decrease these culture findings.
Moreover, the benefits for the indication for
which the probiotic is used need to be established.
There are 2 recent US guidelines on administration of
probiotics in general for primary prevention of CDI.
The first guideline states that there are insufficient
data to recommend the administration (34), and the
second guideline states that in certain circumstances
certain probiotics could be used, but the quality of
evidence is low (35).

Table 3. Saccharomyces clinical culture findings (excluding fungemias), Finland, January 1, 2009‒December 31, 2018*
All
University hospital district
Characteristic
Total
Helsinki
Tampere
Turku
Oulu
Kuopio
Catchment area in 2017
3,310,000
1,650,000
530,000
480,000
400,000
250,000
Inpatient days in 2017
1,814,183
784,252
307,484
294,834
191,612
236,001
Patients who had clinical findings
1,344
649
30
215
285
165
Abdominal region
205
67
21
8
76
33
Oral or respiratory tract
676
387
6
71
137
75
Fecal
191
53
1
130
4
3
Other or unspecified
272
142
2
6
68
54
Patients who had medical record of Saccharomyces
24/125 (19)
3/25 (12)
6/25 (24)
4/25 (16) 4/25 (16) 7/25 (28)
cerevisiae var. boulardii probiotic per clinical finding†
Abdominal region
15
2
4
1
4
4
Oral or respiratory tract
4
0
1
3
0
0
Other or unspecified
5
1
1
0
0
3
Patients who had medical record of S. cerevisiae var.
3/123 (2)
0/25 (0)
1/25 (4)
0/23 (0)
0/25 (0)
2/25 (8)
boulardii probiotic in control group
No. patients who had change of antimicrobial drugs
44/125 (35) 11/25 (44)
3/25 (12)
8/25 (32) 13/25 (52) 9/25 (36)
because of finding of Saccharomyces sp.‡
*Values are no. or no. positive/no. tested (%).
†Fecal samples excluded. The most recent 25 case-patients per hospital district checked. Medical records not available for 6 case-patients. Kuopio last 3
mo of probiotic use, others last 7 d.
‡Medical records not available for 2 case-patients.
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The first limitation of this study is that we were
not able to obtain microbiological evidence that the
fungal infections were caused by the S. cerevisiae var.
boulardii probiotic strain and not by another strain.
Furthermore, the retrospective design using medical
records can lead to a bias in reporting. Only confirmed
use of probiotics was reported in this study, and casepatients whose medical records were not available
were defined as not using a probiotic. Thus, the percentage of probiotic users was the minimum estimate
in all groups. All medications given to patients in the
wards were documented in medical records of patients, but patients might have used these medications
before they were admitted to the hospital. Moreover,
most patients who had fungemia were given bacterial
antimicrobial drugs, which could have decreased the
routine of taking blood cultures. Recall bias (e.g., the
S. cerevisiae var. boulardii probiotic would have been
mentioned in the medical charts more often in case-patients than in control-patients because of Saccharomyces
culture finding) was not a limitation in this study. For
all but 1 case-patient, the probiotic was recorded in the
charts before the culture result was complete.
S. cerevisiae var. boulardii probiotics are not recommended for patients who have indwelling catheters,
are immunocompromised, or are critically ill. Our
results indicate that use of S. cerevisiae var. boulardii
probiotics should also be considered carefully for patients whose gastrointestinal tract integrity might be
compromised. Furthermore, more data are needed to
elucidate the health benefits of S. cerevisiae var. boulardii probiotics in general.
This study was supported by scholarships from the
Finnish Medical Foundation (grant 2903 to J.R.) and
Competitive State Research Financing of the Expert
Responsibility Area of Tampere University Hospital
(grant 92010 to R.H.).
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Estimates of Toxoplasmosis
Incidence Based on Healthcare
Claims Data, Germany, 2011–2016
Amrei Krings, Josephine Jacob, Frank Seeber, Uwe Pleyer, Jochen Walker, Klaus Stark, Hendrik Wilking

Toxoplasmosis is a zoonotic infection contracted through
Toxoplasma gondii–contaminated food, soil, or water. Seroprevalence in Germany is high, but estimates
of disease incidence are scarce. We investigated incidences for various toxoplasmosis manifestations using
anonymized healthcare claims data from Germany for
2011–2016. Patients with a toxoplasmosis diagnosis
during the annual observational period were considered
incident. The estimated incidence was adjusted to the
general population age/sex distribution. We estimated
an annual average of 8,047 toxoplasmosis patients in
Germany. The average incidence of non–pregnancyassociated toxoplasmosis patients was 9.6/100,000
population. The incidence was highest in 2011, at 10.6
(95% CI 9.4–12.6)/100,000 population, and lowest in
2016, at 8.0 (95% CI 7.0–9.4)/100,000 population. The
average incidence of toxoplasmosis during pregnancy
was 40.3/100,000 pregnancies. We demonstrate a substantial toxoplasmosis disease burden in Germany. Public health and food safety authorities should implement
toxoplasmosis-specific prevention programs.

T

oxoplasmosis is caused by infection with the protozoan parasite Toxoplasma gondii. Transmission
of T. gondii can occur through food items and the environment. Main infection routes are the consumption of raw or undercooked meat or meat products
containing T. gondii tissue cysts; ingestion of T. gondii
oocysts through contaminated food items, such as
fruits and vegetables; or ingestion of oocyst-contaminated soil or water (1). Most (80%–90%) infections
in immune-competent persons are asymptomatic
or manifest with mild influenza-like symptoms (2).
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However, infections in immunocompromised persons can cause severe disease manifestations and often occur as a reactivation of latent T. gondii infections
(2). Disease manifestations can include meningoencephalitis, conjunctivitis, chorioretinitis, myocarditis,
pneumonitis, and hepatitis. A primary infection with
T. gondii during pregnancy can cause severe sequelae,
known as congenital toxoplasmosis, for neonates and
fetuses; these manifestations may include developmental delay, blindness, epilepsy, spontaneous abortion, and stillbirth (3,4). Although T. gondii seroprevalence in several countries in Europe and the United
States has slowly decreased over the past few decades
(5–8), emerging collaborative and interdisciplinary
One Health approaches may enable new prevention
efforts that could substantially reduce the disease
burden of toxoplasmosis.
In a systematic review, Torgerson et al. (9) estimated the global incidence and burden of disease
for congenital toxoplasmosis as 190,100 (95% CI
179,300–206,300) cases/year, which translates into
an incidence rate of 1.5 cases/1,000 live births and a
burden of disease of 1.2 million disease-adjusted life
years (DALYs)/year. For Europe, an incidence rate of
0.5/1,000 live births and a burden of disease of 2.8
DALYs/1,000 live births have been calculated (9).
A meta-analysis reports a global incidence of acute
toxoplasmosis during pregnancy as 1.1%, ranging
from 0.5% in the European region to 2.5% in Eastern
Mediterranean region (10).
In Germany, T. gondii seroprevalence was previously found to range from 20% among patients
18–29 years of age to 77% among patients 70–79
years of age (11). The same study estimated 345 incident congenital toxoplasmosis cases per year (11). In
contrast, routine surveillance data in Germany from
2009–2018 identified a minimum of 6 notified cases
in 2014 and maximum of 23 cases in 2008. Medical
doctors are required to report congenital forms of
toxoplasmosis to the Germany national surveillance
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system, but not other forms of the disease or its diagnosis for patients infected with HIV or receiving
organ transplants. We assumed substantial underreporting of diagnosis and underascertainment, which
describes the potential absence of a diagnosis (12).
Consequently, in Germany no data are available
for the incidence of toxoplasmosis manifestations
other than for congenital toxoplasmosis. However,
having such estimates is essential to assess the disease burden and advise on appropriate and targeted
prevention measures. Toxoplasmosis testing during
pregnancy is not covered by the statutory health insurance in Germany; general screening of pregnant
women has been shown to be cost-effective, but
self-financed screening leads to selective testing of
mostly women of higher educational status (13,14).
Although information about the risk for foodborne
T. gondii infections during pregnancy is available to
the public (15), there is no systematic monitoring of
T. gondii in food products.
Disease surveillance of T. gondii is fragmented
and unreliable; valid disease estimates could consequently inform and justify implementation of preventive measures. We aimed to estimate the annual
incidence of different toxoplasmosis manifestations
in Germany during 2012–2016. The method for using
healthcare claims data in this study followed Lykins
et al.’s approach for assessing toxoplasmosis estimates in the United States (16).

Methods
Data and Definitions

We obtained the study data from the anonymized
healthcare claims database and provided by the Institute for Applied Health Research Berlin (InGef). Approximately 60 of the 123 statutory health insurance
providers in Germany contribute to the database,
which covers longitudinal data from ≈7 million of the
83 million Germany residents. The characteristics of
this dataset and its external validity have been described (17). The authors showed that, compared with
the general population, the database population was
slightly younger and includes a smaller proportion of
East Germany inhabitants. However, rates of hospitalization and overall mortality and drug prescription
rates were similar to those of the general population.
The overall illness rates were slightly lower in the database population.
The study period covered 2011–2016. To estimate
the annual toxoplasmosis incidence rates, we used
inclusion criteria of continuous insurance with one
of the statutory health insurance providers for >8
quarters before the year analyzed and for all quarters
of the year analyzed or until death (Figure 1). An exception was made for toxoplasmosis in mother and
child, in which children needed to be insured since
birth and pregnant women for >4 quarters before and
during the entire pregnancy to be included (Table 1).

Figure 1. Visualization of different inclusion and exclusion definitions for study of toxoplasmosis incidence based on healthcare claims
data, Germany, 2011–2016.
2098
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Table 1. Case definitions for toxoplasmosis disease manifestations used in analysis of healthcare claims, Germany*
Toxoplasmosis manifestation
Case definition
Non–pregnancy-associated
Ocular toxoplasmosis
Patient with ICD-10 diagnosis code B58.0
Cerebral toxoplasmosis
Patient with ICD-10 diagnosis code B58.2
Hepatitis through toxoplasmosis
Patient with ICD-10 diagnosis code B58.1
Pneumonitis through toxoplasmosis
Patient with ICD-10 diagnosis code B58.3
Toxoplasmosis of other specified sites
Patient with ICD-10 diagnosis code B58.8
Unspecified toxoplasmosis
Patient with ICD-10 diagnosis code B58 or B58.9
Toxoplasmosis in mother and child
Congenital toxoplasmosis†
Children <12 mo of age with ICD-10 code P37.1 or B58.9
Toxoplasmosis during pregnancy‡
Pregnant woman with ICD-10 code B58
AND 1 of the following laboratory tests: avidity testing (EBM 32640) or testing for
Toxoplasma gondii in amniotic fluid or fetal blood (EBM 32833)
AND who received 1 of the following treatments: spiramycin (before 16th week of
pregnancy), pyrimethamine in combination with sulfadiazine/clindamycin/atovaquone
(after 16th week of pregnancy), trimethoprim/sulfamethoxazole
*The reference population for incidence estimation for each form of toxoplasmosis was all patients in the healthcare database not fulfilling the case
definition. ICD-10, International Classification of Diseases, 10th Revision.
†Reference population was children <1 year of age.
‡Reference population was female patients 15–50 y of age and pregnant. Pregnancy was defined based on ICD-10 diagnostic codes indicating birth,
stillbirth, abortion, or miscarriage.

Case definitions for various toxoplasmosis manifestations were determined by diagnosis codes from the
International Classification of Diseases, 10th Revision
(ICD-10) (Table 1). The case definition for toxoplasmosis during pregnancy also includes toxoplasmosisspecific laboratory testing and therapy.

manifestation. Criteria for inclusion were a fully
insured 4-quarter preobservational period before
the first medical claim and continuous insurance
throughout the 2012–2016 study period (Figure 2).
We analyzed patients with recurring medical claims
as proportions of all toxoplasmosis patients.

Estimates of Incidence

Underlying Conditions in Patients with T. gondii Infection

Toxoplasmosis patients are considered incident if
they receive a diagnosis during the observational period but not in the preobservational period. For overall estimation of case numbers and incidence in Germany, we adjusted calculations in accordance with
German Federal Statistical Office estimates for age,
sex, and geographic distribution for each respective
year. We calculated annual incidences for each toxoplasmosis manifestation separately and the average
annual incidence as the arithmetic mean of the 6 yearly-determined incidence rates for 2011–2016. Patients
identified in 2016, the most recent study period, were
used for stratified analysis of geographic distribution
of residence, sex, and age.
Recurring Medical Claims of Toxoplasmosis

To investigate potential toxoplasmosis relapse, we
used recurring medical claims as an approximation.
We defined any second medical toxoplasmosis claim
as recurring if the patient had >2 quarters without an
existing ICD-10 code for toxoplasmosis; if the patient
had a diagnosis of a different toxoplasmosis manifestation than that previously recorded; or if the patient
record showed >2 quarters without treatment while
they still had the ICD-10 code. We differentiated rates
of recurring medical claims per 100 person-years by
relapse with the same or a different toxoplasmosis

For comparison, we used the scientifically reported
and discussed underlying conditions provided in
Lykins et al. (16) to analyze those conditions for Germany in this analysis (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/27/8/20-3740-App1.
pdf). We defined toxoplasmosis cases as described
previously (16) (Table 1). Toxoplasmosis-negatives
were cases insured without any recorded episode of
toxoplasmosis. Inclusion criteria were similar to those
for the assessment of recurring medical claims (Figure 2); we excluded pregnant women and children
<12 months of age from this subanalysis. We matched
the toxoplasmosis and reference groups 1:1 on the basis of age (by 5-year age groups), sex, and quarter of
the diagnosis date of the underlying illness. Matching
by quarter of diagnosis helped to avoid confounding
due to seasonal variation of some underlying conditions. We calculated odds ratios for measure of association based on the frequencies of predefined conditions among the toxoplasmosis and reference group.
Results
Study Population

Of ≈7 million persons insured during 2011–2016,
we determined that 4.8–5.2 million were eligible for
inclusion in our analysis per year. We found 2,625
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Figure 2. Visualization of different inclusion and exclusion definitions of recurring medical claims and identification of underlying
conditions for study of toxoplasmosis incidence based on healthcare claims data, Germany, 2011–2016.

toxoplasmosis patients who met the case definitions
in the database for these years, which is equivalent
to 48,368 patients among ≈83 million Germany residents. This total corresponds to an average annual
case number of 8,061 patients. For 950/2,625 (36%)
of patients, a classification in one of the specific toxoplasmosis manifestations was possible; most patients
had no specified toxoplasmosis manifestation.
Temporal and Geographic Distribution

Incidence for non–pregnancy-associated toxoplasmosis
was as low as 8.0 (95% CI 7.0–9.4)/100,000 population
in 2016 and as high as 10.6 (95% CI 9.4–12.6)/100,000
population in 2011. The average annual incidence of
non–pregnancy-associated toxoplasmosis cases was
9.5/100,000 population. Geographically, in 2016, the
incidence of 4.5 (95% CI 3.1–6.5)/100,000 population in
Baden-Württemberg was significantly lower than the
incidence of 12.5 (95% CI 6.6–25.1)/100,000 population
in Berlin and 9.1 (95% CI: 6.7–12.2)/100,000 population
in Lower Saxony (Figure 3).
Ocular Toxoplasmosis

We estimated an average annual case number of 1,601
cases of ocular toxoplasmosis and an average annual
incidence of 2.0/100,000 population in Germany. The
estimated incidence of ocular toxoplasmosis fluctuated
between 1.5 (95% CI 1.1– 2.3) patients/100,000 population in 2016 and 2.5 (95% CI 2.0–3.8) patients/100,000
population in 2013 (Table 2). In 2016, the highest incidences of ocular toxoplasmosis were seen among
women and in the 51–60-year age group (Table 3).
2100

Cerebral Toxoplasmosis

The average annual number of cerebral toxoplasmosis
patients in Germany was 142, and the average annual
incidence was 0.18/100,000 population. Incidence for
cerebral toxoplasmosis was 0.1 cases/100,000 population in 2012, 2013, and 2014 and 0.3 cases/100,000
population in 2015 (Table 2). Because very few cases
were recorded in the database, we were unable to
stratify estimates for most sociodemographic characteristics (Table 4).
Other Types and Nonspecified Types of Toxoplasmosis

The average annual number of patients with toxoplasmosis manifestations at other sites, including
those with hepatitis or pneumonitis from toxoplasmosis, was 752 patients. The average annual number
of unspecified toxoplasmosis patients was 5,202 and
the average annual incidence was 6.4/100,000 population. In 2016, toxoplasmosis incidence was significantly higher among patients who were 21–40 years
of age compared with patients <21 years or >40
years of age (p<0.05) (Table 5).
Congenital Toxoplasmosis

The average annual number of congenital toxoplasmosis patients was 8.2 and average annual incidence
was 0.1/100,000 population in Germany. Incidence estimates ranged from 0.05 (95% CI 0.01–1.64)/100,000
pregnancies in 2012 to 0.14 (95% CI 0.05–1.07)/100,000
in 2015 (Table 2). Our ability to estimate stratified
incidence was limited because the number of cases
found was low (Appendix Table 2).
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Toxoplasmosis during Pregnancy

The average annual number of patients with toxoplasmosis during pregnancy is 289 and average annual incidence is 40.3/100,000 pregnancies in Germany.
Incidence of toxoplasmosis during pregnancy fluctuated between 29.3 (95% CI 16.7–56.4)/100,000 pregnancies in 2011 and 60.3 (95% CI 33.0–107.5)/100,000
pregnancies in 2015 (Table 2).
Stratification by age group and geographic region was partly limited because of low case numbers. Therefore, estimation was only possible for
women 31–40 years of age, who had an estimated
incidence rate of 52.7 (95% CI 24.1–138.1)/100,000
pregnancies. Stratification by region fluctuated between 34.4 (95% CI 17.7–71.9)/100,000 pregnancies
in the western region of Germany and 58.2 (95%
CI 17.2–177.9)/100,000 pregnancies in the northern
region. No estimations are available for the middle
and eastern regions (Table 6).
Recurring Medical Claims of Toxoplasmosis

Among all toxoplasmosis patients found in the dataset (n = 2,776), 722 (26%) had a recurring toxoplasmosis medical claim. The highest proportion of these
(250/574; 44%) was seen among patients who initially
received a diagnosis of ocular toxoplasmosis. The rate
of recurring medical claims (termed rate of claims in this
study) among initial ocular toxoplasmosis patients was
19.8/100 person-years for any type of toxoplasmosis.

Among these patients, the rate of claims in patients
with an additional episode of ocular toxoplasmosis
was 16.8/100 person-years; for other manifestations,
the rate of claims was 3.0/100 person-years.
Underlying Conditions

We calculated odds ratios for statistically significant
underlying conditions found among toxoplasmosis cases, compared with matched controls based
on 5-year age groups and sex (Table 7). Conditions
that were significantly associated with toxoplasmosis were anxiety, epilepsy, lymphadenopathy, and
thrombocytopenia, as well as vision loss or blindness
(all p<0.05). The conditions with <5 cases in the reference group but >10 cases in the toxoplasmosis group
were HIV/AIDS; memory loss; and encephalitis,
myelitis, or encephalomyelitis. We tested for other
conditions that were not significantly associated with
toxoplasmosis or affected <5 persons in either group
(Appendix Table 1).
Discussion
Our study of toxoplasmosis incidence estimates and its
manifestations, as determined from healthcare claims
data, adds a valuable contribution to the evidence base.
Most of the evidence on T. gondii infections and disease
in Germany available to date is drawn either from serosurveys or from mandatory disease surveillance for congenital toxoplasmosis (11,12). Therefore, our estimation

Figure 3. Toxoplasmosis disease incidence by federal state in Germany, 2016. Error bars indicate 95% CIs. No estimates were available
for Bremen, Saarland, and Thüringen. NA, not available.
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Table 2. Estimated incidence of toxoplasmosis manifestations by year, Germany, 2011–2016
No. patients in No. patients Estimated no. patients
Disease manifestation
Year
database
identified
(95% CI)
Ocular toxoplasmosis
2011
4,705,497
86
1,618 (1,253–2,940)
2012
4,751,579
95
1,937 (1,522–3,189)
2013
5,024,715
111
2,017 (1,623–3,029)
2014
5,134,795
74
1,359 (1,015–2,241)
2015
5,177,282
76
1,452 (1,035–2,342)
2016
5,171,212
75
1,224 (941–1,931)
Cerebral toxoplasmosis
2011
4,705,497
8
144 (56–1,534)
2012
4,751,579
6
114 (40–1,377)
2013
5,024,715
5
97 (24–1,090)
2014
5,134,795
6
80 (32–934)
2015
5,177,282
13
218 (115–970)
2016
5,171,212
10
200 (74–883)
Other types of toxoplasmosis†
2011
4,705,497
45
865 (NA)
2012
4,751,579
40
715 (NA)
2013
5,024,715
32
588 (NA)
2014
5,134,795
58
912 (NA)
2015
5,177,282
44
782 (NA)
2016
5,171,212
43
651 (NA)
Nonspecified types of toxoplasmosis
2011
4,705,497
306
5,866 (5,093–7,406)
2012
4,751,579
283
5,503 (4,703–6,981)
2013
5,024,715
265
5,177 (4,483–6,389)
2014
5,134,795
237
4,277 (3,686–5,327)
2015
5,177,282
309
5,821 (5,070–6,936)
2016
5,171,212
242
4,569 (3,862–5,628)
Congenital toxoplasmosis
2011
97,177
10
74 (32–1,478)
2012
98,140
5
43 (8–1,321)
2013
100,420
10
73 (32–1,066)
2014
103,481
7
77 (16–934)
2015
105,882
11
116 (41–879)
2016
107,517
6
65 (25–751)
Toxoplasmosis during pregnancy
2011
63,102
18
252 (144–485)
2012
53,178
14
226 (110–478)
2013
53,476
16
324 (171–619)
2014
52,951
21
296 (176–560)
2015
53,900
21
450 (247–803)
2016
37,302
14
186 (99–431)

Estimated cases/100,000
population (95% CI)
2.0 (1.6–3.7)
2.4 (1.9–4.0)
2.5 (2.0–3.8)
1.7 (1.3–2.8)
1.8 (1.3–2.9)
1.5 (1.1–2.3)
0.2 (0.1–1.9)
0.1 (0.1–1.7)
0.1 (0.0–1.4)
0.1 (0.0–1.2)
0.3 (0.1–1.2)
0.2 (0.1–1.1)
NA
NA
NA
NA
NA
NA
7.3 (6.3–9.2)
6.8 (5.8–8.7)
6.4 (5.6–7.9)
5.3 (4.5–6.6)
7.1 (6.2–8.4)
5.5 (4.7–6.8)
0.1 (0.0–1.8)
0.1 (0.0–1.6)
0.1 (0.0–1.3)
0.1 (0.0–1.2)
0.1 (0.1–1.1)
0.1 (0.0–0.9)
29.3 (16.7–56.4)
32.0 (15.6–67.7)
44.4 (23.4–84.9)
40.5 (24.1–76.6)
60.3 (33.0–107.5)
35.3 (18.7–81.7)

*NA, not available.
†Other types include hepatitis, pneumonitis, other organs. Because the number of cases is summarized, no 95% CI and incidence estimation are
available.

of ≈8,000 annual toxoplasmosis patients among 83 million residents of Germany offers a new assessment.
Our analysis indicates a potentially declining incidence of non–pregnancy-associated toxoplasmosis as
well as toxoplasmosis during pregnancy in 2011–2016,
except in 2015. This finding is in line with decreasing infections in the Netherlands (5) and France (6), as well as
decreasing seroprevalence observed in Switzerland (7)
and the United States (8). We hypothesize that, in France
and the Netherlands, decreasing incidence is a result of
improved practices in meat production, modern farming systems, increased use of frozen meat by consumers, or changes in food habits (5,6). Changing diets may
also play a role in the decreasing incidence in our study;
vegetarianism was shown to be negatively associated
with T. gondii seropositivity in Germany (11). The observed nonsignificant increase of disease incidence in
2015 might be explained by a fluctuation of T. gondii exposure because, during this time, no programs were in2102

troduced by public health or veterinary health services
that may have affected the number of diagnoses. We are
not aware of potential changes from the healthcare sector regarding medical claims policies. Disease incidence
in some Germany federal states seems higher, despite
lacking statistical significance. Geographic differences in
raw meat consumption in Germany, such as consumption of the regional specialty food Hackepeter, were
previously shown in a cross-sectional survey (18). These
observations are in line with the geographic differences
of toxoplasmosis incidence found in our analysis.
For congenital toxoplasmosis the mandatory disease surveillance system reported 6–20 cases of congenital toxoplasmosis each year, 2011–2016 (12). Our
analysis found 43–116 cases in Germany for the same
years, confirming the suspicion that the surveillance
system likely has underascertainment and underreporting. Our analysis, limited to children <12 months of age,
might still underestimate the incidence of congenital
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Table 3. Estimated incidence of ocular toxoplasmosis manifestations by age group, sex, and region, Germany, 2016*
No. cases/100,000
Characteristic
No. patients in database No. patients in country (95% CI)
population (95% CI)
Sex
M
34
516 (346–948)
1.3 (0.9–2.3)
F
41
707 (494–1,389)
1.7 (1.2–3.3)
Age group
<1 y
<5
NA
NA
1–5 y
<5
NA
NA
6–10 y
<5
NA
NA
11–20 y
5
70 (22–329)
0.9 (0.3–4.1)
21–30 y
9
160 (73–432)
1.6 (0.7–4.3)
31–40 y
9
157 (65–421)
1.5 (0.6–4.1)
41–50 y
11
178 (81–430)
1.6 (0.7–3.7)
51–60 y
22
354 (212–653)
2.7 (1.6–5.1)
61–70 y
8
131 (56–399)
1.4 (0.6–4.2)
>71 y
5
94 (28–779)
0.8 (0.2–6.4)
Region
East
6
172 (58–861)
1.1 (0.4–5.3)
West
69
1,052 (810–1,400)
1.6 (1.2–2.1)
North
20
415 (244–819)
2.0 (1.2–3.9)
Middle
33
492 (331–1,157)
1.7 (1.2–4.1)
South
22
317 (197–559)
1.1 (0.7–1.9)
Total
75
1,224 (941–1,931)
1.5 (1.1–2.3)
*Reference population N = 5,171,212. NA, not available.

toxoplasmosis compared with the postulated annual
total of 345 neonates in Germany, because of potential
development of clinical symptoms later in life (11,19,20).
Another reason for an underestimation could be the
lack of systematic screening of infants for congenital
toxoplasmosis, which could prevent difficulties with
diagnosis (21). Nevertheless, our analysis provides an
improved estimation compared with the mandatory
disease surveillance system.
Among non–pregnancy-associated toxoplasmosis, most patients were not further specified by disease manifestation, resulting in a large proportion of

underascertainment; this phenomenon was similarly
observed by Lykins et al. (16). Ocular toxoplasmosis
was the non–pregnancy-associated disease manifestation with the highest incidence seen in our analysis,
which is also in line with the results for the United
States (16). The annual incidence in Germany of
2.0/100.000 population is roughly double the incidence reported by Lykins et al. in the United States.
We would expect an even higher incidence in Germany, given the ≈4 times higher seroprevalence in
Germany (49.1%) compared with the United States
(12.4%) (11,22). The large number of patients in our

Table 4. Estimated incidence of cerebral toxoplasmosis manifestations by age group, sex, and region, Germany, 2016*
No. cases/100,000 population
Characteristic
No. patients in database No. patients in country (95% CI)
(95% CI)
Sex
M
5
108 (24–533)
0.3 (0.1–1.3)
F
5
92 (25–778)
0.2 (0.1–1.9)
Age group, y
<1 y
0
0
0
1–5 y
0
0
0
6–10 y
0
0
0
11–20 y
0
0
0
21–30 y
0
0
0
31–40 y
0
0
0
41–50 y
5
123 (29–395)
1.1 (0.3–3.4)
51–60 y
<5
NA
NA
61–70 y
<5
NA
NA
>71 y
<5
NA
NA
Region
East
<5
NA
NA
West
8
113 (46–319)
0.2 (0.1–0.5)
North
<5
NA
NA
Middle
<5
NA
NA
South
<5
NA
NA
Total
10
200 (74–883)
0.2 (0.1–1.1)
*Reference population N = 5,171,212. NA, not available.
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Table 5. Estimated incidence of other unspecified toxoplasmosis manifestations by age group, sex, and region, Germany, 2016*
No. cases/100,000 population
Characteristic
No. patients in database No. patients in country (95% CI)
(95% CI)
Sex
M
64
1,181 (863–1,730)
2.9 (2.1–4.3)
F
221
4,039 (3,384–5,048)
9.7 (8.1–12.1)
Age group, y
<1 y
0
0
0
1–5 y
0
0
0
6–10 y
<5
NA
NA
11–20 y
18
430 (226–812)
5.4 (2.8–10.1)
21–30 y
80
1,704 (1,306–2,247)
16.9 (12.9–22.2)
31–40 y
83
1,399 (1,083–1,846)
13.8 (10.7–18.2)
41–50 y
46
582 (422–865)
5.1 (3.7–7.5)
51–60 y
33
540 (356–873)
4.2 (2.8–6.8)
61–70 y
9
149 (68–419)
1.6 (0.7–4.5)
>71 y
14
390 (102–1,235)
3.2 (0.8–10.1)
Region
East
35
1,466 (932–2,430)
9.1 (5.8–15.0)
West
250
3,754 (3,292–4,314)
5.7 (5.0–6.5)
North
73
1,564 (1,203–2,116)
7.5 (5.7–10.1)
Middle
109
1,896 (1,413–2,773)
6.7 (5.0–9.7)
South
98
1,423 (1,152–1,795)
4.9 (4.0–6.2)
Total
242
4,569 (3,862–5,628)
5.5 (4.7–6.8)
*Reference population N = 5,171,212. NA, not available.

dataset with unspecified toxoplasmosis probably
contributes to this remaining underestimation compared to seroprevalence in Germany.
Our data on disease relapse also reveal a high relapse for ocular toxoplasmosis. These results are not
surprising because ocular toxoplasmosis is common in
immune-competent patients (24,25), constituting most
of the population. It can develop during childhood or
adolescence even if infected neonates were born without symptoms for congenital toxoplasmosis (19,20,26).
An estimated ≈2% of T. gondii infections lead to ocular
toxoplasmosis (23); this would translate into 22 patients/100,000 population annually according to the
seroprevalence seen in Germany in 2008 (11). We see a
lower average annual incidence of 2 patients/100,000
population in this analysis, possibly resulting from underdiagnosis and missing specification of toxoplasmosis
cases. We further suspect an underestimation of incidence for cerebral as well as other types of toxoplasmo-

sis, including pneumonitis and hepatitis or other organs
affected, especially in immunocompromised patients;
these are opportunistic infections among this group of
patients and may therefore remain unrecognized.
Analysis of underlying conditions shows an association with psychiatric conditions (anxiety) and alternative diagnoses (visual loss, lymphadenopathy).
Our analysis found an association with the known
conditions HIV/AIDS and encephalitis, myelitis, or
encephalomyelitis. However, we were unable to provide odds ratios for these conditions because of the
low number of patients with HIV or encephalitis in
our reference population. Directionality of conditions
remains unclear from this analysis, and we were not
able to confirm most associations found by Lykins et
al. (16) on the basis of our dataset.
One limitation of this study is that healthcare claims
are primarily intended for financial reimbursement
rather than disease surveillance or clinical research.

Table 6. Estimated incidence of pregnancy-associated toxoplasmosis by age group and region for 2016, Germany
No. patients identified
No. cases/100,000 pregnancies
Characteristic
in database
No. patients in country (95% CI)
(95% CI)
Age group, y
15–20 y
<5
NA
NA
21–30 y
<5
NA
NA
31–40 y
10
134 (61–351)
52.7 (24.1–138.1)
41–50 y
<5
NA
NA
Region
East
<5
NA
NA
West
12
145 (75–303)
34.4 (17.7–71.9)
North
5
78 (23–238)
58.2 (17.2–177.9)
Middle
<5
NA
NA
South
6
73 (27–176)
37.3 (13.7–89.8)
Total
14
186 (99–431)
35.3 (18.7–81.7)
*Reference population N = 37,302 women 15–50 years of age. NA, not available.
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Table 7. Underlying conditions among patients with ocular,
cerebral, or other toxoplasmosis manifestations, Germany, 2012–
2016
Condition
Odds ratio (95% CI)
Epilepsy
2.1 (1.3–3.3)
Visual loss, blindness, etc.
2.7 (1.7–4.3)
Anxiety
1.5 (1.2–1.8)
Thrombocytopenia
3.2 (1.7–6.1)
Lymphadenopathy
6.0 (3.9–9.3)

Therefore, the results rely on accurate coding and diagnosis and should be interpreted cautiously. Comparisons between the approaches in the United States and
our data are hampered by the fundamental differences
between the health systems, particularly in relation to
medical claims. For similar reasons, an analysis based
on toxoplasmosis-specific treatment as conducted by
Lykins et al. was not possible due to different clinical
guidelines. An estimate of annual toxoplasmosis incidence during pregnancy from this study (40.3/100,000
pregnancies) was restricted to women receiving toxoplasmosis-specific treatment. We can assume an unknown number of additional women need diagnostic
clarification because of toxoplasmosis infection suspicion, which is likely to substantially burden the health
system but is not accounted for in our incidence estimation. Although we tried to eliminate falsely diagnosed
toxoplasmosis relapses by applying the criteria on patients with recurring medical claims, we need to interpret these results with caution, bearing in mind the nature of healthcare claims data and the purpose of claims.
Although the estimates are adjusted for age, sex, and
regional distribution, the selection of health insurance
providers and the socioeconomic status of their target
populations represented in this dataset may have a residual effect on these estimates that we cannot account
for. Furthermore, as shown by Andersohn et al. (17),
the overall death rate in the database population was
slightly lower than the general population in Germany.
This difference may also lead to an underestimation of
toxoplasmosis illness rates in our analysis.
The incidence estimates for the different toxoplasmosis manifestations in this analysis provide a clearer
picture of this disease’s occurrence in Germany. The
average annual number of ≈8,000 toxoplasmosis patients can be regarded as high, and even more undiagnosed cases are likely. Using healthcare claims
data may also help other countries with improved assessments of their toxoplasmosis burden and renew
the discussion for prevention measures in European
Union countries and beyond. The incidence shown
and the severity of symptoms and long-term sequelae
of infections justify this urgent need.
Because T. gondii is a parasite with transmission
and disease aspects affecting the veterinary, human,

and environmental medicine sectors, an overall prevention program needs to target different levels, following an international One Health approach (27).
Screening of pregnant women is one possible method
of prevention, but its cost-effectiveness, health consequences for mother and child, and effectiveness of
resulting treatment are debated in light of decreasing disease incidence (28,29). Although informing
pregnant women of food- and animal-related risks is
important, as is currently done in Germany, the incidence found in our analysis raises doubts about the
effectiveness of this method. So far, insufficient evidence for effectiveness of educational efforts targeted
at pregnant women has been published (30). Therefore, screening should be evaluated on the basis of the
national health system structure and incidence in the
country in question. Other preventive strategies currently debated include screening and implementing
biosafety precautions for animal farms, as well as decontaminating meat products used for raw or undercooked consumption (31). A social cost–benefit analysis in the Netherlands has shown that freezing meat
products is effective to reduce disease (32); freezing
could be further implemented, especially for the production of meat products that are typically consumed
raw in Germany.
Acknowledgments
We thank Sandra Beermann for her support during the
initial planning of this research. We thank Katharina
Alpers and Jan Walter as part of the Postgraduate Training
for Applied Epidemiology team, as well as the European
Programme for Intervention Epidemiology Training by the
European Centre for Disease Prevention and Control for
their methodological advice.
This work was supported by the Robert Koch Institute,
Berlin, Germany.
InGef GmbH received compensation for J.J.’s and J.W.’s
work in drafting the study protocol and data analysis from
Robert Koch Institute.

About the Author
Dr. Krings is a researcher at the Robert Koch Institute
in Berlin, Germany, involved in various data-for-action
projects. Current research interests include hepatitis B,
hepatitis C, and HIV in intravenous drug users.
References
1.

Montoya JG, Liesenfeld O. Toxoplasmosis. Lancet.
2004;363:1965–76. https://doi.org/10.1016/S0140-6736
(04)16412-X

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2105

RESEARCH
2.
3.
4.

5.

6.

7.

8.
9.
10.

11.

12.
13.

14.

15.

16.

17.

2106

Robert Koch-Institut. RKI guide: toxoplasmosis. 2018 [cited
2021 Jun 21]. https://www.rki.de/DE/Content/Infekt/
EpidBull/Merkblaetter/Ratgeber_Toxoplasmose.html
Jones JL, Lopez A, Wilson M, Schulkin J, Gibbs R. Congenital
toxoplasmosis: a review. Obstet Gynecol Surv. 2001;56:
296–305. https://doi.org/10.1097/00006254-200105000-00025
Pappas G, Roussos N, Falagas ME. Toxoplasmosis
snapshots: global status of Toxoplasma gondii seroprevalence
and implications for pregnancy and congenital
toxoplasmosis. Int J Parasitol. 2009;39:1385–94. https://doi.org/
10.1016/j.ijpara.2009.04.003
Hofhuis A, van Pelt W, van Duynhoven YT, Nijhuis CD,
Mollema L, van der Klis FR, et al. Decreased prevalence and
age-specific risk factors for Toxoplasma gondii IgG antibodies
in the Netherlands between 1995–1996 and 2006–2007.
Epidemiol Infect. 2011;139:530–8. https://doi.org/10.1017/
S0950268810001044
Nogareda F, Le Strat Y, Villena I, De Valk H, Goulet V.
Incidence and prevalence of Toxoplasma gondii infection in
women in France, 1980–2020: model-based estimation.
Epidemiol Infect. 2014;142:1661–70. https://doi.org/10.1017/
S0950268813002756
Rudin C, Hirsch HH, Spaelti R, Schaedelin S, Klimkait T.
Decline of seroprevalence and incidence of congenital
toxoplasmosis despite changing prevention policy-three
decades of cord-blood screening in north-western
Switzerland. Pediatr Infect Dis J. 2018;37:1087–92.
https://doi.org/10.1097/INF.0000000000001978
Jones JL, Kruszon-Moran D, Elder S, Rivera HN, Press C,
Montoya JG, et al. Toxoplasma gondii infection in the United
States, 2011–2014. Am J Trop Med Hyg. 2018;99:241–2
Torgerson PR, Mastroiacovo P. The global burden of congenital
toxoplasmosis: a systematic review. Bull World Health Organ.
2013;91:501–8. https://doi.org/10.2471/BLT.12.111732
Rostami A, Riahi SM, Contopoulos-Ioannidis DG,
Gamble HR, Fakhri Y, Shiadeh MN, et al. Acute toxoplasma
infection in pregnant women worldwide: a systematic review
and meta-analysis. PLoS Negl Trop Dis. 2019;13:e0007807.
https://doi.org/10.1371/journal.pntd.0007807
Wilking H, Thamm M, Stark K, Aebischer T, Seeber F.
Prevalence, incidence estimations, and risk factors of
Toxoplasma gondii infection in Germany: a representative,
cross-sectional, serological study. Sci Rep. 2016;6:22551.
https://doi.org/10.1038/srep22551
Robert Koch-Institut. Epidemiological yearbook of notifiable
infectious diseases 2017 [in German]. Berlin; The Institute: 2018.
Zylka-Menhorn V. Toxoplasmosis test: arguments for
screening [in German]. Dtsch Arztebl Int. 2013;110:446.
https://www.aerzteblatt.de/archiv/135207/ToxoplasmoseTest-Argumente-fuer-ein-Screening
Lange AE, Thyrian JR, Wetzka S, Flessa S, Hoffmann W,
Zygmunt M, et al. The impact of socioeconomic factors on
the efficiency of voluntary toxoplasmosis screening during
pregnancy: a population-based study. BMC Pregnancy
Childbirth. 2016;16:197. https://doi.org/10.1186/
s12884-016-0966-0
Bundesinstitut für Risikobewertung. Toxoplasmosis
underestimated danger [in German]. 2010 [cited 2021 Jun 4].
https://www.bfr.bund.de/de/presseinformation/2010/02/
toxoplasmose__unterschaetzte_gefahr-32526.html
Lykins J, Wang K, Wheeler K, Clouser F, Dixon A, El
Bissati K, et al. Understanding toxoplasmosis in the United
States through “large data” analyses. Clin Infect Dis.
2016;63:468–75. https://doi.org/10.1093/cid/ciw356
Andersohn F, Walker J. Characteristics and external
validity of the German Health Risk Institute (HRI) database.

18.

19.

20.

21.
22.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

Pharmacoepidemiol Drug Saf. 2016;25:106–9. https://doi.org/
10.1002/pds.3895
Bremer V, Bocter N, Rehmet S, Klein G, Breuer T, Ammon A.
Consumption, knowledge, and handling of raw meat:
a representative cross-sectional survey in Germany, March
2001. J Food Prot. 2005;68:785–9. https://doi.org/10.4315/
0362-028X-68.4.785
Wallon M, Garweg JG, Abrahamowicz M, Cornu C, Vinault S,
Quantin C, et al. Ophthalmic outcomes of congenital
toxoplasmosis followed until adolescence. Pediatrics.
2014;133:e601–8. https://doi.org/10.1542/peds.2013-2153
Faucher B, Garcia-Meric P, Franck J, Minodier P, Francois P,
Gonnet S, et al. Long-term ocular outcome in congenital
toxoplasmosis: a prospective cohort of treated children. J Infect.
2012;64:104–9. https://doi.org/10.1016/j.jinf.2011.10.008
Wallon M, Peyron F. Congenital toxoplasmosis: a plea for a
neglected disease. Pathogens. 2018;7:25. https://doi.org/
10.3390/pathogens7010025
Jones JL, Kruszon-Moran D, Rivera HN, Price C, Wilkins PP.
Toxoplasma gondii seroprevalence in the United States
2009–2010 and comparison with the past two decades. Am
J Trop Med Hyg. 2014;90:1135–9. https://doi.org/10.4269/
ajtmh.14-0013
Jones JL, Holland GN. Annual burden of ocular toxoplasmosis in the US. Am J Trop Med Hyg. 2010;82:464–5. https://
doi.org/10.4269/ajtmh.2010.09-0664
Pleyer U, Gross U, Schlüter D, Wilking H, Seeber F.
Toxoplasmosis in Germany. Dtsch Arztebl Int. 2019;116:435–44.
Maenz M, Schlüter D, Liesenfeld O, Schares G, Gross U,
Pleyer U. Ocular toxoplasmosis past, present, and new
aspects of an old disease. Prog Retin Eye Res. 2014;39:77–106.
https://doi.org/10.1016/j.preteyeres.2013.12.005
Wallon M, Kodjikian L, Binquet C, Garweg J, Fleury J,
Quantin C, et al. Long-term ocular prognosis in 327 children
with congenital toxoplasmosis. Pediatrics. 2004;113:1567–72.
https://doi.org/10.1542/peds.113.6.1567
Aguirre AA, Longcore T, Barbieri M, Dabritz H, Hill D,
Klein PN, et al. The One Health approach to toxoplasmosis:
epidemiology, control, and prevention strategies. EcoHealth.
2019;16:378–90. https://doi.org/10.1007/s10393-019-01405-7
Khoshnood B, De Vigan C, Goffinet F, Leroy V. Prenatal
screening and diagnosis of congenital toxoplasmosis: a
review of safety issues and psychological consequences for
women who undergo screening. Prenat Diagn. 2007;27:395–
403. https://doi.org/10.1002/pd.1715
Picone O, Fuchs F, Benoist G, Binquet C, Kieffer F, Wallon M,
et al. Toxoplasmosis screening during pregnancy in France:
opinion of an expert panel for the CNGOF. J Gynecol Obstet
Hum Reprod. 2020;49:101814. https://doi.org/10.1016/
j.jogoh.2020.101814
Di Mario S, Basevi V, Gagliotti C, Spettoli D, Gori G,
D’Amico R, et al. Prenatal education for congenital
toxoplasmosis. Cochrane Database Syst Rev. 2015;
(10):CD006171.
Opsteegh M, Kortbeek TM, Havelaar AH, van der Giessen
JW. Intervention strategies to reduce human Toxoplasma
gondii disease burden. Clin Infect Dis. 2015;60:101–7.
https://doi.org/10.1093/cid/ciu721
Suijkerbuijk AWM, Over EAB, Opsteegh M, Deng H,
Gils PFV, Bonačić Marinović AA, et al. A social cost–
benefit analysis of two One Health interventions to prevent
toxoplasmosis. PLoS One. 2019;14:e0216615. https://doi.org/
10.1371/journal.pone.0216615

Address for correspondence: Amrei Krings, Robert Koch Institute,
Seestraße 10, 13353 Berlin, Germany; email: kringsa@rki.de

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

Modeling Immune Evasion and
Vaccine Limitations by Targeted
Nasopharyngeal Bordetella
pertussis Inoculation in Mice
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Conventional pertussis animal models deliver hundreds
of thousands of Bordetella pertussis bacteria deep into
the lungs, rapidly inducing severe pneumonic pathology
and a robust immune response. However, human infections usually begin with colonization and growth in the
upper respiratory tract. We inoculated only the nasopharynx of mice to explore the course of infection in a more
natural exposure model. Nasopharyngeal colonization
resulted in robust growth in the upper respiratory tract
but elicited little immune response, enabling prolonged
and persistent infection. Immunization with human acellular pertussis vaccine, which prevents severe lung infections in the conventional pneumonic infection model, had
little effect on nasopharyngeal colonization. Our infection
model revealed that B. pertussis can efficiently colonize
the mouse nasopharynx, grow and spread within and between respiratory organs, evade robust host immunity,
and persist for months. This experimental approach can
measure aspects of the infection processes not observed
in the conventional pneumonic infection model.

L

ess than a century ago, Bordetella pertussis was
rampant worldwide, causing pertussis (whooping cough) that killed millions of persons every year,
mostly infants and children (1). Whole-cell pertussis
vaccines (wP), introduced in the mid-1950s, successfully controlled the disease, but concerns over side effects led many countries to replace wP vaccines with
acellular pertussis (aP) vaccines in the mid-1990s
(2). aP vaccines reduced side effects, but outbreaks
of pertussis were still noted among highly aP-vaccinated populations (3), and the incidence of disease
has been increasing among adults vaccinated with aP
vaccines as children (3–5). In addition, experiments
conducted with primates and rodents show that aP
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vaccines prevent the symptoms of disease but do not
prevent the spread of the bacterium (6,7). There is
now consensus among researchers that aP vaccines
confer good but short-lived protective immunity
against disease but much less protection against colonization, shedding, and transmission (6,7).
Most of our knowledge of B. pertussis has been
learned from animal models of pneumonic infection
that were developed during an era guided by Koch’s
postulates (8–19). These animal experimental systems were designed to cause severe pathology and
near-lethal virulence to simulate the most severe
human disease. In pertussis models that emerged
from this approach, large numbers of pathogen are
introduced deep in the respiratory tract of animals,
resembling extreme human infections in their severity and virulence but with more lung involvement
than is generally clinically observed. In these models, high doses of B. pertussis, often 105–106 CFU, are
delivered to the lungs of rodents (20,21). Larger primates, such as baboons, are inoculated by endotracheal intubation with even larger numbers, 108–1010
CFU (6,22,23).
High-dose pneumonic inoculations have provided several experimental benefits, including consistent colonization and growth of bacteria in the
lungs, which induces severe pathology. Such inoculations served as assays to measure the contributions
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of individual virulence factors to severe disease and
to develop effective vaccines. Delivery of large numbers of bacteria deep in the lungs predictably induces
a vigorous and quantifiable immune response that
begins to control infection within 2–3 weeks, reducing bacteria numbers below detectable levels within
about 1 month (6,24) and providing an experimental
system in which to develop and test vaccines to protect against such severe disease.
As valuable as conventional high-dose models
have been, the bolus introduction of many bacteria deep into the lungs bypasses many key steps in
the highly infectious catarrhal stage of pertussis, the
prolonged period of early infection involving milder
nonspecific upper respiratory tract symptoms. Of
note, these aspects of early infection are most relevant
to the current challenge of the ongoing circulation of
B. pertussis. Indeed, recent work has revealed that a
large proportion of human infections are asymptomatic and undiagnosed (25). Assays that specifically
measure how colonization, early growth, and immunomodulation contribute to shedding and transmission during the catarrhal stage of infection, before
and perhaps independent of lower respiratory tract
infection, are critical for development of vaccines that
can prevent transmission.
We describe a novel nasopharyngeal infection
model in mice that efficiently establishes B. pertussis infections that mimic human infections, beginning with low numbers of pathogens colonizing the
upper respiratory tract. Nasopharyngeal infections
in our model revealed crucial aspects of B. pertussis–host interactions not observed in conventional
pneumonic infection models and successfully demonstrating the failure of aP vaccines to prevent nasopharyngeal colonization. This nasopharyngeal
infection system allows mechanistic study of several aspects of the early infectious process that usually are obscured by conventional pneumonic challenge. In addition, the model provided assays that
are likely to be useful for development of new and
improved vaccines to prevent B. pertussis colonization and transmission.
Materials and Methods
Bacterial Cultures and Inocula Preparation

We grew B. pertussis strain 536, a derivative of
strain Tohama I, as previously described (12). We
then pelleted bacteria by centrifugation and resuspended it in phosphate-buffered saline (PBS) to an
optical density of 600 nm (OD600) of 0.1 (≈108 CFU/
mL). We serially diluted bacteria in PBS to obtain
2108

500 CFU in 5 μL PBS for low-dose–low-volume
(LDLV) nasopharyngeal inoculation or 5 × 105 CFU
in 50 μL PBS for high-dose–high-volume (HDHV)
pneumonic inoculation.
Mouse Experiments

We housed C57BL/6 female mice from Jackson
Laboratories (https://www.jax.org) in the specific
pathogen-free facility at the University of Georgia (Athens, Georgia, USA). We diluted veterinary
grade antimicrobial drugs, including enrofloxacin
(Baytril; Bayer, https://www.bayer.com) and gentamicin (GentaFuse; Henry Schein, https://www.henryschein.com), for intranasal delivery in 10 µL PBS to
mice anesthetized by using 10% isoflurane. We optimized the amount of antimicrobial drug delivered
to a single dose of 45 μg enrofloxacin per mouse.
Twelve hours after antimicrobial drug treatment, we
delivered 500 CFU B. pertussis in 5 µL PBS for LDLV
nasopharyngeal infections or 5 × 105 CFU in 50 µL
for HDHV pneumonic infections. Delivery of incula
for both groups was by nasal inhalation under mild
anesthesia. For vaccination experiments, we used
intraperitoneal delivery, which is convenient and
known to confer robust protection. In brief, we vaccinated 5-week-old mice on day 0 and gave a booster
vaccine on day 28 by intraperitoneal injection of 200
µL PBS containing either wP vaccine (2 × 109 CFU of
B. pertussis Tohama I heat-killed at 65°C for 30 min)
(7), or one tenth of a human dose of commercial aP
(Adacel TdaP; Sanofi Pasteur, https://www.sanofi.
us). We inoculated mice 2 weeks after the booster
vaccination (day 42 post vaccination). At indicated
time points, we euthanized mice by CO2 inhalation
and excised nasal cavities, trachea, and lungs, which
we homogenized in 1 mL sterile PBS by using Bead
Mill 24 (Fisher Scientific, https://www.fishersci.
com). We plated serial dilutions on Bordet-Gengou
agar for bacterial enumeration.
Flow Cytometry

We prepared single-cell suspensions from collagenase-treated lungs, which we strained through
70 mm mesh and centrifuged through 44% Percoll
(MP Biomedical, https://www.mpbio.com) in Gibco RPMI 1640 medium (Thermo Fischer Scientific,
https://www.thermofisher.com), and then layered
onto 67% Percoll in 1× PBS. We used TruStain FcX
(Biolegend, https://www.biolegend.com) antimouse CD16/32 antibody to block Fc receptor cells
and performed flow cytometry by using the LSR II
system (BD Biosciences, https://www.bdbiosciences.com). We then stained surface markers with the
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antibodies used to sort neutrophils, T cells, B cells,
and natural killer (NK) cells. We used the following Biolegend products from Thermo Fischer Scientific: for neutrophils, CD11b (CD11b Antibody,
PE-Cyanine 7), CD115 (CD115 Antibody, APC),
lymphocyte antigen complex 6 locus G (Lys6G Antibody, AF488); for T cells, CD45 (CD45 Antibody,
Alexa Fluor-700), CD3 (CD3 Antibody-APC); for B
cells, B220 (B220 Antibody-PE-Cy7), and NK cells,
NK1.1 (NK1.1 Antibody-PE) (Appendix Figure 1,
https://wwwnc.cdc.gov/EID/article/27/8/203566-App1.pdf). We analyzed data by using FACS
Diva version 8.0.1 (BD Biosciences) and determined
percentage viability by using Zombie Aqua (Biolegend) live-dead dye.
Evaluation of Splenic Lymphocytes Responses

To analyze CD4 T cells and cytokines, including interleukin (IL) 17, IL-10, and IL-4, we collected spleens in
ice chilled PBS (≈1°C–2°C) and then passed the mixture through a 40-µm cell strainer. We seeded 2 × 107
cells in a 96-well plate and stained cells according to
standard protocols (26). We acquired data in the LSR
II (BD Bioscience) and analyzed data with FlowJo 10.0
by using a standard gating strategy (27). In brief, we
used Ghost Dye Red 710 (Tonbo Biosciences, https://
tonbobio.com) for determining live cells, then gated
CD45+ for total leukocytes and Thy1.2+ for T cells.
We used CD4+ cells to evaluate levels of intracellular
IL-17, IL-4, and IL-10.
B. pertussis–Specific Antibodies

We quantified serum antibodies by ELISA using Corning Costar 96-well EIA microtiter plates
(Thermo Fischer Scientific) coated with heat-killed
B. pertussis grown to an OD600 of 0.600 in Stanier
Scholte medium. We coated plates by using sodium-carbonate buffer (0.1 mmol/L at pH 9.5) overnight at 4°C (28). We considered the IgG titer to be
the reciprocal of the lowest dilution in which we
obtained an OD >0.1.
We used 2-way analysis of variance and a paired
2-tailed Student t-test in Prism version 8.0.2 (GraphPad, https://www.graphpad.com) for statistical
analyses between the pneumonic and nasopharyngeal groups. We performed animal experiments in accordance with recommendations in the Guide for the
Care and Use of Laboratory Animals, National Research Council (https://www.nap.edu/read/12910).
The study protocols were approved by the Institutional Animal Care and Use Committee at the University of Georgia (approval nos. A2016 02-010-Y3-A9
and A2016 04-019-Y3-A10).

Results
Nasopharyngeal Colonization

B. pertussis generally is considered to be specialized to
its human host and to have lost the ability to efficiently colonize other animals (29). However, in a previous
investigation, we noted that resident nasal microbiota
in mice create a barrier to colonization and that perturbing the microbiota with antimicrobial drugs permitted low numbers of B. pertussis to efficiently colonize the nasal cavities (30). To repeat this experiment
and demonstrate improved ability to colonize mice,
we intranasally treated groups of C57BL/6 mice (n
= 4) 3 times, at 8-hour intervals, with either 45 μg enrofloxacin in 10 μL PBS or PBS only for the control
group. Twelve hours after the last treatment, we intranasally delivered 500 CFU of B. pertussis in 5 µL
of PBS to localize the inoculum within the nasal cavity. After 3 day, no B. pertussis were recovered from
the nasal cavities of PBS-treated control mice, but
we found all mice treated with antimicrobial drugs
were colonized with thousands of CFUs of B. pertussis, indicating that enrofloxacin treatment facilitated
B. pertussis colonization (Figure 1, panel A). We performed a similar experiment using gentamicin, which
showed a similar increase in B. pertussis colonization,
indicating that the effect is not limited to enrofloxacin (Appendix Figure 2). We also found no notable
difference in respiratory tract colonization at days
3 and 7 between C57Bl6/J and BALBC/J mice that
were treated with antimicrobial drugs and inoculated
(Appendix Figure 3), indicating that nasopharyngeal
colonization largely was independent of the genetic
background between the 2 mouse strains.
Further optimization experiments (Figure 1, panels B, C, D) showed that pretreatment with antimicrobial drugs reduced the infective dose from 10,000
CFU in untreated mice to <100 CFU in treated mice
(Figure 1, panel B). The threshold for successful nasal colonization was 4.5–45 µg of enrofloxacin. Even a
single enrofloxacin pretreatment allowed B. pertussis
to efficiently colonize mice (Figure 1, panels C, D). We
settled on this relatively simple single enrofloxacin
pretreatment and LDLV inoculation regimen as the
experimental nasopharyngeal inoculation model.
LDLV Nasopharyngeal Inoculation

We first assessed the course of infection in our model
by comparing it with the conventional HDHV pneumonic model of B. pertussis infection. Groups of mice
(4 per group) were either treated with enrofloxacin
then nasopharyngeally inoculated with 500 CFU of
B. pertussis in 5 µL PBS; or given the conventional
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Figure 1. Susceptibility of mice to colonization by Bordetella pertussis after treatment with enrofloxacin. A, B) C57BL/6 mice were
pretreated 3 times intranasally with 45 µg enrofloxacin in 10 µL (blue squares) or with phosphate-buffered saline (PBS; red squares)
before being challenged with 5 µL PBS containing (A) 500 CFU of B. pertussis; or (B) B. pertussis ranging from 10–10,000 CFU.
Colonization was assessed 3 days post inoculation by enumerating the number of B. pertussis CFU recovered from nasal cavities.
C) Colonization and growth of B. pertussis at 500 CFU after 0, 1, and 2 pretreatments with 45 mg of enrofloxacin. D) B. pertussis
colonization after intranasal enrofloxacin pretreatment at various doses. Each square represents a single biologic replicate. Dotted lines
indicate limit of detection. Horizontal bars indicate mean.

HDHV pneumonic inoculation of 500,000 CFU of B.
pertussis in 50 µL PBS. Both groups were sampled for
>28 days (Figure 2, panel A). As usually observed in
the HDHV pneumonic model, at day 3, B. pertussis
had grown to large numbers in the lower respiratory tract of mice, but numbers were <10,000 CFU
in the nasal cavities, and were undetectable in most
HDHV mice by day 21, demonstrating more rapid
clearance than is observed in human infections. In
contrast, B. pertussis rarely reached the lungs of mice
in the LDLV group (Figure 2, panel B), but B. pertussis numbers in the nasal cavity increased nearly
100-fold to ≈10,000 CFU and persisted at this level
throughout the 28-day experiment (Figure 2, panel
A). These data indicate that in the absence of lung
infection, B. pertussis can efficiently colonize, grow,
and persist in the nasopharynx.
Host Immune Response

The colonization profile of the nasopharyngeal
(LDLV) model revealed profound differences in the

dynamics of the infection compared with the pneumonic (HDHV) model, suggesting very different interactions with host immunity. We and others previously have shown that the large bolus of B. pertussis
delivered into the lungs in the pneumonic infection
model rapidly activates both innate and adaptive immune components to generate a robust immune response that clears B. pertussis infection in ≈4 weeks
(11,12). However, this infection model is unlike natural human infection because of the extraordinarily
severe pneumonic disease, the robustness of the immune response, and the speed of bacterial clearance.
In contrast, delivery of low doses of B. pertussis limited to the nasopharynx, more like natural exposure,
resulted in localized growth in the upper respiratory
tract, where the pathogen persisted at higher numbers for much longer. This finding led us to hypothesize that this more natural mode of infection might
enable B. pertussis to grow more gradually, the way it
would naturally, and thereby provide a model system
to study how it might avoid unnecessary stimulation

Figure 2. Growth and persistence
of Bordetella pertussis in the
nasal cavity of mice after lowdose–low-volume nasopharyngeal
inoculation over time. C57BL/6
mice were inoculated intranasally
with 500 CFU of B. pertussis in 5
µL phosphate-buffered saline for
nasopharyngeal inoculations (blue
squares) or 500,000 CFU in 50
µL for the pneumonic inoculations
(red squares). The results were
replicated in >4 study runs.
B. pertussis colonization was
assessed for the nasal cavities
(A) and the lungs (B). Dotted lines indicate limit of detection. Error bars indicate SD of the mean. Inoc., inoculation.
2110
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of host immunity to persist. To examine this hypothesis, we compared the relative proportions of major
groups of immune cells in the lungs and nasopharyngeal washes on day 14 after HDHV pneumonic and
LDLV nasopharyngeal inoculations.
Consistent with prior studies, the pneumonic infection model resulted in 5-fold to 50-fold increases in
numbers of neutrophils (CD11b+/CD115–/Ly6Ghigh),
T cells (CD45+/CD3+), B cells (CD45+/B220+), and
natural killer cells (CD45+/CD3–/NK1.1+) in the lungs
(Figure 3, panels A–D) and in the nasal cavities (Figure
3, panels E–H) relative to control mice. By comparison,
we detected only modest increases (<2-fold) among
some immune cell populations in LDLV-inoculated
mice, despite having even higher numbers of B. pertussis in the nose at the time. These observations indicate
that B. pertussis can grow from small inocula to large
numbers in the nasopharynx with minimal immune
response. HDHV pneumonic inoculations also resulted in a robust systemic immune response indicated by
the numbers of splenocytes with significant induction
of IL-17, IL-4, and IL-10 compared with uninfected
naive mice (Figure 4). But low-dose nasopharyngeal
inoculation did not result in measurable increases in
cytokines. Together these data reveal substantial differences in the immune response to pneumonic versus
nasopharyngeal infection models.

Persistent Nasopharyngeal Infection

A characteristic of pertussis in humans is the persistence of infection and disease lasting for many weeks
or months; pertussis is also known as the 100-day
cough. To compare persistence in the 2 contrasting
infection models, we inoculated groups of C57Bl/6J
mice to establish either nasopharyngeal (LDLV) or
pneumonic (HDHV) infections. We then noted the
presence or absence of B. pertussis in the nasal cavities (detection limit 10 CFU) on days 3, 7, 14, 28, 60,
90, and 120 postinoculation. For pneumonic infection
models, the percentage of mice with bacteria recovered from the nasal cavities dropped from 100% on
day 7 to 25% on day 28, after which bacteria were no
longer detected (Figure 5, panel A). In contrast, LDLV
nasopharyngeal inoculation resulted in more persistent infections; 100% of mice were still colonized at
day 28 and 50% at day 60. Bacteria were still detected
in 1/4 (25%) mice at day 90 and were only cleared
from all mice 120 days after inoculation, highlighting
the extraordinary persistence of this organism when
delivered in more natural low dose and volume, and
providing an experimental system in which to study
its persistence.
As previously described for the HDHV pneumonic infection model, B. pertussis delivered to the
lungs in large numbers induced a rapid increase in

Figure 3. Host immune responses to LD and HD Bordetella pertussis inoculation. C57/Bl6 mice received LD of 500 CFU of B. pertussis
in 5 µL phosphate-buffered saline (PBS) via nasopharyngeal inoculation or HD of 500,000 of B. pertussis CFU in 50 µL PBS via
pneumonic inoculation. Naive control mice were inoculated with 50 µL of PBS. The study was conducted twice. A–D) Enumeration of
immune cells in the lungs 14 days postinoculation. E–H) Enumeration of immune cells from nasopharyngeal washes. Error bars indicate
SD for 4 biologic replicates HD, high-dose–high volume; LD, low-dose–low-volume; ns, no statistical significance.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021
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Figure 4. Host cytokine responses to LD nasopharyngeal inoculation and HD pneumonic inoculation of Bordetella pertussis. C57/Bl6
mice received LD of 500 CFU of B. pertussis in 5 µL phosphate-buffered saline (PBS) via nasopharyngeal inoculation or HD of 500,000
of B. pertussis CFU in 50 µL PBS via pneumonic inoculation. Naive control mice were inoculated with 50 µL of PBS. Splenocytes were
isolated from mice at day 14 postinoculation. A) IL-17; B) IL-4; and C) IL-10. Error bars indicate SD for 4 biologic replicates; analysis was
conducted once. HD, high-dose–high volume; IL, interleukin; LD, low-dose–low-volume.

B. pertussis serum IgG titers to ≈10,000 by day 28 and
to ≈20,000 by day 60 (Figure 5, panel B). As antibody
titers rose, colonization levels dropped throughout
the respiratory tract (Figure 5, panel A), consistent
with the known roles of antibodies in clearing infection (30). Antibody titers continued to increase after
the pathogen was cleared, contributing to the strong
convalescent immunity associated with the conventional pneumonic model. In contrast, after LDLV
nasopharyngeal inoculation, serum B. pertussis IgG
levels were barely detectable even after months of
persistent infection, reflecting the minimal induction, suppression, or both of host adaptive immunity by the pathogen. These lower antibody titers
correlate with much slower control and clearance of

infection in the nasopharyngeal infection model and
in natural infections.
Convalescent Immunity

Conventional HDHV pneumonic infections have
been shown to induce robust protective immunity.
However, LDLV nasopharyngeal inoculation resulted in more persistent infection and induced lower
antibody titers, either because lower numbers of B.
pertussis in the lungs are less immune stimulatory or
because B. pertussis more effectively modulates the
immune response when it follows this more natural
course of infection. However, in both cases, infection eventually is cleared, indicating that adaptive
immunity is generated and effective. To compare the

Figure 5. Comparison of serum IgG titers from mice receiving LD nasopharyngeal inoculation and HD pneumonic inoculation of
Bordetella pertussis. Blue squares indicate LD mice; red squares indicate HD mice. C57/Bl6 mice received LD of 500 CFU of B.
pertussis in 5 µL phosphate-buffered saline (PBS) via nasopharyngeal inoculation or HD of 500,000 of B. pertussis CFU in 50 µL PBS
via pneumonic inoculation. Error bars indicate SD for 4 biologic replicates. A) Percentage of mice (4 per group) colonized on days 3, 7,
14, 28, 60, 90, and 120 following inoculations. Studies on days 3, 7, 14, and 28 were conducted 4 times; the 120-day experiment was
conducted once. B) B. pertussis IgG titers in serum over time. HD, high-dose–high volume; LD, low-dose–low-volume.
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Figure 6. Risk for Bordetella
pertussis reinfection after
experimental nasopharyngeal
infection of mice. C57Bl/6J mice
were inoculated intranasally
with 500 CFU of B. pertussis in
5 µL PBS for nasopharyngeal
inoculations (blue squares)
or 500,000 CFU in 50 µL for
the pneumonic inoculations
(red squares). The study was
conducted twice. Values are the
SD of 4 biologic replicates. A)
Number of B. pertussis bacteria
in respiratory organs on day
7 after pneumonic challenge.
B) B. pertussis IgG titers (log
scale) in the serum of mice
challenged via PNC or NPL inoculation. Green represents naive mice inoculated with PBS. NPL, nasopharyngeal; PBS, phosphatebuffered saline; PNC, pneumonic.

relative efficacy of convalescent immunity induced
by the 2 infection models, we examined the protection each conferred against subsequent challenge.
Mice convalescing from prior pneumonic infection rapidly cleared a high-dose pneumonic challenge from the lungs and reduced numbers in the
nasal cavity by >90% within 7 days (Figure 6, panel
A), as previously documented (32,33). These mice
showed no signs of disease, and bacterial numbers
were far lower than those for unvaccinated mice
challenged with the same dose (Figure 2, panel B),
demonstrating that prior pneumonic infection confers protection against disease. In striking contrast,
mice convalescing from prior low-dose nasopharyngeal inoculation had much higher numbers of B. pertussis in all respiratory organs. This finding shows
that mice convalescing from nasopharyngeal infection fail to prevent subsequent colonization and bacterial growth when challenged with artificially large
and deep lung pneumonic inoculation. These results
agree with the corresponding serum antibody titers
measured (Figure 6, panel B) and reveal profoundly
different protective immunity induced by nasopharyngeal infection than described in previous studies
that used the conventional HDHV pneumonic infection model (24,32).
Vaccination Effects on Colonization

Although pneumonic models were central in developing aP vaccines that prevent severe disease, these
assays of extreme pneumonic virulence failed to reveal the limited protection that aP vaccines provide
against less severe upper respiratory tract colonization (6,7). Thus, these models did not predict the current problem of B. pertussis reemergence. Therefore,

we set out to test whether the LDLV nasopharyngeal
model might enable us to measure the failure of the
aP vaccines and provide an assay system in which
improved vaccines could be developed. For our vaccination experiments, we used the intraperitoneal
delivery route, which is convenient and known to
confer robust protection. Groups of mice that were
vaccinated with either wP or aP vaccine, and unvaccinated control mice, were challenged via LDLV nasopharyngeal inoculation. wP-vaccinated mice were
substantially protected against nasal colonization and
had few or no bacteria remaining by day 7 after challenge (Figure 7). In contrast, B. pertussis colonized and

Figure 7. Comparison of nasal cavity colonization of Bordetella
pertussis among experimentally infected mice after intraperitoneal
vaccination with acellular pertussis (aP) or whole-cell pertussis
(wP) vaccine. Graph compares colonization profiles over 28 days.
Green squares indicate naive mice; blue squares indicate mice
vaccinated with aP; red squares indicate mice vaccinated wP. Error
bars indicate SD of the mean for 4 biologic replicates. The study
was conducted twice; results are shown for a single experiment.
Dotted line indicates limit of detection. p values indicate statistically
significant differences between aP- and wP-vaccinated mice.
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grew in the nasal cavities of aP-vaccinated animals
nearly as efficiently as in naive animals. These results
demonstrate that aP vaccination fails to prevent nasopharyngeal colonization in this experimental system.
This approach can measure the differences between
wP and aP vaccines in this regard, providing an assay
in which to evaluate various proposed new vaccines
that might prevent colonization better than current
aP vaccines (34,35).
Discussion
Inoculating animals with high doses of B. pertussis delivered deep into the lungs (HDHV) induces severe
pathology in the lower respiratory tract of rodents
and baboons (36). Postmortem descriptions of lung
pathology in 8 human infants who died from infantile
pertussis revealed marked leukocytosis and pulmonary hypertension (37), features replicated in mouse
and baboon pneumonic models (36,38,39), suggesting
that these conventional pneumonic infection models
reasonably replicate the most extreme form of human
disease. However, these cases are extreme; pertussis
generally is described as a disease of the upper respiratory tract that induces relatively little inflammation
and histopathology (40,41) and often could occur
with minimal symptoms and go undiagnosed (25).
B. pertussis is highly infectious to humans, indicating
that small numbers of bacteria landing in the upper
respiratory tract can efficiently colonize, grow, and
spread. However, conventional pneumonic infection
models bypass the need to efficiently attach and establish the first microcolony, then grow and spread
from there to other sites, potentially suppressing both
the initial inflammatory response and the subsequent
adaptive immune response. These aspects of the infectious process have not been well simulated in the
HDHV pneumonic model, making it difficult to study
and understand them.
We observed that localized application of antimicrobial drugs consistently enabled small numbers of
B. pertussis to efficiently colonize, grow, and establish
persistent infections in the nasopharynx of mice, mimicking the early stages of natural infection. Despite the
efficient colonization and growth to higher and more
sustained numbers in the nasal cavity, we detected
only a modest (<2-fold) responses among immune
cell populations. Furthermore, infections remained
localized to the upper respiratory tract and rarely
progressed to the lungs, agreeing with the notion that
pertussis is primarily an upper respiratory tract infection. Of note, multiple contact tracing studies identify
asymptomatic carriage as the likely source of human
infections (42). In addition, the strong inflammatory
2114

responses and high antibody titers observed in pneumonic infection models are not routinely observed in
most surveys of human infections (43–45).
Both wP and aP vaccines prevent severe pneumonic disease in HDHV pneumonic infection experimental models in rodents and primates, and both
prevent severe disease in humans. However, consensus is growing that aP vaccines fail to prevent colonization and transmission, aspects of the infection
process that are poorly simulated in the pneumonic
infection model. Our findings for the novel LDLV
nasopharyngeal infection system show that aP vaccines provide much less protection against colonization by small numbers of B. pertussis compared with
wP vaccines. Thus, the LDLV nasopharyngeal infection model provides a complementary experimental
system that enables the study of aspects of infection
that are poorly mimicked in the HDHV pneumonic
infection model. Further study of contemporary circulating B. pertussis strains in the context of low-dose
nasopharyngeal infections could help define the factors that contribute to the diverse mechanisms by
which B. pertussis evades immune responses. Such
studies could elucidate how B. pertussis is able to
colonize, grow, shed, and be efficiently spread from
host to host within aP-vaccinated populations. Furthermore, our model can guide development of new
vaccines that can overcome the limitations of current
aP vaccines and better control the circulation of this
reemerging pathogen.
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Spotted Fever Group Rickettsioses
in Israel, 2010–2019
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In a multicenter, nationwide, retrospective study of patients hospitalized with spotted fever group rickettsiosis
in Israel during 2010–2019, we identified 42 cases, of
which 36 were autochthonous. The most prevalent species was the Rickettsia conorii Israeli tick typhus strain (n
= 33, 79%); infection with this species necessitated intensive care for 52% of patients and was associated with a
30% fatality rate. A history of tick bite was rare, found for
only 5% of patients; eschar was found in 12%; and leukocytosis was more common than leukopenia. Most (72%)
patients resided along the Mediterranean shoreline. For 3
patients, a new Rickettsia variant was identified and had
been acquired in eastern, mountainous parts of Israel.
One patient had prolonged fever before admission and
clinical signs resembling tickborne lymphadenopathy. Our
findings suggest that a broad range of Rickettsia species
cause spotted fever group rickettsiosis in Israel.
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SFGRs are associated with ≈20 species of Rickettsia,
of which 16 are considered human pathogens (1,2).
Recent introduction of molecular methods provided
more information about SFGR agents causing human
disease and enabled their identification, for which
the clinical significance of some remains lacking (3).
R. conorii complex, the etiologic agent of Mediterranean spotted fever, includes 4 strains: R. conorii Malish (cause of Mediterranean spotted fever), R. conorii
Astrakhan (cause of Astrakhan fever), R. conorii Indian tick typhus (cause of Indian tick typhus), and R.
conorii Israeli tick typhus strain (ITTS, cause of Israeli
spotted fever [ISF]) (4–7).
ISF begins as fever followed by a maculopapular
rash, usually involving the palms and soles and frequently accompanied by systemic symptoms. Most
cases are self-limiting, but some may lead to organ
failure and death. Clinical and epidemiologic presentations caused by other strains of rickettsiae may
vary (5,8–11). Studies from Portugal indicate that
compared with Mediterranean spotted fever, ISF is
characterized by lower rates of eschar and tick-exposure history, higher frequency of gastrointestinal
symptoms, and greater severity of illness with a high
case-fatality rate (10,12,13). Case-fatality rates in Israel before 1998 were reportedly 0.7%, but incidence
in some years (e.g., 1997) was higher (3.5%) (14). Since
1998, several case reports of fatal SFGR in Israel have
been published (9,15–17), along with reports of 22
other patients with sepsis requiring hospitalization
(9,17–22). Of these, isolates from only 3 patients were
sequenced and identified as R. conorii ITTS; 2 of these
patients exhibited purpura fulminans and all 3 died
(9,15). Few studies of ISF have been conducted in Israel; most were conducted during the 1990s and relied on serologic diagnostic methods that cannot differentiate between the SFGRs (23). In Israel, SFGR is
a notifiable disease, and in recent years, incidence has
increased; 51 cases (including 7 deaths) were reported to the Israeli Ministry of Health in 2017, compared
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with the average yearly incidence of 26 cases during
2014–2016 (24).
The etiology of SFGR in Israel is thought to be R.
conorii ITTS on the basis of limited molecular identification of this strain from clinical cases and from ticks
(9,15,25). However, the yearly variations in disease
severity and clinical manifestations are intriguing
and may suggest involvement of >1 species of spotted fever group (SFG) Rickettsia. Using a large database from the national reference center, we studied
the specific species of Rickettsia that cause SFGRs in
Israel and characterized their unique epidemiology
and clinical features. Institutional review board approval was granted at the principal investigator site
(0002-19-LND) and for each participating institute.
Methods
Study Design

We conducted a multicenter, retrospective study of
hospitalized patients with an SFGR during 2010–
2019. The study included SFGR diagnosed by molecular methods at the Israel Institute for Biological
Research (IIBR; Ness Ziona, Israel), which serves as
the national reference center for Rickettsia. Blood
and tissue samples from hospitalized patients with
a suspected SFGR are occasionally submitted to the
IIBR for molecular diagnosis, at the discretion of
the treating physician. For cases of successful molecular identification, the referring medical center
was requested to provide patient demographic and
clinical data from the medical charts at each participating site. Deidentified data were integrated into a
central database.

Serology and Molecular Diagnoses

The IIBR tested serum samples for antibodies
against R. conorii and R. typhi by an in-house immunofluorescence assay (cutoff for IgG of 1:100), as previously described (26). Skin biopsy samples, whole
blood, cerebrospinal fluid, and other tissues were
tested by PCR (17,27). Stored SFG-positive Rickettsia DNA samples and sequenced unique regions
from 4 conserved Rickettsia genes were batch tested
(primers listed in Table 1). R. africae was identified
by real-time PCR targeting an internal transcribed
spacer (30). These analyses enabled identification
of ISF, R. africae, R. conorii Malish strain, and a new
Rickettsia variant. Each set of reactions included a
positive control and nontemplate as a negative control. The same primers were used for sequencing as
for amplification. For species-level identification, we
compared sequence results by using BLAST (http://
www.ncbi.nlm.nih.gov/BLAST).
Mapping Locations of SFGR Acquisition

We recorded the site of presumed rickettsiosis acquisition for autochthonous cases. When the site was unknown, we used the patient’s address.
Statistical Analyses

We used descriptive statistics to summarize patient
characteristics. We calculated differences between
categorical and continuous variables by using Pearson χ2, Student t, and Mann-Whitney tests, as appropriate. We used 1-way analysis of variance to analyze
differences among groups. For statistical analyses, we
used SPSS Statistics 25 (https://www.ibm.com). We
considered 2-sided p<0.05 to be significant.

Table 1. Oligonucleotide primers used for PCR amplification and sequencing of Rickettsia species in study of spotted fever group
rickettsioses in Israel, 2010–2019*
Primer
Target gene
Primer sequence, 5′ → 3′
213F
OmpA
AATCAATATTGGAGCCGGTAA
667R
OmpA
ATTTGCATCAATCGTATAAGTAGC
120F
OmpA
AAGGAGCTATAGCAAACGGCA
760R
OmpA
TATCAGGGTCTATATTCGCACCTA
760newF
OmpA
TAGGTGCGAATATAGACCCTGATA
1231R
OmpA
TGGCAATAGTTACATTTCCTGCAC
373F
gltA
TTGTAGCTCTTCTCATCCTATGGC
1138R
gltA
CATTTGCGACGGTATACCCATA
Rico173F
gltA
CGACCCGGGTTTTATGTCTA
1179R
gltA
TCCAGCCTACGATTCTTGCTA
gltA_EXT_R
gltA
TACTCTCTATGTACATAACCGGTG
gltA_NES_F
gltA
ATGATTGCTAAGATACCTACCATC
1497_R
OmpB
CCTATATCGCCGGTAATT
3462_F
OmpB
CCACAGGAACTACAACCATT
4346_R
OmpB
CGAAGAAGTAACGCTGACTT
607_F
OmpB
AATATCGGTGACGGTCAAGG
D1390R
Sca4
CTTGCTTTTCAGCAATATCAC
D767F
Sca4
CGATGGTAGCATTAAAAGCT

*All primers were designed at the Israel Institute for Biological Research (Ness Ziona, Israel), except Rico173F (25), rickettsial OmpB primers (28), and
sca4 primers (29).
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Results
SFGR Cases Diagnosed by IIBR in the Past Decade

In the 10-year study period, 1,985 cases of rickettsioses from the community and hospitals countrywide
were diagnosed at IIBR by serologic testing; 811
were SFGR and 1,174 were murine typhus. Another
89 cases were positive by PCR, 66 for SFGR and 23
for murine typhus (Figure 1, panels A, B). Comparing 2010–2014 with 2015–2019 indicated an increased
number of serologic tests performed yearly (from an
average of ≈2,000 to ≈6,500). The percentage of positive serologic results decreased from 3% in 2010–2013
to 1.2% in 2014–2016 and then increased again to 2%
in 2017–2019. Concomitantly, a 4-fold increase in total PCR tests performed was accompanied by a 7-fold
increase in positive PCR results (average of 2.2–15.6
positive cases/year in the 2 periods). Of the 66 SFGR
cases positive by PCR, 42 (64%) were identified to the
strain level; for the other 24 cases, the classification
failed, probably because of a low number of DNA
copies in the original sample.
Rickettsia Strains

The most prevalent Rickettsia strain in this study was
R. conorii ITTS, found in 33/42 (79%) of cases identified to the strain level. The other strains accounted
for 4 cases of R. africae infection, 2 of R. conorii Malish
strain infection, and 3 of the newly identified Rickettsia variant (27). Most (36/42, 86%) cases were autochthonous: 32/36 (89%) were caused by R. conorii ITTS,
1 by R. conorii Malish strain, and the remaining 3 by
the new Rickettsia variant (Figure 1, panel B). The 6
imported cases included 4 infections with R. africae,
all acquired during a safari (in South Africa, Mozambique, Zimbabwe, or Botswana); 1 R. conorii ITTS
imported from Cyprus; and 1 R. conorii Malish strain
imported from New Delhi, India.

Molecular diagnosis was performed from skin
biopsy samples from 27 patients (19 with ISF, 3 with
new Rickettsia variant infection, 1 with R. conorii Malish strain infection, and 4 with African tick bite fever
[ATBF]); from the blood of 19 patients (16 with ISF,
2 with R. conorii Malish strain, and 1 with new Rickettsiae variant); and from cerebrospinal fluid, lymph
node, and liver biopsy postmortem samples from 1
patient with ISF. Seven patients were positive by PCR
of samples from >1 source, mostly skin biopsy and
whole blood. Serologic testing was performed for
36/42 (86%) patients; results were available for 26.
Of these, results were negative for 16 (61%) and the
median time between disease onset to last serology
test was 6.2 days (range 0–11 days); for 10 (39%), the
result was either positive (5 patients) or borderline (5
patients) and median time from disease onset to last
serologic test 15.5 days (range 2–29 days).
Geographic and Seasonal Distribution of Cases

The 36 autochthonous cases were reported from 12
hospitals representing most areas of Israel: 6 from central Israel, 4 from northern Israel, and 2 from southern
Israel. R. conorii ITTS was reported from all but 1 hospital. All cases of R. africae infection were reported from
1 hospital. The most abundant concentration of cases
(26/36, 72%, all R. conorii ITTS) was along the Mediterranean shoreline, with the highest aggregation of
cases in the Sharon and Haifa districts (Figure 2, panel
A). Ten cases were acquired inland, of which 6 were
caused by R. conorii ITTS and 3 the new Rickettsia variant. Those 3 cases were presumably acquired in more
mountainous areas of Israel. The R. conorii Malish strain
was acquired in the desert region near Beer-Sheba.
Nearly half (27/61, 44%) of SFGR cases occurred
during the 3 summer months, peaking in August. For
the other seasons, 24% were recorded in the fall, 24%
in spring, and 8% in winter.

Figure 1. Spotted fever group rickettsioses, Israel, 2010–2019. A) Serologic tests performed in the Israeli central laboratory for
rickettsiosis and number of positive cases per year. B) Autochthonous cases identified to the strain level. ISF, Israeli spotted fever; MSF,
Mediterranean spotted fever.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021
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Figure 2. Geography of spotted fever group rickettsioses, Israel, 2010–2019. A) Presumed areas of autochthonous infection acquisition
(n = 36 cases). B) Tick collection sites and tick species collected during 2014 by Rose et al. (31). ISF, Israeli spotted fever; MSF,
Mediterranean spotted fever. Source: Nations Online Project (https://www.nationsonline.org).

Patient Characteristics and Demographics

Median patient age was 50.5 years (interquartile
range [IQR] 26–66 years), 25/42 (60%) were male,
and 21/42 (50%) had >1 significant previous medical
conditions (diabetes mellitus and dyslipidemia were
the most prevalent, at 19% each) (Table 2). We found
no significant differences between the 4 groups of
rickettsial infections with regard to patient age, sex,
and previous medical conditions. Although a history
of tick exposure was rarely reported (2/42, 5% of patients, all in the ISF group), domestic animal exposure
was quite common (reported by 25/42, 60% of patients), most commonly to dogs (20/42, 48%) and cats
(5/42, 12%). Few patients reported exposure to cattle,
sheep, or rats.
Clinical Features

All patients were hospitalized except for 1 with ATBF,
who had mild disease (Table 3). The mean duration of
stay was 11.9 days, and median (IQR) was 5 (3–10)
days. Fever affected 41/42 (98%) patients. The mean
2120

number of days with fever until hospitalization was
5.2, and the median (IQR) was 5 (3–6) days; 98% of
patients were hospitalized by day 9 of fever onset.
For patients infected with the new Rickettsia variant,
the mean interval was significantly longer (13.6 ± 13.3
days, range 5–29 days; p = 0.002 when compared with
the other groups); 1 patient in this group had fever
of unknown origin for 29 days before hospitalization.
Skin involvement in SFGR patients—either rash
or eschar—was nearly universal (41/42, 98%). Systemic rash was documented for 37/42 (88%) of patients and absent for all 4 with ATBF, 1 with R. conorii
Malish strain infection. The prevalent rash type was
maculopapular (22/42, 53%), followed by macular
and petechial (6/42, 15%) and macular (4/42, 10%).
Involvement of palms and soles was common (30/38,
79%) for those with non-ATBF rickettsiosis. Purpura
fulminans was seen in 3 patients, all within the ISF
group (9% of patients in this group). Eschar was present on 12% patients with ISF, 100% with ATBF, 1 of
the 2 with R. conorii Malish infection, and 1 of the 3
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infected with the new Rickettsia variant. Except for 1
ISF patient who had 3 lesions, typically patients had
only 1 eschar, usually on the lower limbs, including
those in the ATBF group.
The time interval between fever onset and appearance of rash differed among the groups: for ISF
patients, the mean (range) was 3.2 (0–8) days, and
for patients infected with the new Rickettsia variant,
the mean and median were 15 days. Of the 2 patients
with R. conorii Malish strain infection, 1 had rash that
reportedly appeared 1 day before fever onset.
Systemic symptoms (e.g., myalgia and headache)
were common for all patients with non-ATBF Rickettsia infection, and meningoencephalitis was evident in
8/33 (24%) of patients with ISF. For ATBF patients,
rates of systemic symptoms were lower. Similarly,
about one third of patients with non-ATBF rickettsiosis but none with ATBF experienced severe disease
with shock, multiorgan failure, need for mechanical
ventilation, disseminated intravascular coagulation,
acute respiratory distress syndrome, and need for intensive care.
Mortality Rate and Related Risk Factors

Of the 42 patients, 10 (23.8%) died during their hospital stay, all within 20 days of admission (mean ± SD
[range] 6.3 ± 6.3 [1–20] days, median [IQR] was 3.5
[2.5–11] days). Mean age among those who died was
55 (14–95) years and among those who survived, 42.5

(1–83) years (p = 0.8). Mortality rate was remarkably
high for the ISF group, reaching 30%, although none
in the other 3 groups died. The only patient-related
risk factor significantly associated with death was alcohol abuse (hazard ratio [HR] 5.8, 95% CI 1.14–30.4).
Disease-related risk factors associated with death
were hemodynamic shock at admission (HR 10.7, 95%
CI 1.33–87.3), disseminated intravascular coagulation
(HR 4.7, 95% CI 1.19–18.6), and jaundice (HR 6.7, 95%
CI 1.4–32.2). All patients in our study received doxycycline during hospitalization; the mean ± SD (range)
interval from fever onset to doxycycline receipt was 6
± 4.3 (1–29) days. This interval did not differ between
groups of patients who survived (5.7 ± 4.8 days) or
died (6.9 ± 1.7 days) (p = 0.4).
Laboratory Data`

Except for ATBF, laboratory findings did not differ between the groups (Table 4). During the first
3 days of hospitalization, acute kidney injury was
common (>50%); other common findings included
hepatic injury accompanied with mild to moderate
jaundice, mild rhabdomyolysis, mild international
normalized ratio prolongation, thrombocytopenia,
and lymphocytopenia. Leukocytosis was more common than leukopenia, and C-reactive protein levels
were >100 mg/L (reference <5 mg/L). ATBF cases
were distinctly different and patients showed much
milder systemic reactions: no hepatocellular injury,

Table 2. Demographics and epidemiologic data for patients with spotted fever group rickettsiosis, according to rickettsial species,
Israel, 2010–2019*
R. conorii Israeli tick
R. conorii
New Rickettsia
Patient data
typhus strain
Malish strain
R. africae
variant
Total
p value
No. cases
33
2
4
3
42
Age, y, median (IQR)
48 (18–64)
38
55.5 (52.5–64)
66
50.5 (26–66)
NS
Sex
M
20 (61)
1 (50)
2 (50)
2 (67)
25 (60)
NS
F
13 (39)
1 (50)
2 (50)
1 (33)
17 (40)
NS
Any previous medical condition†
17 (51)
1 (50)
1 (25)
2 (66)
21 (50)
NS
Diabetes mellitus
6 (18)
1 (50)
0
1 (33)
8 (19)
NS
Dyslipidemia
7 (21)
0
0
1 (33)
8 (19)
NS
Hypertension
7 (21)
0
0
0
7 (17)
NS
Obesity
3 (9)
0
0
0
3 (7)
NS
COPD
1 (3)
0
1 (25)
1 (33)
3 (7)
NS
Chronic liver disease
1 (3)
1 (50)
0
0
2 (5)
NS
Alcohol abuse
3 (9)
0
0
0
3 (7)
NS
Psychiatric disorder/dementia
3 (9)
0
0
0
3 (7)
NS
Drug abuse
2 (6)
0
0
0
2 (5)
NS
Congestive heart failure
2 (6)
0
0
0
2 (5)
NS
Chronic renal failure
1 (3)
0
0
0
1 (2.5)
NS
Exposure history
Tick
2 (6)
0
0
0
2 (5)
NS
Animals, species
20 (60),
0
2 (50),1 dog, 1
3 (100),
25 (59)
NS
17 dogs, 4 cats, 2
African safari
2 dogs, 1 cat
rats, 2 sheep, 1 cow)
Recent overseas travel
1 (3), to Cyprus
1 (50), to India 4 (100), to Africa
0
6 (14)
<0.0001
*Values are no. (%) unless otherwise indicated. COPD, chronic obstructive pulmonary disease; IQR, interquartile range; NS, not significant (p>0.05).
†Includes all conditions described in the table except previous stroke, previous nonactive malignancy, atrial fibrillation, active malignancy, or
immunosuppression.
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Table 3. Clinical features of patients with spotted fever group rickettsiosis, according to rickettsial species, Israel, 2010–2019*
R. conorii Israeli
R. conorii
New Rickettsia
Patient data
tick typhus strain Malish strain
R. africae
variant
Total
p value
No. cases
33
2
4
3
42
Fever
32 (97)
2 (100)
4 (100)
3 (100)
41 (98)
NS
Fever to admission interval, d, mean
4.5
6.5
3.5
13.6
5.2
0.002†
(± SD, range)
(± 2.1, 0–8)
(± 3.5, 4–9)
(± 2.4, 1–6) (± 13.3, 5–29)
(± 4.3, 0–29)
Systemic rash
33 (100)
1 (50)
0
3 (100)
37 (88)
<0.0001‡
Rash type
Macular only
4 (12)
0
0
0
4 (10)
Maculopapular
19 (58)
1 (100)
0
2 (67)
22 (53)
Macular and petechial
5 (15)
0
0
1 (33)
6 (15)
Petechial only
2 (6)
0
0
0
2 (5)
Purpura fulminans
3 (9)
0
0
0
3 (7)
Palm and sole involvement
Yes
27 (82)
1 (100)
0
2 (67)
30 (73)
<0.0001‡
No
4 (12)
0
4 (100)
1 (33)
9 (22)
Unknown
2 (6)
0
0
0
2 (5)
Fever to rash interval, d, mean (± SD,
3.2
−1¶
NR
15
3.7
range)§
(± 2.2, 0–8)
(± 16.9, 3−27)#
(± 4.6, 0–27)
Eschar
4 (12)
1 (50)
4 (100)
1 (33)
10 (24)
0.011‡
>1 eschar
1 case (3
None
None
None
None
lesions)
Location
Lower limb
3
1
4
0
8
Upper limb
1
0
0
0
1
Neck
0
0
0
1
1
Other signs/symptoms
Lymphadenitis
2 (6)
1 (50)
1 (25)
1 (33)
5 (12)
NS
Lymphangitis
0
0
0
0
0
NS
Myalgia
13 (39)
2 (100)
1 (25)
2 (67)
18 (43)
NS
Arthralgia
5 (15)
0
0
1 (33)
6 (14)
NS
Cough
7 (21)
1 (50)
0
1 (33)
9 (21)
NS
Diarrhea
7 (21)
2 (100)
0
1 (33)
10 (24)
NS
Rigors
12 (36)
2 (100)
1 (25)
0
15 (36)
NS
Headache
14 (42)
2 (100)
1 (25)
1 (33)
18 (43)
NS
Photophobia
1 (3)
0
0
0
1 (2)
NS
Confusion
10 (30)
0
0
2 (67)
12 (28)
NS
Meningoencephalitis
8 (24)
0
0
0
8 (19)
NS
Fever of unknown origin
5 (15)
0
0
1 (33)
6 (14)
NS
ARDS
10 (30)
1 (50)
0
2 (67)
13 (31)
NS
DIC
10 (30)
1(50)
0
0
11 (26)
NS
Shock
13 (39)
2 (100)
0
1 (33)
16 (38)
NS
Hospitalization
33 (100)
2 (100)
3 (75)
3 (100)
41 (98)
NS
LOS, d, mean (± SD, range)
8.9
12
2.2
57.6
11.9
0.01†
(± 10.4, 1–47)
(± 2.8, 10–14) (± 2, 0–4)
(± 91, 5–163) ( 25.6, 0–163)
Intensive care admission
17 (52)
2 (100)
0
1 (33)
20 (48)
NS
Mechanical ventilation
13 (39)
2 (100)
0
1 (33)
16 (38)
NS
Death from rickettsiosis
10 (30)
0
0
0
10 (24)
NS**

*Values are no. (%) unless otherwise indicated. ARDS, acute respiratory distress syndrome; DIC, disseminated intravascular coagulation; LOS, length of
stay; NS, not significant.
†Between the new Rickettsia group and other spotted fever groups, using 1-way analysis of variance.
‡Between R. africae and the other 3 Rickettsia spotted fever groups, using Pearson χ2 tests.
§Data available for 36 patients: 1 had no fever (Israeli spotted fever), 1 had no rash (R. conorii Malish strain), and 4 had unknown date of rash
appearance (3 Israeli spotted fever strain and 1 the new species).
¶One R. conorii Malish patient had no rash and the other had rash before fever.
#For 1 patient, the date of rash appearance was not documented.
**p = 0.058 for R. conorii Israeli tick typhus strain compared with the other Rickettsia groups, using Pearson χ2 test.

jaundice, rhabdomyolysis, or thrombocytopenia; and
significantly lower C-reactive protein levels (mean 35
mg/L; p = 0.034) (Table 4).
New Rickettsia Variant

In 3 epidemiologically unrelated patients, we identified a new Rickettsia variant of the ISF clade. Partial
sequencing of the following conserved Rickettsia genes
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indicated that the isolates were 100% identical to each
other: gltA (GenBank accession no. MW366541), rOmpA
(MW366542), and sca4 (MW366543). Highest similarity
(92.2%–96.9% homology) was seen with R. conorii Astrakhan, R. slovaca, R. sibirica, and R. conorii ITTS. Phylogenetic analysis could not assign the new variant to any
existing strain, as previously described (27). The 3 cases were unrelated spatially or temporally (Appendix,
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https://wwwnc.cdc.gov/EID/article/27/8/20-3661App1.pdf).
Discussion
With this nationwide clinical and molecular study,
we provide molecular evidence that R. conorii ITTS is
the most commonly identified strain of SFG Rickettsia

among hospitalized patients in Israel. Although SFGR
is a reportable disease in Israel, it is underreported; of
the average of 81 cases diagnosed by serologic testing
each year according to the IIBR laboratory data, an average of 27 cases are reported to the Ministry of Health
each year (24) (Figure 1, panel A). Because we lack
clinical information for many of these cases, such as

Table 4. Laboratory features of 42 patients with spotted fever group rickettsiosis according to rickettsial species, during hospitalization
days 1–3, Israel, 2010–2019*
R. conorii
Israeli tick
R. conorii
New Rickettsia
Feature†
typhus strain
Malish strain
R. africae
variant
Total
p value
No. cases
33
2
4
3
42
Acute kidney injury (creatinine >1.3
20/32 (62.5)
0/2
1/4 (25)
1/3 (33)
22/41 (54)
NS‡
mg/dL), no. (%)
Creatinine, mg/dL, mean (range)
1.8 (0.13–6.25) 0.83 (0.7–0.9) 0.96 (0.6–1.3) 1.6 (1.17–2.4) 1.6 (0.1–6.25)
NS§
Hepatocellular injury pattern
AST or ALT >2 ULN, no. (%)
24/33 (73)
2/2 (100)
0/4 (100)
2/3 (67)
28/42 (67)
0.02‡
AST, IU/L, mean (range)
855 (42–8,895) 249 (270–228)
27 (23–31)
83 (60–107)
728 (23–8,895)
NS§
ALT, IU/L, mean (range)
334 (12–2,881) 94 (109–80)
26 (25–29)
88 (40–164)
22/41 (54)
NS§
Cholestatic injury pattern
Alkaline phosphatase
16/32 (48)
2/2 (100)
1/4 (25)
2/3 (67)
21/41 (51)
NS‡
or GGT >2 ULN, no. (%)
Alkaline phosphatase, IU/L,
196 (32–1,056) 109 (67–152)
64 (63–65)
265 (60–416) 190 (32–1,056)
NS§
mean (range)
GGT, IU/L, mean (range)
156 (15–1,026) 150 (129–171) 73 (21–125)
507
154 (15–1,026)
NS§
Jaundice, bilirubin >1.3 mg/dL, no. (%)
14/33 (42)
1/2 (50)
0/3
0/3
15/41 (36)
NS‡
Bilirubin, mg/dL, mean (range)
1.77 (0.29–10)
2.6 (1.3–4)
0.4 (0.3–0.5)
0.93 (0.6–1.3) 1.46 (0.29–10)
NS§
C-reactive protein >5 mg/L, no. (%)
30/30 (100)
1/1 (100)
4/4 (100)
3/3 (100)
38/38 (100)
NS‡
C-reactive protein, mg/L, (range)
207 (17–460)
102
35 (17–61)
223 (131–273)
187 (17–410) 0.034§
Rhabdomyolysis, creatine kinase
17/30 (52)
1/2 (50)
0/2
0/3
18/37 (49)
NS‡
>ULN, no. (%)
Creatine kinase, IU/L (range)
1,345
271
92
79
1,119
NS§
(81–8,900)
(128–414)
(71–113)
(57–102)
(57–8,900)
Complete blood count
Leukocytosis, >10,000
15/33 (45)
0/2
0/4
1/3 (33)
16/42 (38)
NS‡
leukocytes/L, no. (%)
Leukopenia, <4,000
6/33 (18)
1/2 (50)
0/4
1/3 (33)
8/42 (19)
NS‡
leukocytes/L, no. (%)
4.5 (4–5.2)
10.2 (3.9–17.1) 13.1 (2.5–43.3)
NS§
Leukocytes,  103/L, mean (range) 14.2 (2.5–43.3) 4.5 (2.6, 6.4)
30/33 (91)
2/2 (100)
4/4 (100)
3/3 (100)
36/42 (93)
NS‡
Lymphocytopenia, ALC <1,500/L,
no. (%)
0.9 (0.2–6.9)
0.35 (0.3–0.4) 1.26 (1.2–1.3)
1.1 (0.6–2.3)
0.9 (0.2–6.9)
NS§
ALC,  103/L, mean (range)
Thrombocytopenia, platelets <150K
29/32 (88)
2/2 (100)
0/4
3/3 (100)
34/41 (83)
0.001‡
cells/L, no. (%)
84
36
238
64
82
0.001§
Platelets,  103/L, mean (range)
(15–271)
(26–46)
(164–316)
(37–101)
(15–271)
Coagulopathy, INR >1.2, no. (%)
16/33 (48)
1/2 (50)
0/2
0/3
17/40 (42)
NS‡
INR, mean (range)
1.38
1.5
0.96
1.09
1.36 (0.9–3)
NS§
(0.9–3)
(1.1–1.9)
(0.93–1)
(1.04–1.16)
Molecular diagnosis source, no. (%)
Skin biopsy sample/eschar
19 (58)
1 (50)
4 (100)
3 (100)
27 (64)
Blood
16 (48)
2 (100)
0
1 (33)
19 (45)
CSF
1 (3)
0
0
0
1 (2)
Other organs
2 (6)¶
0
0
0
2 (5)
Serologic diagnosis, no. (%) samples
32 (97)
2 (100)
1 (25)
1 (33)
36 (86)
Positive
5 (16)
0
0
0
5 (14)
Borderline
2 (6)
0
0
1 (33)
3 (8)
Negative
25 (78)
2 (100)
1 (25)
0
28 (78)
*ALC, absolute lymphocyte count; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CSF, cerebrospinal fluid; GGT, gamma glutamyl
transpeptidase; INR, international normalized ratio; NS, not significant; ULN, within upper limit of normal range.
†Highest or lowest levels reached within the time frame are reported.
‡By Pearson χ2 test.
§By 1-way analysis of variance, conducted on day-of-admission data.
¶One from liver biopsy sample and 1 from enlarged lymph node.
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severity of illness and hospitalization, we can only
partially infer the role of this strain in causing SFGR
among hospitalized and ambulatory patients. Although R. conorii ITTS was suspected as the causative agent of SFGR in Israel, this suspicion has been
supported only by very limited data: rare case reports of fatal human cases (9,15) and a few studies of
ticks (25,32).
Testing for spotted fever by serology and recently
by PCR increased during 2017–2019 compared with
the preceding 3 years. This rise probably represents
increased clinical suspicion of SFGR and a true increase in disease activity. Despite missing molecular
data for ambulatory patients with mild cases of SFGR,
we believe that during the past 3 years, R. conorii ITTS
has led a silent outbreak of SFGR in Israel. Similarly,
an unprecedented 46% increase in SFGR was reported during 2016–2017 by the US Centers for Disease
Control and Prevention from states where SFGR is
known to be endemic (33). US authorities were faced
with the dilemma of whether this increased incidence
should be ascribed to a true increase, increased testing, or inappropriate use of a single serologic test
instead of paired tests, reflecting past infection in a
disease-endemic area.
We report the epidemiologic features of SFGR patients, although comparison between R. conorii ITTS
with the other groups was limited because of small
numbers. In Israel, SFGR affects mainly young adults
and has a mild predilection for men. SFGR has been
endemic to the Sharon and Haifa Districts since the
1990s (34); in our study, these 2 districts accounted for
44% (16/36) of all autochthonous cases. These results
are similar to those reported in 2014 by Rose et al.,
who also investigated the association between geographic data and SFGR-positive ticks. Areas with SFG
Rickettsia–infected ticks were associated with browntype soil, higher land surface temperatures, and higher precipitation (31). We observed a wide geographic
distribution of human ISF cases with aggregation in
northern Israel.
Although R. conorii ITTS seems to be the main
Rickettsia causing clinical disease in Israel, why this
strain is rarely found in ticks collected from Israel
(25,35) and other countries (7,36,37) remains unclear.
Studies from Israel have found Rickettsia massiliae to be
more prevalent (≈10 fold) than R. conorii ITTS among
questing ticks and ticks feeding on animals (31,35,38).
This discrepancy could be explained by underreporting of R. massiliae infection in humans with mild or
subclinical disease. Most patients in our study were
hospitalized with severe disease and may represent
a reporting bias of R. conorii ITTS, which causes more
2124

severe disease. Patients with milder illness, potentially caused by other rickettsiae, may not be hospitalized, and illness may resolve undiagnosed, without
the need for molecular studies.
Rose et al. (31) collected Rhipicephalus sanguineus and Rh. turanicus ticks from geographic locations similar to the presumed areas of the clinical autochthonous cases in our study (Figure 2, panel B).
However, R. conorii ITTS was found only rarely (1.8%)
and strictly in Rh. sanguineus ticks. Hence, the role
of Rh. turanicus ticks as possible vectors of R. conorii ITTS and R. massiliae as a cause of rickettsiosis in
humans should be further explored. Although clearly
reported as a cause of SFGR, R. massiliae is still rarely
isolated from human patients (39). Deleterious effects
of R. conorii on Rh. sanguineus tick fitness, resulting in
infected ticks not surviving the winter, may explain
its low prevalence among ticks in nature (40,41).
The new Rickettsia variant was found in the eastern and more mountainous parts of the country: the
Golan Heights, the Galilee region, and the West Bank
of the Palestinian Authority. This distribution may
suggest a geographic niche for either this new Rickettsia or its vector and should be further explored in
studies of tick collections from these mountainous
areas. The single case of R. conorii Malish strain infection acquired locally in this study was in a 50-year-old
man from the desert area, who had a necrotic eschar
in the thigh and severe systemic disease.
Most cases were reported during the summer and
peaked in August. This finding is consistent with previous reports (12) and may be attributed to increased
activity of the vectors and to the aggressiveness and
host indiscrimination of Rh. sanguineus ticks when exposed to higher temperatures (42).
Patients rarely remembered seeing or being bitten by ticks (only 2 remembered); however, exposure to animals was common (25/42, 59% of cases),
mainly to dogs (20/25, 80%), the principal hosts of
Rh. sanguineus ticks (the main reservoir of R. conorii).
This finding implies that exposure to domestic pets is
more relevant than exposure to ticks.
The clinical and laboratory features for patients
in our case series were typical of SFGR, although eschar, which is considered rare in patients with ISF,
was seen in 12% of patients, 1 of whom had 3 lesions.
ISF caused purpura fulminans in 9% and meningoencephalitis in 24%. About half of ISF patients experienced multiorgan involvement that included kidney
and liver injury, jaundice, rhabdomyolysis/myositis,
and coagulopathy. Severe disease requiring intensive care was strikingly common (52%), and 30% of
ISF patients died in hospital. The high mortality rate,
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previously reported for ISF infection (10), contrasted
with lower rates from historical reports from Israel
during the 1990s. This discrepancy may result from
reporting bias with increased awareness in recent
years, as well as improved laboratory capabilities.
An additional possibility is an outbreak of a more
virulent strain, such as R. conorii ITTS. Risk factors
for death included only alcohol abuse, as previously
described (12). Admission-to-treatment (doxycycline)
interval was not significant.
The small number of cases in this investigation
makes drawing conclusions or comparisons difficult;
however, the new Rickettsia variant may lead to prolonged fever before care seeking and may resemble
tickborne lymphadenopathy usually related to Rickettsia slovaca or Rickettsia raoultii (11). Patients with ATBF
had a distinct clinical syndrome of a milder clinical
disease; for 25%, systemic symptoms were limited to
fever, myalgia, and headache with no systemic rash.
In conclusion, we report a nationwide case series
of hospitalized patients with molecularly diagnosed
SFGR over a decade in Israel, of which R. conorii ITTS
was the principal cause of severe disease, multiorgan
failure, and high mortality rates. We also describe a
new Rickettsia variant, which may be associated with
unique epidemiologic and clinical features. This study
suggests that a broader range of species causes SFGR
in Israel and that this possibility should be explored
in larger, prospective studies, especially in light of the
potential candidates found in ticks.
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Spatial, Ecologic, and Clinical
Epidemiology of CommunityOnset, Ceftriaxone-Resistant
Enterobacteriaceae,
Cook County, Illinois, USA
Vanessa Sardá, William E. Trick, Huiyuan Zhang, David N. Schwartz

We performed a spatial and mixed ecologic study of community-onset Enterobacteriaceae isolates collected from
a public healthcare system in Cook County, Illinois, USA.
Individual-level data were collected from the electronic
medical record and census tract–level data from the US
Census Bureau. Associations between individual- and
population-level characteristics and presence of ceftriaxone resistance were determined by logistic regression
analysis. Spatial analysis confirmed nonrandom distribution of ceftriaxone resistance across census tracts, which
was associated with higher percentages of Hispanic,
foreign-born, and uninsured residents. Individual-level
analysis showed that ceftriaxone resistance was associated with male sex, an age range of 35–85 years, race or
ethnicity other than non-Hispanic Black, inpatient encounter, and percentage of foreign-born residents in the census tract of isolate provenance. Our findings suggest that
the likelihood of community-onset ceftriaxone resistance
in Enterobacteriaceae is influenced by geographic and
population-level variables. The development of effective
mitigation strategies might depend on better accounting
for these factors.

T

he continuous rise of infections secondary to extended-spectrum beta-lactamase (ESBL)–producing Enterobacteriaceae in the United States is a complex
public health problem and considered a serious threat
by the Centers for Disease Control and Prevention (1).
Recently, the incidence of infections caused by ESBL
producers in the United States was noted to have increased by 53.3% during 2019–2017, driven largely
by a surge in community-onset cases (2). Globally,
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(V. Sardá, W.E. Trick, H. Zhang, D.N. Schwartz); Rush Medical
College, Chicago (V. Sardá, W.E. Trick, D.N. Schwartz)
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a similar trend has been described, and developing
countries bear a disproportionate burden of infections secondary to these drug-resistant pathogens (3–
5). The steady increases in rates of infections caused
by ESBL-producing Escherichia coli and Klebsiella pneumoniae persist despite antimicrobial stewardship and
infection control efforts (6,7).
Initially confined to the healthcare environment,
infections caused by ESBL-producing Enterobacteriaceae among patients without previous healthcare exposure have been described since the mid-2000s (8,9).
This epidemiologic shift has been largely attributed
to the emergence of the CTX-M–producing E. coli sequence type (ST) 131 clone, which expanded rapidly
throughout the United States and remains the most
prevalent ESBL-producing E. coli clone in the community (10). In addition to higher virulence and transmissibility of the E. coli ST131 clone, its therapeutic
management is particularly challenging because of its
associated resistance to commonly used oral antimicrobial drugs such as quinolones and trimethoprim/
sulfamethoxazole (6,10).
From an epidemiologic standpoint, multiple
transmission pathways for community-onset ESBLproducing Enterobacteriaceae have been proposed.
Potential sources of acquisition outside of healthcare
environments include gastrointestinal colonization
after international travel (11,12) and transmission
among household members (7,13). In addition, ESBL-producing Enterobacteriaceae have been isolated
from foodstuffs (14,15), livestock (14), and waterways
(16,17), all of which have been posited as potential
sources for human colonization and subsequent infection. A better understanding of the epidemiology of community-onset infections caused by ESBLproducing bacteria across geographic areas can help

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2127

RESEARCH

identify areas with higher disease burden and suggest pathways of transmission and mitigation strategies that are potentially unique to each region. Spatial
and ecologic analyses help to address the influence of
geography and population-level variables on disease
distribution in a given region.
We conducted an epidemiologic analysis of the
distribution of community-onset, ceftriaxone-resistant (CTX-R) Enterobacteriaceae from a single healthcare system in Cook County, Illinois, USA. We hypothesized that population-level characteristics are
contributing factors for the presence of CTX-R Enterobacteriaceae in a geographic area and at the individual level.
Methods
Cook County Health (CCH) is a large safety-net healthcare system in Chicago and suburban Cook County,
Illinois. It consists of a 450-bed teaching hospital near
downtown Chicago, a small community hospital in
the South Side of Chicago, a small hospital and clinic for the treatment of detainees in the Cook County
jail, and 13 community clinics distributed throughout
Cook County. In 2018, CCH cared for 205,322 persons,
most of whom self-identified as non-Hispanic Black
(49.1%) or Hispanic (32.7%). Through electronic queries, we identified all culture isolates of the commonest Enterobacteriaceae species collected at CCH: E. coli,
K. pneumoniae, Enterobacter cloacae, Proteus mirabilis,
Enterobacter aerogenes, and Klebsiella oxytoca collected
from Cook County residents during January 1, 2016–
December 31, 2018. We determined antimicrobial susceptibilities by using the MicroScan Gram-negative
panel (Beckman Coulter, https://www.beckmancoulter.com) and interpreted results by using Clinical and
Laboratory Standards Institute breakpoints (18). We
obtained antimicrobial susceptibilities retrospectively
and did not retain any isolates for further analysis. We
excluded isolates collected from persons <18 years of
age, surveillance isolates, isolates with intermediate
susceptibility to ceftriaxone or intermediate susceptibility or resistance to carbapenems, and duplicate isolates (defined as isolates from the same persons, of the
same species, and collected within 30 days). To select
for community-onset isolates, we included only isolates collected in the ambulatory clinic or emergency
department (ED) setting and those collected during
the first 2 days of hospitalization.
Demographic characteristics, collected from the
electronic medical record (EMR), were patient sex
and age and self-identified race and ethnicity, categorized as non-Hispanic Black, non-Hispanic White,
Hispanic, or other. We classified encounter types as
2128

outpatient (ambulatory clinic), ED, or inpatient. Census-tract variables for Cook County were obtained
from the 2017 US Census Bureau American Community Survey 5-year estimates (19). We extracted
census tract data on race and ethnicity, immigration
status (US-born or foreign-born), deprivation (households below poverty level and uninsured status), and
overcrowding (>1.5 occupants per room).
Spatial Analysis

Cook County, which includes the city of Chicago,
contains 1,319 land census tracts and has an estimated population of 5,149,580 residents (19). We used
ArcGIS version 10.4.1 (ESRI, https://www.esri.com)
to geocode isolates to their census tract of provenance
by using residential addresses available in the EMR.
We calculated and mapped the percentage of CTX-R
isolates in each census tract (i.e., the number of CTX-R
isolates divided by the number of all isolates multiplied by 100). To minimize imprecision of CTX-R percentages in census tracts with low number of isolates,
we excluded from the spatial analysis census tracts
that had <3 isolates collected during the study period.
We used spatial autocorrelation analysis (Moran I) to
identify whether Enterobacteriaceae CTX-R percentages were distributed at random or clustered in census
tracts across Cook County. Similarly, we conducted
spatial autocorrelation analysis on CTX-R percentage
distribution of E. coli isolates alone.
Ecologic Analysis

After excluding census tracts with <3 isolates, we categorized the remaining census tracts on the basis of
the presence or absence of a CTX-R isolate. We evaluated the relationship between each population-level
variable and the presence of >1 CTX-R isolates in a
census tract by using bivariate logistic regression,
summarized by odds ratios (ORs) and corresponding
95% CIs. We conducted a similar analysis for E. coli
isolates alone.
Individual Risk Analysis

We categorized individual Enterobacteriaceae isolates
on the basis of the identification of ceftriaxone resistance in the susceptibility panel. We included all isolates in the analysis of individual risk. The variables
of interest were the individual demographic variables collected from the EMR and the type of clinical encounter. In addition, we included an ecologic
variable, the percentage of foreign-born population
in the census tract of residency. We evaluated the relationship between each variable and identification
of ceftriaxone resistance in an individual isolate by
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using bivariate logistic regression, summarized by
ORs and corresponding 95% CIs. We conducted all
statistical analyses by using Stata version 14.2 (StataCorp, https://www.stata.com).
Results
We collected 12,892 Enterobacteriaceae isolates at CCH
during the study period, 10,891 of which met the inclusion criteria and were included in the dataset. We
summarized the demographic and clinical characteristics of the patients from whom Enterobacteriaceae isolates were collected (Table 1). Most isolates were collected from women (7,853 [72.1%]), were from urine
specimens (9,315 [85.5%]), were collected in ambulatory clinics (5,889 [54.1%]), or were identified as E. coli
(7,977 [73.2%]). A total of 1,035 (9.5%) Enterobacteriaceae (817 [10.2%] E. coli isolates) were resistant to ceftriaxone. We observed no notable trends in ceftriaxone
resistance across study years.
In the 1,319 land census tracts in Cook County,
we collected Enterobacteriaceae isolates from residents
of 1,131 (85.8%) and E. coli alone from residents of
1,085 (82.3%). The mean number of such isolates per
census tract was 9.6 (SD + 9.28, range 1–92), and the
mean number of E. coli isolates obtained per census
tract was 7.4 (SD + 7.16, range 1–62). We plotted choropleth maps depicting the geographic distribution of
all Enterobacteriaceae isolates and E. coli isolates alone
(Figure 1). Among census tracts from which >1 isolate was obtained, CTX-R Enterobacteriaceae isolates
were identified in 500 (44.2%), and most CTX-R isolates (561 [54.2%]) came from only 125 (11%) census
tracts. In the case of CTX-R E. coli isolates, 424 (39.1%)
of the 1,085 census tracts had a CTX-R E. coli isolate
reported during the study period, and only 93 (8.6%)
census tracts accounted for 406 (49.7%) of all CTX-R
E. coli isolates.
A total of 886 census tracts had >3 Enterobacteriaceae isolates collected during the study period and
were included in the spatial and ecologic analyses.
The mean CTX-R percentage among these census
tracts was 8.7%. Autocorrelation analysis (Moran I)
indicated that CTX-R percentages among all isolates
were not distributed randomly across Cook County
census tracts (index 0.02, p<0.01). A total of 776 census tracts had >3 E. coli isolates collected during the
study period and were included in the spatial and
ecologic analysis of E. coli isolates. The average CTXR percentage of E. coli isolates among census tracts
was 9.6%. Autocorrelation analysis (Moran I) of CTXR percentages among E. coli isolates also found a nonrandom distribution among census tracts (index 0.03,
p<0.01). We mapped the geographic distribution of

CTX-R percentages for all Enterobacteriaceae and for E.
coli isolates alone (Figure 2).
We identified census tract–level characteristics
reported in the 2017 American Community Survey
of residents of the 886 census tracts that accounted
for >3 Enterobacteriaceae isolates and compared census tracts with ceftriaxone resistance (461 [52.1%] of
census tracts, mean 15.5 isolates/census tract) and
without (425 [47.9%] of census tracts, mean 8.03 isolates/census tract). Bivariate analysis found that the
presence of CTX-R isolates was negatively associated
with census-tract percentages of non-Hispanic White
and non-Hispanic Black populations, and positively
associated with census-tract percentages of Hispanic,
foreign-born, and uninsured residents. We observed
no statistical associations between the outcome and
percentages of households with incomes below the
federal poverty level or with overcrowding (Table
2). Census tract-level characteristics were moderately
correlated (r = −0.78 to 0.69).
Among the 776 census tracts with >3 E. coli isolates, 395 (50.9%) had no CTX-R isolates and 381
Table 1. Demographic and clinical characteristics of patients
from whom selected Enterobacteriaceae isolates were collected,
Cook County Health healthcare system, Illinois, USA, 2016–2018
Characteristic
No. isolates (%)
Total no. isolates
10,891 (100)
Sex
F
7,853 (72.1)
M
3,038 (27.9)
Age group, y
18–34
2,011 (18.6)
35–51
3,109 (28.5)
52–68
4,092 (37.5)
69–85
1,471 (13.5)
>85
208 (1.9)
Race and ethnicity
Non-Hispanic White
997 (9.2)
Non-Hispanic Black
4,394 (40.4)
Hispanic
4,898 (44.9)
Other
602 (5.5)
Encounter type
Outpatient
5,889 (54.1)
Emergency department
2,890 (26.5)
Inpatient
2,112 (19.4)
Organism
Escherichia coli
7,977 (73.2)
Klebsiella pneumoniae
1,367 (12.6)
Proteus mirabilis
811 (7.5)
Enterobacter cloacae
376 (3.4)
Klebsiella oxytoca
197 (1.8)
Enterobacter aerogenes
163 (1.5)
Specimen type
Urine
9,315 (85.5)
Wound
981 (9.0)
Blood
384 (3.6)
Other
211 (1.9)
Ceftriaxone susceptibility
Susceptible
9,856 (90.5)
Resistant
1,035 (9.5)
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(49.1%) had >1 resistant E. coli isolate collected during
the study period, with an average CTX-R percentage
of 19.4%. Bivariate analysis showed a negative association between presence of CTX-R E. coli isolates in
census tracts and percentage of non-Hispanic Black
population. Conversely, the odds of ceftriaxone resistance in an E.coli isolates was positively associated
with the percentage of Hispanic, foreign-born, and
uninsured residents and with residential overcrowding (Table 3).
All 10,891 Enterobacteriaceae isolates (1,035 [9.5%]
of which were CTX-R) were included in the individual risk analysis of patients from whom CTX-R and
CTX-susceptible Enterobacteriaceae were recovered
(Table 4). In the bivariate logistic regression analysis,
male sex, an age range of 35–85 years, race and ethnicity other than non-Hispanic Black, and inpatient
encounter were found to be associated with a higher
likelihood of ceftriaxone resistance in a clinical isolate.
Similarly, higher odds for the outcome were associated with the percentage of foreign-born residents in
the census tract of isolate provenance.
Discussion
Our study has 4 main findings. First, compared with
patients from whom CTX-susceptible community-

onset Enterobacteriaceae isolates were collected, patients with CTX-R isolates more often were male,
were 35–85 years of age, had self-identified race and
ethnicity other than non-Hispanic Black, were hospitalized rather than discharged from the ED or seen in
clinic, and resided in Cook County census tracts with
higher proportions of foreign-born residents. Second,
most patients with CTX-R isolates resided in a relatively small number of census tracts, with only 11% of
Enterobacteriaceae isolate–generating census tracts accounting for 54.2% of CTX-R isolates and 93 (8.6%) of
E. coli isolate–generating census tracts accounting for
49.7% of all CTX-R E. coli isolates. Third, spatial analysis supported the nonrandom distribution of Cook
County census tracts generating higher proportions
of ceftriaxone resistance among Enterobacteriaceae and
E. coli isolates. Fourth, the population-level characteristics of census tracts from which isolates of CTX-R
Enterobacteriaceae and E. coli were obtained differed
from residents of census tracts yielding susceptible
isolates exclusively, with the percentage of Hispanic
residents, foreign-born, and uninsured population
being positively associated with the presence of CTXR isolates on analysis in both cohorts.
Similar to our findings, spatial studies conducted abroad of drug-resistant Enterobacteriaceae have

Figure 1. Number of Enterobacteriaceae (A) and Escherichia coli (B) isolates collected from patients in the Cook County Health
healthcare system, by Cook County census tract, Illinois, USA, 2016–2018.
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Figure 2. Percentage of ceftriaxone-resistant Enterobacteriaceae (A) and Escherichia coli (B) isolates collected from patients in the
Cook County Health healthcare system, by Cook County census tract, Illinois, USA, 2016–2018.

shown nonrandom spatial distribution of antimicrobial-resistant Enterobacteriaceae in large urban areas. A
study from São Paulo, Brazil (20), identified hotspot
clusters of ciprofloxacin-resistant E.coli isolates that
were associated with population-level ciprofloxacin
usage. A study from Japan (21) also showed clustering of levofloxacin-resistant E. coli isolates in the
western part of the country, also associated with population-level quinolone usage. In Chicago, residence
in the northwest and southern region of Chicago (and
adjacent suburbs) was independently associated with
increased likelihood of infection by CTX-M-9 Enterobacteriaceae isolates in children (22).
Our individual-level analysis showing that ceftriaxone resistance was associated with increasing age
and male sex is consistent with data reported elsewhere (8,23) and might reflect unmeasured associated underlying conditions, especially those involving
the genitourinary tract (8,24) and antibiotic exposures
(8,25–27). Unmeasured underlying conditions and associated antibiotic exposure could also account for the
strong association between ceftriaxone resistance and
the need for hospitalization, although the increased
virulence observed in circulating ESBL-producing
clones (28) could account for this finding.

The associations between self-reported Hispanic ethnicity and CTX-R Enterobacteriaceae and E.
coli identified in the individual-level analysis and
ecologic analyses merit further scrutiny. First, the
correlation of Hispanic ethnicity and foreign-born
status at a population level (r = 0.69) suggests that
these 2 communities are highly interrelated; indeed,
≈45.6% of foreign-born persons in Cook County are
noted to have emigrated from Latin America (19).
Therefore, patients who self-identified as Hispanics also might have been foreign-born and might
have become colonized by resistant organisms
before emigration from or during travel to Latin
American countries, some of which have reported
Table 2. Population-level risk factors for ceftriaxone-resistant
Enterobacteriaceae identified in Cook County census tracts,
Illinois, USA, 2016–2018
Bivariate analysis
Odds ratio (95%
Risk factor
CI)
p value
Non-Hispanic White population
0.98 (0.98–0.99)
<0.01
Non-Hispanic Black population
0.99 (0.99–0.99)
<0.01
Hispanic population
1.02 (1.01–1.02)
<0.01
Foreign-born population
1.02 (1.01–1.03)
<0.01
Households below poverty
1.00 (0.99–1.39)
0.35
Overcrowding
1.16 (0.97–1.39)
0.10
Uninsured population
1.07 (1.05–1.10)
<0.01
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Table 3. Population-level risk factors for ceftriaxone-resistant
Escherichia coli identified in Cook County census tracts, Illinois,
USA, 2016–2018
Bivariate analysis
Odds ratio (95%
Risk factor
CI)
p value
Non-Hispanic White population
0.99 (0.99–1.00)
0.44
Non-Hispanic Black population
0.98 (0.98–0.99)
<0.01
Hispanic population
1.03 (1.02–1.03)
<0.01
Foreign-born population
1.04 (1.03–1.05)
<0.01
Households below poverty
0.99 (0.98–1.00)
0.24
Overcrowding
1.25 (1.04–1.53)
0.02
Uninsured population
1.08 (1.06–1.11)
<0.01

high prevalence of ESBL-producing Enterobacteriaceae (5,29,30). This same pathway could explain
the similar association between the proportion of
foreign-born population in a census tract and likelihood of ceftriaxone-resistance in the ecologic and
individual-level analyses. In addition, a sizable
proportion of non–US-born Cook County residents
emigrated from countries in Asia (27.3%) and fewer
emigrated from Africa (3.2%) (19), continents with
variable but often high prevalence of drug-resistant
Enterobacteriaceae (3,4) (We did not include other
racial and ethnic population-level characteristics in
our individual-level analysis because of multicollinearity with individual-level race and ethnicity).
Second, Hispanics residing in the United States
have been reported to use antibiotics without prescription more frequently than other racial and
ethnic groups (31). Third, we cannot discount that
proximity of Hispanic communities, foreign-born

communities, or both to environmental sources, such
as contaminated waterways, might be an important
added risk factor for colonization or infection by
drug-resistant Enterobacteriaceae in these areas.
Although in our ecologic analysis the percentage
of households beneath the poverty line was not significantly different between census tracts from which
CTX-R Enterobacteriaceae or E. coli isolates were and
were not generated, observed associations between
the percentage of uninsured residents and the presence in census tracts of CTX-R isolates suggest that
census tract-level deprivation might predispose to
antimicrobial-resistant infections. In the analysis limited to E. coli isolates, overcrowding percentages were
also associated with antimicrobial-resistant infections,
suggesting possible household-level transmission. A
recently published study by Otter et al. from London
(27) identified associations between community-level
variables, individual-level variables, and likelihood
of ESBL rectal colonization among patients admitted
to the hospital. In their analysis, only recent overseas
travel, recent antimicrobial use, and community-level
overcrowding rates were associated with ESBL rectal
carriage, whereas individual- and community-level
race, ethnicity, and immigration characteristics were
not. The paucity of spatial and ecologic studies of antimicrobial-resistant Enterobacteriaceae in the United
States makes it difficult to establish whether our results are representative of the urban epidemiology of
these organisms in the country. Although not directly

Table 4. Individual and population-level risk factors for ceftriaxone-resistant Enterobacteriaceae in patients, Cook County Health
healthcare system, Illinois, USA, 2016–2018*
No. (%) isolates
Bivariate analysis
Characteristic
All
Ceftriaxone-susceptible Ceftriaxone-resistant
OR (95% CI) p value
Total no. isolates
10,891 (100)
9,856 (90.5)
1,035 (9.5)
Sex
F
7,853 (72.1)
7,215 (66.2)
638 (5.9)
Referent
M
3,038 (27.9)
2,641 (24.2)
397 (3.7)
1.7 (1.5–1.9)
<0.01
Age group, y
18–34
2,011 (18.6)
1,895 (17.4)
116 (1.2)
Referent
35–51
3,109 (28.5)
2,846 (26.1)
263 (2.4)
1.5 (1.2–1.9)
<0.01
52–68
4,092 (37.5)
3,667 (33.7)
425 (3.8)
1.9 (1.5–2.3)
<0.01
69–85
1,471 (13.5)
1,259 (11.6)
212 (1.9)
2.8 (2.2–3.5)
<0.01
>85
208 (1.9)
189 (90.9)
19 (9.1)
1.6 (0.9–2.7)
0.05
Race and ethnicity
Non-Hispanic White
997 (9.2)
902 (8.3)
95 (0.9)
1.6 (1.2–2.0)
<0.01
Non-Hispanic Black
4,394 (40.4)
4,120 (37.8)
274 (2.6)
Referent
Hispanic
4,898 (44.9)
4,324 (39.7)
574 (5.2)
1.9 (1.7–2.3)
<0.01
Other†
602 (5.5)
510 (4.7)
92 (0.8)
2.7 (2.1–3.5
<0.01
Encounter type
Outpatient
5,889 (54.1)
5,419 (49.8)
470 (4.3)
Referent
Emergency department
2,890 (26.5)
2,655 (24.4)
235 (2.1)
1.0 (0.9–1.2)
0.80
Inpatient
2,112 (19.4)
1,782 (16.4)
330 (3.0)
2.1 (1.8–2.5)
<0.01
Mean % foreign-born population (SD)‡
21.5 (17.0)
21.04 (17.0)
25.8 (16.2)
1.0 (1.0–1.1)
<0.01
*Values are no. (%) except as indicated. OR, odds ratio.
†Other refers to isolates from participants who identified as non-Hispanic and reported race as Asian (3% of all isolates), American Indian/Alaska Native
(0.4%), multiple races (0.1%), or unknown race (0.8%)
‡Based on data from 2017 American Community Survey 5-year estimates (19).
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comparable because of a difference in outcomes, the
discrepancy of our findings and those reported by
Otter et al. (27) suggest that the effect of populationlevel variables might remain distinct in different geographic areas.
Our findings are limited by the fact that our isolates were obtained in a single healthcare system.
As a safety-net healthcare system, CCH is likely to
be subject to geographic bias already because our
patients do not come equitably from all census
tracts in Cook County. The paucity of isolates from
Cook County communities that do not obtain services from our healthcare system limits the generalizability of our findings regionally. We were unable
to gather data regarding risk factors for healthcareassociated infections (such as recent hospitalization) and recent antimicrobial use, both important
limitations. In addition, the relatively small sample
size and high correlation between population-level
factors made meaningful multivariable analysis infeasible. We were unable to perform genomic analysis of CTX-R organisms, which would have enabled
us to evaluate the relatedness of isolates and make
stronger inferences about whether spatial clustering was related to a point source or interpersonal
transmission. Finally, the limited number of clinical and population-level variables included in the
individual risk analysis prevents definite conclusions regarding individual risk for CTX-R infection
among our patients. Indeed, concurrent assessment
of other well-known individual risk factors, such as
recent travel or antimicrobial use, could alter the
effect size of ecologic variables. Nevertheless, our
findings corroborate previous investigations that
have identified important community-level variation in CTX-R infection risk in association with geographic (20–22), demographic (7,23–25), and population-level variables (27). Developing effective
mitigation strategies, such as focusing antimicrobial stewardship efforts on affected areas, including residence as a risk factor in treatment-decision
algorithms, or identifying and eradicating local environmental sources of drug-resistant pathogens,
could well depend on improved understanding of
these dynamics.
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We assessed the associations of social distancing and
mask use with symptomatic, laboratory-confirmed severe
acute respiratory syndrome coronavirus 2 infection in Porto Alegre, Brazil. We conducted a population-based casecontrol study during April–June 2020. Municipal authorities
furnished case-patients, and controls were taken from
representative household surveys. In adjusted logistic regression analyses of 271 case-patients and 1,396 controls,
those reporting moderate to greatest adherence to social
distancing had 59% (odds ratio [OR] 0.41, 95% CI 0.24–
0.70) to 75% (OR 0.25, 95% CI 0.15–0.42) lower odds of
infection. Lesser out-of-household exposure (vs. going out
every day all day) reduced odds from 52% (OR 0.48, 95%
CI 0.29–0.77) to 75% (OR 0.25, 95% CI 0.18–0.36). Mask
use reduced odds of infection by 87% (OR 0.13, 95% CI
0.04–0.36). In conclusion, social distancing and mask use
while outside the house provided major protection against
symptomatic infection.

T

he coronavirus disease (COVID-19) pandemic has
spread worldwide (1). The rapid transmission
of the causative agent, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has produced a
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high death toll, threatening health systems and creating huge challenges for governments and societies.
Until advances in the development and distribution of vaccines or treatments reduce the risk for
COVID-19 complications to levels permitting nearnormal day-to-day functioning, societies continue to
require simple public health approaches to control
pandemic spread, including mask use and social distancing. Several cohort studies in hospital settings
have shown benefits of both interventions (2). However, in community settings, where these approaches
have the greatest potential to limit viral spread and
halt the pandemic, documented support for their use
comes mostly from ecologic studies and, indirectly,
from findings related to previous pandemics of other
coronaviruses. Only a few studies (3), including a retrospective case-control study of asymptomatic contacts (4), a randomized trial (5), and a study at sea (6),
have evaluated their effectiveness against community
transmission of SARS-CoV-2 on the basis of individual-level exposure and outcome measurements. Their
relevance remains embroiled in controversy. To help
close this gap, we evaluated the association of mask
use and social distancing with incident, symptomatic,
laboratory-confirmed SARS-CoV-2 infection in a population-based case-control study.
Methods
We conducted a population-based, case-control
study in Porto Alegre, the capital of Rio Grande do
Sul State, Brazil, which has an estimated population of 1,483,771 (7). The ethics committee of the
Hospital de Clínicas de Porto Alegre approved our
study (approval no. 31499420.5.0000.5327), and the
Brazilian National Ethics Committee (approval no.
30415520.2.0000.5313) approved the accompanying

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2135

RESEARCH

seroprevalence surveys. All participants gave prior
informed consent, in written form by the controls and
verbally for case-patients.
On March 19, 2020, state officials mandated school
and nonessential business closure and travel restrictions and ordered citizens to stay at home unless going to essential services (8). On May 8, 2020, Porto
Alegre’s mayor issued a series of orders and recommendations for mask use. These mandates, with only
slight alterations, remained in force in Porto Alegre
throughout the period of this study. However, social
distancing and mask use were not universally adopted; prominent leaders questioned their necessity and
supported widely publicized gatherings, frequently
without mask use.
We obtained case-patients from the Municipal
Health Department, given that notification of COVID-19 cases is mandatory. The list consisted of all
persons (excluding healthcare professionals) who
tested positive for SARS-CoV-2 by reverse transcription PCR or antibody testing through June 19, 2020,
in Porto Alegre. With rare exceptions, case-patients
were receiving medical care, because testing during
this period was limited and available only for symptomatic persons. Cases were identified in hospitals
and primary care settings. We then contacted persons
>18 years of age whose date of symptom onset was on
or after April 28, 2020. Before deeming a case-patient
nonrespondent, we attempted >10 calls on different
days at different hours, as well as attempting contact
through short message service, WhatsApp, other social media, and physical mail. We excluded persons
working in healthcare settings because our focus was
community transmission. We also excluded deceased
persons and persons who resided outside the municipality. When the case-patient could not be interviewed, we obtained responses from a proxy (i.e., a
close contact, either a family member or caretaker).
Controls were the seronegative persons in 3 representative community surveys of SARS-CoV-2 antibody prevalence in Porto Alegre conducted during
May 9–11, May 23–25, and June 26–28, 2020 (9,10).
For the surveys, 50 of Porto Alegre’s census tracts
were selected with probability proportional to size.
Within each, during each survey, 10 households were
selected systematically; if no one was home or residents refused participation, we used the neighboring
residence. A resident of each home was then selected
at random for interview.
Controls underwent a brief interview, including
questions on social distancing, mask use, and sociodemographics. Seropositivity was determined by a
point-of-care rapid antibody test (L.C. Pellanda et al.,
2136

unpub. data, https://www.medrxiv.org/content/10
.1101/2020.05.06.20093476v1). For case-patients, we
conducted telephone interviews by using the same
questions applied in the surveys.
Trained interviewers queried case-patients and
controls using standardized questionnaires: “Regarding the social distancing recommended by health authorities, that is, staying at home and avoiding contact
with other people, how much do you think you have
managed to do?” Reply choices were 1, very little; 2,
little; 3, some; 4, a great deal; and 5, practically isolated from everyone.
In response to “What has been your routine of
activities?” participants opted among the following
choices: 1, go out every day, all day, to work or other
regular activity; 2, go out every day for some activity; 3, go out from time to time to shop and stretch
my legs; 4, go out only for essential things like buying
food; and 5, stay at home all the time. We created and
categorized a social distancing score by summing responses to each of these questions when taken as an
ordinal scale.
All case-patients were asked about mask use, but
controls were asked about mask use only during the
last seroprevalence survey. In response to “Do you
use a mask when you leave home?” case-patients
opted between yes and no and controls among yes,
sometimes, and no. For modeling, we merged the replies yes and sometimes. For case-patients and controls, we defined income as mean head-of-household
monthly income on the respondent’s census tract.
We calculated sample size by using an α of 0.05
and 80% power: to detect an odds ratio of 2 would require 93 case-patients and 372 controls. We described
continuous variables by mean (SD) or median (interquartile range) and categorical variables by frequency
(percentage). When information on household size
was missing, we used the mean household size of
the respondent’s census tract. Participants with other
missing values were excluded from analyses. We investigated associations of social distancing and mask
use through prespecified logistic regression analyses. We defined the pandemic moment as the date of
symptom onset for case-patients and as 10 days before the date of interview for controls. We performed
all analyses by using the statistical software package
R version 4.0.2 (11).
Results
Of all initial case-patients, after excluding deceased
persons and those who were not part of the target
population, 813 case-patients were eligible for contact
(Figure 1). We established contact with 467 (57.4%)
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Figure 1. Flowchart of COVID-19 case-patient and controls, Porto Alegre, Brazil, April–June 2020. COVID-19, coronavirus disease.

and found an additional 184 ineligible. Of the remaining 283 persons, 12 refused participation or provided
incomplete social distancing information, leaving
271 case-patients. We interviewed 237 (87.5%) directly and 34 (12.5%) by proxy. If the proportion of
actual eligible case-patients among the 813 initially
eligible persons was the same as among those contacted (283/467), the 271 cases represent a response
rate of 55.0% among those actually eligible. Comparison of the Municipal Health Department case data
showed that case-patients in the final sample differed
little from those not included in terms of sex (43.9%
[95% CI 37.9%–50.0%] men among those included
vs. 48.3% [95% CI 44.7%–58.6%] men among those
excluded) and age (46.0 [95% CI 44.0–48.0] years for
those included vs. 48.0 [95% CI 46.2–49.8] years for
those excluded).
For controls, of 3,065 households approached,
1,177 (38.4%) were vacant or without residents at
home, residents refused in 388 (12.7%) households,
and 4 seropositive persons were excluded; a total of
1,496 (48.8%) potential controls were contacted (12).
An additional 70 were <18 years old and data on race
were missing for 30, leaving 1,396 (45.5%) for analyses. Comparison of controls in the final sample with
the 30 persons for whom data were missing demonstrated they were also similar in sex (38.5% [95% CI

35.9%–41.0%] men for final controls vs. 36.7% [95% CI
21.9%–54.5%] men for those with data missing) and
age (49.7 [95% CI 48.8–50.6] for final controls vs. 52.3
[95% CI 44.1–60.5] years for those with data missing).
Our controls were more frequently women and
were somewhat older than the average of the adult
population of Porto Alegre (Table 1) (13). Case-patients, compared to controls, were more frequently
men, Black, and younger; had a lower level of education; and lived in larger households (Table 2). Casepatients were less likely to adhere to social distancing. In the variable summarizing social distancing,
Table 1. Comparison of sociodemographic characteristics
between control subjects and the population of Porto Alegre,
Brazil, in study of face masks, social distancing, and transmission
of severe acute respiratory syndrome coronavirus 2, April–
June 2020
Characteristic
Porto Alegre, %
Controls, %
Sex
M
47.8
38.5
F
52.2
61.5
Age group, y
18–29
20.2
15.5
30–39
18.4
17.9
40–49
15.8
16.1
50–59
18.8
17.6
>60
26.8
33.0
Race
White
75.3
75.4
Nonwhite
24.7
24.6
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case-patients more frequently practiced least (16.2%
vs. 7.2% for controls) or little (26.6% vs. 15.5% for controls) social distancing. Mask use was commonly reported. After we excluded those reporting staying at
home all the time, only 5 (1.2%) controls and 14 (7.1%)
case-patients reported not using masks when out.
We compared the temporal distribution of symptom onset of case-patients and the 3 interview periods
for controls (Figure 2). On average, symptom onset in
case-patients was slightly less than a week before the
interview date of controls (Table 2).
In crude analyses (Table 3, model 1), moderate or
high adherence to social distancing and being practically isolated from everyone all reduced risk for infection. Multiple adjustments (models 2 and 3) produced
little change. In model 3, those with moderate adherence to social distancing were 72% (OR 0.28, 95% CI

0.16–0.49) and those with high adherence 75% (OR
0.25, 95% CI 0.15–0.42) less likely to become infected.
Persons who reported they were practically isolated
from everyone were 59% (OR 0.41, 95% CI 0.24–0.70)
less likely to become infected. When we excluded
proxy interviews (model 4), the association of being
practically isolated from everyone became stronger
(OR 0.34, 95% CI 0.20–0.60).
In similar models (Table 3), lesser activity of any
degree reduced the odds of infection compared to
leaving home daily for the whole day. Relatively
little confounding was present, and in models adjusted for all covariates, going out for some activities every day reduced odds by 74% (OR 0.26, 95%
CI 0.13–0.49), going out from time to time reduced
odds by 61% (OR 0.39, 95% CI 0.24–0.61), and going
out just for essential activities reduced odds by 75%

Table 2. Sociodemographic and social distancing data of case-patients and controls, Porto Alegre, Brazil, April–June 2020*
Characteristic
Case-patients, n = 271
Controls, n = 1,396
Sex
M
119 (43.9)
537 (38.5)
F
152 (56.1)
859 (61.5)
Mean age, y, SD
46.0 17.2
49.7 17.5
Education
University
98 (36.2)
722 (51.7)
High school complete
88 (32.5)
388 (27.8)
High school incomplete
85 (31.4)
286 (20.5)
Race
White
197 (72.7)
1053 (75.4)
Mixed race
35 (12.9)
182 (13.0)
Black
36 (13.3)
149 (10.7)
Other
3 (1.1)
12 (0.9)
Household size SD
2.9 1.2†
2.5 1.4
Monthly income, Brazilian real, head of household‡
1,575 (IQR 965–3,365)
2,205 (IQR 1,089–3,390)
Epidemiologic week SD
21.9 1.6
21.0 2.9
Adherence to social distancing
Very little
32 (11.8)
56 (4.0)
Little
32 (11.8)
81 (5.8)
Moderate—some
43 (15.9)
260 (18.6)
High—a great deal
88 (32.5)
651 (46.6)
Practically isolated from everybody
76 (28.0)
348 (24.9)
Daily routine
Go out every day, all day, to work or other regular activity
118 (43.5)
251 (18.0)
Go out every day for some activity
12 (4.4)
102 (7.3)
Go out from time to time to shop and stretch my legs
30 (11.1)
192 (13.8)
Go out only for essential things like buying food
74 (27.3)
696 (49.9)
Stay at home all the time
37 (13.7)
155 (11.1)
Social distancing score SD
6.2 2.5
7.1 2.0
Social distancing
Least
44 (16.2)
100 (7.2)
Little
72 (26.6)
216 (15.5)
Much
98 (36.2)
729 (52.2)
Most
57 (21.0)
351 (25.1)
Mask use§
No
14 (7.1)
5 (1.2)
Sometimes
NA
10 (2.4)
Always
184 (92.9)
405 (96.4)

*Values are no. (%) except as indicated. IQR, interquartile range; NA, not applicable.
†Excluding 4 case-patients living in nursing homes.
‡Median of mean head-of-household income of respondent´s census tract.
§Including only cases with pandemic moment equivalent to that of the last seroprevalence survey and excluding case-patients and controls reporting to
stay at home all the time.
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Figure 2. Number of case-patients
(n = 271) by date of coronavirus
disease symptom onset in study
of face masks, social distancing,
and transmission of severe acute
respiratory syndrome coronavirus
2, Porto Alegre, Brazil, April–June
2020. Green bars indicate dates of
interviews of controls (n = 1,396):
May 9–11, May 23–25, and June
26–28.

(OR 0.25, 95% CI 0.18–0.36). After we excluded proxy
interviews (model 4), staying home all the time also
provided a major reduction in odds (OR 0.25, 95%
CI 0.13–0.44).
When these 2 measures were joined in a categorical summary measure of social distancing (Table 3),
practicing much distancing reduced the adjusted
odds of becoming infected by 67% (OR 0.33, 95%
CI 0.22–0.52) and most distancing reduced odds by
62% (OR 0.38, 95% CI 0.23–0.62), in comparison to
least distancing. After excluding proxy interviews,
the association became graded; odds were 73% lower
(OR 0.27, 95% CI 0.16–0.46) among persons who practiced the most social distancing.
Because information on mask use was only obtained during the third seroprevalence survey, we
compared use for the 464 controls in this survey
with 229 case-patients of a similar pandemic moment
(symptom onset <10 days before the second survey).
Considering all those with mask data during this
period, crude analyses demonstrated that mask use
reduced odds of infection by 88% (OR 0.12, 95% CI
0.04–0.30), and after adjustments, including the summary distancing score (Table 4, model 3), by 90%
(OR 0.10, 95% CI 0.03–0.25). No interaction was seen
between mask use and social distancing (OR 0.96,
95% CI 0.60–1.58). The association was similar in the
restricted sample, which removed those who reported staying home all the time (87%; OR 0.13, 95% CI
0.04–0.36) and, in addition, when proxy respondents

were removed (88%; OR 0.12, 95% CI 0.04–0.35). In
a sensitivity analysis in which “sometimes” mask
use was joined with “no” rather than with “always,”
mask use reduced odds of infection (model 3) by 64%
(OR 0.36, 95% CI 0.17–0.74).
Finally, when we adjusted social distancing associations for mask use in an analysis limited to controls
from the third survey and cases of similar pandemic
moment, we found little change in associations with
social distancing. There was 50% (OR 0.51, 95% CI
0.27–0.93) lesser risk for infection with little social distancing, 67% (OR 0.33, 95% CI 0.19–0.60) with much
social distancing, and 59% (OR 0.41, 95% CI 0.21–0.80)
with the most social distancing.
Discussion
In this population-based case-control study of COVID-19 conducted during a period of low-level to midlevel viral transmission in a major city in Brazil, mask
use and adherence to social distancing resulted in
major protection against symptomatic SARS-CoV-2
infection. Even after adjusting for various risk factors,
adults who reported moderate or greater adherence
to distancing recommendations reduced their odds
of infection by one half to two thirds, and those who
reported using masks when out reduced their risk by
87%. Because we excluded persons in healthcare settings, our findings directly address the use of these
measures for protection against COVID-19 in the general community.
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Table 3. Association of social distancing with severe acute respiratory syndrome coronavirus 2 infection, Porto Alegre, Brazil, April–
June 2020
Odds ratio (95% CI)
Characteristic, n = 1,667
Model 1*
Model 2†
Model 3‡
Model 4§
Social distancing: How much have you
managed to do?¶
Little
0.69 (0.38–1.26)
0.72 (0.39–1.32)
0.65 (0.35–1.21)
0.65 (0.34–1.22)
Moderate (Some)
0.29 (0.17–0.50)
0.30 (0.17–0.52)
0.28 (0.16–0.49)
0.30 (0.17–0.53)
High (A great deal)
0.24 (0.15–0.39)
0.28 (0.17–0.47)
0.25 (0.15–0.42)
0.26 (0.16–0.44)
Practically isolated from everyone
0.38 (0.23–0.63)
0.44 (0.26–0.75)
0.41 (0.24–0.70)
0.34 (0.20–0.60)
What has been your routine of activities?#
Go out every day for some activity
0.25 (0.13–0.46)
0.27 (0.14–0.50)
0.26 (0.13–0.49)
0.25 (0.12–0.48)
Go out from time to time for some activity
0.33 (0.21–0.51)
0.38 (0.24–0.59)
0.39 (0.24–0.61)
0.38 (0.23–0.60)
Go out just for essential activities
0.23 (0.16–0.31)
0.24 (0.17–0.34)
0.25 (0.18–0.36)
0.25 (0.18–0.35)
Stay at home all the time
0.51 (0.33–0.77)
0.51 (0.31–0.80)
0.48 (0.29–0.77)
0.25 (0.13–0.44)
Social distancing summary classification**
Little
0.76 (0.49–1.19)
0.80 (0.51–1.26)
0.73 (0.46–1.16)
0.75 (0.47–1.20)
Much
0.31 (0.20–0.46)
0.35 (0.23–0.54)
0.33 (0.22–0.52)
0.33 (0.22–0.52)
Most
0.37 (0.24–0.58)
0.40 (0.25–0.65)
0.38 (0.23–0.62)
0.27 (0.16–0.46)
*Crude model.
†Model 1 with addition of sex, age, educational attainment, race, and income.
‡Model 2 with addition of household size and pandemic moment.
§Model 3 but excluding case-patients for whom a proxy provided the interview.
¶Reference category: very little.
#Reference category: go out every day, all day, to work or other regular activity.
**Reference category: least.

Evidence supporting the use of nonpharmacologic public health measures to slow viral spread of
SARS-CoV-2 in communities has come mainly from
ecologic studies documenting large inverse associations between greater use of these measures and
viral spread (14–17). Evidence based on individual-level analyses, which come almost exclusively
from studies of severe acute respiratory syndrome
(SARS) and Middle East respiratory syndrome or
from investigations in hospitals, have findings
similar to ours: that risk approximately doubled
with each additional meter of proximity to known
infected persons, and that mask use reduced risk
for transmission by 85% (OR 0.15, 95% CI 0.07–0.34)
(2). Similar, although weaker, protection in a SARSCoV-2 outbreak in a specific setting (the USS Roosevelt aircraft carrier) was found with greater use of
face coverings (OR 0.30, 95% CI 0.17–0.52), avoidance of common areas (OR 0.56, 95% CI 0.37–0.86),
and increased distance from others (OR 0.52, 95%
CI 0.34–0.79) (6).
Very few individual-level studies have been
reported on the effect of these measures on community transmission of SARS-CoV-2 (18). A casecontrol study of asymptomatic contacts in Thailand
documented a risk reduction of 77% with mask use
and 85% with distancing greater than 1 meter (4),
and a study from Wuhan, China, showed mask use
at home during the lockdown provided protection
(19). An additional report ascertained that greater
mask use reduced risk for predicted COVID-19 by
63% (S. Kwon et al., unpub. data, https://www.
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medrxiv.org/content/10.1101/2020.11.11.2022950
0v1). Finally, a cross-sectional study from Vermont,
USA, with only 10 cases showed some protection in
crude analyses (20).
A randomized trial in Denmark (5) that suggested lower, nonsignificant protection (OR 0.82,
95% CI 0.54–1.23) of mask use, although based on
a potentially stronger design, had major methodologic problems (21,22). First, mask use was limited;
only 46% reported full adherence. Second, 84% of
outcomes were detected by antibody testing, leading an editorial accompanying the publication (21)
to note that, given the extremely low incidence of
cases, “all of the antibody-positive results in both intervention and control groups could have been false
positives.” When the study analyzed the subset of
healthcare-diagnosed cases (15 participants), masks
provided a greater, though not statistically significant, protection (OR 0.52, 95% CI 0.18–1.53). Third,
the trial’s short study periods (1 month), coupled
with low antibody test sensitivity in early disease
(30% <7 days and 72% during days 8–14) (23), could
have resulted in the inclusion during the initial 2
weeks of case-patients who had contacted the disease before trial initiation. Similarly, during the final
2 weeks of the study period, some infections could
have been missed by antibody testing, also not being
detected by home-based reverse transcription PCR
of uncertain sensitivity at close-out. Finally, because
the intervention did not include face mask use by
other household members, some cases could have
resulted from home exposure, limiting the applica-
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tions of the trial to current community settings, in
which a greater fraction of other household members would also be using masks when out.
Our study provides estimates for easily interpretable measures—percentage effectiveness of social
distancing and masking in protecting against infection—in the general community, the setting of greatest relevance for controlling the pandemic. The study
occurred during a period of low to moderate transmission. Rio Grande do Sul State seroprevalence data
suggest that ≈0.5% of the population became infected
and 57 (3.8/100,000 population) COVID-19 deaths
occurred in Porto Alegre during our ≈2-month study
period (24).
The first potential limitation of our study was
that response rates for case-patients (55.0%) and
controls (45.5%) were low, and differential nonparticipation could introduce selection bias. Whereas
not being available to participate could be associated
with less social distancing, additional factors could
explain the low response. Among case-patients,
the frequent address changes identified when contact was achieved suggest that many case-patients
on the initial list were ineligible because they were
nonresidents who had furnished a false address to
gain access to care. In addition, telemarketing and
telephone scams lead many to ignore calls from unknown numbers. Of note, however, if these persons
did not respond because they were away from their
landline telephones, their inclusion would have resulted in even stronger associations. Among controls, refusal to participate was uncommon (12.7%);
vacant residences were the main cause of nonresponse. Although interviews occurred on weekends,
the limited attempts made to locate absent residents
could have resulted in enrollment of controls who
were more likely to practice social distancing. If so,
this factor could have resulted in an overreport of
the true effect. However, other reasons could explain the high vacancy rate, such as residents visiting vacation homes or relatives; residents, especially
in apartments or other housing with restricted access, not responding to strangers; and residences
being temporarily vacant. Our adjustment for age,

sex, and other covariates could have at least partially
controlled for these differential responses.
Second, some exposure misclassification was possible, because questions about mask use and social
distancing were unvalidated and limited in detail,
having been taken from the community serology survey providing the controls. As such, we were unable
to address differences in protection when indoors,
outdoors, or indoors in specific settings.
Third, full adjustment for pandemic moment in
analyses of mask use was not possible, because controls with data on mask use were all interviewed in
a period shortly after case-patients began experiencing symptoms. However, given that this period was
short and followed mandated mask use, a temporal
trend in mask use would probably have been small
and thus have had little effect on our estimates.
Fourth, controls could include persons who had
received a misdiagnosis of false-negative. However,
given low seroprevalence and our test’s 86.4% sensitivity and 99.6% specificity (L.C. Pellanda, unpub.
data), we estimate that misdiagnosis would likely
have occurred in only 1 control.
Fifth, as the serology survey did not include occupation, we could not exclude healthcare workers
among controls. Because healthcare workers would
likely adhere to greater social distancing and mask
use, their inclusion among controls could have falsely
strengthened our findings. However, only ≈5% of the
workforce in Brazil are healthcare workers (25), so we
do not believe that their inclusion produced an appreciable error. In addition, errors because of lack of
control for unmeasured confounding (e.g., from other
occupational or residual socioeconomic differences or
from recent travel) are always possible.
Sixth, a specific finding—lesser protection of those
who reported being practically isolated from everyone and those who reported staying at home all the
time (Table 3, model 3)—could weaken confidence in
our social distancing results. However, as suggested
by the additional analysis removing proxy responses
(model 4), the lack of a graded dose-response in the
model 3 associations could have been because of the
greater risk level of case-patients who reported they

Table 4. Association of mask use with severe acute respiratory syndrome coronavirus 2 infection, Porto Alegre, Brazil, April–June 2020
Odds ratio (95% CI)
Sample
Model 1*
Model 2†
Model 3‡
All, n = 693
0.12 (0.04–0.30)
0.10 (0.03–0.25)
0.10 (0.03–0.25)
Restricted sample, n = 618§
0.16 (0.05–0.42)
0.12 (0.04–0.35)
0.13 (0.04–0.36)
Restricted sample, proxies removed, n = 609¶
0.16 (0.05–0.44)
0.12 (0.03–0.34)
0.12 (0.04–0.35)

*Crude model.
†Model 1 with addition of sex, age, educational attainment, race, income, and household size.
‡Model 2 with addition of social distancing score.
§Excluding those who stated that they stay at home all the time.
¶Excluding proxy responses.
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were isolated but actually resided in assisted living.
Finally, application of our findings to settings
with circulating virus variants or to persons who
have received vaccination can only be speculated.
In the case of circulating variants, risk for infection
among those distancing and using masks will probably be greater, but risk among those not distancing
or not using masks will also be greater. In the case
of vaccination, however, risk for infection would be
lower for all. We know of no a priori reason, however,
to presume that the relative protection of distancing
and mask use in these settings would be either lesser
or greater than we report.
The primary strength of our report is that, as
a population-based study, it avoids the risk for selection bias typical of less representative designs.
It is sufficiently large to permit precise confidence
intervals for our estimates of the benefit of protective measures. Furthermore, because our cases
were detected at a time when testing was limited to
symptomatic persons seeking care, the protection
we found was against becoming a clinically relevant
case. Finally, and perhaps most vital, our findings
are based on individual-level analyses and thus permit estimation of percent reduction of risk, a direct
and simple way to communicate the magnitude of
individual protection afforded by these simple public health measures.
Given the hurdles faced in vaccine production,
distribution, and acceptance, and the increasing
emergence of virus variants, mass vaccination is unlikely to suffice to control the pandemic in the near
future in many parts of the world. During this period
and continuing into the future phase of maintaining
viral control, simple public health measures, principally social distancing and mask use, will remain crucial options to minimize viral spread.
In conclusion, we found that social distancing and
mask use while away from home provided major protection against symptomatic SARS-CoV-2 infection.
Our easily grasped and generalizable estimates of
protection against transmission lend support to previous, frequently less direct, assessments. Our findings support the contention that greater use of simple
public health measures in the community provides
major protection against symptomatic infection.
This article was preprinted at https://papers.ssrn.com/
sol3/papers.cfm?abstract_id=3731445.
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Costs and Outcomes of Integrated
Human African Trypanosomiasis
Surveillance System Using
Rapid Diagnostic Tests,
Democratic Republic of the Congo
Rian Snijders, Alain Fukinsia, Yves Claeys, Epco Hasker, Alain Mpanya,
Erick Miaka, Filip Meheus, Marleen Boelaert1

We integrated sleeping sickness case detection into the
primary healthcare system in 2 health districts in the
Democratic Republic of the Congo. We replaced a less
field-friendly serologic test with a rapid diagnostic test,
which was followed up by human African trypanosomiasis
microscopic testing, and used a mixed costing methodology to estimate costs from a healthcare provider perspective. We screened a total of 18,225 persons and identified
27 new cases. Average financial cost (i.e., actual expenditures) was US $6.70/person screened and $4,464/case
diagnosed and treated. Average economic cost (i.e., value of resources foregone that could have been used for
other purposes) was $9.40/person screened and $6,138/
case diagnosed and treated. Our study shows that integrating sleeping sickness surveillance into the primary
healthcare system is feasible and highlights challenges in
completing the diagnostic referral process and developing a context-adapted diagnostic algorithm for the largescale implementation of this strategy in a sustainable and
low-cost manner.

S

leeping sickness, or human African trypanosomiasis (HAT), is a neglected tropical disease that
has killed thousands of persons in sub-Saharan Africa
since the beginning of the 20th century. This disease is
caused by Trypanosoma brucei gambiense and T. brucei
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rhodesiense parasites. This article focuses on T. brucei
gambiense infections, which account for >98% of all
HAT cases (1). After intense control efforts during the
colonial period, the disease subsided but reemerged
in the 1970s and peaked in the 1990s, when >30,000
new cases were reported annually in 1997 and 1998.
By the end of the 20th century, increased HAT control
efforts reversed the epidemic trend (2). This success
persuaded the World Health Organization (WHO) to
target HAT for elimination as a public health problem
by 2020 and to eliminate transmission by 2030 (3). In
2018, only 977 new HAT cases were reported globally,
>75% of which occurred in the Democratic Republic
of the Congo (DRC) (2,4).
HAT control activities consist of case detection
and management complemented with vector control.
Case detection can be done actively through outreach
campaigns or passively by screening self-reporting
cases in medical facilities. The passive approach accounted for >50% of the cases detected in DRC in 2017.
With the declining prevalence, and therefore a higher
cost of outreach activities on a per-case-found basis,
passive screening might figure more prominently in
future strategies for HAT elimination (4,5). Moreover,
the past has shown that inadequate HAT surveillance
can lead to reemerging epidemics, further underscoring the need for sustained epidemiologic surveillance
and case detection in the general health system (6,7).
Historically, passive detection of HAT in DRC
was conducted mainly at designated centers for HAT
diagnosis, treatment, and control because of the complexity of diagnostic procedures. Clinical diagnosis of
HAT is difficult because of its nonspecific symptoms
in the early stages, and HAT needs to be confirmed
1

Deceased.
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because of the complex and toxic treatment regimens
currently available. First, a relatively easy and cheap
serologic screening test is performed, which, if positive, is followed by microscopic testing to confirm the
presence of the parasite in the lymph fluid or blood.
Then, a lumbar puncture is necessary to determine if
the disease has advanced to the neurologic stage, given that, until 2019, the treatment regimen was different
for cases in the hematolymphatic stage (stage 1) versus
those in the meningoencephalitic stage (stage 2) (1,8,9).
Mitashi et al. (5) listed the preconditions for the integration of vertical disease control services as follows:
a functional health system, versatile health workers, a
minimum level of disease prevalence to maintain technical skills; decision-making powers for the health system combined with technical guidance by the disease
program, and mutual benefits for the healthcare system and the disease program (5,10–12). This article examined 1 additional criterion, appropriate technology.
In the past, the main serologic test used for trypanosomiasis was the card agglutination test, which
requires a rotator and a cold chain and is only available in 50 test dose vials with a limited shelf life once
opened (1 week in a refrigerator or up to 8 hours at
room temperature). The need for electric power combined with the high wastage given the low daily use,
limits the usefulness of this test in first-line health services. In addition, microscopic examination to visualize the parasite requires specific laboratory skills and
equipment (5,13). Recently, 2 rapid diagnostic tests
(RDTs) for HAT became commercially available: the
SD-Bioline HAT test (Abbot, https://www.globalpointofcare.abbott) and the HAT Sero-K-Set (Coris
BioConcept, https://www.corisbio.com). These individual thermostable tests do not require equipment
or cold storage and could improve the integration of
case detection in the primary healthcare system (14).
A study in Uganda demonstrated that RDTs would
allow HAT screening to be integrated into the routine activities of health facilities (15,16). A comparison
of HAT serologic tests showed that RDTs could be a
cost-effective alternative to the card agglutination test
in passive detection of trypanosomiasis at health facility level (17). Our study aimed to evaluate the results and costs of a HAT surveillance system that was
based on RDTs, integrated into primary care facilities,
and managed at the health district level.
Methods
Research Setting

Every province in the DRC is divided into health districts that consist of a network of health facilities that

each serve a well-defined area of the district (11). The
study took place in the HAT-endemic health districts
of Mosango and Yasa Bonga in the former Bandundu
Province in DRC. Both health districts together consist of 38 health areas, have a combined population of
369,393, and represent an area of 6,160 km2 (Yasa Bonga, 235,696 population and an area of 2,810 km2; Mosango, 133,697 population and an area of 3,350 km2)
(18,19). During 2000–2012, a total of 45% of all HAT
cases in DRC were reported in Bandundu Province,
and during this period, the highest annual incidence
reported in both health districts was 40 cases/10,000
population (20).
Integrating HAT Case Detection and Management

During the preintervention phase, investments were
made to strengthen the infrastructure, equipment,
and staff skills before integrating HAT screening
because the districts did not meet several integration requirements highlighted by Mitashi et al. (5).
In addition, research showed that a poorly regulated
fee-for-health services payment system could lead to
unpredictable health costs for patients, which reduces
access to quality healthcare (9). Therefore, a flat-rate
payment system was introduced to improve financial
access to healthcare in both districts.
Before 2015, only 5 facilities in the study area
were able to perform serologic and parasitologic
tests. The intervention planned for serologic screening in >1 health facility per health area and the ability to perform HAT microscopic testing nearby. The
facilities were chosen on the basis of HAT incidence
during 2013–2015 and population density (Figure 1).
The intervention started with training staff and
reinforcing HAT management skills at the health district level. The health district management teams and
the experts from the national sleeping sickness control program (Programme National de Lutte contre la
Trypanosomiase Humaine Africaine en République
Démocratique Du Congo) oversaw training, management, and supply.
The screening algorithm indicated that all patients with a negative malaria test or persistent fever
after a malaria treatment or >1 signs or symptoms
suggestive of HAT (e.g., lymphadenopathy, headache, pruritus, musculoskeletal pain, hepatomegaly,
splenomegaly, sleep disorder, and neuropsychiatric
symptoms) were to be screened with a HAT RDT
(11,20). HAT microscopic testing was to be conducted
for all patients with a positive HAT RDT, either onsite or at the nearest facility with microscopic testing
capacity (Figure 2). The microscopic testing consisted
of a lymph gland puncture to examine the fluid for
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By the end of 2016, integrated HAT surveillance
was operational. HAT screening with RDTs was
available in 48 facilities, and microscopic diagnostic
testing was available in 11 facilities (Table 1) (25).
Data Collection and Analysis

We collected data during January 1, 2017–December
31, 2018. Data were based on operational and financial reports, field visits, and discussions with experts.
Number of Persons Screened, Diagnosed, and Treated

The primary indicator for measuring the output
of both health districts was the number of persons
screened for HAT and cases identified and treated.
Of the 1,092 monthly reports expected during the
study period from all participating health facilities,
91 reports (8%) were not retrieved. Most of the missing reports coincided with periods when HAT RDTs
were out of stock. Therefore, we assumed that no
HAT screening activities took place during the unreported months.
Because integrating disease control services requires a functional healthcare system, we tracked
the utilization rate for the health district by using the
number of curative consultations annually per total
population. The DRC’s national guidelines state that
in a well-functioning health district, this rate should
be >0.5 consultations/capita (26).
Financial and Economic Costs
Figure 1. Health facilities performing HAT surveillance and the
average human African trypanosomiasis incidence (cases/10,000
population), Democratic Republic of the Congo, 2013–2015. Inset
shows location of the country in Africa. Map generated by using
QGIS 3.10.1 (4). HAT, human African trypanosomiasis; RDT, rapid
diagnostic test.

parasites if swollen glands were present, followed by
the more sensitive mini anion exchange centrifugation test if no such glands were present or if the result
of the lymph gland puncture was negative. Patients
were considered to have a confirmed HAT case when
trypanosomes were observed. The cerebrospinal fluid
of patients was to be examined with a lumbar puncture because of the stage-specific treatment available
at the time of the study, followed by treatment according to WHO and national guidelines (21–24). Stage 1
consisted of outpatient treatment with pentamidine
at a health facility close to the patient’s home. Stage
2 consisted of inpatient treatment in a health facility
qualified to administer nifurtimox/eflornithine combination therapy.
2146

We estimated economic and financial costs from the
health provider’s perspective. Financial costs represent the actual expenditure, whereas economic costs
estimate the value of resources foregone that could
have been used for other purposes. Costs incurred by
households, research costs, and costs of activities during the preintervention phase were not included.
We recorded all costs in the currency they were
incurred and converted to US dollars (USD) based on
the average exchange rate during the study period
(Euro to USD, 1.15; Congolese Franc to USD, 0.00067).
The costs exclude the DRC’s 16% value-added tax,
from which the national program and donors are exempt (27). Transport and importation costs for goods
that needed to be imported into DRC were estimated
at 10% of the procurement cost on the basis of the average shipment costs between Belgium and DRC during the study period.
We used bottom-up microcosting to assess the
cost of HAT tests and equipment. For capital equipment provided for HAT microscopic testing, we
annualized the purchase or replacement value on
the basis of the expected useful life of items and
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Figure 2. Diagnostic algorithm
applied after a negative malaria
test, persistent fever after
malaria treatment, or symptoms
suggestive of human African
trypanosomiasis, Democratic
Republic of the Congo. LGP,
Lymph gland puncture; LP,
lumbar puncture; mAECT, mini
anion exchange centrifugation
test; NEXT, nifurtimox/
eflornithine combination therapy;
RDT, rapid diagnostic test.

discounted them at a rate of 3% (28). We assigned a
proportion of this cost to HAT testing on the basis of
the expected proportion of time for which the equipment would be used for HAT tests. We estimated
the cost of HAT testing by multiplying the number
of persons tested by the average cost of all consumables used per test. During the study, we used only
SD-Bioline HAT RDTs at a per-unit purchase price of
$0.55. SD-Bioline receives a subsidy of $0.25 per test
from a private donor. The per-unit price of the HAT
RDT Sero-K-set was €1.79 (17).
The flat-rate payment system implemented a
fixed consultation rate of 5,000 Congolese Francs
(+ 3.35) that enables health facilities to recover their
costs with an average estimated consultation time of
15 minutes. Performing an RDT takes ≈15–20 minutes. The patients did not pay any additional fees

nor did the facilities receive any support besides the
HAT tests and equipment. We included the consultation fee in the economic cost as a proxy to estimate
the costs incurred by health facilities to provide the
services (i.e., nurse time and use of facility resources) and the consultation fee was excluded from the
financial cost estimate because no actual expenses
were incurred.
For HAT treatment, we obtained outpatient
follow-up and hospitalization costs from WHO and
combined them with the cost for drugs used to treat
side effects on the basis of the average costs of the
medication during treatment in both districts in 2017.
We included no HAT-specific treatment costs because
pentamidine and nifurtimox/eflornithine combination therapy are donated by pharmaceutical companies (29–33).

Table 1. Number of facilities able to perform passive case detection of human African trypanosomiasis per health district before and
after implementing the intervention, Democratic Republic of the Congo, 2017–2018 (25)
Before the intervention
After the intervention
District and type of facility
Serologic screening*
Parasitologic diagnosis†
Serologic screening Parasitologic diagnosis
Mosango
Hospital‡
1
1
2
2
Health center
17
2
Yasa Bonga
Hospital
3
3
4
3
Health center
1
1
25
4
Total
5
5
48
11
*Sleeping sickness rapid diagnostic tests.
†Lymph gland puncture, mini anion exchange centrifugation test, and lumbar puncture.
‡Reference or secondary hospital.
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We used top-down gross costing to estimate
costs related to training and management. We annualized HAT training costs on the basis of the period
between refresher training sessions. For the management costs, we included financial and in-kind support provided to the health facilities and management cost at provincial and health district level. We
accounted for management costs of the national program at national level by applying a 15% markup on
the activities managed by the program, which corresponds to the overhead rate the program applies
for several projects to finance its role as national coordinator of HAT activities. The costs do not include
transport costs of test or equipment from the capital
city (Kinshasa) to the field because the districts were
supplied during regular supervision visits. We estimated the cost per person screened and per case
diagnosed and treated by dividing the overall cost of
the intervention by the number of persons screened
and treated.
Sensitivity Analysis

We used univariate sensitivity analysis to assess the
impact of changes in the main cost drivers, such as
the costs incurred to provide the services, including
the cost of treatment and the price of RDTs. We also
varied the discount rate between 0% and 5%.
Ethics

Ethics approval for this study was obtained from the
institutional review board of the Institute of Tropical
Medicine in Antwerp, Belgium (approval no. IRB/
AB/ac/137, protocol no. 115/16) and the institutional
review board of School of Public Health of the University of Kinshasa, in Kinshasa, DRC (approval no.
ESP/CE/08/2017). The study evaluated costs and
aggregated operational data of routine activities provided by the healthcare system. Therefore, no formal
consent was needed.
Results
Number of Persons Screened, Confirmatory Tested,
Diagnosed, and Treated

Both health districts were considered well-functioning
during the study period; the district utilization rate
was close to the national threshold of 0.5 consultations
per inhabitant per year (0.53 in Yasa Bonga and 0.44
in Mosango). In 2018, only 29% (36,363/125,674) of
the overall curative consultations in Yasa Bonga were
done in health facilities involved in HAT screening
and 77% in Mosango (46,009/59,228) (18,34), meaning that higher coverage of passive HAT screening
2148

was reached in Mosango, and ≈70% of the curative
consultations in Yasa Bonga took place in healthcare
centers not participating in HAT screening or during
periods when no HAT screening was reported. For
both districts, >50% of the curative consultations involved testing with a malaria RDT, ≈60% of which
tested positive.
In total, 18,225 persons were screened for HAT
with a HAT RDT (i.e., ≈80% of persons that tested
negative for malaria), of whom 223 [1.22%] tested
positive. RDT stock-outs were the main reason that
20% of malaria-negative persons were not tested for
HAT. No reports were found indicating that persons
were screened for HAT on the basis of persistent fever after a malaria treatment or >1 signs or symptoms
suggestive of HAT.
In total, 27 new HAT patients were identified
through a positive mini anion exchange centrifugation
test (no positive lymph gland puncture). Only 55% of
the persons with a positive HAT RDT (123/223) were
tested to confirm the presence of the parasite, because
only 20% (25/122) of the persons with a positive HAT
RDT identified in a facility without HAT microscopic
testing available completed the referral. In comparison,
97% (98/101) of RDT-positive persons identified in facilities equipped to perform microscopic testing completed
confirmation. Of the 27 new cases identified and treated
in 2017 and 2018, a total of 9 were detected through
healthcare centers and 18 by the reference and secondary hospitals (Appendix Tables 1–4, https://wwwnc.
cdc.gov/EID/article/27/8/20-2399-App1.pdf).
Financial Costs

The total annual financial cost for both health districts was US $123,386 in 2017 and $28,710 in 2018;
the average annual financial cost over 5 years was
$62,500. The higher financial cost in the first year
is attributable to staff training and equipment purchases. The financial cost is substantially lower than
the economic cost because it does not consider any
support for human resources or the use of other resources for the health facilities performing the tests
(Appendix Table 5).
Economic Costs

We constructed an overview of the economic costs by
input and activity (Table 2). The total economic cost
in Mosango is ≈5% higher than in Yasa Bonga because
>30% more persons were screened, leading to higher
facility and RDT costs. The higher cost in Mosango
is partly offset by the lower training costs, because
fewer facilities were involved in HAT screening than
in Yasa Bonga (Appendix Tables 6–17).
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Table 2. Annual economic costs of passive human African trypanosomiasis screening in Mosango and Yasa Bonga health districts,
Democratic Republic of the Congo*
Cost, USD
Total,
Cost category and subcategory
Description
Mosango
Yasa Bonga
Total
%
Capital equipment
18,008
25,051
43,060
25
Equipment
Confirmation equipment
4,734
6,627
11,360
7
Laboratory equipment
2,539
3,554
6,093
4
Nonmedical equipment
2,195
3,073
5,268
3
Training
HAT diagnosis training
13,275
18,424
31.699
19
Screening
5,079
6,950
12,029
7
Microscopy
8,196
11,474
19,670
12
Annual recurrent costs
69,243
56,764
126,008
75
Laboratory and medical supplies
HAT tests
7,487
5,449
12,262
7
RDTs
7,388
4,874
12,262
7
Microscopy
99
575
673
0.4
Patient care
Staging and inpatient and outpatient care
413
1,601
2,014
1
HR and infrastructure use
Execution RDT
36,535
24,102
60,637
36
Management
Management and supervision
24,808
25,613
50,421
30
Total
87,251
81,816
169,067
100
Cost per person screened
7.95
11.29
9.28
Cost per case diagnosed and treated
21,813
3,557
6,262
*HAT, human African trypanosomiasis; HR, human resources; RDT, rapid diagnostic test.

Economic Cost Per Person Screened and Per Case
Diagnosed and Treated

The overall cost per person screened was $9.28, and
the cost per case diagnosed and treated was $6,262
(Figure 3). In Yasa Bonga, the cost per person screened
is higher than in Mosango because of the higher
number of facilities involved and the lower number
of persons screened. However, the average cost per
case diagnosed and treated is much lower in Yasa
Bonga because of the higher number of cases detected
and treated.
Sensitivity Analysis

We summarized the results of the univariate sensitivity analysis of several cost parameters to assess the potential impact on the cost per person
screened and cost per case diagnosed and treated
(Figure 4). The main cost drivers are the frequency
of training and the cost at health facility level to
provide this service. The economic cost per person
screened or case diagnosed would be much lower

if we assume that the health system can provide
HAT screening by using fewer additional resources
than those needed for a 15-minute consultation (the
proxy used to estimate the cost at health facility
level, including human resources and infrastructure); however, this approach might overestimate
the health system’s capacity. A lower estimated
unit cost to provide this service of $1 instead of
$3.55 would lower the cost per person screened
and diagnosed and treated by 25%. Further, the
study assumed that healthcare workers needed
retraining every 3 years. Increasing the frequency
of the laboratory technicians’ training increases
the cost per person screened and diagnosed and
treated by 45%. Reducing the number of facilities
where HAT microscopic testing is available decreases the cost per person screened and diagnosed
and treated. Using more expensive tests or treatments increases the cost per person. Varying the
discount rate from 0% to 5% had little effect on the
cost estimates.

Figure 3. Cost per person screened and per human African trypanosomiasis case diagnosed and treated, Democratic Republic of the Congo.
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Figure 4. Sensitivity analysis on main cost drivers for HAT diagnosis and treatment, Democratic Republic of the Congo. HAT, human
African trypanosomiasis.

Discussion
This study describes the development, implementation, and cost of a strategy for HAT case detection integrated into the primary healthcare system in DRC
using a novel screening test. In a context of a declining number of cases combined with a need for sustained surveillance, policymakers need to reflect on
the value of integrating HAT screening into the basic
health service package offered by polyvalent first-line
health services. Introducing HAT RDTs helped integrate HAT screening into the primary healthcare system in both health districts where the program was

piloted. Although the number of persons screened
almost doubled, the number of cases identified declined, consistent with the observed overall decrease
in prevalence in both districts. This decline resulted in
an increased cost per person diagnosed and treated.
The cost per person diagnosed and treated through
passive screening estimated in this study is much
higher than the cost per HAT case cured reported in
an earlier study that evaluated the cost-effectiveness
of screening for HAT with RDTs ($6,262 compared
with $278, or $10,133/36.5 cases) (17). The earlier
study modeled the use of HAT RDTs in a high-vol-

Figure 5. Illustration of potential loss in effectiveness in passive screening for HAT integrated into the primary healthcare system using
an adaptation of Piot model for tuberculosis (36), Democratic Republic of the Congo. HAT, human African trypanosomiasis; RDT, rapid
diagnostic test.
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ume hospital that screened 2,500 patients annually
for HAT and detected 36.5 HAT cases, whereas, in
our study in 2018, the average number of persons
screened per facility was 206 (9,892 persons/48 facilities), and the average number of cases detected per
facility, 0.6 (27 cases/48 facilities), therefore incurred
higher fixed facility-level costs (capital and district
supervision) for services to fewer patients.
Furthermore, training and management costs
were not included in previous studies, and the estimated cost of the use of the facilities’ resources was much
lower ($1 vs. $3.33 per person screened). The cost per
person screened through passive screening in the
study area is much higher than through active screening ($9.28 vs. an average of $2.1). However, the average cost per case detected is much lower ($6,318 vs. an
average of $16,080) because of the higher proportion of
cases detected in the population screened during passive screening than during active screening (35).
The effectiveness of this strategy should be evaluated through the number of HAT cases detected and
treated. Several potential bottlenecks were identified
in the process of HAT case detection (36) (Figure 5).
The main challenges in the study area were the fact
that potential HAT cases were not detected because
the person had already tested positive on a malaria
RDT or because they did not complete the referral for
offsite microscopic testing. Today, a novel therapeutic, fexinidazole, has obviated the need for staging in
a portion of patients and could improve the effectiveness of this system; however, there are several contraindications against this treatment (37).
The following recommendations should be considered for the scale-up of passive surveillance through
RDTs. The HAT screening algorithm should be context-specific, a negative malaria test in a malaria-endemic area might not be a good preselection criterion
for HAT screening. Furthermore, the system should be
adapted to demand (e.g., it should be located in facilities that are most frequented, exploit the existing referral system to supply HAT test material, and take into
account a minimum attendance rate). In the study setting, a separate referral and supply system for HAT was
set up and closely monitored by the national program.
Shifting most of these tasks to the general healthcare
system will probably lower the cost and render the system more sustainable when implemented on a larger
scale. The shift in service delivery might also cause a
shift in the financing of the system. In this study, the
costs at health facility level were borne by the health
facilities because they did not receive any additional
compensation for the extra time spent on HAT testing,
which is reflected in the lower financial cost. Health

facilities might be reluctant to participate in HAT activities without any in-kind or financial compensation.
A remedy might be to include HAT formally into the
performance-based financing system.
In conclusion, HAT case detection and surveillance
integrated into the primary healthcare system using
RDTs showed promising results but also substantial
practical weaknesses. Integration is possible in a sustainable and low-cost manner if challenges regarding
completing diagnostic algorithm are addressed and a
context-adapted diagnostic algorithm is used.
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Epidemiology and Spatial
Emergence of Anaplasmosis,
New York, USA, 2010‒2018
Alexis Russell, Melissa Prusinski, Jamie Sommer, Collin O’Connor, Jennifer White,
Richard Falco, John Kokas,1 Vanessa Vinci, Wayne Gall,2 Keith Tober,1 Jamie Haight,
JoAnne Oliver, Lisa Meehan, Lee Ann Sporn, Dustin Brisson, P. Bryon Backenson

Human granulocytic anaplasmosis, a tickborne disease
caused by the bacterium Anaplasma phagocytophilum,
was first identified during 1994 and is now an emerging public health threat in the United States. New York
state (NYS) has experienced a recent increase in the
incidence of anaplasmosis. We analyzed human case
surveillance and tick surveillance data collected by the
NYS Department of Health for spatiotemporal patterns of
disease emergence. We describe the epidemiology and
growing incidence of anaplasmosis cases reported during 2010–2018. Spatial analysis showed an expanding
hot spot of anaplasmosis in the Capital Region, where incidence increased >8-fold. The prevalence of A. phagocytophilum increased greatly within tick populations in
the Capital Region over the same period, and entomologic risk factors were correlated with disease incidence
at a local level. These results indicate that anaplasmosis
is rapidly emerging in a geographically focused area of
NYS, likely driven by localized changes in exposure risk.

A

naplasmosis is an emergent tickborne disease
caused by the obligate intracellular bacterium
Anaplasma phagocytophilum (1). Initially termed human granulocytic ehrlichiosis, human infection with
A. phagocytophilum was first described in 1994 in
patients from Minnesota and Wisconsin, USA (1,2).
Now referred to as human granulocytic anaplasmosis or simply anaplasmosis, this infection is characterized by a nonspecific influenza-like illness marked
by fever, fatigue, muscle aches, and headache (3). Although severe complications and death occur in rare
Author affiliations: New York State Department of Health,
Albany, New York, USA (A. Russell, M. Prusinski, J. Sommer,
C. O’Connor, J. White, R. Falco, J. Kokas, V. Vinci, W. Gall,
K. Tober, J. Haight, J. Oliver, L. Meehan, P.B. Backenson); Paul
Smith’s College, Paul Smiths, New York, USA (L.A. Sporn); University
of Pennsylvania, Philadelphia, Pennsylvania, USA (D. Brisson)

instances, most patients recover fully after treatment
with appropriate antimicrobial drugs (4).
Human infection with A. phagocytophilum has
now been documented in patients in North America, Europe, and Asia, and a notable incidence has
occurred in the United States (5). Anaplasmosis became a nationally notifiable disease in the United
States during 1999, and nationwide case counts have
since increased >16-fold, from 348 cases during 2000
to 5,762 cases during 2017 (6). Most of these infections occur in the northeastern and upper midwestern states, where well-established populations of Ixodes scapularis (blacklegged or deer ticks) transmit A.
phagocytophilum in addition to the infectious agents
of Lyme disease, babesiosis, and Powassan virus
disease (7–9).
New York State (NYS), which is situated within
the northeastern United States, to which tickborne
diseases are endemic, has reported the second highest
number of anaplasmosis cases of any state, closely behind Minnesota (10–12). Surveillance of anaplasmosis
cases by the NYS Department of Health (NYSDOH)
indicates that since the first NYS case was reported
in 1994, the burden of anaplasmosis has increased
substantially, accounting for a larger proportion of
NYS tickborne disease cases every year (≈4% during
2010 vs. ≈11% during 2018) (13). Since 2015, anaplasmosis has consistently surpassed babesiosis as the
second most common tickborne disease in NYS, after Lyme disease (13). In addition to surveillance of
tickborne disease cases, the NYSDOH also conducts
routine vector surveillance to monitor the dynamics
of tick populations and the prevalence of tickborne
pathogens, including A. phagocytophilum, to estimate
1
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tickborne disease risk across the state. We examined
human case surveillance and tick surveillance data
during 2010–2018 to assess the epidemiology, risk for
pathogen exposure, and spatiotemporal emergence
patterns of anaplasmosis in NYS.
Methods
Anaplasmosis Cases

Human anaplasmosis cases reported to the NYSDOH were analyzed retrospectively for 2010–2018
for all NYS counties, excluding the 5 boroughs of
New York City (NYC). Provider-diagnosed anaplasmosis cases and positive laboratory test results
for anaplasmosis were reported to the NYSDOH as
mandated by NYS public health law (14,15). Both
provider-reported cases and those with positive
laboratory test results were investigated by NYS local health departments; clinical and demographic
information for each case was entered into the NYSDOH Communicable Disease Electronic Surveillance System. Reports were assigned a case status on
the basis of the 2008 Centers for Disease Control and
Prevention case definition for anaplasmosis (16). Reports with case status of either confirmed or probable were included as cases in this study. Cases with
the diagnosis of ehrlichiosis/anaplasmosis undetermined were excluded.
Tick Collection and Testing

Host-seeking ticks were collected from publicly accessible lands across NYS during 2010–2018 by using standardized drag surveys as described (17).
Collection sites were selected on the basis of tick
habitat suitability and risk for human exposure (e.g.,
presence of leaf litter and hiking trails). I. scapularis
nymphs were collected during April–September by
dragging a 1-m2 piece of white flannel through leaf litter and low-lying vegetation. I. scapularis adults were
collected during September–December by flagging a
1-m2 piece of white canvas over edge ecotone and understory vegetation up to 1 m high. Ticks were stored
in 100% ethanol at 4°C until they were sorted by developmental stage and identified to species by using
dichotomous keys, placed into sterile microcentrifuge
tubes containing 100% ethanol, and stored at −20°C
until DNA extraction (18,19). Individual I. scapularis
ticks underwent total genomic DNA extraction as
previously detailed and were tested for (target gene)
A. phagocytophilum (major surface protein 2), Babesia
microti (18S rDNA), Borrelia burgdorferi (16S rDNA),
and Borrelia miyamotoi (16S rDNA) by using a quadplex real-time PCR (17,20).

Data Analysis

We analyzed case reports meeting criteria for inclusion
by using SAS version 9.2 (https://www.sas.com). Incidence rates were aggregated by NYS regions (Capital,
Central, Metro, and Western), and ZIP code tabulation
area (ZCTA) by using patient address and 2010 US
Census population data and shapefile (21). We used
ArcGIS version 10.7 (22) to map incidence at the ZCTA
level. Spatial autocorrelation at the ZCTA level was
determined by using Moran I analysis for each year.
We determined spatial clusters by using Getis-Ord Gi*
hot spot analysis (https://pro.arcgis.com) at the ZCTA
level for each year. Getis-Ord Gi* analysis generated
statistically significant hot spots and cold spots on the
basis of the local sum of the incidence rates for each
ZCTA and its neighbors within a fixed distance band
at peak z-score spatial increments. We assessed temporal changes in hot spot coverage by using a 2-tailed
z-test for proportions (α = 0.05).
We analyzed tick collection and pathogen testing
data by using in R Studio version 1.2 (23) and mapped
data by using ArcGIS. Tick population density was
calculated for each collection site visit as the total
number of target ticks (adult or nymphal I. scapularis)
collected per 1,000 m2 sampled. We calculated pathogen prevalence as the proportion of ticks positive for
A. phagocytophilum among those tested by PCR for
each collection site visit and region. Temporal changes in pathogen prevalence were assessed by using a
2-tailed z-test for proportions (α = 0.05).
We used the entomologic risk index (ERI), a measure of population density of pathogen-carrying ticks,
to estimate human risk for an infected tick bite (24). ERI
was calculated as the product of tick population density (ticks per 1,000 m2 sampled) and A. phagocytophilum prevalence at each collection site for each life stage
(nymph and adult) and each year. We calculated ZCTAlevel ERI as the average ERI of all sites within the ZCTA
for each life stage and year. Correlation of anaplasmosis incidence and ERI at the ZCTA level was analyzed
for each year by using the Spearman rank correlation.
We mapped collection sites with circles sized according to ERI magnitude and then overlaid them onto the
anaplasmosis incidence Getis-Ord Gi* hot spot analysis
map of the corresponding year to identify common patterns in ERI and human incidence clusters.
Results
Anaplasmosis Epidemiology

A total of 5,146 anaplasmosis cases were reported in
NYS (excluding NYC) during 2010–2018, a median of
454 cases/year (range 220–1,112 cases/year) (Table1).
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Table 1. Anaplasmosis case counts and incidence by state region, New York, USA, 2010–2018
No. anaplasmosis cases, incidence/100,000 persons
Region
2010
2011
2012
2013
2014
2015
2016
Capital
65
116
135
254
231
462
420
(4.32)
(7.70)
(8.96)
(16.87)
(15.34)
(30.68)
(27.89)
Central
1 (0.06)
2 (0.11)
2 (0.11)
3 (0.17)
5 (0.29)
8 (0.46)
8 (0.46)
Metro
154
196
178
195
183
257
304
(3.00)
(3.82)
(3.47)
(3.80)
(3.57)
(5.01)
(5.93)
Western
0
0
0
2 (0.07)
2 (0.07)
0
1 (0.04)
New York State excluding
220
314
315
454
421
727
733
New York City
(1.99)
(2.83)
(2.84)
(4.10)
(3.80)
(6.56)
(6.62)

Statewide incidence increased 3.9-fold over the study period, from 2.0 cases/100,000 persons during 2010 to 7.6
cases/100,000 persons during 2018; peak incidence was
9.9 cases/100,000 persons during 2017. The most substantial increase occurred in the Capital Region, which
showed an 8.4-fold increase, from 4.3 cases/100,000 persons during 2010 to 36.3 cases/100,000 persons during
2018; peak incidence was 49.2 cases/100,000 persons
during 2017. Incidence tended to be higher in odd years,
most notably within the Capital Region (Figure 1).
Anaplasmosis was most common among male
case-patients and those identified as White and
non-Hispanic (Table 2). Patients >50 years of age accounted for 72.6% of cases. Aside from fever, which
is a requirement to meet confirmed or probable case
status, the most commonly reported symptoms were
malaise, myalgia, and chills. Rash was the least commonly reported symptom. The most common bloodwork findings were thrombocytopenia and increased
levels of hepatic aminotransferases, each found in
more than half of the patients. Hospitalization was
reported in 35.2% of case-patients, and 0.5% (16 patients) died from anaplasmosis-related causes. Symptom onset and diagnosis occurred most often in the
month of June, followed by July and May (Figure 2).
Prevalence of A. phagocytophilum

A total of 16,743 nymphal and 27,658 adult I. scapularis ticks was tested for A. phagocytophilum during

Figure 1. Anaplasmosis incidence by state region, New York,
USA, 2010–2018.
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2017
741
(49.21)
24 (1.37)
345
(6.72)
2 (0.07)
1,112
(10.04)

2018
547
(36.32)
27 (1.54)
273
(5.32)
3 (0.11)
850
(7.67)

2010–2018; a total of 721 nymphs (4.3%) and 1,789
adults (6.5%) showed positive results (Table 3). Statewide prevalence of A. phagocytophilum increased in
nymphal and adult I. scapularis ticks over the study
period. A. phagocytophilum prevalence in nymphal I.
scapularis ticks increased in 3 of 4 geographic regions
over the study period, and there was an overall statewide increase from 2.4% during 2010 to 4.5% during
2018. Statewide prevalence of A. phagocytophilum in
adult I. scapularis ticks increased significantly (p<0.01)
from 4.0% during 2010 to 9.2% during 2018, and we
observed an increase in prevalence in all 4 regions.
There was a significant (p<0.0001) 4.1-fold increase
in A. phagocytophilum prevalence in adult I. scapularis
ticks in the Capital Region from 2.9% during 2010 to
12.0% during 2018. Site-level ERI (A. phagocytophilum–
carrying ticks per 1,000 m2) ranged from 0 to 28.2 in
nymphs and from 0 to 85.3 in adult I. scapularis ticks.
Spatial Analysis

Patient ZCTA was available for 5,138 (99.8%) cases.
Yearly ZCTA-level incidence ranged from 0 to 1,818
cases/100,000 persons. Moran I analysis showed significant spatial autocorrelation (Moran index range
0.092–0.260; p<0.0001) of human incidence at the
ZCTA level for all years, justifying hot spot analysis.
Getis-Ord Gi* analysis yielded 1 statistically significant hot spot for each year during 2010–2018 (Figure 3). The 99% confidence hot spot for 2010 encompassed 14.2% of ZCTAs, 10.8% of the population, and
9.4% of the land area of NYS excluding NYC. All 3 of
these factors increased significantly (p<0.0001) over
the study period, and the 99% confidence hot spot
during 2018 encompassed 30.0% of ZCTAs, 17.0% of
the population, and 24.8% of the land area. The centroid of the hot spot moved 51.7 km north and 10.6
km west during 2010–2018. The hot spot expanded
to include a larger portion of the Capital Region over
the study period. Overlaying site-level ERI onto the
hot spot analysis showed that collection sites that had
high ERIs tended to be located within the anaplasmosis hot spot; however, multiple high-ERI sites across
the Metro Region and sporadically throughout the
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Central and Western regions were located outside the
hot spot. Nymphal ERI was significantly correlated (r
range 0.340–0.536; p<0.05) to anaplasmosis incidence
at the ZCTA level for 7 of the 9 years during 2010–
2018. Adult ERI was significantly correlated (r range
0.291–0.695; p<0.01) to anaplasmosis incidence at the
ZCTA level for all years during 2010–2018.
Discussion
This 9-year study characterizes the emergence of anaplasmosis in NYS through the analysis of trends in
human case and vector surveillance data over time
and geography. Anaplasmosis poses an increasingly
substantial public health risk in NYS, and the 2010–
2018 time frame captures a dramatic increase in the
burden of this newly emergent disease. A closer look
at the changing epidemiology and exposure risk for
this disease helps to elucidate when, where, and why
anaplasmosis is rapidly expanding in NYS.
The basic epidemiologic characteristics of anaplasmosis cases in NYS are consistent with previous reports at the national level and are comparable
with those of other tickborne diseases transmitted by
I. scapularis ticks in NYS (7,10,25,26). Anaplasmosis,
similar to Lyme disease and babesiosis, disproportionately affects White men, possibly because of residential and behavioral factors that increase the risk for
tick bites in this group (27,28). The age distribution of
patients shows a unimodal peak in the range of 60–69
years, similar to babesiosis but unlike Lyme disease,
which shows bimodal peaks in the 5–9 and 50–54 year
ranges (27,28). This finding might be related to the increased susceptibility for severe anaplasmosis infections with age, and the greater likelihood of subclinical
infections in young patients (7,29). Anaplasmosis infection causes a constellation of nonspecific symptoms
that mimic those of other tickborne diseases, but without a characteristic rash, such as erythema migrans,
seen in Lyme disease (27,28). The hospitalization rate
for anaplasmosis is higher than that for Lyme disease
but lower than that of babesiosis, and the case-fatality
rate of 0.5% is much lower than the 6.5% found in babesiosis patients in NYS (26,27,29).
The summertime peak in anaplasmosis incidence
implicates I. scapularis nymphs, which are most active
during summer months, as the developmental stage
responsible for most cases, even though nymphs are
approximately half as likely as adult I. scapularis ticks
to carry A. phagocytophilum. This finding is consistent
with other tickborne diseases and might be attributed
to NYS residents spending more time outdoors during summer months and the increased difficulty of
finding and removing the much smaller nymphs dur-

ing the 12–24-hour window before A. phagocytophilum
transmission occurs (9,25,27,30).
Spatial assessment of the emergence of anaplasmosis indicates that the increase in cases is not occurring diffusely across NYS but is instead originating
primarily within the Capital Region. The dramatic
8.4-fold increase in incidence in the Capital Region
during the 9-year study period indicates a rapidly intensifying focal area of disease emergence. Hot spot
analysis pinpoints an expanding focal area centered
around Columbia and Rensselaer Counties, bordering the Hudson River to the west and Vermont and
Massachusetts to the east. This area might be located
within a local epicenter of anaplasmosis emergence
in the northeastern states because case data for neighboring states indicate increasing anaplasmosis inciTable 2. Demographic and clinical characteristics of
anaplasmosis case-patients, New York, USA, 2010–2018
Characteristic
% Cases
Case status
Confirmed
60.3
Probable
39.7
Sex
F
39.5
M
60.5
Age group, y
0–9
2.1
10–19
3.0
20–29
4.2
30–39
7.0
40–49
11.1
50–59
20.5
60–69
24.9
70–79
18.0
>80
9.2
Race
American Indian/Alaska Native
0.0
Asian/Pacific Islander
1.1
Black
1.0
White
95.5
Other
2.3
Ethnicity
Hispanic
3.9
Non-Hispanic
96.1
Signs/symptoms
Arthralgia
57.9
Chills
75.9
Headache
66.8
Malaise
90.2
Myalgia
76.8
Nausea
38.6
Rash
10.7
Rigors
19.6
Stiff neck
16.5
Laboratory findings
Anemia
29.7
Increased levels of hepatic aminotransferases
56.6
Leukopenia
42.3
Thrombocytopenia
61.8
Outcome
Hospitalization
35.2
Death
0.5
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Figure 2. Anaplasmosis cases
by month of diagnosis and
case status, New York, USA,
2010–2018.

dence in NYS-adjacent counties over the time frame
of our study (31,32). The geographic expansion of
anaplasmosis generally mimics that of Lyme disease
in NYS decades earlier, with initial emergence northward along the Hudson River (33,34). However, the
spread of Lyme disease more closely followed the
apparent range expansion of I. scapularis ticks from
coastal areas northward and westward across NYS,
whereas anaplasmosis is less common in coastal NYS
and shows a more radial expansion further inland
(35). A similar inland radial expansion pattern was
seen in the emergence of anaplasmosis in Minnesota
during 1996–2011 (36).
The hot spot defined by this study coincides with
a map of seroprevalence of Anaplasma species in a
large sample of domestic dogs across the contiguous
United States during 2011–2015 (37). Dogs, which are
affected by the same pathogenic variant of A. phagocytophilum as humans, might be an excellent sentinel

species in forecasting the spread of anaplasmosis, as
they have been for other tickborne diseases (38). Many
potential driving forces, including changes in land use,
host density, and climate, have been implicated in the
geographic spread of I. scapularis ticks and associated
pathogens, and it is probable that a multitude of factors are shaping the spread of anaplasmosis in NYS.
The rapid, geographically focused pattern of anaplasmosis emergence might also indicate recent changes in
risk factors that are unique for this disease.
This study describes the changing prevalence of
A. phagocytophilum in a large sample of host-seeking I.
scapularis ticks collected across NYS. The overall statewide increase in pathogen prevalence over the study
period, and in particular the large increase within
adult I. scapularis ticks in the Capital Region, parallels
the focal increase in human anaplasmosis incidence.
The correlation of anaplasmosis ERI, which accounts
for pathogen prevalence and tick population density,

Table 3. Prevalence of Anaplasma phagocytophilum in nymphal and adult Ixodes scapularis ticks by state region, New York, USA,
2010–2018
No. (%) ticks testing positive for A. phagocytophilum
Region
Life stage
2010
2011
2012
2013
2014
2015
2016
2017
2018
Capital
Nymphs
221 (4.1) 186 (3.8) 306 (6.5) 555 (5.0) 591 (8.8) 727 (3.2) 910 (4.5)
1,223
1,100
(3.5)
(5.3)
Adults
278 (2.9) 201 (7.0) 791 (9.9) 834 (5.9)
1,689
1,677
1,462
1,690
1,617
(5.4)
(7.0)
(8.5)
(8.6)
(12.0)
Central
Nymphs
135 (2.2) 126 (3.2) 55 (0.0) 140 (2.1) 142 (4.2) 586 (1.7) 547 (2.4) 596 (0.5) 217 (1.4)
Adults
155 (0.0) 179 (2.2) 148 (0.7) 199 (2.0) 349 (2.0) 976 (2.8)
1,329
401 (5.7) 401 (5.5)
(1.5)
Metro
Nymphs
350 (2.0) 350 (4.9) 316 (2.2) 450 (3.3) 447 (3.8) 523 (5.0) 570 (7.7) 547 (7.7) 801 (4.9)
Adults
300
350
350
518 (8.1) 544 (8.8) 625 (12.0
1,103
889
874
(10.0)
(13.7)
(11.7)
(17.6)
(11.2)
(12.7)
Western
Nymphs
166 (1.2) 287 (4.9) 328 (7.3) 272 (8.1) 362 (7.2) 501 (3.0) 635 (6.1) 996 (3.4) 479 (3.5)
Adults
276 (0.7) 395 (2.3) 691 (0.4) 646 (0.5) 681 (2.3)
1,243
1,444
1,234
1,122
(2.1)
(2.1)
(2.95)
(3.8)
New York State
Nymphs
872 (2.4) 949 (4.4)
1,005
1,417
1,542
2,337
2,662
3,362
2,597
excluding New
(5.1)
(4.8)
(6.5)
(3.2)
(5.1)
(3.6)
(4.5)
York City
Adults
1,009
1,125
1,980
2,197
3,263
4,521
5,338
4,211
4,014
(4.0)
(6.7)
(6.2)
(4.5)
(5.0)
(5.4)
(6.9)
(7.2)
(9.2)
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Figure 3. Epidemiology
and spatial emergence
of anaplasmosis, New
York, USA, 2010‒2018.
A) Incidence by ZIP code
tabulation area, odd years,
2011–2017. B) Getis-Ord
Gi* hot spots (https://pro.
arcgis.com) and adult Ixodes
scapularis tick ERI, odd years,
2011–2017. Conf., confidence;
ERI, entomologic risk index.
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to yearly human incidence at the ZCTA-level, further supports the hypothesis that localized changes
in exposure risk are driving emergence of this disease. However, the trends found in our tick surveillance data cannot fully explain the dramatic increase
in anaplasmosis cases. Relatively high prevalence
rates of A. phagocytophilum have been documented
in I. scapularis ticks from the Metro Region of NYS as
early as 1996 (39). A previous NYSDOH study found
A. phagocytophilum in 6.5% of nymphs and 12.3% of
adult I. scapularis ticks collected during 2003–2006 in
the Hudson Valley, a region that overlaps most of the
Metro Region and the southernmost part of the Capital Region as defined by this study, with no noted increase in pathogen prevalence over the study period
(17). Clearly, A. phagocytophilum has been present at
appreciable levels in the Metro Region tick population well before the recent increase in anaplasmosis
cases, and although other tickborne diseases are endemic to this region, the Metro Region has not experienced a major emergence of anaplasmosis as seen
in the Capital Region. The presence of multiple highERI tick surveillance sites, especially within the Metro
Region, which were located well outside the anaplasmosis hot spot each year, underlines this discrepancy.
Some notable limitations of our host-seeking tick
sampling might partially contribute to this incongruity, including greater vector surveillance coverage in
some regions than others, increasing level of sampling
effort over the study period, and repeated sampling
of some locations but not others. Another explanation
might be the distribution of pathogenic versus nonpathogenic genetic variants of A. phagocytophilum. The
PCR used in this study does not distinguish between
Ap-v1, a nonpathogenic variant that has a major reservoir in white-tailed deer (Odocoileus virginianus), and
Ap-ha, a human pathogen that has white-footed mice
(Peromyscus leucopus) and Eastern chipmunks (Tamias
striatus) as major competent reservoirs (40,41). Studies of I. scapularis ticks in Ontario, Canada, which borders NYS, indicate an increase in the proportion of the
pathogenic Ap-ha variant relative to the Ap-v1 variant
in ticks collected after versus before 2010 (42–44). A
similar shift in variant prevalence might be occurring
in NYS and could be a driving force for human disease
emergence. A follow-up study using genotyping to
differentiate between variants of A. phagocytophilum in
ticks collected across NYS, coupled with spatial analysis to examine changes in variant distribution over
time and geography, is in progress and will hopefully
further elucidate factors contributing to the emergence
pattern of anaplasmosis in NYS.
The true burden of anaplasmosis in NYS is prob2160

ably greater than that captured by our analysis of
mandated case reporting. Anaplasmosis cases that
are subclinical, self-limiting, misdiagnosed, or co-infections with other tickborne pathogens might be unreported or do not meet the strict case definition. In
addition, the level of awareness of tickborne diseases
among healthcare providers and the general public
probably varies across NYS because tickborne diseases are hyperendemic in some regions and newly
emergent in others. Resulting differences in patient
behavior, provider diagnosis, and local health department reporting make estimating the true incidence of
anaplasmosis a challenge, similar to what has been
documented for Lyme disease in NYS (45). Lack of
awareness can increase the likelihood of undiagnosed
and untreated cases, which is especially relevant for a
new and rapidly expanding disease such as anaplasmosis. Assessing disease epidemiology and clusters
over time and geography enables us to pinpoint the
populations at highest risk and anticipate when and
where the disease will spread in the future so that
public health efforts can be targeted toward populations who might benefit the most.
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Zoonotic Soil-Transmitted
Helminths in Free-Roaming
Dogs, Kiribati
Patsy A. Zendejas-Heredia, Allison Crawley, Helen Byrnes, Rebecca J. Traub, Vito Colella

Soil-transmitted helminths are highly prevalent in the
Asia–Pacific region. We report a 96.5% prevalence of
zoonotic soil-transmitted helminths in dogs in Kiribati.
We advocate for urgent implementation of treatment and
prevention programs for these zoonotic pathogens, in
line with the Kiribati–World Health Organization Cooperation Strategy 2018–2022.

S

oil-transmitted helminths (STHs) are a group of
parasitic worms infecting both humans and animals living in resource-limited settings (1). STHs affect >2 billion persons worldwide, causing major
physical and cognitive impairment in children and
negative health outcomes in pregnant women and
women of childbearing age (2). Hookworms alone
infect nearly half a billion persons, causing iron-deficiency anemia, stunted growth, and malnutrition
(3). In addition, iron deficiencies may increase the
risk of bacterial infections, especially in children <5
years of age (3). Although STHs are largely considered human-specific parasites, dogs are also known
to harbor STHs that cause well-documented zoonotic
diseases globally (3). The Ancylostoma ceylanicum
roundworm is a zoonotic STH with dogs as reservoirs
and is the second most common hookworm infecting
humans in many regions in Southeast Asia and the
Western Pacific (3). In humans, canine hookworms
cause cutaneous larva migrans; A. braziliense hookworm is the only species capable of causing creeping eruptions and A. caninum hookworm triggers eosinophilic enteritis and aphthous ileitis (4). Recently,
A. caninum eggs have been reported in the feces of
human patients, suggesting that this parasite may
Author aﬃliations: University of Melbourne, Parkville, Victoria,
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complete its life cycle in humans, which can potentially result in disease transmission between hosts (4).
In dogs, infections with hookworms are a common
cause of hemorrhagic diarrhea and death in pups and
chronic iron deficiency anemia in adult animals (4).
The existence of dogs in close proximity to humans
living in poor-hygiene settings, coupled with a lack
of veterinary services and zoonotic awareness, exacerbates infection risks for the transmission of zoonotic
STHs (5). In the Pacific islands, data on STH prevalence is scarce; therefore, estimates of disease burden
caused by STHs cannot be accurately assessed.
Kiribati is a sovereign state in Micronesia in the
central Pacific Ocean and is one of the most geographically isolated and impoverished countries in
the world (6). Effects of poverty and climate change
exert a huge toll on the ecology and health of humans
and animals inhabiting the country. For instance, in
the capital, South Tarawa, the high level of poverty,
overcrowding, and presence of free-roaming animals
influence the epidemiology of zoonotic STHs, trapping poor persons in a vicious cycle of poverty (6,7).
Despite the Kiribati–World Health Organization Cooperation Strategy 2018–2022 (6), to date, no information is available on the presence and diversity of zoonotic STHs in free-roaming animals in Kiribati.
The Study
The republic of Kiribati consists of 32 atolls in the
central Pacific Ocean, with a population of >110,000
persons, inhabiting mainly the Gilbert Islands. The
main economic revenue comes from seafood exports
and fishing. Most primary foods are imported, and
safe water supplies, proper solid waste disposal, and
sanitation facilities are scarce, posing major threats to
public health (6).
We investigated the occurrence of zoonotic STHs
in free-roaming dogs in Tarawa Atoll, Kiribati, as part
of a dog health and population management program
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at −20°C for further analyses. We subjected the extracted DNA to multiplex quantitative PCR screenings for hookworm species (4) and Strongyloides stercoralis (8). We analyzed and visualized the data with
GraphPad Prism version 8.0 (GraphPad Software,
https://www.graphpad.com).
Overall, 96.5% (95% CI 93.9–99.0) of dogs were
positive for >1 of the investigated parasites. A total of 93.4% (95% CI 92.5–98.4) were positive for A.
caninum, 26.3% (95% CI 20.1–32.4) for A. ceylanicum,
16.2% (95% CI 11.5–21.9) for A. braziliense, and 29.8%
(95% CI 23.4–361) for S. stercoralis (Figure 2).

Figure 1. Living conditions of dogs on Tarawa Atoll, Kiribati.

led by the Mardi Chi Dingo Foundation (https://farriervet.com/mardi-chi; Figure 1), which aims to seek
a sustainable locally driven solution to improving animal health and overpopulation problems. The protocol of this study was approved by the Animal Ethics
Committee at the Faculty of Veterinary and Agricultural Sciences (University of Melbourne, Melbourne,
Victoria, Australia; ethics identification no. 1914930).
On the basis of previous surveys in regions with
similar ecologic conditions (≈80% expected prevalence of enteric parasites) (5), we estimated that ≈200
dogs needed to be sampled in Kiribati to assess the
prevalence of zoonotic STHs with 95% confidence
and to detect a pathogen, if present, at a prevalence of >0.5% (assuming diagnostic sensitivity of
80% and specificity of 98%). To minimize animals’
stress, we collected fecal samples from the rectal
ampulla coinciding with the dog being anesthetized
just before desexing surgery. We immediately preserved the fecal samples in Zymo DNA/RNA Shield
(Zymo Research, https://www.zymoresearch.com),
which renders any potential pathogen inactive or
noninfective. We subjected fecal samples (200 mg
each) from 198 dogs to genomic DNA extraction at
the University of Melbourne using a Maxwell RSC
PureFood GMO and Authentication Kit (Promega,
https://www.promega.com) according to the manufacturer’s instructions with modifications in that
we performed an additional bead-beating step with
400 µL CTAB buffer using 0.5 mm zirconia/silica
beads (Daintree Scientific, http://www.daintreescientific.com.au) using a FastPrep-24 5G Instrument
(MP Biomedicals, https://www.mpbio.com). After
bead-beating and cell lysis, we proceeded with DNA
purification in a Maxwell RSC 48 Instrument (Promega). We stored the final eluted sample (100 µL)
2164

Conclusions
We demonstrated that dogs play a major role in
contaminating the environment with zoonotic STH
species, potentially serving as reservoirs for infections of humans living in Kiribati. Current control
strategies against STHs in Kiribati have been based
on deworming of school-age children as part of the
Pacific program to eliminate lymphatic filariasis using albendazole as prophylactic treatment (9). However, this drug has limited effects against S. stercoralis, which requires ivermectin for its effective control
and for which public health strategies are yet to be
developed (10,11). Similarly, the emerging zoonotic agent A. ceylanicum has been reported with high
prevalence, and despite ≈100 million persons currently infected with this STH (12), to date, no plan
exists for its control. Given the different transmission

Figure 2. Prevalence of zoonotic soil-transmitted helminths in
dogs on Tarawa Atoll, Kiribati.
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dynamics and infection outcomes with different
zoonotic STHs, accurate identification of these parasites is essential for the implementation of effective
therapy and control programs (4,12). However, despite the efforts of nonprofit organizations, data on
the occurrence of canine STHs in Kiribati were not
previously available, hindering the understanding
of the contribution of dogs in the transmission of
zoonotic pathogens to humans.
Previous studies have shown an association between helminth infections and higher levels of anemia among school-age children from the Pacific region (13). Children with helminth infections were
3.6 times more likely to be stunted in growth and 2
times more likely to be anemic (13). This scenario is
worsened by the absence of effective sewage systems,
which contributes to the environmental contamination with animal and human feces, as demonstrated
by the high levels of fecal coliforms in samples extracted from groundwater throughout South Tarawa
(14). The lack of appropriate water, sanitation, and
hygiene procedures increases the risks for infection
with human and animal pathogens, including STHs.
As a consequence, pneumonia and diarrhea, which
have both strong links to hygiene and water, are some
of the leading causes of illness and death among children in Kiribati (14).
In summary, we report a 96.5% prevalence of
zoonotic STHs in dogs in Kiribati. Our results provide policy makers and key stakeholders with epidemiologic information that can be used for control
programs to improve the health and quality of life of
persons (in particular, women of reproductive age
and children) and animals in the country, in line with
the Kiribati–World Health Organization Cooperation
Strategy 2018–2022.
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SARS-CoV-2 Prevalence among
Outpatients during Community
Transmission, Zambia, July 2020
Jonas Z. Hines, Sombo Fwoloshi, Davies Kampamba, Danielle T. Barradas, Dabwitso Banda, James E. Zulu,
Adam Wolkon, Samuel Yingst, Mary Adetinuke Boyd, Mpanji Siwingwa, Lameck Chirwa, Muzala Kapina,
Nyambe Sinyange, Victor Mukonka, Kennedy Malama, Lloyd B. Mulenga, Simon Agolory

During the July 2020 first wave of severe acute respiratory syndrome coronavirus 2 in Zambia, PCR-measured
prevalence was 13.4% among outpatients at health facilities, an absolute difference of 5.7% compared with
prevalence among community members. This finding
suggests that facility testing might be an effective strategy during high community transmission.

T

he first cases of infection with severe acute
respiratory syndrome coronavirus 2 (SARSCoV-2), the virus that causes coronavirus disease
(COVID-19), were reported in Zambia in March
2020 (1). During the first wave of infections, confirmed cases rapidly increased during July and
peaked in August 2020 (Appendix, https://wwwnc.cdc.gov/EID/article/27/8/21-0502-App1.
pdf). Zambia initially focused on screening travelers at points-of-entry and tracing contacts of persons with laboratory-confirmed cases. In April
2020, the Zambia Ministry of Health began SARSCoV-2 surveillance among hospital inpatients and
outpatients to identify cases of local transmission
(1,2). It was believed that testing in health facilities
would be more efficient at identifying cases than
testing in the general population, which was particularly noteworthy given the severe shortage of
SARS-CoV-2 tests in Africa early in the pandemic
(3,4). A household prevalence survey conducted in
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6 districts in Zambia in July 2020 found a community SARS-CoV-2 prevalence of 7.6% by using realtime PCR (rPCR) (5). To determine if facility testing was an effective case-finding strategy during a
period of high community transmission, we compared SARS-CoV-2 prevalence among outpatients,
overall and stratified by reasons for visiting the facility, with prevalence among community members
in the same districts (5).
The Study
During July 2–31, 2020, we administered a cross-sectional prevalence survey of patients attending 20 outpatient clinics, including hospitals and health centers,
in 6 districts in Zambia (Appendix). The number of
facilities we selected in each district was proportional
to the number of facilities in the other districts (Appendix). We recruited participants from outpatient
departments regardless of their reason for visiting
the facilities. Study teams were instructed to recruit
≥50 participants per facility and to attempt to show
no preference in selection. We obtained consent or assent (for minors) before beginning study procedures.
Participants completed an interviewer-administered
questionnaire that included demographics, medical history, SARS-CoV-2 exposures, history of recent
illness, and reason for visiting the facility. Concurrently, we conducted a cluster-sampled household
prevalence survey in the same 6 districts (5). These
surveys provided an opportunity to directly compare
outpatient and community SARS-CoV-2 prevalence
estimates. The study was approved by the Zambia
National Health Research Authority and the University of Zambia Biomedical Research Ethics Committee. The activity was reviewed by the US Centers
for Disease Control and Prevention (CDC) and conducted consistent with applicable US federal law and
CDC policy.
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We tested nasopharyngeal specimens for SARSCoV-2 RNA by using rPCR and plasma specimens
for SARS-CoV-2 antibodies by using ELISA. We extracted RNA for rPCR using the QIAGEN Viral Mini
procedure (https://www.qiagen.com). We used the
Maccura SARS-CoV-2 Fluorescent PCR kit (https://
www.maccura.com) on the QuantStudio 3 platform
(ThermoFisher, https://www.thermofisher.com) as
the primary rPCR diagnostic (6) and used the CDC
assay method to confirm positive and indeterminant
results (7). We performed the Euroimmun ELISA
(PerkinElmer, https://www.perkinelmer.com) to
test for spike protein IgG in single replicate (8). Participants could take part in any or all of the survey,
rPCR testing, or serologic testing options based on
personal preference.
We calculated SARS-CoV-2 prevalence as the
number of positive results divided by the total number of tests conducted. Estimates were calculated
separately for rPCR and ELISA results. We adjusted
variance and 95% CIs for clustering by facility and
seroprevalence for imperfect assay test characteristics (sensitivity 64.2%; specificity 100%; L. Steinhardt,
pers. comm., email, 2021 Apr 2) using the RoganGladen method (Appendix). To assess various factors
associated with SARS-CoV-2 prevalence among outpatients, we used bivariate Poisson regression models to calculate prevalence ratios (PRs) and 95% CIs,
with a random effects term for facility.
Of 1,975 persons representing ≈3.5% of ≈57,000
outpatients from the 20 facilities that we approached
in July 2020 about participating (District Health Information System version 2; https://dhis2.org),
1,952 (98.8%) completed the questionnaire and 1,908
(97.7%) submitted either nasopharyngeal (1,490;
76.3%) or blood (1,657; 84.3%) specimens or both
(Appendix). Of the 1,952 total participants, the number per district ranged from 160 (8.2%) in Nakonde
District to 639 (32.8%) in Lusaka District; the median
number of participants per facility was 93 (interquartile range 78–107; Table 1, https://wwwnc.cdc.gov/

EID/article/27/8/21-0502-App1.pdf). Median participant age was 32 years (interquartile range 24–43
years); 60.5% were female. Overall, 34.1% of participants reported having a coexisting medical condition.
Fever or respiratory complaints accounted for 28.2%
of reasons for visiting the facility; 2.3% of participants
were specifically seeking COVID-19 testing.
SARS-CoV-2 rPCR-measured prevalence was
13.4% (95% CI 8.3%–18.5%; Table 1); SARS-CoV-2
ELISA-measured prevalence was 8.2% (95% CI 5.1%–
11.4%). Compared with community members, outpatients overall had higher rPCR-measured prevalence
(PR 1.8, 95% CI 1.1–2.9; Table 2) as did those seeking
COVID-19 testing (PR 3.6, 95% CI 2.2–5.9) or those
without a stated reason for the visit (PR 2.0, 95% CI
1.2–3.3). Although only 2.2% of participants reported contact with confirmed COVID-19 case-patients,
rPCR-measured prevalence was higher among outpatients specifically seeking COVID-19 testing compared with outpatients attending facilities for another
reason (PR 2.2, 95% CI 1.4–3.3). In addition, outpatients had higher ELISA-measured prevalence than
community members (PR 2.5, 95% CI 1.4–4.5) (Appendix). Among outpatients with SARS-CoV-2 infection, 45.7% did not report experiencing any symptoms associated with SARS-CoV-2.
Conclusions
Outpatients had higher SARS-CoV-2 prevalence
than did community members in Zambia. Given the
high SARS-CoV-2 prevalence and proportion of asymptomatic infections among outpatients, without
instituting protective measures facilities might become transmission foci. Ameliorating risk requires
instituting robust prevention and control strategies
including universal masking in facilities (9,10). Furthermore, persons seeking testing at facilities should
be quickly identified and isolated, because they might
be at particularly high risk for having the virus.
One limitation of our study is that underlying condition and exposure history are subject to self-report

Table 2. Severe acute respiratory syndrome coronavirus 2 prevalence measured by PCR, prevalence ratios, and absolute prevalence
differences between community members and outpatient participants, stratified by reason for attending the health facility, Zambia,
July 2020
Population
Prevalence, % (95% CI) Prevalence ratio (95% CI) Absolute difference, % (95% CI)
Community members,† n = 2,990
7.6 (4.7–10.6)
Referent
Referent
Outpatients, n = 1,490
Overall
13.4 (8.3–18.5)
1.8 (1.1–2.9)
5.7 (0.3–11.2)
Fever or respiratory complaint
12.9 (6.6–19.2)
1.7 (0.9–3.0)
5.3 (–1.2 to 11.7)
COVID-19 testing
27.5 (17.7–37.3)
3.6 (2.2–5.9)
19.9 (10.5–29.3)
Other acute medical complaints
10.7 (5.6–15.7)
1.4 (0.8–2.5)
3.0 (–2.4 to 8.4)
Routine health visit
12.5 (4.6–20.3)
1.6 (0.8–3.2)
4.8 (–2.9 to 12.5)
Not specified
15.5 (9.8–21.2)
2.0 (1.2–3.3)
7.9 (2.0–13.8)
*COVID-19, coronavirus disease.
†Estimates derived from a cluster-sampled household prevalence survey conducted among community members in the same 6 districts (Kabwe,
Livingstone, Lusaka, Nakonde, Ndola, and Solwezi) as in the outpatient prevalence study.
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and recall biases. The districts and facilities were not
randomly selected and, despite our intentions to remain unbiased, may not have been representative of
the population. The small sample size may have affected our ability to detect differences in factors associated
with SARS-CoV-2 prevalence. The higher ELISA-measured prevalence among outpatients than community members could signal noncomparability between
these 2 populations or that being an outpatient is a possible marker for other behaviors that increase SARSCoV-2 infection risk. We assumed exact sensitivity and
specificity values for the serology assay, but emerging
evidence on serologic cross-reactivity (11–13) and antibody decay (14) might affect these values. However,
given the timing of our study early in the outbreak, antibody decay was unlikely to substantially affect sensitivity (J. Perez-Saez, unpub. data, https://doi.org/10.1
101/2021.03.16.21253710).
Countries with limited testing capacity need efficient strategies to identify persons with SARS-CoV-2
infections to interrupt transmission. In Zambia, when
measured by rPCR, outpatients had 80% higher SARSCoV-2 prevalence than persons in the surrounding
community. Testing all outpatients regardless of their
reasons for visiting the facility during periods of community transmission might help identify otherwise undetected SARS-CoV-2 infections. Compared with community-based SARS-CoV-2 testing, outpatient testing,
which is often more convenient, might identify cases
more effectively. Therefore, testing at facilities during
periods of high community transmission might be an
effective strategy to identify persons with SARS-CoV-2
infection, especially when testing capacity is limited.
This work has been supported by the President’s
Emergency Plan for AIDS Relief through the Centers
for Disease Control and Prevention and its emergency
response to the COVID-19 pandemic.
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Outbreak of SARS-CoV-2 B.1.1.7
Lineage after Vaccination in
Long-Term Care Facility,
Germany, February–March 2021
Pinkus Tober-Lau,1 Tatjana Schwarz,1 David Hillus, Jana Spieckermann, Elisa T. Helbig,
Lena J. Lippert, Charlotte Thibeault, Willi Koch, Leon Bergfeld, Daniela Niemeyer,
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One week after second vaccinations were administered,
an outbreak of B.1.1.7 lineage severe acute respiratory
syndrome coronavirus 2 infections occurred in a longterm care facility in Berlin, Germany, affecting 16/20 vaccinated and 4/4 unvaccinated residents. Despite considerable viral loads, vaccinated residents experienced mild
symptoms and faster time to negative test results.

O

utbreaks of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in long-term care
facilities (LTCF) are of great concern and have been
reported to have high case-fatality rates (1). Consequently, national vaccination strategies prioritize residents of LTCFs (2).
The coronavirus disease (COVID-19) mRNA vaccine BNT162b2 (Pfizer-BioNTech, https://www.pfizer.com) has demonstrated high efficacy against COVID-19 (3). Protection has been observed >12 days after
the first vaccination, and reported vaccine efficacy is
52% between the first and second dose and 91% in the
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first week after the second dose (3). Although breakthrough infections have been reported, vaccinated
persons were at substantially lower risk for infection
and symptomatic disease (4,5).
The variant of concern (VOC) B.1.1.7 rapidly
became the predominant lineage in Europe in 2021.
Analyses estimated that B.1.1.7 has increased transmissibility and a <0.7 higher reproduction number
(6). Neutralization activity of serum samples from
BNT162b2-vaccinated persons has been shown to
be slightly reduced against B.1.1.7 in cell culture (7),
but observational data from Israel suggest BNT162b2
vaccination is effective against B.1.1.7 (8).
We investigated a SARS-CoV-2 B.1.1.7 outbreak
in a LTCF, which involved 20 BNT162b2-vaccinated
residents and 4 unvaccinated residents. We report on
clinical outcomes, viral kinetics, and control measures
applied for outbreak containment. The study was approved by the ethics committee of Charité–Universitätsmedizin Berlin (EA2/066/20) and conducted in
accordance with the Declaration of Helsinki and guidelines of Good Clinical Practice (https://www.ema.
europa.eu/en/documents/scientific-guideline/ich-e6-r2-guideline-good-clinical-practice-step-5_en.pdf).
The Study
On February 4, 2021, daily SARS-CoV-2 screening
of employees yielded a positive antigen point-ofcare test (AgPOCT) result in 1 caregiver in a LTCF
in Berlin, Germany. Among 24 residents of the unit
under their responsibility, 20 (83%) residents had
received the second dose of BNT162b2 on January
1
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29 or 30, 2021 (Figure 1). Four residents had not
been vaccinated for nonmedical reasons (i.e., personal refusal or delayed provision of consent by legal guardian). AgPOCTs and reverse transcription
PCR (RT-PCR) testing of all residents on February
4 detected SARS-CoV-2 infections in 3/4 unvaccinated and 10/20 vaccinated residents (Figure 1). At
the time of testing, 2 vaccinated patients exhibited
mild fatigue and one of those also had diarrhea; all
other patients were asymptomatic.
The next week, testing detected 7 additional infections, resulting in 4/4 unvaccinated infected residents and 16/20 vaccinated infected residents. The
remaining 4 vaccinated residents tested negative
throughout the 30-day observation period (Figure 1).
In addition to residents, 11/33 (33%) staff members from the unit tested positive for SARS-Cov-2
by February 18; of those, none were twice-vaccinated staff members, 2/8 (25%) had received 1 dose of
BNT162b, and 9/22 (40.9%) had not been vaccinated.
No infected staff required hospital treatment.
Respiratory symptoms, including cough and
shortness of breath, occurred in 5/16 (31.3%) vaccinated patients and all 4 unvaccinated patients (Figure 2, panel A; Appendix Table, https://wwwnc.cdc.
gov/EID/article/27/8/21-0887-App1.pdf). All 4 unvaccinated SARS-CoV-2–infected patients and 2/16

(12.5%) vaccinated patients required hospitalization
(Figure 1; Figure 2, panel A). Supplemental oxygen
therapy was required by 3/4 (75.0%) unvaccinated
and 1/16 (6.3%) vaccinated patients (Figure 1; Figure 2, panel A). Two patients, 1/16 (6.3%) vaccinated
persons and 1/4 (25.0%) unvaccinated persons, required intermittent oxygen therapy after discharge.
One vaccinated patient with a history of hypertension
and microvascular dementia died 6 days after testing
positive by RT-PCR because of a hypertensive crisis
with intracerebral hemorrhage. Another vaccinated
patient died 16 days after testing positive by RT-PCR.
Neither patient experienced respiratory symptoms
during the infection (Figure 1).
Containment measures in place included mandatory use of FFP2 or N95 masks and daily AgPOCT
screening for anyone entering the facility. Immediately after detection, the facility was closed to visitors and additional containment measures were put
in place, including designated staff and separate entrance, elevator, and changing rooms. Staff were required to change personal protective equipment before entering each room. Residents of all 7 units of the
LTCF underwent weekly AgPOCT for >3 weeks, and
residents in the adjacent unit underwent AgPOCT every 2–3 days. The outbreak was contained within the
unit; no further cases were detected.

Figure 1. Individual trajectories of 24 long-term care facility residents over 30-day study period in outbreak of SARS-CoV-2 B.1.1.7
lineage infections, Germany, February–March 2021. A) Four unvaccinated residents; B) 20 residents who received their second dose of
BNT162b2 COVID-19 mRNA vaccine (https://www.pfizer.com) on January 29 or 30, 2021. After a positive result in a healthcare worker,
residents received AgPOCT and subsequently underwent regular RT-PCR testing for SARS-CoV-2. Dotted lines indicate respiratory
symptoms, and continuous lines indicate hospitalization. AgPOCT, antigen point-of-care test; COVID-19, coronavirus disease; RT-PCR,
reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Figure 2. Characteristics of
outbreak of SARS-CoV-2
B.1.1.7 lineage infections
after vaccination in longterm care facility, Germany,
February–March 2021. A)
After a positive test result
in a healthcare worker,
16/20 (80.0%) vaccinated
residents and 4/4 (100.0%)
unvaccinated residents
subsequently tested
positive for SARS-CoV-2.
Among infected patients,
5/16 (31.25%) vaccinated
and all 4 (100.0%)
unvaccinated patients
exhibited respiratory
symptoms (i.e., cough or
shortness of breath) during
the course of disease. All
4 unvaccinated patients
required hospital treatment;
3 (75.0%) received
supplemental oxygen
therapy and a standard
course of dexamethasone.
Two (12.5%) vaccinated
patients also required
hospital treatment,
including 1 patient who
experienced hypertensive
crisis and intracranial
bleeding and died 4 days
after admission, and 1
patient with secondary
bacterial pneumonia and
urinary tract infection. B)
Peak SARS-CoV-2 RNA
concentrations in infected
vaccinated residents
(n = 16) and infected
unvaccinated residents
(n = 4), as well as SARSCoV-2 B.1.1.7 RNA
concentrations of an independent group of age-matched persons (n = 48) without known vaccination status whose infections were
diagnosed during routine care. C) Time between first positive and first negative reverse transcription PCR or antigen point-of-care
test result in vaccinated (n = 16) and unvaccinated (n = 4) residents. In 3 residents (2 vaccinated and 1 unvaccinated), negativity was
determined by antigen point-of-care test only. D) Anti-SARS-CoV-2 receptor binding domain–specific IgG. E) IFN-γ release assay of
SARS-CoV-2 specific T cells measured in 10/20 (50.00%) vaccinated and 2/4 (50.00%) unvaccinated residents 5 weeks after initial
testing. IFN-γ, interferon-γ; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; S/CO, signal-to-cutoff ratio.

All SARS-CoV-2 RNA-positive samples were
tested for presence of SARS-CoV-2 VOCs by RTPCR and complete genome sequencing (Appendix).
RT-PCR suggested the presence of B.1.1.7, which
was confirmed by sequencing in 11 patients for
whom sufficient sequence information was available. In phylogenetic analysis, sequences form a
monophyletic clade with additional sequences from
Berlin interspersed (Appendix Figure 1), suggesting

a common outbreak source, including infections
outside the unit.
We performed serial RT-PCR testing of nasopharyngeal swab specimens from 22 patients.
SARS-CoV-2 RNA concentrations peaked within 5
days (Appendix Figure 2). The median peak SARSCoV-2 RNA concentration in vaccinated and unvaccinated patients overlapped concentrations detected at time of diagnosis in B.1.1.7 patients of similar
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ages (Figure 2, panel B). However, SARS-CoV-2 RNA
concentration was lower among vaccinated residents
than unvaccinated residents, although the difference
was not statistically significant (6.45 vs. 8.15 log10 copies/mL; p = 0.10). Furthermore, duration of SARSCoV-2 RNA shedding was considerably shorter in
vaccinated patients than in unvaccinated patients (7.5
[95% CI 7–17.3] days vs. 31 [95% CI 21.5–34.5] days; p
= 0.003) (Figure 2, panel C). Peak SARS-CoV-2 RNA
concentrations above 106 copies per mL, below which
virus isolation in cell culture is usually not successful,
were detected in all 4 unvaccinated patients but only
in 7/16 vaccinated patients (9).
We further assessed the level of infectiousness
in 22 samples from 14 patients by virus cell culture
(Appendix). One sample obtained from a vaccinated
patient 7 days after the first positive RT-PCR test,
which showed 9.32 log10 SARS-CoV-2 RNA copies/
mL, yielded a positive isolation outcome. Isolation attempts from samples of the same patient taken in the
next 4 days and from 21 samples taken from 13 other
patients were unsuccessful.
Five weeks after initial testing, 8/8 vaccinated and
infected residents and 2/2 unvaccinated and infected
residents showed robust antibody responses against
SARS-CoV-2 spike antigens, virus neutralization capacity, and interferon-γ release of SARS-CoV-2–specific T cells (Figure 2, panels D, E; Appendix Figure 3).
These results confirm the immune response capability in these patients.
Conclusions
We performed a longitudinal study of SARS-CoV-2
infections in a LTCF unit. Nearly all infected residents were symptomatic, including most residents
that had received a second BNT162b2 dose the
week before. The outbreak was caused by SARSCoV-2 VOC lineage B.1.1.7, which might partly explain the high attack rate and lack of protection in
vaccinated residents. Nevertheless, we reported a
lower attack rate, a shorter duration of SARS-CoV-2
RNA shedding, and a lower proportion of symptomatic COVID-19 requiring hospitalization and
oxygen support for vaccinated patients. However,
despite the limited sample size and the short interval between second vaccination and infection, this
outbreak raises questions about the effectiveness of
the vaccination regimen in the elderly (3,8,10–12).
A delayed and overall reduced immune response
to BNT162b2 vaccination has been described in elderly persons (13,14), which might explain the reported outbreak and infections in LTCF described
elsewhere (4,5).
2172

This outbreak highlights that older adults
have reduced protection <2 weeks after second
BNT162b2 vaccination. Therefore, single-dose regimens and extended dosing intervals might be insufficient for fully protecting this population (15).
Vaccination of LTCF residents and staff is likely
effective in reducing the spread of SARS-CoV-2.
However, regular SARS-CoV-2 screening, prompt
outbreak containment, and nonpharmaceutical interventions (16) remain necessary for optimal protection in this setting.
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Delayed Antibody and T-Cell
Response to BNT162b2 Vaccination
in the Elderly, Germany
Tatjana Schwarz,1 Pinkus Tober-Lau,1 David Hillus, Elisa T. Helbig, Lena J. Lippert, Charlotte Thibeault,
Willi Koch, Irmgard Landgraf, Janine Michel, Leon Bergfeld, Daniela Niemeyer, Barbara Mühlemann,
Claudia Conrad, Chantip Dang-Heine, Stefanie Kasper, Friederike Münn, Kai Kappert, Andreas Nitsche,
Rudolf Tauber, Sein Schmidt, Piotr Kopankiewicz, Harald Bias, Joachim Seybold, Christof von Kalle,
Terry C. Jones, Norbert Suttorp, Christian Drosten, Leif Erik Sander,2 Victor M. Corman,2 Florian Kurth2

We detected delayed and reduced antibody and T-cell
responses after BNT162b2 vaccination in 71 elderly persons (median age 81 years) compared with 123 healthcare workers (median age 34 years) in Germany. These
data emphasize that nonpharmaceutical interventions for
coronavirus disease remain crucial and that additional
immunizations for the elderly might become necessary.

T

he severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) pandemic has led to an urgent
need for vaccines, particularly among persons at high
risk for severe disease and death, such as the elderly
(1). Efficacy against severe coronavirus disease (COVID-19) of mRNA vaccine BNT162b2 (Pfizer-BioNTech,
https://www.pfizer.com) is reported to be >90%
starting 7 days after the second vaccination; robust
antibody and T-cell response has been demonstrated
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consistently across age groups (2–4). However, only
4.3% of participants in the BNT162b2 efficacy trial
were >75 years of age (4). Given the elderly generally
have weaker immune responses after vaccination,
more detailed investigation is necessary (4,5).
The Study
In a prospective observational cohort study, we investigated SARS-CoV-2–specific antibodies, maturation of IgG avidity, and interferon-γ (IFN-γ) release
of SARS-CoV-2–specific T cells in 2 cohorts of young
and elderly BNT162b2-vaccinated persons (Table).
Participants were recruited from 2 studies conducted
at Charité–Universitätsmedizin Berlin, both conducted in accordance with the Declaration of Helsinki and
Good Clinical Practice (https://www.ema.europa.
eu/en/documents/scientific-guideline/ich-e-6-r2guideline-good-clinical-practice-step-5_en.pdf) and
approved by the local ethics committee (EA4/244/20
and EA4/245/20)
The first cohort consisted of 123 healthcare workers; median age was 34 (interquartile range [IQR] 20–64)
years. The second cohort consisted of 71 elderly residents of an assisted living facility; median age was 81
(IQR 70–96) years. Blood samples were taken before the
first vaccination (week 0), just before the second vaccination (week 3), and 4 weeks after the second vaccination (week 7). To discriminate between vaccine-induced
antibody response and convalescent SARS-CoV-2
infection, we used the SeraSpot Anti-SARS-CoV-2
IgG microarray-based immunoassay including nucleocapsid and spike as antigens (Seramun Diagnostica GmbH, https://www.seramun.com) (Appendix,
https://wwwnc.cdc.gov/EID/article/27/8/21-11451
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App1.pdf). Ten of 123 healthcare workers and 1 of 71
elderly participants showed reactive anti-nucleocapsid
or anti-spike IgG before the first vaccination and were
excluded from further analyses.
At week 3, in the younger cohort, 93/107 (86.9%,
95% CI 79.2%–92.0%) participants showed reactive SARS-CoV-2 receptor-binding domain (RBD)
IgG, compared with only 16/52 elderly participants
(30.8%, 95% CI 19.9%–44.3%). At week 7, the antibody response rate had increased in both cohorts,
to 112/113 in younger participants (99.1%, 95% CI
95.2%–100.0%) and 64/70 in the elderly cohort (91.4%,
95% CI 82.5%–96.0%) (Figure, panel A; Appendix Table). The comparison of SARS-CoV-2 RBD IgG levels
demonstrated a significant difference in the 2 cohorts
at both week 3 (p<0.0001) and week 7 (p = 0.0003)
(Appendix Table), indicating a substantial delay and
overall reduced antibody response in elderly participants. We observed similar kinetics and differences
between cohorts for antibody responses to 2 further
SARS-CoV-2 spike antigens: the S1 subdomain and
the full spike protein (Appendix Table, Figure).
We further confirmed the delayed and reduced
antibody response in the elderly by measurement of
the functional neutralization capacity using the surrogate virus neutralization test (sVNT) cPass (medac
GmbH, https://international.medac.de) (Appendix) (6). At week 3, only 24/52 elderly participants
(46.2%, 95% CI 33.3%–59.5%) had neutralizing capacity in serum, compared with 97/107 younger
participants (90.7%, 95% CI 83.7%–94.8%; p<0.0001
(Figure). In addition, the median sVNT titer for elderly participants was significantly lower than the
young cohort (26.4% [IQR 6.8%–40.9%] vs. 60.2%
[IQR 45.0%–76.4%]; p<0.0001) (Appendix Table).
Although the neutralizing antibody response rate
increased to 63/70 (90.0%, 95% CI 80.8%–95.1%) in
elderly participants by week 7, the median sVNT titer remained significantly lower than in the younger
cohort (89.6% [IQR 70.9%–95.2%] vs. 96.7% [IQR
95.6%–97.2%]; p<0.0001) (Appendix Table).
To characterize the maturation of IgG avidity
in all 16 elderly and 30 randomly selected younger
participants who were seroreactive at week 3, we
applied a modified SARS-CoV-2 S1 IgG ELISA (Euroimmun, https://www.euroimmun.com) (Appendix Figure 2). The delayed antibody response in the
elderly is reflected in results: at week 7, only 8/16
elderly (50.0%, 95% CI 28.0%–72.0%) exhibited high
S1 IgG avidity indices (>60) compared with 28/30
young participants (93.3%, 95% CI 78.7%–98.8%)
(Figure, panel C). Consequently, the median relative avidity index of IgG was significantly higher in

Table. Cohort characteristics in study of delayed antibody and Tcell response to BNT162b2 vaccination in the elderly, Germany*
Healthcare
Characteristic
workers
Elderly
No. patients
123
71
Sex
F
65 (52.9)
54 (76.1)
M
58 (47.2)
17 (23.9)
Median age, y (IQR)
34 (20–64)
81 (70–96)
Underlying conditions
Cardiovascular disease
15 (12.2)
56 (78.9)
Type 2 diabetes
1 (0.8)
13 (18.3)
Respiratory disease
16 (13.0)
11 (15.5)
Dyslipidemia
5 (4.1)
21 (29.6)
Thyroid dysfunction
0
16 (22.5)
Chronic kidney disease
0
12 (16.9)
Chronic liver or GI disease
2 (1.6)
18 (25.4)
Rheumatic disease
6 (4.9)
7 (9.9)
Active solid malignancy
2 (1.6)
4 (5.6)
Active hematological malignancy
0
4 (5.6)
Neurologic disease
1 (0.8)
18 (25.4)
Immunodeficiency
1 (0.8)
0
Others
9 (7.3)
29 (40.9)
Outpatient medication
No
79 (64.2)
5 (7.0)
Yes
39 (31.7)
64 (90.1)
Unknown
5 (4.1)
2 (2.8)
*Values are no. (%) except as indicated. BNT162b2 is manufactured by
Pfizer-BioNTech (https://www.pfizer.com). GI, gastrointestinal; IQR,
interquartile range.

the younger cohort than the elderly cohort (76.2%
[IQR 67.6%–82.9%] vs. 59.3% [IQR 55.3%–68.9%]; p
= 0.0002) (Figure, panel C).
In addition to antibody responses, we assessed
SARS-CoV-2 spike-specific T cell responses by an
IFN-γ release assay (IGRA) (Euroimmun) (Appendix)
of S1 peptide-stimulated T cells at week 7. The proportion of persons with IGRA results above the defined threshold (Appendix) was significantly lower in
the elderly than in younger participants (51.2% [95%
CI 36.8%–65.4%] vs. 84.5% [95% CI 74.4%–91.1%]; p
= 0.0002). Accordingly, median S1-induced IFN-γ
release was significantly decreased in the elderly
compared to younger participants (707.3 mIU/mL
[IQR 216–1,392] vs. 2184 mIU/mL [IQR 1,274–2,484];
p<0.0001) (Figure, panel D). In contrast, we detected
no significant difference in IFN-γ release after mitogen stimulation between the 2 cohorts, indicating no
general impairment of IFN-γ responses in the elderly
(p = 0.77) (Figure, panel D; Appendix Table).
In summary, vaccination with BNT162b2 induces
both arms of adaptive immunity: SARS-CoV-2–specific antibodies and SARS-CoV-2–specific T cells.
However, we observed delayed and less robust cellular and humoral immune response among the elderly than among younger adults. A limitation of our
study is the lack of data on other COVID-19 vaccines.
Furthermore, we cannot exclude that underlying diseases or medications, which are more common in the
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Figure. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)–specific antibody and T-cell response after vaccination
with BNT162b2 (Pfizer-BioNTech, https://www.pfizer.com) in the elderly, Germany. A) SARS-CoV-2 RBD IgG measured in serum of
BNT162b2-vaccinated younger participants (healthcare workers) before the first vaccination (n = 100, week 0), 3 weeks after the first
vaccination (n = 107, week 3), and 4 weeks after the second vaccination (n = 113, week 7) and from elderly participants at week 0 (n =
70), week 3 (n = 52), and week 7 (n = 70) using the SeraSpot Anti-SARS-CoV-2 IgG assay (Seramun Diagnostica GmbH, https://www.
seramun.com). B) Neutralizing capacity of antibodies measured at week 3 and 7 in the young and elderly cohorts using the ELISAbased surrogate virus neutralization test (sVNT) cPass (medac GmbH, https://international.medac.de). C) SARS-CoV-2 spike IgG
avidity analyzed in the healthcare workers cohort (n = 30) and elderly cohort (n = 16) at week 3 and 7. D) At week 7, whole blood from
vaccinated elderly participants (n = 43) and young participants (n = 71) was stimulated ex vivo with components of the S1 domain of
the spike protein for 24 h, and IFN-γ concentration in the supernatant was detected by ELISA. Dotted lines indicate the manufacturer’s
specified threshold for RBD IgG >1 S/Co, for sVNT >30%, and for avidity 40–60% borderline avidity and >60% high avidity. For IGRA,
we defined an arbitrary threshold at 334.2 mIU/mL. p value was calculated by the nonparametric Mann Whitney U test, and the median
and interquartile range are depicted. ACE2, angiotensin-converting enzyme 2; IFN-γ, interferon-γ; IU, international units; NS, not
significant; RBD, receptor-binding domain; S/CO, signal-to-cutoff ratio; sVNT, surrogate virus neutralization test.

elderly (Table), might impair the vaccine-induced
immune response. For example, patients on dialysis have significantly lower antibody response than
vaccinated same-age patients not on dialysis (E.
Schrezenmeier et al., unpub. data, http://medrxiv.
org/lookup/doi/10.1101/2021.03.31.21254683).
Our data are supported by other real-world observations suggesting a delayed and reduced immunogenicity of BNT162b2 in the elderly (5,7; D.A. Collier et al.,
unpub. data, http://medrxiv.org/lookup/doi/10.110
1/2021.02.03.21251054). In line with our observations
for BNT162b2, an effect of age-dependent decrease of
2176

immune function, referred to as immunosenescence, is
well known and contributes to increased prevalence of
infectious disease and vaccine failure in the elderly (8).
A lower vaccine-induced immune response to influenza and hepatitis B viruses is well documented (9,10);
however, such data are scarce for mRNA vaccines.
Of note, vaccination with 2 doses of BNT162b2
might not fully prevent SARS-CoV-2 outbreaks
among elderly persons in congregate settings, such as
long-term care facilities, possibly because of delayed
and reduced immune response. However, vaccination protects against severe disease (11–13).
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Conclusions
Although the immune response of elderly participants 4 weeks after the second dose of BNT162b2
nearly reached the level of younger participants, a
small fraction of elderly participants did not demonstrate robust antibody and T-cell response. However, the immunologic correlates of protection remain
unknown, and identification of persons with no or
incomplete protection after vaccination remains challenging. Therefore, strategies focused solely on vaccinating high-risk groups might be insufficient to protect those at risk for severe disease. For the elderly,
vaccinating caregivers and close contacts should be
prioritized. Moreover, a booster vaccination, altered
vaccine dose, or different COVID-19 vaccines should
be considered for the elderly if further evidence demonstrates high rates of breakthrough infections despite 2-dose BNT162b2 vaccination.
These results are particularly relevant for vaccination strategies focused on broad administration of
the first dose of a 2-dose vaccine while postponing the
second vaccination. This practice might leave a relevant proportion of elderly with comparatively low
levels of immunity for a prolonged period, emphasizing the need for nonpharmaceutical interventions,
such as mask use and regular testing.
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Autochthonous Cases of Tick-Borne
Encephalitis, Belgium, 2020
Anke Stoefs, Leo Heyndrickx, Jonathan De Winter, Evelien Coeckelbergh, Barbara Willekens,
Alicia Alonso-Jiménez, Anne-Marie Tuttino, Yvette Geerts, Kevin K. Ariën, Marjan Van Esbroeck

We report 3 conﬁrmed autochthonous tick-borne encephalitis cases in Belgium diagnosed during summer 2020.
Clinicians should include this viral infection in the diﬀerential diagnosis for patients with etiologically unexplained
neurologic manifestations, even for persons without recent travel history.

T

ick-borne encephalitis (TBE) is a severe viral zoonosis caused by TBE virus (TBEV) (1). To date,
confirmed locally acquired human TBEV infections
have not been reported in Belgium, although the most
common vector, the tick Ixodes ricinus, is abundant in
Belgium and seroprevalence studies have revealed
the presence of TBEV antibodies in dogs, cattle, roe
deer, and wild boar (2,3). We report 3 confirmed autochthonous TBE cases, diagnosed at the National
Reference Centre (NRC) for Arboviruses (Antwerp,
Belgium) during summer 2020.
The Study
A 48-year-old woman had muscle pain and an elevated body temperature 2 weeks after a tick bite on her
right hip. She tested negative for coronavirus disease
(COVID-19), and her general practitioner prescribed
antimicrobial drugs. A few days later, the patient
was hospitalized with asthenia, tremor, drowsiness, and fever. A neurologist determined signs of
peripheral facial palsy with brachial weakness and
nuchal rigidity. Cerebrospinal fluid (CSF) showed
an elevated leukocyte count (37 cells/µL; reference
range 0–5 cells/µL). Borrelia serology and PCR results were negative. Magnetic resonance imaging
Author aﬃliations: Institute of Tropical Medicine, Antwerp, Belgium
(A. Stoefs, L. Heyndrickx, K.K. Ariën, M. Van Esbroeck); University
Hospital of Antwerp, Antwerp (J. De Winter, E. Coeckelbergh,
B. Willekens, A. Alonso-Jiménez); University of Antwerp,
Antwerp (B. Willekens, A. Alonso-Jiménez, K.K. Ariën); Vivasso,
Villers-Le-Bouillet, Belgium (A.-M. Tuttino); AZ Zeno Hospital,
Knokke-Heist, Belgium (Y. Geerts)
DOI: https://doi.org/10.3201/eid2708.211175

(MRI) showed demyelinating lesions and encephalopathy and electroencephalography showed diffuse slow activity. Serum collected on day 5 after
illness onset tested positive for TBEV IgM and IgG
by immunofluorescence assay (IFA) performed at
the NRC. Several months later, the patient still had
weakness of her right arm, loss of cognitive function,
inability to concentrate, fatigue, and tremor.
A 59-year-old man was admitted to the neurology department of a hospital in Belgium with paraparesis and meningitis. Influenza-like symptoms,
including fever, fatigue, myalgia, and headache, had
occurred a few days earlier. CSF showed an elevated
leukocyte count (371 cells/µL; reference range 0–5
cells/µL). Positron emission tomography (PET) and
MRI showed no signs of underlying malignancies or
encephalopathy. Infectious diseases screening did not
reveal the etiology. The patient recalled a tick bite after a walk in a forest in his neighborhood 2 weeks before symptom onset. Borrelia and TBEV serology were
added to the differential diagnosis, and TBEV antibodies were detected by IFA performed on serum collected on day 20 after illness onset. The patient went
through a severe motor polyradiculitis and was using
a wheelchair at discharge. At his last clinical evaluation, 9 months after hospitalization, the patient’s motor skills had clearly improved.
A 58-year-old man sought medical attention 48
hours after onset of dyspnea, cough, and fever. A
COVID-19 test was done and repeated a week later;
results of both were negative. The symptoms subsided for a week, but then fever returned, accompanied by severe and persistent headaches, weakness,
decreased appetite, and diarrhea. The patient lived
in the woods and enjoyed outdoor activities, such as
biking and hiking. He recalled multiple tick bites and
a bite by a sick squirrel in the weeks before symptom
onset. A transesophageal echocardiogram and PET
scan were normal, and screening for expected infectious diseases was negative. TBE was diagnosed by
IFA performed on serum collected on day 18 after
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illness onset. Except for occasional headaches, he recovered without residual symptoms.
The NRC used Flavivirus Profile 2 (EUROIMMUN AG, https://www.euroimmun.com) mosaic
IFA to detect TBEV IgM and IgG antibodies in serum
from the 3 patients and in CSF from 2 of them (no CSF
was available for case 3). TBEV-specific antibodies
were confirmed in all patients by plaque-reduction
neutralization test (PRNT) with a 90% PRNT at titer
≥1:25. Retrospective real-time reverse transcription
PCR (rRT-PCR), adapted from M. Schwaiger (4), on
acute-phase serum collected from case-patient 3 revealed the presence of TBEV RNA, but the viral load
was too low for further analysis (Table).
Conclusions
We describe 3 cases of confirmed autochthonous
TBE in Belgium. TBEV IgM and IgG were detected
in serum samples from all 3 cases. TBE was confirmed by PRNT. Intrathecally produced TBEV IgM
were detected in 2 cases. In the third case, for which
no CSF was available, TBE infection was confirmed
by detection of TBEV RNA in an acute-phase serum
sample. Because the virus typically is not detectable
in serum or CSF by the time patients undergo TBE
testing, rRT-PCR was not performed on convalescent samples from the other 2 cases (4,5). PCR testing on urine can be useful 1–2 weeks after symptom
onset (6), but urine samples were not available from
these cases.
The 3 cases we describe met the current European Centre for Disease Prevention and Control
case definition for confirmed TBE (7). None of the
patients had been vaccinated against TBEV or other
flaviviruses, and none had traveled abroad in the
months before symptom onset. Belgium closed its
borders during March 20 through mid-June 2020 as
part of measures to contain the COVID-19 pandemic.
These regulations greatly increased outdoor activities, such as walking in forests, among the population in early spring 2020, probably leading to higher

exposure to ticks (8). The increased incidence of tick
bites also was illustrated through the online platform TekenNet (9), a project of the Belgian Institute
of Public Health that monitors tick exposure among
the population by inviting citizens to voluntarily report tick bites. The 3 patients had been exposed in
geographically separate regions of the country, 2 of
which were adjacent to an area with known TBEV
seropositivity in animals (Figure).
TBE occurs after an incubation period of a median of 8 (range 4–28) days after a bite from an infected
tick (1). Serologic diagnosis of TBE is hampered by a
degree of cross reactivity with the antibodies against
other flaviviruses in nearly all assays (5). The flavivirus IFA used by the NRC can determine the predominant flavivirus antibody response because it
combines 8 different flavivirus substrates on different biochips. Unlike IgG, IgM responses generally
are type-specific; therefore, IFA IgM is a useful tool
for identification of infections during the acute phase
of disease (1).
The incidence of TBE in Europe has increased in
recent years, and the infection emerged in the Netherlands in 2016 and the United Kingdom in 2019 (10,11).
The occurrence of autochthonous cases in the Netherlands in 2016, not far from the border with Belgium,
led to a 26% increase in TBE serology inquiries at the
NRC in 2017 compared with those for 2016 and a
143% increase in 2018 compared with those for 2016
(M. Van Esbroeck, unpub. data). In Belgium, the virus has been shown to circulate in animals, but human infections have been limited to a few imported
cases until now (2,12). In 2018, two human cases of
autochthonous TBE were suspected but not confirmed because both patients also spent time abroad
during the incubation period (3,13,14). In a study on
the prevalence of pathogens in ticks collected from
humans in Belgium, none of the examined ticks were
infected with TBEV (14,15). Studies to determine the
geographic spread and genetic diversity of TBEV in
ticks were put on hold in 2020 due to the COVID-19

Table. Laboratory results confirming TBEV infections in 3 autochthonous human cases, Belgium, 2020
Exposure
Flavivirus IFA
Case
Symptom
Sample type, days
no.
onset date Likely site, postal code
Likely route, time
after symptom onset
IgM†
IgG‡
1
Jun 5
Oostkamp, 8020
Tick bite, 2 wk before
Serum, 5
TBEV+ TBEV+
symptom onset
CSF, 6
TBEV+ TBEV+
2
Jun 21
Lille, 2275
Tick bite, 2 wk before
CSF, 18
TBEV+ TBEV+
symptom onset
Serum, 20
TBEV+ TBEV+
3
Jul 20
Wanze, 4520
Multiple tick bites in
Serum, 2
–
–
the weeks before
Serum, 18
TBEV+ TBEV+
symptom onset

PRNT90
titer
1:25
ND
ND
1:60
ND
1:194

rRT-PCR
ND
ND
ND
ND
+
ND

*CSF, cerebrospinal fluid; IFA, immunofluorescence assay; ND, not done; PRNT 90, plaque reduction neutralization testing at 90% sensitivity; rRT-PCR,
real-time reverse transcription PCR; TBEV, tick-borne encephalitis virus; +, positive; –, negative.
†Only TBEV-positive on the flavivirus mosaic IFA.
‡Also positive signal for >1 other flavivirus on the mosaic IFA, including West Nile virus, Japanese encephalitis virus, yellow fever virus, and dengue virus
serotypes 1–4.
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Figure. Geographic distribution
of autochthonous human cases
of tick-borne encephalitis,
Belgium and the Netherlands
(adapted from National Institute
of Public Health and Environment
[10]). Grey shading indicates
communities in Belgium in which
antibodies against tick-borne
encephalitis virus have been
detected in animals (adapted from
S. Roelandt [2]).

pandemic. During the 2021 tick season, ticks will be
collected by flagging in areas where TBEV exposure
most likely occurred for the 3 described patients.
Confirmed TBE cases involving the central nervous system are reported to the European Surveillance System (3). Because approximately two thirds
of human TBEV infections are asymptomatic, TBE
probably is underdiagnosed in Europe (15).
Vaccination against TBEV is not recommended
for the general population (3). However, persons living in Belgium should be aware of the risk for exposure to ticks and protect themselves against tick bites

when engaging in outdoor activities. Clinicians also
should include TBE in the differential diagnosis in
patients with etiologically unexplained neurologic
manifestations, even without a recent travel history.
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Epidemiology of COVID-19 in
Prisons, England, 2020
Wendy M. Rice, Dimple Y. Chudasama, James Lewis, Francis Senyah, Isaac Florence, Simon Thelwall,
Lisa Glaser, Maciej Czachorowski, Emma Plugge, Hilary Kirkbride, Gavin Dabrera, Theresa Lamagni

Using laboratory data and a novel address matching methodology, we identified 734 cases of coronavirus disease in
88 prisons in England during March 16–October 12, 2020.
An additional 412 cases were identified in prison staff and
household members. We identified 84 prison outbreaks
involving 86% of all prison-associated cases.

I

ncarcerated persons are at an increased risk for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) transmission and illness because of both
the prison environment and the vulnerability of the
residents (1,2). To limit spread in prisons in England,
visitation restrictions were introduced, the population
was compartmentalized to limit movement, and an
early release scheme was put in place (3,4). As in the
general population, only those admitted to a hospital
were tested for SARS-CoV-2 initially, but testing was
expanded to all symptomatic cases in late May 2020,
specifically persons with cough, fever, or anosmia.
Outbreaks of coronavirus disease (COVID-19)
have been reported in correctional facilities (5–8). We
describe characteristics and outcomes for prison-associated COVID-19 cases in England reported to Public
Health England (PHE) in March 16–October 12, 2020.
The Study
COVID-19 cases confirmed by real-time PCR in England must be reported to PHE’s laboratory reporting system (Second Generation Surveillance System
[SGSS]) in accordance with statutory legislation (9).
Prison residence was identified from case addresses
reported by laboratories or the NHS database–registered address (9).
We used a previously described process to match
case data against a national database of properties (AddressBase Premium; Ordnance Survey, https://www.
ordnancesurvey.co.uk) listed by Unique Property
Author aﬃliation: Public Health England, London, UK
DOI: https://doi.org/10.3201/eid2708.204920

Reference Number (UPRN) (2). We identified prisons
using the property classes designated by UPRN. We
used ESRI LocatorHub software (https://www.esriuk.com) for exact matching of case addresses to AddressBase. We used fuzzy matching on failed records
and manually matched remaining records.
Laboratory records from national key worker
testing were the sources for identifying prison staff
and of symptomatic household members of key
workers also eligible for testing. We were not able to
link prison staff–associated cases to specific facilities
because workers’ residential addresses and not workplace addresses were provided; we could not extrapolate workplace on the basis of residence given the
regional prison distribution (Figure 1).
We defined associated deaths as deaths in cases
occurring <60 days from first positive specimen date
or in cases for which COVID-19 was on the death certificate. We calculated incidence in incarcerated persons using official prison denominators for September 2020 (10).
We defined outbreaks in prisons as >2 cases
within 14 days (by specimen date) residing at the
same location (UPRN). We extracted records for
cases identified March 16–October 12, 2020, and
analyzed them using Stata version 15 (StataCorp,
https://www.stata.com). The first laboratory-confirmed COVID-19 case in an incarcerated person in
England was identified on March 16, 2020, in a highsecurity prison. We identified 734 incarcerated casepatients, accounting for 0.14% of all cases reported
through October 12, 2020 in England (N = 527,225);
we also identified 412 cases in prison staff and
their households.
Most (52%, 380/734) incarcerated cases were reported before June 6; a second wave was reported
in mid-September (Figure 1). The crude incidence in
incarcerated persons in England was 988.1/100,000
population, which was not significantly different than
incidence in the general population, at 935.3/100,000
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Figure 1. Cases of coronavirus disease in
incarcerated persons, England, March 16–
October 12, 2020. Dots indicate prison locations.
Shading indicates density of cases by Public
Health England center.

population (relative risk 1.05; p = 0.14). Incidence rates
varied between prisons, from 0 to 14,171.4/100,000
population. Of the 112 prisons in England, 88 (78.6%)
were identified as having >1 confirmed case (Figure
1). Most prison staff–associated cases were identified
after the introduction of key worker testing in April
2020, a total of 303 (74%) staff cases during April 28–
May 31, mirroring the trend in England (Figure 2).
Ethnicity data were available for 652 incarcerated cases. Of those, 74.3% (n = 507) identified as
White, 7.9% (n = 54) Asian, and 6.4% (n = 44) Black,
compared with the general population that was 86%
White, 7.5% Asian, and 3.3% Black (11). Most staffassociated case-patients identified as White (86.6%,
367/412) (Table).
Twenty-three COVID-19-related deaths were
identified, giving a case-fatality ratio (CFR) of 3.13%;
the CFR for England was 8.0% over the study period.
The CFR was highest for those reported to be White
2184

(3.94%, 20/507); differences by ethnicity were not statistically significant (p = 0.32) (Table).
The number of cases at each prison was 1–124 (IQR
3–7); the upper range resulted from a single outbreak.
Overall, 87% of incarcerated cases (n = 638) were associated with an outbreak; we identified a total of 84
prison outbreaks. Eighteen deaths occurred across
all outbreaks. For staff-associated cases, clustering by
time and place was seen within the same household
for 73 cases, including 14 children >18 years of age.
Conclusions
In this study, we aimed to use routine laboratory surveillance data to describe the first wave of COVID-19
cases associated with prisons in England. Because
nearly half the prisons in England are overcrowded
(12), cases in these environments require monitoring
and prompt response. Nearly all cases in incarcerated
persons were associated with an outbreak. Future
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Figure 2. Laboratory-confirmed
coronavirus disease cases
associated with prisons in
England (incarcerated persons,
prison staff, and families) by
testing date compared to all
cases in England, March 16–
October 12, 2020. Scales for
the y-axes differ substantially to
underscore patterns but do not
permit direct comparisons.

work should examine the value of genome sequencing to link outbreak cases molecularly.
Although we saw no difference in the crude incidence rates between incarcerated persons and the
general population, infection rates were likely underestimated because asymptomatic persons were
not tested. In prisons, testing of asymptomatic
persons could be employed at the discretion of local
government but was usually only done in larger or
more severe outbreaks. Other studies have demonstrated asymptomatic detections during outbreaks in
other institutional settings (13); wider asymptomatic
testing was not introduced in England until 2021.
Testing hesitancy has been reported elsewhere
(6), which could also affect the crude rates we report.

Inaccurate address information for incarcerated casepatients could also lead to underestimation. Trends
in deaths among the incarcerated differs from reports
elsewhere (7). Calculating and comparing CFRs in
subsequent waves in these facilities could help to understand this trend.
Sixteen percent of case-patients were from a Black,
Asian, or other minority ethnic background, despite
making up over a quarter of the prison population and
13% of the general population (12) (Table 1). The differences in infection rates observed by ethnicity may
relate to age-related conditions in this population. We
noted a higher proportion of White incarcerated cases
>65 years of age; increased age is a known risk factor for severe COVID-19 infection (12,14). Older age

Table. Demographic characteristics of COVID-19 cases in incarcerated persons and in persons associated with prison staff, England,
March 16–October 12, 2020 *
Characteristic
Incarcerated persons
Prison staff–associated
No. deaths
CFR† (95% CI)
Total, N = 1,157
734 (63.5%)
412 (35.6%)
23 (1.99%)
3.13 (2.00–4.67)
Age group, y
0–17
5
14
0
0.00‡
18–21
31
12
0
0.00
22–45
435
223
4
0.92 (0.02–2.34)
46–65
192
153
8
4.17 (1.82–8.04)
>66
71
10
11
15.5 (8.0–26.03)
Sex
F
46
166
2
4.35 (0.05–14.84)
M
688
242
22
3.05 (1.9–4.63)
Unknown
0
4
0
0.00
Race/ethnicity‡
White/White British
507
318
20
3.94 (2.43–6.03)
Asian/Asian British
54
33
NA
‡
Black/Black British
44
9
NA
‡
Mixed
20
4
NA
0.00
Other
27
3
NA
0.00
Unknown
82
45
NA
0.00
Prison type
Category C (trainer)
259
NA
7
2.70 (1.09–5.49)
Local
193
NA
8
4.15 (1.81–8.0)
Category B (high security, trainer)
138
NA
2
1.45 (0.18–5.14)
Female
43
NA
2
4.65 (0.57–15.81)
Category A (maximum security)
40
NA
2
5.00 (0.61–24.29)
Open
27
NA
2
7.41 (0.91–24.29)
Youth detention
15
NA
0
0.00
*No deaths were reported among prison staff or their associated cases. CFR, case-fatality rate; COVID-19, coronavirus disease; NA, not available.
†CFR calculated using only incarcerated case data.
‡CFR and 95% CIs for non-White groups not included due to small numbers reported in other categories (<5 cases).
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groups also experience a high burden of noncommunicable diseases, putting them at increased risk for more
severe infection (14). Possible differences in acceptance
of testing by age or ethnicity should also be considered
relating to these different rates.
The inability to distinguish key workers from
household members using these data limited our
ability to determine household transmission direction but indicates spread. We were unable to assess
the potential role of prison staff–associated cases in
seeding prison outbreaks on the basis of routine laboratory data. Other studies have indicated that cases
associated with correctional facilities can contribute
to additional spread in local communities (15), supporting the potential benefit of routine screening of
staff to prevent seeding of COVID-19.
Despite limitations, this study adds to the growing evidence base addressing the impact of COVID-19
in prisons. We demonstrate the utility of a highly sensitive address matching methodology to help enhance
COVID-19 surveillance. Prison-associated cases make
up <1% of COVID-19 cases in England. Because of the
increased risk for rapid spread in these environments
and the effects of outbreak management on the health
of the incarcerated population, being able to identify
early signals of increasing case numbers is of great
importance for protecting these vulnerable groups.
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We detected the simian malaria parasites Plasmodium
knowlesi, P. cynomolgi, P. inui, P. coatneyi, P. inui–like,
and P. simiovale among forest fringe–living indigenous
communities from various locations in Malaysia. Our
findings underscore the importance of using molecular tools to identify newly emergent malaria parasites
in humans.

Z

oonotic malaria caused by Plasmodium knowlesi,
commonly found in long-tailed macaques (Macaca fascicularis) and pig-tailed macaques (M. nemestrina), is now a major emerging disease, particularly in
Malaysia (1,2). Two other simian malaria parasites, P.
cynomolgi (2–4) and P. inui (2), have also been shown
to have the potential of zoonotic transmission to humans through the bites of infected mosquitoes under
natural and experimental conditions. The risk of acquiring zoonotic malaria is highest for persons living
at the forest fringe and working or venturing into the
forest because of their proximity with the monkey
reservoir hosts and the mosquito vectors (5,6). With
the aid of molecular methods, we aimed to investigate whether human infections with simian malaria
parasites were present among indigenous communities in Malaysia whose villages are situated in the forest or at the forest fringe.
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The Study
We examined 645 archived blood samples that we had
collected during 2011–2014 among indigenous populations of various subtribes from 14 villages in 7 states
in Malaysia (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/27/8/20-4502-App1.pdf). We
first screened the extracted DNA samples at Universiti Malaya (UM) for the presence of Plasmodium
with the aid of genus-specific primers (rPLU1 and
rPLU5; rPLU3 and rPLU4) (Appendix). Of the 645
indigenous community samples, 102 (15.8%) were
positive for Plasmodium. Using species-specific nested PCR assays (Appendix), we identified these infections as monoinfections with P. knowlesi (n = 40), P.
vivax (n = 21), P. cynomolgi (n = 9), P. falciparum (n =
6), P. coatneyi (n = 3), P. inui (n = 3), P. malariae (n =
2), and P. ovale curtisi (n = 1) (Table 1). In 17 samples,
the species could not be identified despite repeated
attempts. Our species-specific primer pairs were designed on the basis of either the asexually (A) or sexually (S) transcribed forms of Plasmodium small subunit (SSU) rRNA genes (7); the genus-specific primer
pairs anneal to both asexual and sexual forms of the
SSU rRNA genes, and therefore the genus-specific
assay is more sensitive.
We further characterized the 55 samples that
tested positive for simian malaria parasites by amplifying a longer fragment of the SSU rRNA gene
(914 bp–950 bp) for direct sequencing. Phylogenetic
analysis using the neighbor-joining method (Figure 1) revealed the presence of P. knowlesi (samples
PK1–40), P. coatneyi (UM1–3), P. cynomolgi (UM9,
UM11, UM12, UM14, UM15, UM17, UM18), and P.
inui (UM5–7). Meanwhile, 2 sequences derived from
1
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Table 1. Human and simian Plasmodium malaria species identified by nested PCR at UM targeting SSU rRNA genes among
indigenous community blood samples, by state, Malaysia*
Human and simian malaria species
No.
samples No. positive
P.
P.
P. ovale
P.
P.
P.
State
tested
samples
falciparum P. vivax malariae
curtisi
knowlesi coatneyi cynomolgi
Pahang
109
5
0
2
0
1
2
0
0
Perak
61
55
3
10
2
0
26
3
5
Selangor
49
0
0
0
0
0
0
0
0
Negeri Sembilan
163
13
1
2
0
0
2
0
2
Melaka
32
13
2
3
0
0
1
0
1
Kelantan
32
9
0
2
0
0
6
0
1
Sarawak
199
7
0
2
0
0
3
0
0
Total/overall
645
102† (of
6 (of 102;
21
2
1
40
3
9
prevalence
645; 15.8%)
5.9%)
(20.6%)
(2.0%)
(1.0%)
(39.2%)
(2.9%)
(8.8%)

P. inui
0
0
0
0
1
0
2
3
(2.9%)

*SSU, small subunit; UM, Universiti Malaya.
†102 of 645 (15.8%) indigenous community samples were found positive with Plasmodium genus-specific primers; 17 Plasmodium genus-positive
samples could not be identified up to species level despite repeated attempts.

samples UM10 and UM16 were found to be closely
related to P. simiovale.
We then reextracted DNA from 15 blood samples
that were positive for P. coatneyi, P. cynomolgi, and P.
inui and sent these samples (blinded) together with
5 Plasmodium-negative samples to Universiti Malaysia Sarawak (UNIMAS) to confirm their identities by
PCR and sequencing of part of the cytochrome c oxidase subunit 1 (COX1) gene. At UNIMAS, using nested PCR assays based on SSU rRNA genes, we found
1 single and 9 double species infections. We could not
identify the species of Plasmodium for sample UM6,
4 of the Plasmodium-positive samples from UM were
Plasmodium negative, and all 5 Plasmodium-negative
samples from UM (UM4, 8, 13, 19, 20) tested negative (Table 2). Furthermore, because both laboratories
at UM and UNIMAS had previously extracted DNA
from macaque blood to examine for simian malaria
parasites, we tested the samples for macaque DNA
to rule out the possibility that the simian malaria

parasites detected were the result of contamination
with macaque blood. We obtained negative results
using nested PCR for detection of macaque DNA for
the 20 DNA samples when they were first received
at UNIMAS and also when we repeated testing after
completing the sequencing of COX1 genes, indicating that these samples were not contaminated with
macaque blood upon receipt or during subsequent
experiments at UNIMAS.
We then subjected the PCR-positive samples
(UM6–7, UM9–12, UM14–18) to amplification and
sequencing of partial COX1 genes. Neighbor-joining
(Figure 2) phylogenetic inference of these sequences,
together with available referral sequences from GenBank, indicated that 32 haplotypes from samples
UM9–12 and UM14–18 were genetically indistinguishable from P. cynomolgi. Our phylogenetic analyses also demonstrated that sample UM7 had a single
infection with P. inui–like parasites, whereas UM6 had
a double infection with P. simiovale and P. inui–like

Table 2. Comparison between results of nested PCR and sequencing at UM and UNIMAS for identification of Plasmodium malaria
species from indigenous community blood samples, Malaysia*
Identification at UM
Identification at UNIMAS
PCR assays based on Phylogenetic analysis of
PCR assays based on
Phylogenetic analysis of
Sample ID
SSU rRNA genes
SSU rRNA genes
SSU rRNA genes
COX1 genes
UM1
P. coatneyi
P. coatneyi
Negative
ND
UM2
P. coatneyi
P. coatneyi
Negative
ND
UM3
P. coatneyi
P. coatneyi
Negative
ND
UM5
P. inui
P. inui
Negative
ND
UM6
P. inui
P. inui
Positive
P. inui–like, P. simiovale
UM7
P. inui
P. inui
P. inui
P. inui-like
UM9
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
UM10
P. cynomolgi
Plasmodium spp.
P. cynomolgi, P. inui
P. cynomolgi
UM11
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
UM12
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
UM14
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
UM15
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
UM16
P. cynomolgi
Plasmodium spp.
P. cynomolgi, P. inui
P. cynomolgi, P. inui–like, P.
simiovale
UM17
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
UM18
P. cynomolgi
P. cynomolgi
P. cynomolgi, P. inui
P. cynomolgi
*Negative, negative for Plasmodium DNA and not examined by species-specific nested PCR assays; ND, not done; positive, positive for Plasmodium
DNA but negative with species-specific nested PCR assays. SSU, small subunit; UM, Universiti Malaya; UNIMAS, Universiti Malaysia Sarawak.
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parasites and UM16 had a triple infection with P. cynomolgi, P. simiovale, and P. inui–like parasites.
We generated phylogenetic trees of similar topology by the maximum-likelihood method for the SSU
rRNA genes (Appendix Figure 1) and by the Bayesian maximum clade credibility method for the COX1
genes (Appendix Figure 2). There were discrepancies between the nested PCR assay results and the
sequencing results between our 2 laboratories; mixed
species of Plasmodium were identified only at UNIMAS. A possible explanation is that the DNA samples
analyzed at UNIMAS were newly extracted and were
different from the ones used in the experiments at
UM. There might also be a compromise of the sensitivity in detecting the species with lower parasitemia
in mixed infections as a result of competition for nest
1 primers by the species with higher parasite loads.
Furthermore, for sequencing of the SSU rRNA genes
at UM, primers that were specific for the species identified by nested PCR assays were used, whereas for
the COX1 genes, both P. cynomolgi–specific primers
and primers that could amplify other species of Plasmodium were used. Therefore, additional species of
Plasmodium were identified at UNIMAS in these samples, such as P. simiovale and P. inui–like, for which no
species-specific PCR primers exist.
Conclusions
The 40 P. knowlesi infections we detected originated
from 6 states in Malaysia, thereby confirming the
widespread distribution of human P. knowlesi malaria
cases in Malaysia (1). We detected P. cynomolgi infections among indigenous communities in 4 states in
Malaysia. Taken together with previous reports of naturally acquired P. cynomolgi infections in humans in
the states of Terengganu, Sabah, and Sarawak (3,8,9),
our findings indicate that human infections caused by
P. cynomolgi are also widely distributed in Malaysia.
Our study highlights the occurrence of naturally
acquired human infections with P. inui, P. inui–like,
P. coatneyi, and P. simiovale. Natural human P. inui
infections have not been described (10), although
the parasite is experimentally transmissible to humans (2). For P. coatneyi, attempts to infect humans
with blood from an infected rhesus monkey and
through infected mosquitoes were unsuccessful (2).
P. simiovale is a lesser-studied simian malaria parasite that was previously described only in toque
macaques (Macaca sinica) of Sri Lanka (2) until it
was recently identified, together with P. inui–like
parasites, in long-tailed macaques from Sarawak
in Malaysian Borneo (11). All these simian malaria
parasites would have been diagnosed by microsco-

Figure 1. Neighbor-joining phylogenetic tree of Plasmodium
species based on partial sequence of SSU rRNA genes for
identification of Plasmodium malaria species from indigenous
community blood samples, Malaysia. Nucleotide sequences
generated from this study are marked with asterisks and are
in bold. GenBank accession numbers are provided for all
sequences. Numbers at nodes indicate percentage support of
1,000 bootstrap replicates; only bootstrap values above 70% are
displayed. Scale bar indicates branch length.
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py as human malaria parasites because they share
morphological similarities with human malaria
parasites. The early blood stages of P. knowlesi resemble those of P. falciparum, and the other forms are
similar to P. malariae (2,6). P. cynomolgi is morphologically similar to P. vivax (2), and both P. inui and
P. inui–like parasites are morphologically identical
to P. malariae (2,11), whereas P. coatneyi bears morphologic similarities to P. falciparum and P. simiovale
bears morphologic similarities to P. ovale (2,12). Besides misdiagnosis of simian malaria parasites as
human malaria parasites, there are other limitations
of microscopy for diagnosis of malaria; thus, using
molecular tools is paramount in generating accurate
epidemiology data (6). It is envisaged that screening
with molecular tools of other communities living at
the forest fringes will demonstrate the widespread
distribution of zoonotic malaria and uncover more
newly emergent malaria parasites.
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Weekly SARS-CoV-2 Sentinel
Surveillance in Primary Schools,
Kindergartens, and Nurseries,
Germany, June‒November 2020
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Nikolaus Ackermann, Andreas Sing, Johannes Huebner, Anita Rack-Hoch, Tilmann Schober, Ulrich von Both

We investigated severe acute respiratory syndrome coronavirus 2 infections in primary schools, kindergartens,
and nurseries in Germany. Of 3,169 oropharyngeal swab
specimens, only 2 were positive by real-time reverse transcription PCR. Asymptomatic children attending these institutions do not appear to be driving the pandemic when
appropriate infection control measures are used.

C

hildren have been disproportionately affected by
public health measures in the current coronavirus disease (COVID-19) pandemic (1). In contrast to
other age groups, children have shown lower rates
of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)–positive cases; lower risk for symptomatic, acute, COVID-19; a generally milder course
of disease with the exception of some rare manifestations and the post–COVID-19 multisystem inflammatory syndrome in children; and lower secondary attack rates (2–4). Susceptibility to infection in <10 years
of age is estimated to be lower than that for teenagers.
Accumulating evidence shows that, given limited infection control measures, SARS-CoV-2 might spread
sustainably in secondary/high schools but to a lesser
degree in primary schools and nurseries (2,5).
Closure of childcare facilities and schools has
been shown to negatively affect the physical and emotional well-being of children, teenagers, and parents,
potentially having a long-term impact on their lives
(6). Thus, various expert groups called for avoiding
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closing of these institutions (7,8). Against the background of presymptomatic transmission found in
adults, it is critical to public health authorities to be
able to rely on real-life data monitoring the number
of asymptomatic yet infected children attending educational institutions (9). Some studies have reported
low numbers of infected cases in primary schools or
childcare facilities but were conducted during a lockdown or semi-lockdown period (5,10). The aim of our
study (the Münchner Virenwächter Study) was to implement a real-time sentinel program in a representative number of 5 primary schools and 5 (6 in phase 2)
nurseries/kindergartens in Munich, Germany.
The Study
This study was approved by the ethics committee of
the Ludwig-Maximilians University under project no.
20-484. We intended to accomplish a timely detection
of infected cases and offer an additional level of safety
to participating institutions during regular operating
mode. The study spanned over 2 phases (Figure 1):
phase 1, June 15–July 26, 2020; and phase 2, September 7–November 1, 2020. Participating institutions
were randomly selected, and written informed consent was obtained in the first week of each phase. To
correct for underrepresentation of younger children
(<5 years of age), we included an additional nursery/
kindergarten into phase 2.
We tested oropharyngeal swab specimens for
SARS-CoV-2 by using real-time reverse transcription
PCR (rRT-PCR); weekly samples were obtained from
randomly selected children (n = 20) and staff (n = 5) in
each institution. Swab specimens were taken on-site
by trained medical personnel, and results were timely reported. For rRT-PCR, we processed specimens
1
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Figure 1. Weekly SARS-CoV-2 sentinel surveillance in primary schools, kindergartens, and nurseries, Germany, June‒November 2020.
Timeline of Münchner Virenwächter study in context of pandemic activity in Munich, Germany. The 7-day incidence rates were derived
from the national surveillance system according to the German Infection Protection Act, Bavarian Health and Food Safety Authority as of
November 28th, 2020. rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
*Included closure of schools and childcare facilities. †Schools, childcare facilities, and shops/businesses kept open.

by using the AmpliCube Coronavirus SARS-CoV-2
Panel (Mikrogen, https://www.mikrogen.de) on a
CFX96 Touch rRT-PCR Detection System (Bio-Rad,
https://www.bio-rad.com). We retested single gene
results by using the Xpert Xpress SARS-CoV-2 Test
(Cepheid, https://www.cepheid.com).
We performed SARS-CoV-2 IgG screening at 3
sequential time points for samples from consenting
staff members by using the Liaison SARS-CoV-2 S1/
S2 IgG System (DiaSorin, https://www.diasorin.
com) (Figure 1). We confirmed active results by using the RecomLine SARS-CoV-2 IgG Lineblot (Mikrogen). Antibody screening was complemented by
obtaining a throat swab specimen at the same time
to exclude active infection. Institutions were asked to
respond to a questionnaire assessing implementation
of infection control measures for phases 1 and 2.
We processed 3,169 oropharyngeal swab specimens during the 12-week testing period, 2,149 from
children (median age 7 years, range 1–11 years,
male:female ratio 1.03) and 1,020 from staff (median
age 41 years, range 17–76 years, male:female ratio
0.13). We also obtained 493 swab specimens from
staff during weekly testing and 527 swab specimens
to complement serologic testing. We also tested 527
blood samples from staff for SARS-CoV-2 IgG. We
determined pediatric sample distribution per study
week (Figure 2).
No SARS-CoV-2 infections were detected during phase 1 of the study. During phase 2, only week
12 yielded 2 positive samples from 1 primary school.

All SARS-CoV-2 IgG test results were negative at
timepoints 1 and 2; only 1 positive serologic result
was detected at timepoint 3. We identified some
changes for implemented infection control measures
between study phases and for individual facets between schools and childcare facilities (Table). All
children attending primary schools were wearing
face masks on school premises, except when seated
for classes. Regular ventilation was begun as a daily
routine in all institutions, as per national infection
prevention and control guidance (Robert Koch Institute, https://www.rki.de).
Designed during the first lockdown in Munich,
our study was intended to determine a feasible SARSCoV-2 sentinel program in primary schools and childcare facilities in anticipation of a second pandemic
wave and increasing incidence rates. Although public
health and political authorities were concerned that
childcare institutions would be major drivers of the
pandemic, our results suggest that this did not happen. This result was consistent with those of another
report suggesting that it was unlikely that children
are major drivers of the pandemic even if attending
schools (11).
Our study was not powered to accurately illustrate changes in incidences during low-incidence
periods because of small sample sizes. However,
we detected 2 cases in a primary school, 1 child and
1 teacher, during a high, local, 7-day incidence rate
of 50 cases/100,000 children 1–11 years of age and
150 cases/100,000 persons in the general population.
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Figure 2. Weekly SARS-CoV-2
sentinel surveillance in primary
schools, kindergartens, and
nurseries, Germany, June‒
November 2020. Distribution of
weekly pediatric oropharyngeal
swab samples for SARS-CoV-2
testing by real-time reverse
transcription PCR. Color code
indicates individual age groups.
Age stratification is per week
of children tested for SARSCoV-2. SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.

Tracing of 36 close contacts (33 classmates and 3
private contacts) identified only 1 additional case in
another asymptomatic child in the same class. Telephone interview–based contact tracing showed that
the teacher reported to have experienced unspecific
symptoms of headache and malaise 6 days before
testing. Thus, it seems reasonable to deduce that
transmission occurred from staff to both children.
Conclusions
Several reports have assessed the role of children in
the dynamics of SARS-CoV-2 transmission. A study

conducted in day care centers in Germany that used
buccal mucosal and anal swabs for SARS-CoV-2
detection concluded that day care centers are not
relevant reservoirs in a low prevalence setting (12).
However, this study used self-testing, lacked oropharyngeal swab specimens, and was conducted during
a minimal local incidence rate. Our study covered
both low and high 7-day incidence periods while obtaining oropharyngeal swab specimens from children
1–11 years of age. Ismail et al. reported complementary data from the United Kingdom, which showed that
staff members had an increased risk for SARS-CoV-2

Table. Comparison of implementation of infection control measures for phase 1 and 2 during weekly SARS-CoV-2 sentinel
surveillance in primary schools, kindergartens, and nurseries, Germany, June‒November 2020*
Childcare facilities
Primary school
Infection control measure
Phase 1
Phase 2
Phase 1
Phase 2
Reduced number of supervised children
0/5
0/6
5/5
0/5
Supervision of children by rotating groups/classes
0/5
0/6
5/5
0/5
Physical distancing between staff members inside
5/5
6/6
5/5
5/5
Physical distancing between staff members outside
5/5
6/6
5/5
4/5
Physical distancing between children inside
1/5
2/6
5/5
5/5
Physical distancing between children outside
2/5
2/6
5/5
1/5
Face mask for staff members inside
0/5
6/6
4/5
5/5
Face mask for staff members outside
0/5
2/6
4/5
4/5
Face mask for staff members during drop-off/collection of children
3/5
6/6
4/5
5/5
Face mask for parents during drop-off/collection of children
5/5
6/6
4/5
5/5
Parents allowed to enter premises when dropping off or collecting children
5/5
4/6
1/5
2/5
Washing hands before collection of children by parents
3/5
5/6
1/5
1/5
Use of bathroom facilities separate for individual groups/classes
5/5
5/6
2/5
2/5
Closure of garden/playground areas
0/5
0/6
0/5
0/5
Use of garden/playground areas separate for individual groups/classes
4/5
4/6
5/5
5/5
Handwashing before meals
5/5
6/6
5/5
5/5
Handwashing before entering classes/groups
5/5
5/5
5/5
5/5
Hand disinfectant dispensers provided on premises
4/5
6/6
4/5
3/5
Cancellation of common activities
5/5
6/6
5/5
5/5
*Values indicate number of participating childcare facilities or primary schools that implemented a specific infection control measure, which ranged from
0/5 to 5/5 or 0/6 to 6/6. Phase 1, June 15‒July 26, 2020; phase 2, September 7‒November 1, 2020. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
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infection compared with students in any educational
setting and that most cases linked to outbreaks were
in staff (13).
Secondary attack rate analysis of the cases in our
study also suggests that infections were transmitted
from staff to children. In addition, low prevalence
for SARS-CoV-2 antibodies in staff over the 3-month
study period suggests no relevant infection activity in
either work or private setting. Another recent report
highlighted the need for maintaining low infection
rates in the community to keep schools open during
the pandemic (14).
Our study was conducted before the emergence
of SARS-CoV-2 variants, such as B.1.1.7. Thus, the effect of this variant on children could not be addressed
in our study. However, recent data from the United
Kingdom found no evidence of more severe disease
in children during the second wave, suggesting that
infection with the B.1.1.7 variant does not result in
a greatly different clinical course than the original
strain (15).
We conclude that asymptomatic children attending primary schools, kindergartens, and nurseries are
not greatly contributing to pandemic distribution of
SARS-CoV-2 while adhering to infection control measures described above, even during high local background incidence. Thus, these children are unlikely to
initiate clusters or outbreaks in the community when
these institutions continue to play their critical role
for the physical and emotional well-being of children
and their families.
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Genomic Detection of
Schmallenberg Virus, Israel
Adi Behar, Omer Izhaki, Asael Rot, Tzvika Benor, Mario Yankilevich,
Monica Leszkowicz-Mazuz, Jacob Brenner

We discuss genomic detection of Schmallenberg virus
in both Culicoides midges and affected ruminants during
June 2018–December 2019, demonstrating its circulation in Israel. This region is a geographic bridge between
3 continents and may serve as an epidemiologic bridge
for potential Schmallenberg virus spread into Asia.

S

imbu serogroup viruses form one of the largest
serogroups in the genus Orthobunyavirus of the
family Peribunyaviridae, comprising >25 antigenically different, but serologically related, negativesense single-stranded RNA viruses. These viruses are
transmitted mainly by Culicoides biting midges; they
persist in the environment by cycling between infected mammalian hosts and Culicoides vectors. Notable
examples from the Simbu serogroup are Akabane virus (AKAV), Aino virus, Schmallenberg virus (SBV),
Sathuperi virus (SATV), Shamonda virus (SHAV),
Peaton virus (PEAV), and Shuni virus (SHUV, which
is also suspected of infecting humans.). These viruses
are known to cross the placenta of ruminants to the
developing fetus, causing abortion, stillbirth, and neonatal malformations that are seen only at birth. The
congenital malformations are termed arthrogryposishydranencephaly syndrome. Given that the clinical
signs can be observed only months after viremia has
occurred, field and laboratory practitioners are at a
huge disadvantage when facing epidemics caused by
these viruses (1–7).
Until recently, the most studied viruses of the
Simbu serogroup were AKAV and Aino virus, both
known to be present in Israel (1,3). In 2011, a new
Simbu virus emerged in Europe and was named
Schmallenberg virus (SBV) (8). Studies suggested that
SBV is a reassortant virus, deriving the medium (M)
Author aﬃliations: Kimron Veterinary Institute, Beit Dagan,
Israel (A. Behar, O. Izhaki, A. Rot, M. Leszkowicz-Mazuz,
J. Brenner); Veterinary Field Services, Beit Dagan, Israel
(T. Benor, M. Yankilevich)
DOI: https://doi.org/10.3201/eid2708.203705

RNA segment from SATV and the small (S) and large
(L) RNA segments from SHAV, probably as a result
of co-infection of these viruses in either Culicoides vectors or the ruminant hosts (1,9,10).
Once SBV emerged in Europe, it was clear to our
team in Israel that this virus was either already present in Israel or would be introduced in the future.
After AKAV and SHUV outbreaks (3,11) and virus
neutralization test assays showing the additional
presence of SATV, SHAV, and PEAV in Israel (12),
a systematic monitoring system for arboviruses was
established in 2015. Serum samples and vectors are
collected every month from 13 selected dairy farms
representing different geographic regions in Israel
(Figure). Specific PEAV, SHUV, and SATV RNA
fragments were also detected by nested quantitative
PCR (qPCR) from different Culicoides species during
2015–2017 (13). Furthermore, in 2017, RNA fragments
of a specific PEAV were detected in the cerebrospinal
fluid (CSF) and testicles of a malformed calf exhibiting hydranencephaly (14). SBV was not found in all
the studies conducted during 2011–2017, nor was it
detected passively in Israel (3,11–14). We report the
detection of SBV RNA in Israel in both vectors and
affected ruminants.
The Study
During June 2018–December 2019, we trapped 13
pools of Culicoides imicola, 8 pools of C. oxystoma, 5
pools of C. puncticollis, and 5 pools of C. newsteadii
midges (each pool containing 50 midges) around
livestock farms, and we tested CSF from 3 malformed 1-day-old lambs (born on July 3, 2019) and
1 malformed 11-day-old calf (born on November
1, 2019) (Figure; Appendix, https://wwwnc.cdc.
gov/EID/article/27/8/20-3705-App1.pdf). We extracted RNA from Culicoides homogenates and CSF
using Maxwell 16 Viral Total Nucleic Acid Purification Kit (Promega, https://www.promega.com) according to the manufacturer’s instructions. We used
total viral nucleic acids (0.4 µg) for cDNA synthesis
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Figure. Locations and types of farms sampled in study of
Schmallenberg virus (SBV), Israel. Farm numbers match those
listed in Table 2. Green, farms from which SBV-positive Culicoides
pools were collected; red, farms on which SBV-positive malformed
progeny were detected.

by UltraScript Reverse transcription (PCR Biosystems, https://www.promega.com) according to
the manufacturer’s instructions. We performed
reverse transcription (RT) nested qPCR targeting
the L RNA segment of Simbu serogroup viruses according to Behar et al. (13). We further subjected
samples suspected of being Simbu serogroup positive to RT-nested and seminested PCRs performed
using S, M, and L segment-specific primer sets (Table 1; Appendix).
Of the 31 species-specific pools from the 4 Culicoides midge species that are known or suspected
to be vectors of Simbu serogroup viruses (i.e., C.
imicola, C. oxystoma, C. puncticollis, C. newsteadii)
(2,12,15), we found that 11 contained RNA of Simbu
serogroup viruses in 2018 and 2019 (35% of the total pools tested) (Table 2; Figure; Appendix Table).
We identified partial nucleotide sequences of the S
(370/830 bp) and L (370/6,882 bp) segments. Phylogenetic analysis of the samples showed that all positive samples were virtually identical to SBV (GenBank accession nos. MT816474–82, MT816485–95)
(Appendix Figure, panels A, C). These samples were
collected from several different geographic regions
in Israel (Table 2, lines 1 and 3–12 in the Samples column; Figure; Appendix Table). In addition, we detected SBV RNA-specific fragments of the S (370/850
bp), M (430/4,373 bp), and L segments (370/6,882
bp) in a CSF sample from a malformed lamb born in
July 2019 on a farm in southern Israel (Negev desert)
and a malformed calf born in November 2019 on a
farm in northern Israel (Galilee) (GenBank accession
nos. MT816472, MT816473, MT816483, MT816484,
MT816496, MT816497) (Table 2, lines 2 and 13 in the
Samples column; Appendix Figure).
In general, the most susceptible period for induction of congenital malformations by Simbu serogroup
viruses is 65–70 days of gestation in lambs and 150
days of gestation in calves (1,7). Thus, SBV detection

Table 1. Primer sets used for the amplification of Schmallenberg virus RNA-specific fragments of the S, medium M, and L segments
by reverse transcription nested PCR*
Expected
Segment
External primer sequence, 5′ → 3′
Internal primer sequence, 5′ → 3′
product size, bp
Reference
S
AKAI206F: CAC AAC CAA GTG TCG
S_nestF: TGG TTA ATA ACC ATT TTC
370
External: (4);
ATC TTA
CCC A
internal: this study
SimbuS637: GAG AAT CCA GAT TTA
S_nestR: GTC ATC CAY TST TCW GCA
GCC CA
GTC A
M
924F: CCG AAA ACA AGG AAA TTG TG 1899F: TAT AGT CCC TGG ATT AGG
430
Forward primers:
TC
(8); reverse
2331R: GGT TCA AAC ATC TCT AGG C 2331R: GGT TCA AAC ATC TCT AGG C
primers: this study
L
SNL_F: GCA AAC CCA GAA TTT GYW
panOBV-L-2959 F: TTG GAG ART ATG
370
External: this
GA
ARG CTA ARA TGT G
study; internal:
(6)
SNL_R: ATT SCC TTG NAR CCA RTT
panOBV-L-3274R: TGA GCA CTC CAT
YC
TTN GAC ATR TC
*L, large; M, medium; S, small.
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Table 2. Samples that tested positive for Schmallenberg virus by reverse transcription nested PCR, Israel*
Geographic region
Sample source
Collection date
Infected farm type (farm no.)
Golan Heights (latitude 34.1)
Culicoides oxystoma midge
2018 Sep
Beef cattle (1)
Galilee (latitude 32.7–33.5)
Malformed calf
2019 Nov
Beef cattle (2)†
Sharon plain (latitude 32.2)
C. imicola midge‡
2018 Jun
Beef cattle (3)§
C. puncticollis midge
2018 Jun
Beef cattle (3)§
C. newsteadii midge
2018 Jun
Beef cattle (3)§
C. imicola midge
2018 Jul
Dairy cattle (4)
Interior plain (latitude 31.89)
C. imicola midge‡
2018 Nov
Small ruminant farm (5)†§
C. imicola midge
2018 Nov
Small ruminant farm (5)†§
C. imicola midge‡
2019 Dec
Small ruminant farm (6)§
Coastal plain (latitude 31.89)
C. oxystoma midge
2018 Jun
Dairy cattle (7)
Negev desert (latitude 29.7–30.714)
C. oxystoma midge
2018 Nov
Small ruminant farm (8)§
C. puncticollis midge
2019 Jul
Small ruminant farm (9)†¶
Malformed lamb
2019 Jul
Small ruminant farm (9)†¶
South Jordan Valley (latitude 31.56)
NA
NA
NA
*NA, not applicable.
†Farms on which dams and ewes gave birth to stillborn and malformed neonates.
‡Samples were confirmed positive at Friedrich Loeffler Institute, Greifswald, Germany.
§Farms expecting a rate of 80%–85% prolificacy, but during calving season showed only 50%–65% prolificacy.
¶Sheep farm from which both insects and malformed lambs were sampled.

in the respective ruminants fits with viral infection
in March–April 2019, suggesting exposure to SBV in
Israel in early spring 2019. Nevertheless, reports on
severe decline in progeny prolificacy, stillbirths, and
malformed lambs were reported by farmers to the
Veterinary Field Services from autumn 2018 through
December 2019 (Table 2). The detection of SBV in Culicoides pools collected from several of those farms
(Table 2, lines 3–5, 7–9, and 11–12 in the Sample column; Figure; Appendix Table) suggests that SBV
might have been clinically affecting ruminants in Israel as early as June 2018.
Conclusions
Our results demonstrate the circulation of SBV outside Europe. Future studies are needed to determine
the seroprevalence of SBV in the Middle East, because
this information is essential for understanding the risk
of SBV spread into countries in Asia. Because SATV
is found in the Middle East (12,13), virus neutralization tests will probably not be able to properly distinguish between antibodies against SBV and those
against SATV. Therefore, developing a competitive
ELISA system using SBV-specific antibodies is crucial. Finally, the presence of both SATV and SBV in
Israel provides a unique opportunity for comparative
studies on possible cross-protection of SBV commercial vaccines between these viruses.
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Parasitic Disease Surveillance,
Mississippi, USA
Richard S. Bradbury,1 Meredith Lane, Irene Arguello, Sukwan Handali,
Gretchen Cooley, Nils Pilotte, John M. Williams, Sam Jameson, Susan P. Montgomery,
Kathryn Hellmann, Michelle Tharp, Lisa Haynie, Regina Galloway, Bruce Brackin,
Brian Kirmse, Lisa Stempak, Paul Byers, Steven Williams, Fazlay Faruque, Charlotte V. Hobbs1

Surveillance for soil-transmitted helminths, strongyloidiasis, cryptosporidiosis, and giardiasis was conducted in
Mississippi, USA. PCR performed on 224 fecal samples
for all soil-transmitted helminths and on 370 samples for
only Necator americanus and Strongyloides stercoralis
identified 1 S. stercoralis infection. Seroprevalences were
8.8% for Toxocara, 27.4% for Cryptosporidium, 5.7% for
Giardia, and 0.2% for Strongyloides parasites.

H

uman populations in the state of Mississippi and
the rest of the southeastern United States have
historically been at risk for hookworm and other
parasitic diseases (1,2). With improved sanitation and
economic development, soil-transmitted helminths
(STH), including the species Ascaris lumbricoides and
Trichuris trichiura, were presumed to have been eliminated. However, a recent report of continued hookworm and strongyloidiasis transmission in a community without access to proper sanitation in Alabama,
USA, has challenged this assumption (3).
The Study
To investigate the current prevalence of these infections, we conducted a pilot study to identify STH
and other potentially endemic parasitic infections
in convenience samples of specimens collected from
patients in Mississippi. We deidentified fresh fecal samples submitted for diagnostic testing from
Author aﬃliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (R.S. Bradbury, M. Lane, S. Handali,
G. Cooley, S.P. Montgomery); Synergy America, Inc., Atlanta
(M. Lane); University of Mississippi Medical Center, Jackson,
Mississippi, USA (I. Arguello, J.M. Williams, S. Jameson,
K. Hellmann, M. Tharp, L. Haynie, R. Galloway, B. Kirmse,
L. Stempak, F. Faruque, C.V. Hobbs); Smith College,
North Hampton, Massachusetts, USA (N. Pilotte, S. Williams);
Mississippi State Department of Health, Jackson (B. Brackin,
P. Byers)
DOI: https://doi.org/10.3201/eid2708.204318

patients at the University of Mississippi Medical Center (UMMC; Jackson, Mississippi, USA) during March
30, 2017–February 22, 2018, and serum samples submitted during October 28, 2017–March 29, 2018. This
study was approved by the UMMC Institutional
Review Board; the Centers for Disease Control and
Prevention (CDC) was determined to be nonengaged
and therefore did not undertake a separate institutional review board review.
We froze two 250-mg aliquots of feces for later
DNA extraction. Where sample volume allowed,
we performed microscopic examination using the
saturated salt (specific gravity 1.2) passive flotation
method as previously described (4). We extracted
DNA by using the SurePrep Soil DNA isolation kit
(ThermoFisher, https://www.thermofisher.com)
after conducting initial bead beating for 3 minutes
using zirconium beads. We stored DNA extracts at
−80°C and sent them to the CDC for real-time PCR
analysis. At CDC, each sample was initially tested
for inhibition and poor DNA extraction by a realtime PCR assay targeting the human cytochrome
B gene (5). Samples positive by this inhibition and
extraction control were then tested by multiparallel
real-time PCR for STH (6). A cycle threshold (Ct)
<35 was considered to represent a positive result.
Any positive PCR results were confirmed by duplicate testing.
We froze the deidentified serum samples at
–80°C and sent them to CDC, where they were
tested for antibodies to Toxocara spp., S. stercoralis,
Cryptosporidium spp., and G. duodenalis using MAGPIX multiplex serology (ThermoFisher) (Appendix,
https://wwwnc.cdc.gov/EID/article/27/8/204318-App1.pdf) to detect evidence of prior exposure.
For statistical calculations, we used Excel (Microsoft,
https://www.microsoft.com) and R version 3.3.1
(https://www.r-project.org).
1
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Table 1. Results of microscopic examination and real-time PCR testing for soil-transmitted helminth and Strongyloides stercoralis
infection on postdiagnostic fecal samples from patients at University of Mississippi Medical Center, Jackson, Mississippi, USA*
Inhibition and
Necator
Ascaris
Trichuris Ancylostoma Other parasite
Method
extraction control S. stercoralis americanus lumbricoides
trichiura
spp.
species
Saturated salt
NA
0/507 (0)
0/507 (0)
0/507 (0)
0/507 (0)
0/507 (0)
0/507 (0)
centrifugal flotation
Real-time PCR
594/631 (94.1)
1/594 (0.2)
0/594 (0)
0/224 (0)
0/224 (0)
0/224 (0)
NA
*Values are no. (%) unless indicated. NA, not applicable.

A total of 650 fecal samples were obtained from
UMMC patients. The median age of patients providing fecal samples for this analysis was 56 years (range
2–95 years). We obtained samples sufficient to perform saturated salt centrifugal flotation on 507 samples (80%). We found no samples to contain helminth
eggs or larvae. Sufficient sample for DNA extraction
was available for 631 (99.5%) samples. Of these fecal
DNA extracts, a negative inhibition and extraction
control excluded 37 samples. We tested 224 DNA extracts for Ancylostoma spp., N. americanus, S. stercoralis, A. lumbricoides, and T. trichiura by real-time PCR.
(Table 1)
Because prior work in Alabama (3) detected
only N. americanus and S. stercoralis infections, we
screened an additional 370 DNA extracts for these
helminths only. Of these 370 samples, 2 DNA extracts yielded positive amplicons for S. stercoralis

(Ct 29.57 and 30.48). The first of these samples (Ct
29.57) yielded no amplification curve on repeat testing and was interpreted as representing an initial
false-positive result. The second sample (Ct 30.48)
was positive upon confirmatory retesting (Ct 28.52
and 30.49). (Table 1)
A total of 1,960 postdiagnostic serum samples from Mississippi residents were available for
multiplex serologic testing. The median age of
patients providing serum samples for this analysis was 38 years (range 0–94 years). Of the 1,960
samples, 646 (33.0%) reacted with the Cp17 antigen of C. parvum (range 87–48,448 mean fluorescence intensity [MFI]), and 1,076 (54.9%) reacted with Cp23 (range 377–56,727 MFI). Of
those samples, 538 (27.4%) reacted with both C.
parvum antigens (Figure 1, panel A), suggesting
prior Cryptosporidium species infection. A total of

Figure 1. Places of residence of participants with antibody levels suggesting prior exposure to Cryptosporidium spp. Cp17 and Cp23 (n
= 538) (A), Giardia duodenalis VSP3 (n = 111) (B), and Cryptosporidium spp. Cp17 and Cp23 and Giardia duodenalis VSP3 (combined)
(n = 38) (C), Mississippi, USA. All serologic assays were performed using MAGPIX multiplex recombinant antigen beads (ThermoFisher,
https://www.thermofisher.com) on convenience serum samples collected at the University of Mississippi Medical Center (Jackson, MS,
USA) during October 28, 2017–March 29, 2018.
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Table 2. Results of multiplex serologic testing for antibodies suggesting prior exposure to Toxocara spp., Giardia duodenalis, and
Cryptosporidium spp. on 1,960 postdiagnostic serum samples from patients at University of Mississippi Medical Center, Jackson,
Mississippi, USA*
Parasite antigen used
Toxocara spp. S. stercoralis rSs-NIE-1 G. duodenalis
C. parvum
C. parvum
C. parvum
C. parvum Cp17 + Cp23
Tc-CTL-1
plus CrAg-ELISA†
VSP3
Cp17
Cp23
Cp17 + Cp23‡ and G. duodenalis VSP3
172 (8.8)
4 (0.2)
111 (5.7)
646 (33.0)
1,076 (54.9)
538 (27.4)
38 (1.9)
*All values are no. (%).
†8 samples were found to be positive by the rSs-NIE-1 MAGPIX multiplex serologic assay (ThermoFisher, https://www.thermofisher.com), but only 4
reacted in the confirmatory S. stercoralis crude L3 larval antigen (CrAg) ELISA.
‡Only samples reactive to both Cp17 and Cp23 were considered positive for Cryptosporidium spp. exposure.

111 samples (5.7%) reacted with the G. duodenalis VSP3 antigen (range 84–48,547 MFI) (Figure 1,
panel B). A total of 38 (1.9%) samples contained antibodies to the Cp17, Cp23 and VSP3 antigens (Figure 1, panel C), demonstrating prior exposure to
both Cryptosporidium and G. duodenalis infections. A
total of 172 (8.8%) samples contained antibodies to
Toxocara spp. Tc-CTL-1 antigen (range 23.2–33,814
MFI) (Table 2; Figure 2, panel A). When Toxocaraseropositive participants <6 years of age were excluded, 167/1,814 (9.2%) of UMMC patient samples
were seropositive. A total of 9 (0.4%) samples contained antibodies reacting with the recombinant S.
stercoralis NIE-1 antigen (range 16.2–11248 MFI) in
MAGPIX serologic testing, of which 4 (0.2%) were
positive in the confirmatory S. stercoralis CrAg-ELISA (range 9.94–57.7 IU/mL) (Figure 2, panel B).

Conclusions
The results of this limited pilot study suggest a low
prevalence of STH infections in Mississippi but that
rare infections with S. stercoralis might be found in
Mississippi residents. The single case confirmed by
real-time PCR tests likely represents active infection.
Because >80% of patients with strongyloidiasis serorevert within 18 months after successful treatment
(7), the 4 confirmed antibody-positive serum samples
also likely represent active cases of strongyloidiasis. No linked immigration or travel history data on
patients providing these samples were available, so
whether these infections were acquired within the
United States is unknown. Combined with the recent finding of strongyloidiasis in a rural community
from Alabama (3), these data should encourage more
focused sampling of areas with poor sanitation and
Figure 2. Places of
residence of participants
with antibody levels
suggesting prior exposure to
Toxocara spp. Tc-CTL-1 (n =
172) (A) and Strongyloides
stercoralis Ss-NIE-1 (n
= 4) (B), Mississippi,
USA. All serologic
assays were performed
using MAGPIX multiplex
recombinant antigen beads
(ThermoFisher, https://
www.thermofisher.com) on
convenience serum samples
collected at the University of
Mississippi Medical Center
(Jackson, MS, USA) during
October 28, 2017–March 29,
2018. Only those samples
confirmed by a subsequent
S. stercoralis crude L3
larval antigen (CrAg) ELISA
are included.
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hygiene, high levels of poverty, and poor access to
healthcare for potential residual foci of endemic STH
and strongyloidiasis transmission in Mississippi and
the wider southeastern United States.
The total Toxocara spp. seroprevalence in all participants in this study was 8.8%, which is higher than
the average prevalence reported by the most recent
National Health and Nutrition Examination Survey
study (8). Although these results are not directly comparable because of different sampling methods, the
potentially high Toxocara spp. seroprevalence in Mississippi warrants further investigation.
The seroprevalence results of this study suggest
that prior exposure to Cryptosporidium spp. is common
in Mississippi. Only 5.7% of the postdiagnostic serum
samples were found to have serologic evidence of prior
exposure to G. duodenalis infection. A small number of
samples (1.9%) contained antibodies reacting with the
3 antigens Cp17, Cp23, and VSP3, indicating prior exposure to Cryptosporidium spp. and G. duodenalis infection. Further investigation of the epidemiology of waterborne protozoan infection in Mississippi, including
determination of the actual prevalence and distribution
using systematic sampling and determination of the
species and subtypes infecting persons, is warranted.
The absence of any positive findings by microscopic examination or PCR for the STH suggests that
such infections are uncommon in the general Mississippi population. We found high seroprevalence of
antibodies to Toxocara spp. in Mississippi. Although
this finding could indicate increased exposure to this
infectious agent compared with the national average,
our data do not enable determination of the sources
of increased infection or overall annual incidence of
disease. Further studies on the epidemiology and
prevalence of parasitic diseases in the state of Mississippi are indicated.
In conclusion, this convenience sampling study
did not find evidence of high STH prevalence in Mississippi. However, we did identify several likely current cases of strongyloidiasis and relatively high rates
of Toxocara exposure. We recommend further investigation with larger sample sizes to more clearly define
the true extent of STH infection in this region.
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Screening for Q Fever in Patients
Undergoing Transcatheter Aortic
Valve Implantation, Israel,
June 2018–May 2020
Nesrin Ghanem-Zoubi, Mical Paul, Moran Szwarcwort, Yoram Agmon, Arthur Kerner

Q fever infective endocarditis frequently mimics degenerative valvular disease. We tested for Coxiella burnettii
antibodies in 155 patients in Israel who underwent transcatheter aortic valve implantation. Q fever infective endocarditis was diagnosed and treated in 4 (2.6%) patients;
follow-up at a median 12 months after valve implantation
indicated preserved prosthetic valvular function.

Q

fever is a zoonotic infection caused by the bacterium Coxiella burnettii that occurs worldwide.
Q fever has been endemic in Israel for many years;
several superimposed outbreaks have occurred in the
past 2 decades (1–3).
A clinical observation of 2 patients with severe
prosthetic Q fever infective endocarditis (IE) diagnosed
several months after transcatheter aortic valve implantation (TAVI) indicated that Q fever IE could have been
the underlying valve disease but was not detected before TAVI. We considered this possibility, because Q fever IE typically manifests as a chronic disease, frequently in the absence of fever and inflammatory markers, as
well as absent or small fine vegetations (4,5).
Considering the epidemiology of Q fever in Israel
and the ominous prognosis of Q fever endocarditis after
TAVI, we began routine screening of patients undergoing TAVI for antibodies to C. burnettii to identify and
treat Q fever IE as soon as possible after TAVI. In this
study, we review a 2-year period of serologic screening
and discuss the value of Q fever screening in this setting.
The Study
Beginning in June 2018, serologic screening for Q fever was ordered for all patients admitted for TAVI

Author aﬃliations: Rambam Health Care Campus, Haifa, Israel (N.
Ghanem-Zoubi, M. Paul, M. Szwarcwort, Y. Agmon, A. Kerner);
Technion–Israel Institute of Technology, Haifa (N. Ghanem-Zoubi,
M. Paul, Y. Agmon, A. Kerner)
DOI: https://doi.org/10.3201/eid2708.204963

at Rambam Health Care Campus, a 960-bed primary
and tertiary university-affiliated hospital in northern
Israel. We tested serum samples for C. burnetii phase
2 IgM and phase I or phase II IgG by using ELISA
(Institute Virion/Serion GmbH, https://www.virion-serion.de). For samples that tested positive, we
then conducted an indirect immunofluorescence assay (IFA) for confirmation and titer determination.
We performed the IFA locally using a commercial
kit (Focus Diagnostics, https://www.focusdx.com)
or an in-house test at The National Reference Laboratory for Rickettsiosis (Nes Ziona, Israel). An infectious diseases specialist evaluated patients with
positive IgG for C. burnettii chronic infection. IE was
diagnosed according to the modified Duke criteria
(6) or the Dutch consensus guidelines of chronic Q
fever infection (7) with an IFA phase I IgG of >800.
Patients began treatment and follow-up was conducted at the infectious disease and cardiology outpatient clinics. Diagnostic testing was performed as
a part of a clinical routine, and anonymous data collection was approved by the hospital’s ethics committee with a waiver of informed consent.
During June 1, 2018–May 31, 2020, a total of 197
TAVI procedures were performed at Rambam Health
Care Campus. Serologic testing for Q fever was conducted in 155 patients. Nine patients tested positive
for >1 Q fever IgG by ELISA: 7 had phase I IgG and
2 patients had only phase II IgG. On IFA, 4 patients
(2.6%) had a phase I IgG titer of >800 and were further
evaluated for Q fever IE (Table). All 4 patients had underlying conditions, but none had fever or vegetations
on echocardiography. None of the patients had a specific high-risk exposure for Q fever. We recommended
treatment with doxycycline and hydroxychloroquine
for >24 months (as recommended for Q fever IE in the
presence of prosthetic valve). In 3 of 4 patients, treatment was modified to an alternative regimen because
of intolerance or side effects. We did not perform
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Table. Characteristics of identified patients with Q fever infective endocarditis, Israel, June 1, 2018–May 31, 2020*
Variable
Patient 1
Patient 2
Patient 3
Patient 4
Age, y/sex
77/M
52/F
73/F
79/M
Underlying conditions
Hypertension, CAD, s/p s/p Hodgkin lymphoma
Scleroderma
DM, hypertension,
CABG, and AVR (7 y)
(30 y), DM, CAD, and
asthma
s/p CABG (8 y)
Habitat/exposure risk factor†
Urban/none
Urban/none
Urban/none
Urban/none
Indication for TAVI
Symptomatic aortic
Symptomatic aortic
Symptomatic severe
Symptomatic severe
insufficiency, NYHA 3/4
stenosis and
aortic stenosis;
aortic stenosis, NYHA
insufficiency (moderate
recurrent syncope
3/4
to severe); chest pain
and dyspnea with
minimal effort
Echo findings before TAVI
Moderate aortic
Severe aortic stenosis
Severe aortic stenosis
Severe aortic stenosis
stenosis and severe
with severe
regurgitation with
calcifications and
thickened leaflets
moderate mitral
regurgitation with
leaflets sclerosis
Coxiella burnettii phase I IgG
1:32,00
1:25,600
1:3,200
1:1,024
C. burnettii PCR in blood
Not performed
Not performed
Negative
Not performed
Q fever IE according to
Possible
Possible
Possible
Possible
modified Duke criteria
Q fever IE according to Dutch
Probable
Probable
Probable
Probable
consensus guidelines
Treatment
Doxycycline and
Doxycycline and
Doxycycline and
Doxycycline and
hydroxychloroquine,
hydroxychloroquine,
hydroxychloroquine,
hydroxychloroquine
changed to doxycycline changed to doxycyline changed to ciprofloxacin
and ciprofloxacin
monotherapy
Timing of and status at last
18 mo, asymptomatic,
8 mo, asymptomatic,
12 mo, severe fatigue,
12 mo, asymptomatic,
follow-up
preserved valve
preserved valve
preserved aortic valve
preserved valve
function, and stable
function, and stable
function, and stable
function, and
serologic results
serologic results
serologic results
decreasing serologic
results
*AVR, aortic valve replacement; CABG, coronary artery bypass grafting; CAD, coronary artery disease; DM, diabetes mellitus; IE, infective endocarditis;
NYHA, New York Heart Association (classification); s/p, status post; TAVI, transcatheter aortic valve implantation.
†Risk factors for Q fever are employment as a veterinarian, farmer, abattoir worker, or any contact with farm animals.

fluorodeoxyglucose positron emission tomographycomputed tomography for diagnosis, because it would
not have led to a change in management. Patient 2 underwent fluorodeoxyglucose positron emission tomography–computed tomography 2 months before TAVI
as part of lymphoma follow-up; it showed no evidence
of pathologic uptake in the valve or elsewhere. As of
the last follow-up visit (median 12 months, range 8–18
months), all 4 patients had preserved prosthetic valve
function, and none experienced symptomatic Q fever
infection. One patient reported severe fatigue, likely
related to underlying scleroderma.
Conclusions
During a 2-year period of routine serologic screening for Q fever among patients undergoing TAVI, we
identified 4 case-patients with Q fever IE, affecting
2.6% of patients screened. None of the 4 case-patients
experienced fever or echocardiographic findings that
were suggestive of IE.
Diagnosing Q fever IE can be challenging, especially
in the absence of tissue samples, as in the case of patients
undergoing TAVI. Several studies have highlighted the
difficulties of the diagnosis of Q fever IE (Appendix
2206

Table 1). The diagnostic criteria used in the absence of
tissue samples are based on the modified Duke criteria
(6), the Dutch consensus guidelines for chronic Q fever
(7), and the recently revised definition of “persistent C.
burnettii infection” by Melenotte et al. (8) (Appendix
Table 2). For definitive diagnosis, all 3 definitions are
based mainly on serologic tests and echocardiography,
PET, or CT findings to prove valve infection. Both imaging modalities have poor sensitivity in the case of C.
burnettii IE (9–11). The alternative minor diagnostic criteria consist also of infrequent findings, such as embolic
and immunologic phenomena. We recommended treatment for patients with possible or probable IE (Table),
recognizing the significant consequences of a delayed
diagnosis and treatment of prosthetic Q fever IE among
patients at very high risk for surgery a priori.
In a study conducted in 2 centers in the United
Kingdom, routine serologic screening for Q fever before valve surgery was performed in 139 patients. In
this low-endemicity setting, no patient with Q fever IE
was identified (12). In our study conducted in a Q fever–endemic region, the yield of such a strategy seems
clinically significant. The incidence of Q fever in Israel
according to reported cases to the Ministry of Health

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

Screening for Q Fever, Israel, June 2018–May 2020

is ≈2.2/100,000 population (https://www.health.gov.
il/UnitsOffice/HD/PH/epidemiology/Pages/epidemiology_report.aspx). In comparison, data from countries in the European Union from 2018 showed the
highest incidence was 0.7/100,000 population in Spain.
An alternative indicator of Q fever endemicity is the
percentage of IE caused by Q fever out of all IE cases.
According to the International Collaboration on Endocarditis registry data, C. burnettii was responsible for
almost 1% of all IE cases in 25 countries (13). This rate
reaches almost 5% in Q fever–endemic regions, such
as southern France (14). A similar rate was observed at
our hospital; Q fever IE was diagnosed in 5 (5.3%) of 95
cases of definitive IE during 2013–2016, according to
local data from a prospective registry.
The primary limitation of our study is that, as a
single-center study, it reflects the epidemiology of a
limited geographic area. The short-term follow-up of
patients with Q fever IE does not enable a description of the long-term benefit of our strategy. We did
not evaluate the cost-effectiveness of our surveillance
strategy. In addition, we might have missed cases of Q
fever IE by conducting serologic screening only, since
Q fever IE with low phase I IgG titers (<800) (9) or even
negative serologic results (15) has been described.
Nevertheless, as a screening strategy, serologic testing
seems to be sufficient. Early diagnosis and appropriate
treatment as soon as possible after prosthetic valve implantation contributed substantially to preserve valve
function and prevented potential ongoing infection.
Therefore, we suggest screening for Q fever in TAVI
patients in settings in which Q fever incidence is >0.5
per 100,000 (nationally or in Q fever–endemic regions
within countries), after Q fever outbreaks regardless of
baseline incidence, or in places in which Q fever causes
>2% of all cases of IE.
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African Horse Sickness
Virus Serotype 1 on Horse Farm,
Thailand, 2020
Napawan Bunpapong, Kamonpan Charoenkul, Chanakarn Nasamran, Ekkapat Chamsai,
Kitikhun Udom, Supanat Boonyapisitsopa, Rachod Tantilertcharoen, Sawang Kesdangsakonwut,
Navapon Techakriengkrai, Sanipa Suradhat, Roongroje Thanawongnuwech, Alongkorn Amonsin

To investigate an outbreak of African horse sickness
(AHS) on a horse farm in northeastern Thailand, we
used whole-genome sequencing to detect and characterize the virus. The viruses belonged to serotype 1 and
contained unique amino acids (95V,166S, 660I in virus
capsid protein 2), suggesting a single virus introduction
to Thailand.

A

frican horse sickness virus (AHSV) is an RNA
virus of the family Reoviridae, genus Orbivirus.
AHSV can be classified into 9 serotypes according to
virus capsid protein (VP) 2 (1). Serotypes 1–8 have
been reported from restricted areas of sub-Saharan Africa only. Serotype 9 is more widespread and causes
epidemics outside Africa. Serotype 4 caused outbreaks
in Spain and Portugal during 1987–1990 (2).
In Thailand, the first AHS outbreak was reported
in March 2020 in northeastern Thailand (3–5). AHS
outbreaks have been reported in 17 provinces of
Thailand, affecting ≈2,700 horses (Appendix Table
1,
https://wwwnc.cdc.gov/EID/article/27/8/210004-App1.pdf) (6). We report a comprehensive outbreak investigation of emerging AHSV and wholegenome characterization of AHSV recovered from a
horse farm in northeastern Thailand.

The Study
In March 2020, the Veterinary Diagnostic Laboratory
at Chulalongkorn University (Bangkok, Thailand)
was notified of unusual horse deaths on a recreational horse farm, which encompasses up to 6,400 m2, in
Nakhon Ratchasima Province, northeastern Thailand.
A total of 49 horses (2 thoroughbred, 21 miniature,
26 native horses) were kept on free range. Other animals on the farm were 3 dogs, 3 rabbits, 3 pigs, and
Author aﬃliation: Chulalongkorn University, Bangkok, Thailand
DOI: https://doi.org/10.3201/eid2708.210004
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8 peacocks. The outbreak investigation and sample
collection were conducted under the approval of Institutional Animal Care and Use Committee protocol
no. 2031050.
On March 20, 2020, the outbreak began when horses showed severe clinical signs including depression,
fever, dyspnea, and subcutaneous edema in the temporal or supraorbital area, followed by sudden death
within 48 hours. On March 28, we visited the horse
farm, implemented insect-proof housing, and collected
a blood sample from a horse with clinical signs (horse
CU-1), which died the next day. We performed necropsies on 2 horse carcasses (CU-2 and CU-3) and collected 7 tissue samples. Gross lesions showed frothy
exudate in the bronchial lumen and mild edema of the
supraorbital sinus and conjunctiva. We observed intermuscular and perineural edema at the axillary region
and subcutaneous muscle, periaortic edema, and subendocardial hemorrhage (Figure 1). Histopathologic
slides showed congestion of the spleen, liver, lymph
nodes, and lung; no other remarkable lesions were observed. The outbreak lasted 3 weeks and affected 30
horses (last case on April 10). On April 26, horses on the
farm were vaccinated with polyvalent, live-attenuated
AHSV vaccine (Ondersterpoort Biological Products,
https://www.obpvaccines.co.za); no horses showed
clinical signs after vaccination and implementation of
insect-proof housing. In total, during the 3 weeks of
the outbreak, the mortality rate for horses on the farm
was 61.22% (30 deaths/49 horses) (Appendix Table
2). Mortality rates by breed were 100% (2/2) for thoroughbreds, 76.19% (16/21) for miniature horses, and
46.15% (12/26) for native horses. The same management practices were applied for horses of all breeds.
We visited the horse farm again on May 30 (1
month after vaccination) and August 1 (3 months after vaccination). From the remaining horses we collected 18 serum samples at each visit (total 36). All
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Figure 1. Gross lesions from horses affected by African horse sickness, Thailand, 2020. A) Mild edema at the supraorbital fossa with
frothy exudate from the nostrils; B) yellow, gelatinous infiltrations and perineural edema of the intramuscular tissues; C) right axillary
subcutaneous edema; D) periaortic edema and hemorrhage; E) subendocardial petechiae and ecchymoses of the heart.

samples were tested for antibodies against AHSV
by blocking ELISA specific to VP7 (INgezim AHSV
Compac Plus; Eurofins Technologies, https://ingenasa.eurofins-technologies.com) (Appendix). All 36
serum samples were positive for AHSV antibodies
(Appendix Table 3).
To identify AHSV, we extracted viral RNA from 8
blood and tissue samples by using the GeneAll GENTi
Viral DNA/RNA Extraction Kit (GeneAll, http://
www.geneall.com). We performed real-time reverse
transcription PCR (RT-PCR) with VP7 gene–specific primers and probes by using the SuperScript III
Platinum One-Step qRT-PCR System (Thermo Fisher,
https://www.thermofisher.com) (Appendix) (7). All
8 samples were positive for AHSV (cycle threshold
28.29–33.91). In detail, blood samples from horse CU1; lymph nodes from CU-2; and lymph node, lung,
spleen, heart, liver, and kidney samples from CU-3
were positive for AHSV (Appendix Table 4). To further characterize AHSV from Thailand, we performed
VP2 gene-specific RT-PCR, which showed that the
AHSVs from Thailand belong to AHSV serotype 1
(8). We next subjected the spleen from horse CU-3

to whole-genome sequencing and 2 additional viruses (from CU-1 and CU-2) to VP2 and nonstructural
gene (NS) 3 gene sequencing (Table). We conducted
whole-genome sequencing by amplifying viral fragments and sequencing by using MinION Oxford
Nanopore technologies (https://nanoporetech.com)
(Appendix Table 5) (9). The nucleotide sequences of
the AHSVs from Thailand were submitted to GenBank (accession nos. MW387422–35). Nucleotide
sequences of AHSV from Thailand were pairwise
compared against those of vaccine and reference viruses. We found that the whole genome of Thailand
AHSV (virus CU-3) possessed high nucleotide identities (99.40%–100%) to the reference Thailand AHSV-1
(110983/63 and TAI2020/01). For the VP2 gene, Thailand AHSV possessed 99.90% nucleotide identities
among them; the highest nucleotide identity (99.90%)
was to the reference Thailand AHSV-1 (110983/63
and TAI2020/01, 02, and 03). The nucleotide identities of VP2 between Thailand AHSV and the reference AHSV of serotypes 2–9 were low (54.60%–
67.10%). For the NS3 gene, Thailand AHSV had
99.90% nucleotide identities; the highest nucleotide

Table. Characterization of African horse sickness virus isolated during study of African horse sickness on horse farm, Thailand, 2020*
Host horse
Nucleotide sequences, GenBank accession nos.
Virus
Sex
Age
Breed
WGS
VP2
NS3
CU-1
F
3
Miniature
NA
MW387422
MW387423
CU-2
F
3
Miniature
NA
MW387424
MW387425
CU-3
F
2
Miniature
MW387426–35
MW387427
MW387435
*NA, not available; NS, nonstructural gene; VP, viral capsid protein; WGS, whole-genome sequences (10 segments).
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identity was to the reference South Africa AHSV of
clade gamma (97.10%–99.90%) (Appendix Table 6).
For phylogenetic analysis, we included the VP2
sequences of the Thailand AHSV and reference viruses
(AHSV-1 vaccine strains and AHSV serotypes 1–9).
For phylogenetic analysis of NS3, we included the
NS3 sequences of Thailand AHSV and reference viruses of alpha, beta, and gamma clades. The maximum
clade credibility trees for VP2 and NS3 genes were
constructed by using BEAST 2.0 (https://beast.community) with the Bayesian Markov chain Monte Carlo
algorithm (Appendix). Phylogenetic analysis of the
VP2 gene showed that Thailand AHSV was clustered
in AHSV serotype 1 but not in other clusters (serotypes
2–9). For NS3, the Thailand AHSVs were grouped
within the gamma clade, similar to the references
AHSV-1 and AHSV-2 (Figure 2). We analyzed amino
acid determinants of VP2 and NS3 at 2 neutralizing
epitopes (residues 321–339 and 377–400) (10). Thailand

AHSV had identical amino acids at positions 321–339
and 377–400 among Thailand AHSVs and some reference AHSV-1 but differed from the reference vaccine
strains (HS29/62 and OBP-116). The deduced amino
acids related to the virulence of AHSV at positions 357
of VP2 and 165–168 and 201 of NS3 were also analyzed
(1,11). Thailand AHSV contained virulence-related
amino acids at VP2–357N and NS3–201M, which were
not observed in some reference AHSV-1 and AHSV
vaccines (Appendix Table 7). Of note, all Thailand
AHSVs contained unique amino acids at positions
95V, 166S, and 660I, suggesting a single introduction
from the same AHSV ancestor into Thailand.
Conclusions
We speculate that AHSV serotype 1 potentially spread
outside Africa from imported subclinically infected animals, such as zebras. The Thailand government implemented control measures to prevent further spread,

Figure 2. Phylogenetic trees for AHSV, Thailand, 2020. A) Viral capsid protein 2; B) nonstructural gene 3. Purple circles indicate
Thailand AHSV characterized in this study; blue squares indicate AHSV vaccine strains; numbers after AHSV indicate serotypes. Scale
bars indicate nucleotide substitutions per site. AHSV, African horse sickness virus.
2210
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including movement restrictions, quarantine, disinfection, and vector control. Moreover, to prevent spread
in Thailand and neighboring countries, mass vaccination of equids with a live-attenuated AHSV vaccine was
conducted. The AHSV from Thailand possessed unique
amino acids, suggesting a single introduction of the virus to the country. This information will be useful for
strategic planning for disease prevention and control,
vaccine selection, and diagnostic assay development.
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Replication in Human Intestinal
Enteroids of Infectious Norovirus
from Vomit Samples
Marie Hagbom, Jenny Lin, Tina Falkeborn, Lena Serrander, Jan Albert, Johan Nordgren, Sumit Sharma

A typical clinical symptom of human norovirus infection
is projectile vomiting. Although norovirus RNA and viral
particles have been detected in vomitus, infectivity has
not yet been reported. We detected replication-competent norovirus in 25% of vomit samples with a 13-fold
to 714-fold increase in genomic equivalents, confirming
infectious norovirus.

H

uman noroviruses are positive-sense RNA viruses that cause nearly 685 million cases of acute gastroenteritis worldwide per year, including ≈200 million cases in children, resulting in 50,000 child deaths
(1). The disease is a substantial burden to healthcare
systems and carries a global economic cost of ≈US $65
billion each year (2). Noroviruses are shed and usually
transmitted through the fecal–oral route. However,
outbreak investigations have suggested vomiting is a
major contributor to transmission; norovirus has been
detected in vomitus (3–5) and oral mouthwash samples (6). Despite this documented role in transmission,
data on viral loads are limited, and information about
infectivity in vomit is lacking (3–5,7).
A Norwalk virus (genus Norovirus) human challenge trial found that 56% of vomit samples contained
detectable virus, and the median titer was 4.1 × 104
genomic equivalents (GEq)/mL (7). Another study
reported that nearly half of the participants suffered
vomiting postchallenge and on average shed up to 8.0
× 105 GEq/mL in vomit for the Norwalk virus and 3.9
× 104 GEq/mL in vomit for the 2 GII strains studied
(4). The presence of intact virions in vomit was also
reported in an early human challenge study with the
Norwalk virus (8). These intact virions were detected by immune electron microscopy in concentrated
Author aﬃliations: Linköping University, Linköping, Sweden
(M. Hagbom, J. Lin, L. Serrander, J. Nordgren, S. Sharma);
Linköping University Hospital, Linköping (T. Falkeborn,
L. Serrander); Karolinska University Hospital, Stockholm, Sweden
(J. Albert); Karolinska Institutet, Stockholm (J. Albert)
DOI: https://doi.org/10.3201/eid2708.210011
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vomit from 1 of the 5 challenge volunteers. These
studies indicate that vomit could be a source of major
spread of noroviruses, but the presence of infectious
virus in vomit has not been reported.
The Study
To determine the presence of infectious virus in vomit,
we used the human intestinal enteroid (HIE) culture
system to culture vomit samples positive for norovirus.
The system was previously used to replicate human
noroviruses from fecal samples (9). HIE cultures were
established using biopsy specimens from patients who
underwent gastric bypass (ethics permission no. 2019–
00600, Linköping Ethical Board, Linköping, Sweden).
Written informed consent was obtained from all participants. We obtained 28 PCR-positive norovirus vomit
samples collected for routine diagnosis from persons
with acute gastroenteritis from Karolinska University
Hospital (Stockholm, Sweden) and University Hospital of Linköping. The vomit samples were anonymized
when received, and only information regarding the
initial cycle threshold (Ct) value was provided. Decoded clinical samples without person-related data and
traceability that have not been taken for research purposes do not require ethics or legal clearance according
to The Swedish Ethics Review Authority.
The norovirus Ct values in the diagnostic PCRs
ranged from 13.4 to 31.7. A previous study using fecal
samples observed that the replication rate dropped
substantially when 1.9 × 103 GEq were used as inoculum for infection (10), whereas another study reported loss of infectivity at higher Ct values (11). Of 28
vomit samples, 20 that had Ct values of <26 had 8.9
× 106 to 1.6 × 1010 GEq/mL (Table); the remaining 8
vomit samples had <1 × 106 GEq/mL (in undiluted
vomit) and were excluded from further evaluation.
Infectivity was tested on 5-day-old differentiated
HIEs established from the jejunum of persons who had
undergone gastric bypass surgery. Initial screening to
determine infectivity of vomit samples was done with
2 different HIEs (HIE 003 and HIE 004) isolated from
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secretor-positive persons (i.e., having a functional fucosyltransferase 2 gene). Both HIEs showed similar
replication for the same 5 vomit samples. Next, we
used HIE 003 for infection in triplicates with 2 technical repeats during quantitative reverse transcription
PCR (qRT-PCR) (Figure). Norovirus genotypes in the
vomit samples were determined by nucleotide sequencing. We defined infection as a >10-fold increase
in GEq 72 hours postinfection (hpi) compared with 2
hpi, determined by qRT-PCR. We compiled details
regarding the qRT-PCR method and the isolation,
culturing, genotyping or phenotyping, and infection
of HIEs (Appendix, https://wwwnc.cdc.gov/EID/
article/27/8/21-0011-App1.pdf).
Partial nucleotide sequencing of the norovirus
capsid region showed that 16 of the 20 vomit samples
contained GII.4 norovirus genotype (belonging to GII.4
genotype Sydney 2012 variant), 3 contained GII.2, and
1 contained GII.17 norovirus genotype (Table). In the
HIE infectivity assay, 5 of the vomit samples resulted
in an increase in GEq, ranging from 13-fold to 714fold at 72 hpi compared with 2 hpi; all these samples
contained GII.4 noroviruses (Figure). The percentage
of vomit samples (31.2%) containing GII.4 norovirus
that successfully replicated is similar to that reported
by Constantini et al. (10) using fecal samples positive
for norovirus by PCR (25.6%). Of the 4 vomit samples
containing GII.2 (n = 3) and GII.17 (n = 1), none demonstrated any replication in HIE, despite 2 GII.2 and 1
GII.17 vomit samples having similar or higher GEq in
the inoculum compared to the fecal samples that could
be successfully replicated in Constantini et al. (10). Of
note, this finding might be because of the small number of GII.2-containing vomit samples and GII.17-containing vomit samples tested; not all fecal samples with
high viral loads can be successfully replicated (10).
Conclusions
A previous study reported that fecal suspensions that
showed successful norovirus replication in HIE cultures contained 1.9 × 103 to 1.7 × 107 GEq in the inoculum, regardless of genogroup or genotype (10). In
our study, the GII.4 norovirus that could be successfully replicated contained a similar viral load (9.55 ×
104 to 1.61 × 107 GEq) in the inoculum used for infection. Vomit samples that failed to show norovirus
replication had of 8.91 × 103 to 1.66 × 106 GEq in the
inoculum used for infection (Table), which suggests
that viral load is not the sole criterion for successful
infection in HIEs, as has been reported for norovirus
cultured from feces (10). Because the vomit samples
in this study were anonymized, no information beside the initial norovirus Ct value was available.

Table. Details of the norovirus genotypes and titers in the 20
vomit samples tested for norovirus infectivity in human intestinal
enteroids*
Sample name
Genotype†
Titer, GEq/mL‡
V1
GII.4§
7.86  109
V2
GII.4
1.36  109
V3
GII.4
5.28  108
V5
GII.4
1.44  108
V6
GII.2
8.55  107
V8
GII.4
1.16  108
V11
GII.17
1.21  108
V12
GII.4
1.25  107
V18
GII.2
5.41  107
V19
GII.4
2.00  108
V20
GII.2
8.73  108
V21
GII.4
5.92  107
V22
GII.4
1.91  107
V23
GII.4
2.83  108
V24
GII.4
1.66  109
V25
GII.4
1.61  1010
V29
GII.4
1.51  108
V30
GII.4
8.91  106
V32
GII.4
9.55  107
V33
GII.4
3.52  108

*Bold indicates vomit samples that showed successful norovirus
replication. GEq, genomic equivalent.
†Norovirus genotype determined by partial sequencing of the VP1 gene
encoding the major capsid protein.
‡Norovirus titer (GEq/mL) in undiluted vomit used to infect human
intestinal enteroids. 100µL of 1:100 diluted sample was used as inoculum.
§All GII.4 norovirus detected belonged to the GII.4 Sydney 2012 variant.

Factors such as long-term storage (12) and the time
of collection postinfection (13) might affect infectivity
and cannot be ruled out. Repeated freeze-thaw cycles
could also influence the infectivity of viruses, possibly because of the disruption of the capsid proteins,
which could degrade the viral genome. However,
Richards et al. (12) reported that norovirus capsid
integrity is not compromised after repeated freezethaw cycles. Therefore, despite not knowing the exact
long-term storage conditions in the 2 hospitals that
provided the vomit samples (although most were
stored at −70°C for <3 years), variation in infectivity
should not have been caused by multiple freeze-thaw
cycles. The time of sample collection also might influence infectivity. Samples should be collected within
the first 24 hours after symptom onset. Norovirus can
be shed in feces for >7 days, but no studies report infectivity after the initial 48–72 hours after symptom
onset (13). Although qRT-PCR is standard for detecting norovirus RNA, it does not distinguish infectious
virus particles from noninfectious virus particles (10).
Although an estimate of the 50% human infectious dose (HID50) in vomit containing virus is
unknown, it has been calculated to be ≈2,800 GEq
for secretor-positive persons challenged with the
Norwalk virus (7). Comparing the RNA levels in
vomit and feces (on the basis of human challenge
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Figure. Replication in human intestinal enteroids of norovirus
from vomit samples. Differentiated human intestinal enteroid
monolayers were inoculated with norovirus-positive vomit
samples. The number of norovirus GEq was quantified by reverse
transcription quantitative PCR, 2 hours and 72 hours postinfection.
Five of 20 vomit samples showed viral replication (defined as a
>10-fold increase in the GEq). Data are presented as the mean
+SD of biologic triplicates. The inoculum for vomit samples that
demonstrated viral replication were as follows: V1, 7.9 × 106 GEq/
well; V2, 1.4 × 106 GEq/well; V8, 1.2 × 105 GEq/well; V25, 1.6 × 107
GEq/well; and V32, 9.6 × 104 GEq/well. The dotted lines represent
quantitative reverse transcription PCR limit of detection. GEq,
genomic equivalent.

studies with the Norwalk virus), it was estimated
that 1 mL of vomitus contained up to 9,000 HID50
of virus (7). The combination of a low infectious
dose and a large quantity of virus in vomit led to
the suggestion that each vomiting event has the potential to infect >150,000 persons (4). In our study,
we found that >95,500 GEq per inoculum was sufficient for infection of HIEs. Considering the different models studied (human vs. in vitro), the use of
strains from different genogroups, and fecal versus
vomit inoculum, the similarity in infectious dose
is noteworthy.
In conclusion, this study demonstrates that norovirus contained in vomit is infectious. Aerosols and
droplets from vomiting could be a source of norovirus transmission.
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Endogenous Endophthalmitis
Caused by ST66-K2 Hypervirulent
Klebsiella pneumoniae,
United States
Edwin Kamau, Paul R. Allyn, Omer E. Beaird, Kevin W. Ward, Nancy Kwan, Omai B. Garner, Shangxin Yang

We describe a case of endogenous endophthalmitis
caused by sequence type 66-K2 hypervirulent Klebsiella
pneumoniae in a diabetic patient with no travel history
outside the United States. Genomic analysis showed
the pathogen has remained highly conserved, retaining
>98% genetic similarity to the original strain described in
Indonesia in 1935.

H

ypervirulent Klebsiella pneumoniae (hvKp)
strains are mostly community-acquired and can
cause invasive infections such as liver abscess with
metastatic spread (1,2). The genetic determinants of
hypervirulence are found on chromosomal mobile
genetic elements, large plasmids, or both. The most
common virulence determinants of hvKp include
siderophore systems for iron acquisition, increased
capsule production, K1 and K2 serotypes, and the
colibactin toxin (1). In addition, these hvKp strains
demonstrate hypermucoviscosity, as indicated by
a positive string test, and are usually susceptible to
antimicrobial drugs (1). However, multidrug–resistant hypervirulent strains have emerged in Asia,
a region to which hvKp is endemic (1,3). Kp52.145
(laboratory strain B5055), which belongs to sequence
type (ST) 66, is one of the most virulent and widely
studied K2 strains. The ST66-K2 sublineage contains virulence genes in its chromosome and 2 large
plasmids (4,5). ST66-K2 was isolated in Indonesia in
1935; since then, cases have been reported in Australia in 2002 (caused by strain AJ210), Germany in
2017 (caused by strain 18-0005) and France in 2018
(caused by strain SB5881) (6–8).
The most common hvKp infection metastatic sites
are the eyes, lungs, and central nervous system (1).

Author aﬃliation: University of California, Los Angeles,
California, USA
DOI: https://doi.org/10.3201/eid2708.210234

Endogenous endophthalmitis (EE) caused by hvKp is
associated with risk factors such as diabetes mellitus,
Asian ancestry, and infection with the K1 serotype (2).
Although the prevalence of hvKp is increasing in the
United States and Europe (1,2,9), where EE has been
documented in patients of Asian and non-Asian descent (9,10), these infections are not well-recognized.
Ocular prognoses and clinical outcomes for EE are
usually poor and exacerbated by late or missed diagnosis (2). We describe a case of EE caused by a hvKp
strain of the ST66-K2 sublineage in the United States.
The Study
A 30-year-old Caucasian man who had a history
of poorly controlled type 1 diabetes mellitus and recreational use of methamphetamine and intravenous heroin sought treatment at the emergency department of a
local hospital in California, USA, for progressive right
eye and ear pain, which had lasted ≈1 week, and vision
loss. Hospital staff noted substantial edema and tenderness of the right external auditory canal with otorrhea, along with suspected orbital cellulitis. Computed
tomography scans revealed complete opacification of
the right middle ear cavity and mastoid air cells, prominent thickening and hyperenhancement of the right
posterolateral sclera, and a cystic and necrotic lesion in
the left parotid region. He was prescribed vancomycin
and cefepime and then transferred to Ronald Reagan
UCLA Medical Center (Los Angeles, CA, USA) for
ophthalmologic evaluation.
At admission, he had a perforated right tympanic
membrane with external otitis media and mastoiditis,
a left parotid abscess, and right endogenous endophthalmitis with subretinal abscess. A transthoracic
echocardiogram showed no signs of valvular vegetations; an abdominal ultrasound showed no signs
of hepatic lesions. Results of blood cultures were
negative. Cultures from the parotid abscess and ear
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Figure. Comparative genetic
analysis of sequence type
66-K2 hypervirulent Klebsiella
pneumoniae isolate (UCLA353)
from a 30-year-old man in
California, USA, who had
endogenous endophthalmitis
and 4 other isolates: AJ210
(Australia, 2002 [6]), 18-0005
(Germany, 2017 [7]), SB5881
(France, 2018 [8]), and
Kp52.145 (Indonesia, 1935
[[11]). Maximum-likelihood tree
based on single-nucleotide
polymorphisms and not drawn to
scale. Colors indicate different
loci; shades indicate different
alleles. Colored columns show the capsular sequence type of the wzi gene, which codes for the outer membrane protein WZI; YbST;
the chromosomal virulence loci yybt and clb; the plasmid II–associated virulence loci iuc, iro, and rmpA; and the plasmid I–associated
virulence locus rmpA2. AJ210, 18-0005, SB5881 and UCLA353 share the wzi 257 allele (dark purple). AJ210, SB5881 and UCLA353
share the YbST 315 allele, whereas 18-0005 has the YbST 316 allele (dark green). The wzi and YbST alleles for strain Kp52.145 are
shown in lighter colors. clb, colibactin; iro, salmochelin; iuc, aerobactin; rmpA, regulator of mucoid phenotype; YbST, yersiniabactin
sequence type; ybt, yersiniabactin.

drainage grew hypermucoviscous K. pneumoniae
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/8/21-0234-App1.pdf) and methicillin-susceptible Staphylococcus aureus. The K. pnuemoniae
isolate was susceptible to all drugs tested, including
ampicillin (Appendix Table 1).
We prescribed intravitreal injections of vancomycin, ceftazidime, and voriconazole every other
day in addition to intravenous ceftriaxone (2 g 2×/d),
intravenous voriconazole (4 mg/kg 2×/d), and oral
metronidazole (500 mg 3×/d) for ≈2 weeks. We conducted a pars plana vitrectomy to drain the subretinal
abscess in the patient’s right eye. We sent the vitreous and aqueous samples for bacterial and fungal
culturing, which returned negative results. After the
surgery, the patient continued to take ceftriaxone,
metronidazole, and voriconazole in addition to using
eye drops containing prednisolone, ciloxan, and atropine. He was discharged 15 days after admission.
Two weeks after discharge, he reported that his pain
had resolved but his vision loss continued with minimal light perception.
We sequenced the isolate (UCLA353) using the
Miseq platform (Illumina, https://www.illumina.
com) with 2 × 250 bp protocol; long-read sequenc-

ing was conducted using MinION (Oxford Nanopore
Technologies, https://nanoporetech.com) according to the manufacturer’s recommendations. The sequence files were submitted to the National Center
for Biotechnology Information Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) under
BioProject accession no. PRJNA729785. We analyzed
the sequences using the CLC Genomics Workbench
(QIAGEN, https://www.qiagen.com) and Geneious
Prime (Geneious, https://www.geneious.com). We
identified multilocus sequence types and virulence
factors using BIGSdb (http://bigsdb.pasteur.fr/klebsiella). In addition, we used the default settings of
ResFinder to identify antimicrobial resistance genes,
CSI Phylogeny to identify single-nucleotide polymorphisms (SNPs), and PlasmidFinder to identify plasmid replicons (Center for Genomic Epidemiology,
https://cge.cbs.dtu.dk/services). Genomic analyses
revealed UCLA353 to be closely related to Kp52.145
(GenBank accession no. FO834906) with 99.7% genomic coverage and 98.8% pairwise identity. UCLA353
and Kp52.145 had all identical chromosomal hypervirulent genes and genomic islands, including the K2
capsular gene cluster, colibactin gene, yersiniabactin
gene on an ICEKp10 mobile genetic element, and the

Table. Single-nucleotide polymorphism matrix of 5 ST66-K2 hypervirulent Klebsiella pneumoniae strains
Strain (country, year [reference])
18-0005
AJ210
Kp52.145
0
65
219
18-0005 (Germany, 2017 [7])
65
0
208
AJ210 (Australia, 2002 [6])
219
208
0
Kp52.145 (Indonesia, 1935 [11])
56
71
225
SB5881 (France, 2018 [8])
UCLA353 (United States, 2020, this study)*
796
785
775
*Isolate from a 30-year-old man in California who had endogenous endophthalmitis.
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SB5881
56
71
225
0
802
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UCLA353
796
785
775
802
0

ST66-K2 Hypervirulent K. pneumoniae

recently described phospholipase D family protein
gene (Figure) (11). In addition, UCLA353 carried 2
plasmids (with lengths of 95,157 bp and 164,217 bp)
nearly identical to those present in the SB5881 isolate
documented in 2018 in France (GenBank accession
nos. LR792629 and LR792630), with 100% genomic
coverage and 99.9% pairwise identity (Appendix
Figure 2). The 95-kb plasmid I in UCLA353 was also
nearly identical to the Kp52.145 plasmid I (GenBank
accession no. FO834904); the 164-kb plasmid II shared
100% genome coverage with Kp52.145 plasmid II
(FO834905) but had a 39-kb sequence insertion previously described in SB5881 (8) (Appendix Figure
2). SNP analysis of the chromosomal sequences of
UCLA353 and the other 4 ST66-K2 strains revealed
that UCLA353 was genetically distinct, with 775 SNPs
compared with Kp52.145 and 785–802 compared with
AJ210, 18-0005, and SB5881 (Table 1). UCLA353 did
not carry any resistance genes. Similar to other ST66K2 strains, UCLA353 did not have the blaSHV gene, and
was therefore susceptible to β-lactams including ampicillin (Appendix Table 1). Further analysis showed
all the ST66-K2 strains carried highly similar virulence factors (Appendix Table 2).
Conclusions
Ocular prognoses and clinical outcomes for EE are
usually poor, often entailing partial or complete vision loss, enucleation or evisceration, or death (2).
Late or missed diagnosis delays the initiation of specialized ocular therapy (e.g., intravitreal or source
control) and can worsen outcomes. Early treatment is
crucial to preserving full or partial vision (1–3,10). A
pooled analysis of clinical studies revealed that most
(83.2%) EE infections caused by hvKp were detected
>24 hours after admission (2). These data indicate
that patients at high risk for EE, especially those with
underlying conditions such as diabetes mellitus or K.
pneumoniae–associated pyogenic liver abscess, should
be monitored closely for EE even when it is not initially apparent. Detection of K1 or K2 capsular serotypes, hypermucoviscous phenotype, and ampicillin
susceptibility might suggest disseminated EE caused
by hvKp. Although bacteremia is usually a prerequisite for metastatic dissemination, it may not always
be detectable (1,2).
This infection probably began as otitis externa
complicated by otitis media caused by perforated
tympanic membrane and otomastoiditis, conditions
that subsequently spread to the sinuses and right orbit. In a similar scenario, strain SB5881 also caused
invasive infection including acute otitis media in
a patient with type 1 diabetes mellitus and chronic

alcoholism (8). Despite its emergence in or before
1935, ST66-K2 hvKp infections were not reported until 2002, probably because of the limited availability of
high-resolution genomic sequencing tools in the 20th
century (8,11). Thus, the prevalence of ST66-K2 hvKp
might be largely underestimated.
In summary, we describe a case of EE caused by
ST66-K2 hvKp in a Caucasian diabetic man with no
travel history outside the United States. This lineage
has remained highly conserved, preserving all of its
virulence factors and >98% of its genome. Clinicians
should be aware of the threat and challenges of EE
caused hvKp infections.
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Hotel quarantine for international travelers has been used
to prevent coronavirus disease spread into Australia. A
quarantine hotel–associated community outbreak was
detected in South Australia. Real-time genomic sequencing enabled rapid confirmation tracking the outbreak to a
recently returned traveler and linked 2 cases of infection
in travelers at the same facility.

S

ince November 2019, community outbreaks of
coronavirus disease (COVID-19), seeded by uncontrolled local transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) after
importations, have overwhelmed the healthcare systems in many countries (1). Australia, including the
state of South Australia, has largely controlled local transmission through early public health control
measures such as rapid contact tracing and extensive
nucleic acid amplification testing (NAAT). To limit
introduction of SARS-CoV-2 into Australia, state and
territory governments mandated 14-day quarantine
in dedicated facilities for returning international travelers, including SARS-CoV-2 testing on arrival and
before release. The clinically supervised hotel system
enables containment of the risk for transmission associated with these travelers, especially those coming
from countries experiencing SARS-CoV-2 resurgence
(2) and asymptomatic or presymptomatic viral shedding carriers (3).
No local transmission had been recorded in the
state since August 2020 until a community outbreak
was identified in early November; the outbreak
numbered 33 epidemiologically clustered cases as of

December 2020. The first identified positive case in
the outbreak was a family member of a housekeeping
attendant at one of the quarantine hotels. Immediate
screening of close contacts rapidly identified 14 additional cases, including 2 security guards working
in the same hotel. The suspected source case was a
traveler returned from the United Kingdom. Two additional cases were in travelers who stayed in rooms
adjacent to that source patient. We hypothesized that
this outbreak might have been caused by an inadequate ventilation system of the quarantine hotel.
Our study detailed the laboratory aspect of the
quarantine hotel–associated outbreak, highlighting
the utility of genomic sequencing for detecting the
source of infection in locally acquired cases. Before
this outbreak, all SARS-CoV-2–positive isolates in
South Australia, including those from internationally returned travelers, had been prospectively sequenced on the Illumina platform (https://www/illumina.com) using the tiled amplicon ARTIC primers
(https://github.com/artic-network/artic-ncov2019/
tree/master/primer_schemes/nCoV-2019/V1) directly on clinical specimens. Sequencing reads were
then aligned to the reference genome (Wuhan-Hu-1,
RefSeq NC_045512.2) for construction of consensus
genomes. A comprehensive database of high-quality
SARS-CoV-2 genomes, representing >81% of positive isolates in South Australia, was thus available for
comparison. Most (28/33) consensus genomes from
this outbreak comprised >1,000× read depth and
>95% coverage of the reference genome.
We designated the quarantine hotel–associated
outbreak variant as B.1.36.1 lineage using the pangolin nomenclature system (4) (pangolin version 2.3.8,
pangoLEARN v2021-04-01; https://github.com/
cov-lineages/pangolin). The phylogenetic tree with
genomes from its parental lineage B.1.36 (n = 3,010)
suggested that this lineage and its sublineages potentially emerged from its ancestral lineage in February
2020 (Figure). To date, the B.1.36 lineage in GISAID
has a large representation of genome sequences from
the United Kingdom (n = 1,864, 62%), South Asia (n =
445, 15%), Europe (n = 324, 11%) and the Middle East
(n = 155, 5%) (5).
Phylogenetic analysis using the 3,038 consensus genomes from the B.1.36 lineage, including those
from this outbreak, demonstrated that the outbreak
cluster represented 1 highly supported distinct clade
consisting of all genomes from the quarantine hotel–
associated cases (Figure). Although the source case
was asymptomatic at the time of arrival, their mandatory nasopharyngeal swab showed relatively high viral loads by quantitative PCR (E-gene cycle threshold
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Figure. Maximum-likelihood phylogenetic tree of severe acute respiratory syndrome coronavirus 2 genomes from a quarantine hotel–
associated community outbreak of coronavirus disease in South Australia, Australia. A) Genomes from lineage B.1.36 (n = 3,038).
B) Subtree of lineage B.1.36.1 focusing on the quarantine hotel clusters and a returned traveler from the United Kingdom; bold type
indicates those strains. Consensus genomes were profile-aligned using COVID-Align (5), and phylogenetic trees were constructed using
IQ-TREE with general time reversible plus invariate plus gamma 4 sites model (6). SH-like approximate likelihood ratio test score was
98.3%, ultrafast bootstrap approximation 99%. Scale bar indicates substitutions per site.

= 27.52); antinucleocapsid antibody seroconversion 14
days later confirmed the timing of infection.
Transmission within the initial large family group
with a high infection rate demonstrated the overdispersion characteristics of SARS-CoV-2 (6). The short
viral incubation period and generation time for this
clonal SARS-CoV-2 cluster reduced our capacity to
predict the transmission chain within this outbreak.
Another limitation for a thorough epidemiologic investigation of the source case is the extended distance
between the South Australia cluster and other UK
cases on the phylogenetic tree, which is likely due to
gaps in global sequencing effort.
Mutational profile analysis showed limited evidence in this outbreak variant to support enhanced
infection or transmission from a single site mutation
(7). Apart from the most notable D614G mutation for
enhanced replication, this cluster does not have the
2220

mutations at the receptor binding motif of the spike
protein that are common to several variants of concern (N417K/T, L452R, E484K/Q, N501Y/T).
Our study demonstrated that, in addition to hotel
quarantine to prevent introduction of SARS-CoV-2 into
the community, NAAT testing and rapid genomic sequencing are essential components of an effective public health response. In contrast to epidemiology-guided
sequencing approaches, a comprehensive sequencing of
all COVID-19 positive cases is important in discovering
previously unidentified links. Sequencing enabled us to
identify 2 additional case-patients who were guests in
the quarantine hotel, which led to further improvements
and policy changes in the quarantine system. This outbreak in the context of no recent local transmission highlights the transmissibility of SARS-CoV-2 and the risk
for transmission chains that are occurring unchecked in
countries with a high incidence of SARS-CoV-2.
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We describe enterococci in raw-frozen dog food commercialized in Europe as a source of genes encoding resistance to the antibiotic drug linezolid and of strains and
plasmids enriched in antibiotic-resistance and virulence
genes in hospitalized patients. Whole-genome sequencing was fundamental to linking isolates from dog food to
human cases across Europe.

R

aw meat–based diets are increasingly popular
for feeding dogs, but the extent of antimicrobialresistant bacteria in raw dog food is rarely addressed
globally (1). The Centers for Disease Control and Prevention does not recommend feeding raw diets to pets
because of frequent contamination with Salmonella and
Listeria (https://www.cdc.gov/healthypets/publications/pet-food-safety.html), but awareness about this
issue is not as evident in Europe. Eating raw meat has
been considered a risk factor for carriage of clinically
relevant ampicillin-resistant (AmpR) Enterococcus faecium and optrA-positive linezolid-resistant E. faecalis
in dogs (2,3), but data for commercial pet food are not
available. We evaluated multidrug-resistant (MDR)
Enterococcus in raw-frozen dog food commercialized
in countries in Europe; we focused on transferable linezolid resistance (LinR) genes because linezolid is a
last-resort drug to treat gram-positive infections (4).
We purchased 14 raw-frozen dog food samples
from the 2 commercially available brands in Portugal
in specialized stores (September 2019–January 2020).
Brand A (produced in Europe) is available in specialized
1

These authors were co–principal investigators.

2

These authors are active EFWISG members.
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Table. Characterization of Enterococcus isolates obtained from raw dog food samples, Porto, Portugal, 2019–2020*
MIC
Sample
Antimicrobial drug
LIN,
Species
cgMLST† MLST‡
(brand)§
resistance profile#
Antibiotic resistance genotype
mg/L
E. faecalis CT1206
ST40
Duck (B)
ERY, TET, CHL, LIN
optrA, fexA, cat, erm(B), Isa(A),
8
tet(M), dfr(G)
CT1207
ST674
Salmon (A)
CIP, ERY, TET, STR,
optrA, cfrD, fexA, cat, ant(6)-Ia,
8
CHL, LIN
aph(3′)-III, erm(B), Isa(A),
tet(M), tet(L), dfr(G)
CT1205 ST1008 Turkey (A)¶
ERY, TET, GEN,
optrA, poxtA, fexB, cat, aac(6')4
STR, CHL
aph(2”), ant(6)-Ia, ant(9)-Ia,
aph(3′)-III, erm(B), lnu(B), Isa(A),
Isa(E), tet(M), tet(L), dfr(G)
CT1205 ST1008 Turkey (A)¶
ERY, TET, STR, CHL
optrA, poxtA, fexB, cat,
4
aac(6')-aph(2”), ant(6)-Ia, ant(9)-Ia,
aph(3′)-III, erm(B), lnu(B), Isa(A),
Isa(E), tet(M), tet(L), dfr(G)
CT1209 ST1008
Chicken +
ERY, TET, STR,
optrA, poxtA, fexB, cat, aac(6')8
lamb (A)
CHL, LIN
aph(2”), ant(6)-Ia, ant(9)-Ia,
aph(3′)-III, erm(B), lnu(B), Isa(A),
Isa(E), tet(M), tet(L), dfr(G)
CT1208 ST1009
Turkey +
ERY, CHL, LIN
optrA, cfrD, fexA, cat,
8
goose (B)
erm(B), Isa(A), dfr(G)
E. faecium
CT106
ST80
Salmon (A) AMP (>256 mg/L), CIP,
aac(6')-aph(2”), ant(6)-Ia,
ND
ERY, TET, GEN, STR,
aph(3′)-III, erm(B), msr(C),
QD
tet(M), tet(L), dfr(G)
CT284
ST25
Beef (A)
AMP (32 mg/L), CIP,
poxtA, fexB, aac(6')-aph(2”), ant(6)4
ERY, TET, GEN, STR,
Ia, ant(9)-Ia, aph(3′)-III, erm(A),
QD, CHL
erm(B), msr(C), Inu(B), Isa(E),
tet(M), tet(L), dfr(G)
CT374
ST264
Beef (A)
AMP (32 mg/L), CIP,
cat, ant(6)-Ia, Inu(G), tet(M),
ND
TET, STR, QD
tet(L), dfr(G)
CT272
ST1091
Duck (B)
AMP (>256 mg/L), CIP, ant(9)-Ia, erm(A), erm(B), msr(C),
ND
ERY, TET, STR, QD
tet(M), tet(L), dfr(G)
CT3399 ST1263
Deer (B)
AMP, ERY, TET, STR,
poxtA, fexB, cat, ant(6)-Ia,
4
QD, CHL
ant(9)-Ia, aph(3′)-III, erm(A), msr(C),
Inu(B), Isa(E), tet(L), dfr(G)

Transfer
of LinR
genes
–
++
–

–

–

–
NA
–

NA
NA
+

*AMP, ampicillin; cgMLST, core-genome MLST; CIP, ciprofloxacin; CHL, chloramphenicol; CT, complex type; ERY, erythromycin; GEN, high-level
resistance to gentamicin; LIN, linezolid; LinR, linezolid-resistant; MLST, multilocus sequence typing; NA, not applicable; ND, not done: QD,
quinupristin/dalfopristin; STR, high-level resistance to streptomycin; ST, sequence type: +, positive (transfer frequency of 10−8); ++, positive (transfer
frequency of 10−7); –, negative.
†The E. faecalis CT1205-CT1209 and the E. faecium CT3399 were identified in this study by submitting them to the cgMLST
database (https://www.cgMLST.org) through Ridom SeqSphere+ version 7.2 software (https://www.ridom.de/seqsphere).
‡The novel E. faecalis ST1008–ST1009 were submitted to the MLST database (https://www.pubmlst.org).
§Brand A is produced in Europe; Brand B is produced in the United Kingdom.
¶These 2 samples correspond to 2 different batches and were acquired at different times (October 2019 and January 2020).
#QD resistance was tested only against E. faecium isolates. Successful transfer of ampicillin resistance is underlined (AMP) and all transconjugants
exhibited high values of ampicillin resistance (16–256 mg/L).

stores, brand B (produced in the United Kingdom) in
specialized stores and online; both are commercialized across different countries in Europe. We enriched
samples (25 g) in buffered peptone water (1:10), then
in brain–heart infusion broth with or without different
antibiotic drugs (ampicillin [16 µg/mL], vancomycin
[6 µg/mL], chloramphenicol [16 µg/mL]), and plated
them onto Slanetz-Bartley agar with and without the
same drug concentrations. We identified isolates with
different morphologies per plate by PCR. We performed antibiotic susceptibility testing by disk diffusion
using European Committee on Antimicrobial Susceptibility Testing (EUCAST) (5) or Clinical and Laboratory Standards Institute (6) guidelines. We used broth
microdilution for linezolid and Etest for ampicillin. We
searched acquired LinR genes (optrA/poxtA/cfrA-E) and
2222

typed representative isolates by multilocus sequence
typing (n = 20; https://www.pubmlst.org) and wholegenome sequencing (LinR E. faecalis [n = 6] and AmpR/
LinR E. faecium [n = 5]) using the Hi Seq 2500 Sequencing System (Illumina, https://www.illumina.com). We
deposited assemblies (SPAdes version 3.11.1; https://
cab.spbu.ru/software/spades) in GenBank (Bioproject
PRJNA663240) and characterized them using in silico
tools (http://www.genomicepidemiology.org) and inhouse databases (7).
All samples carried enterococci resistant to erythromycin, streptomycin, chloramphenicol, and tetracycline; 93% resistant to ampicillin, ciprofloxacin,
and quinupristin/dalfopristin; 79% resistant to gentamicin; and 50% resistant to linezolid. We detected
acquired LinR genes among 20 MDR isolates from
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64% of samples from both brands and with different
types of ingredients (Table): optrA (4 E. faecalis, 1 E.
faecium), poxtA (2 E. faecium), optrA+poxtA (8 E. faecalis, 3 E. faecium) or optrA+cfrD (2 E. faecalis). Of those,
15 expressed LinR (MIC = 8 mg/L), whereas 5 were
susceptible (MIC = 4 mg/L) (Table).
The E. faecium isolates (n = 39) were mostly MDR
(70%), expressing resistance to tetracycline (85%), quinupristin/dalfopristin (72%), erythromycin (64%), ciprofloxacin (59%), streptomycin (57%), ampicillin (56%),
gentamicin (23%), chloramphenicol (21%), or linezolid
(10%). We compared selected dog food AmpR E. faecium genomes with 7,660 available GenBank E. faecium
genomes by complex types (CTs) through core-genome
multilocus sequence typing (Ridom SeqSphere+ version 7.2, https://www.ridom.de/seqsphere). Those
data (Figure) and data from single-nucleotide polymorphisms (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/27/8/20-4933-App1.pdf)
showed
different clusters grouping related isolates obtained
from dog food and hospitalized patients (sequence
type [ST] 80/CT106; ST264/CT374) or from pet food
and livestock or wastewaters (ST1091/CT284; ST1263/
CT3399) in different countries. Dog food E. faecium
was enriched in acquired antibiotic-resistant and virulence genes as strains from different sources (Appendix
Figure 1). ST80 E. faecium from brand A was phylogenetically related to other strains from Germany and
Netherlands; ST1091 and ST1263 from brand B were
phylogenetically related to UK strains (Figure). By filtermating (8), we found that 3 (ST25, ST80, ST1263) of 5
AmpR E. faecium isolates transferred a chromosomal genetic platform containing pbp5 to GE1 E. faecium strain

(Table). Following our previous description of a large
transferable pbp5-containing platform in a clinical isolate
(8), we partly identified highly similar genetic platforms
carrying different adaptive features including virulence
genes (e.g., sgrA) in ST80 and ST1263 dog food AmpR E.
faecium (Appendix Figure 2). ST1263 E. faecium was able
to transfer poxtA by conjugation (Table).
The E. faecalis isolates (n = 52) recovered were
mostly MDR (75%), resistant to chloramphenicol
(83%), tetracycline (79%), erythromycin (75%), streptomycin (63%), gentamicin (31%), linezolid (21%), or
ciprofloxacin (10%). ST40, ST674, ST1008, and ST1009
sequences corresponded to novel complex types carrying antimicrobial resistance (aac(6’)-aph(2″)/ant(6)Ia/aph3″-III/erm(B)/tet(M),tet(L),dfr(G)) and virulence
(ace/gelE/elrA) genes linked to clinically relevant MDR
lineages (Table) (7,9). ST674 E. faecalis carried optrA on
a pheromone-responsive plasmid (pAPT110) identical to others from non–clonally related E. faecalis in
hospitalized patients in Spain and China (Appendix
Figure 3). Similarly to pAPT110 in this study transferring optrA in high rates (Table), pEF10748 (China) is
an optrA highly transferable plasmid with a complete
sex-pheromone response module (10).
In conclusion, the diversity and rate of E. faecium
and E. faecalis with linezolid-resistance genes (optrA/
poxtA/cfrD) we identified were unexpectedly high.
Our data suggest that raw dog food could be a sentinel of emerging antimicrobial resistance traits because
this type of food may accumulate raw ingredients of
different origins, namely from animals associated
with intensive farming, adding a new concern to the
global health burden of antimicrobial resistance.

Figure. Minimum-spanning
tree based on the coregenome multilocus sequence
typing (cgMLST) data from
Enterococcus faecium isolates
(n = 15) from different sources
in Europe. The tree is based on
cgMLST (1,423 genes) analyses
made with Ridom SeqSphere+
version 7.2 software (https://
www.ridom.de/seqsphere). Each
circle represents 1 allele profile.
The numbers on the connecting
lines represent the number
of cgMLST allelic differences
between 2 isolates. Sequence
types are shown in colored
circles (see key); numbers in
circles are isolate identifications.
Gray shading around nodes
indicates clusters of closely
related isolates (<20). CK, chicken; DE, Denmark; DF, dog food; HP, hospitalized patient; PT, Portugal; ST, sequence type; SW,
swine; UK, United Kingdom; WW, wastewater.
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Two variants of highly pathogenic avian influenza
A(H5N8) virus were detected in dead poultry in Western
Siberia, Russia, during August and September 2020. One
variant was represented by viruses of clade 2.3.4.4b and
the other by a novel reassortant between clade 2.3.4.4b
and Eurasian low pathogenicity avian influenza viruses
circulating in wild birds.

I

n 1996, the highly pathogenic avian influenza (HPAI)
A(H5N1) virus subtype of the A/goose/Guangdong/1/1996 lineage was detected in domestic geese
in China (1). Since 2014, H5Nx HPAI viruses belonging to clade 2.3.4.4 of A/goose/Guangdong/1/1996
lineage have spread internationally, posing a threat to
the health of poultry and wild birds. Viruses of clade
2.3.4.4b have been detected in China (2013) and South
Korea (2014); in 2016, reassortant strains between
2.3.4.4b and the Eurasian low pathogenicity avian influenza (LPAI) virus, for polymerase basic protein 2
(PB2), polymerase basic protein 1 (PB1), polymerase
acidic gene (PA), nucleoprotein (NP), and matrix gene
(M) segments, were reported in China (Qinghai Lake)
and Russia (Uvs–Nuur Lake) (2). Thereafter, 2.3.4.4b
viruses and their reassortant strains have spread
worldwide and have been identified in poultry and
wild birds in multiple countries (3).
In January and February 2020, a novel HPAI
H5N8 clade 2.3.4.4b virus was detected in Germany.
This virus shares 6 gene segments with the HPAI
H5N8 virus in Eurasia, Asia, and Africa and 2 gene
segments with LPAI virus A(H3N8), which has recently been detected in wild birds of Russia (4). HPAI
virus strains closely related to isolates from Germany
have also been identified in other countries of Europe, according to GISAID (https://www.gisaid.
org). In October 2020, HPAI virus related to the variant from Germany has also been isolated in Japan (5)
and South Korea (6).

Other variants of HPAI H5Nx virus were detected in the fall of 2020. Viruses of genetic group B of
clade 2.3.4.4 and subtypes H5N8, H5N5, and H5N1
were found in Russia, Kazakhstan, and a number of
countries in Europe (3,7,8). These viruses are genetically related to strains isolated in Egypt during 2017–
2019 (7) and in Iraq in May 2020 (8).
The previous cases of H5 HPAI virus in Russia
occurred at the end of 2018. In 2019 and the first half
of 2020 H5Nx viruses had not been detected in Russia. In August and September 2020, we collected 58
samples from dead domestic birds on private rural
farms in Western Siberia. We characterized 7 strains
by using complete genome sequencing, phylogenetic
analysis, and intravenous pathogenicity index testing. We identified all 7 strains as HPAI viruses on the
basis of the amino acid sequence of the hemagglutinin
(HA) proteolytic cleavage site (PLREKRRKR|G) and
intravenous pathogenicity index values of 2.92–2.93
in chickens (Table).
We divided the isolated strains into 2 groups according to the sequences of the genome segments.
Group 1 consists of 4 strains, whereas group 2 consists
of 3 strains (Table). By using BLAST analysis (http://
blast.ncbi.nlm.nih.gov/Blast.cgi), we found all 8 genome segments of group 1 and the 3 genome segments (HA, M, and NS) of group 2 to be closely related (99.01%–100% nucleotide identity) to the genome
segments of HPAI clade 2.3.4.4b virus strains isolated
in Russia, Kazakhstan, and Europe in the summer
and fall of 2020. We found the genome segments of
neuraminidase, PB2, PB1, PA, and NP in group 2 to
be related (98.38%–99.06% nucleotide identity) to different LPAI viruses from Eurasia.
Phylogenetic analysis showed that the whole genome of group 1 and HA, M, and nonstructural gene
genome segments of group 2 clustered with HPAI
H5N8 clade 2.3.4.4b virus. They were also related
to H5N8 viruses from Egypt (2019) and Iraq (May
2020) but were not related to the H5N8 variants from
Germany in early 2020 (Figure; Appendix 1 Figures
1–7, https://wwwnc.cdc.gov/EID/article/27/8/204969-App1.pdf). The neuraminidase, PB2, PB1, PA,
and NP segments of group 2 viruses clustered with

Table. Highly pathogenic avian influenza A viruses subtype H5N8 isolated from birds, Novosibirsk, Western Siberia, Russia, 2020*
Group
Isolate ID
Site
Collection date
IVPI value
1
A/goose/Russia_Novosibirsk region/1-12/2020
Intestine
2020 Sep 15
2.92
1
A/goose/Russia_Omsk region/55-1/2020
Intestine
2020 Aug 29
2.92
1
A/chicken/Russia_Novosibirsk region/1910-1/2020
Liver
2020 Sep 22
2.92
1
A/chicken/Russia_Novosibirsk region/1910-2/2020
Intestine
2020 Sep 22
2.92
2
A/chicken/Russia_Novosibirsk region/3-1/2020
Intestine
2020 Sep 20
2.93
2
A/chicken/Russia_Novosibirsk region/3-15/2020
Intestine
2020 Sep 20
2.93
2
A/chicken/Russia_Novosibirsk region/3-29/2020
Brain
2020 Sep 20
2.93
*ID, identification; IVPI, intravenous pathogenicity index.
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Figure. Maximum-likelihood phylogenetic tree of the hemagglutinin segment of HPAI subtype H5N8 virus isolated from birds,
Novosibirsk, Western Siberia, Russia, 2020, and reference segments from GISAID (http://www.gisaid.org). Filled circles indicate HPAI
H5N8 virus strains from Russia isolated in 2020; open circles indicate strains from Russia isolated during 2016–2018. Virus identification
number, date of identification, and GISAID accession number are provided for all sequences. HPAI, highly pathogenic avian influenza.

LPAI viruses identified in Eurasia. Consequently,
group 2 strains are reassortant strains between Egyptian-like HPAI and LPAI viruses from Eurasia (Appendix 1 Figure 8). Of note, PB2, PA, and NP segments of group 2 isolates clustered on phylogenetic
trees (nucleotide identity of 97.32%–97.45% for PB2,
98.98%–99.02% for PA, and 98.86%–99.00% for NP)
with the HPAI H5N1 reassortants isolated in the fall
of 2020 in the Netherlands (8). PB1 segments showed
a lower level of identity (96.21%–96.26%).
On the basis of our phylogenetic data, chronology
of virus isolations, general birds’ flyways, and previously described patterns of HPAI viruses spreading
from Siberia during 2005–2006, 2014, and 2016–2017
(3,9,10), we suggest that new H5N8 viral strain from
Eurasia in late 2020 possibly descended from the
H5N8 virus circulating in Egypt during 2017–2019
and then disseminated through Iraq into Western
Siberia and North Kazakhstan during the spring
migration. Egyptian-like HPAI H5N8 virus possibly reached breeding and staging areas in Siberia
2226

in early 2020, spread in wild bird populations, and
reassorted with LPAI viruses. During fall migration,
standard Egyptian-like HPAI H5N8 virus and novel
reassortant strains spread to the European part of
Eurasia, leading to a reassortment event, which has
been detected in Netherlands. However, further studies of 2020–2021 European H5Nx viruses are needed
to verify this hypothesis.
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A mandated shelter-in-place and other restrictions associated with the coronavirus disease pandemic precipitated a
decline in tuberculosis diagnoses in San Francisco, California, USA. Several months into the pandemic, severe
illness resulting in hospitalization or death increased compared with prepandemic levels, warranting heightened vigilance for tuberculosis in at-risk populations.

S

ince the emergence of a novel coronavirus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which causes coronavirus disease
(COVID-19), unprecedented measures have been recommended to reduce transmission. In San Francisco,
California, USA, progressively restrictive health officer orders implemented since early 2020 have included travel quarantines, shelter-in-place (SIP), deferral of routine medical appointments and elective
surgeries, closure of public-facing events and businesses, and isolation and quarantine when appropriate (1). Nationwide, disruptions in medical services
have contributed to delaying or avoiding routine care
and a decrease in non–COVID-19-related hospital admissions and emergency department visits (2). Similarly, worldwide tuberculosis (TB) case reports have
declined, including in San Francisco, where a ≈60%
decrease in newly diagnosed TB cases compared with
prior years was observed in the first 4 months of the
pandemic (3,4).
The San Francisco Department of Public Health
(SFDPH) Tuberculosis Prevention and Control Program manages all cases of active TB in San Francisco
residents (≈881,549 population). In 2019, San Francisco had a high incidence of TB, with rates >4-fold
higher (11.9 cases/100,000 persons) than the national rate. The affected population is predominantly
1
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Figure. Comparison of TB cases
pre-SIP (January 1, 2019–March
15, 2020) and after SIP (March
16, 2020–January 31, 2021),
San Francisco, California, USA.
Scales for the y-axes differ
substantially to underscore
patterns but do not permit direct
comparisons. Total TB cases
indicates total number of casepatients receiving TB treatment,
by month. Cases were counted
according to the month when
TB was diagnosed. In the first
months of the pandemic after
SIP was implemented (March
16–June 30, 2020), numbers
of patients newly diagnosed
with TB decreased compared
with the 14.5 months prior. In
early July 2020, the number of
patients newly diagnosed with TB began to increase, with a higher proportion requiring hospitalization or having a TB-related death.
SIP, shelter-in-place; TB, tuberculosis.

non–US-born (86%) with >80% residing in the United States >5 years (5). We reviewed overall numbers
of active TB case-patients in San Francisco and newly
diagnosed cases including those resulting in hospitalization, intensive care unit admission, and death.
We divided our analysis into 2 periods: pre-SIP (January 1, 2019–March 15, 2020) and during SIP (March
16, 2020–January 31, 2021). TB was reportable within
1 working day of diagnosis. Cases were diagnosed
by microbiologic testing or medical assessment for
consistent clinical and radiographic findings. All patients who received a TB diagnosis after SIP began
were tested for SARS-CoV-2 co-infection at the time
of TB diagnosis, except for 7 patients during March–
May 2020, when testing was less available. For all fatalities, we used a standardized algorithm to review
medical records and death certificates to determine
whether cause of death was TB-related. Because

these activities were public health surveillance and
not research, review by institutional review board
was not requested.
During the 14.5-month pre-SIP period, the
monthly average number of patients receiving TB
treatment was 73.0 persons, compared with 42.7
persons during the 10.5-month SIP period, resulting in a 42% reduction. The initial SIP period was
marked by low numbers of new TB diagnoses during mid-March through June; increasing numbers
starting in July, when more case-patients had TB diagnosed while they were hospitalized or dying from
TB (Figure). Pre-SIP, a total of 114 patients (average
7.9 patients/month) were newly diagnosed with
TB. A total of 38 (33.3%) patients were hospitalized,
including 5 (4.4%) who required intensive care. A
total of 4 (3.5%) patients died with cause of death
assessed as TB-related. In comparison, after SIP

Table. New diagnoses of TB pre-SIP compared with during SIP during the coronavirus disease pandemic, San Francisco, California,
USA, January 1, 2020–January 30, 2021*
Variable
Pre-SIP: 2019 Jan 1–2020 Mar 15
SIP: 2020 Mar 16–2021 Jan 30
p value†
New diagnoses of active TB
114 (100)
52 (100)‡
NA
Average no. new TB cases/month
7.9
5.0
NA
Median age of case-patients, y (range)
64.0 (3–101)
66.0 (15–97)
NS
New case-patients with cavitary TB
33 (28.9)
11 (21.2)
NS
New TB case-patients requiring hospitalization
38 (33.3)
33 (63.5)
0.0003
New TB case-patients requiring intensive care
5 (4.4)
12 (23.1)
0.0002
New TB case-patients who died
15 (13.2)
10 (19.2)
NS
New TB case-patients with TB-related deaths§
4 (3.5)
7 (13.5)
0.017

*Values are no. (%) unless indicated. Cases were counted according to the month when TB was diagnosed. NA, not applicable; NS, not significant
(p>0.05); SIP, shelter-in-place; TB, tuberculosis.
†By Pearson 2 test.
‡All patients were tested for severe acute respiratory syndrome coronavirus 2 co-infection at time of TB diagnosis, except for 7 patients for whom testing
was not routinely available in the first 3 months of the pandemic (March–May 2020); no patients were positive.
§Cause of death was evaluated by standardized algorithm and review of medical records and death certificate, when available. Deaths were counted as
TB-related when TB was assessed as an immediate or contributing cause of death.
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began, 52 patients (average 5.0 patients/month)
were newly diagnosed with TB. A total of 33 (63.5%)
patients were hospitalized, including 12 (23.1%)
patients who required intensive care; 7 (13.5%)
patients died with cause of death assessed as TBrelated. No patients diagnosed with TB during SIP
reported having previous SARS-CoV-2 infection;
all patients screened for SARS-CoV-2 had negative results. One patient experienced new-onset
low-grade fever and cough 37 days after starting
TB treatment and subsequently tested SARS-CoV-2
positive; this patient had no new radiographic abnormalities or COVID-19–related complications.
More patients during SIP than before SIP required
hospitalization, received intensive care, or had a
TB-related death (p<0.05 by Pearson χ2 test (Table).
We found no difference in duration of TB symptoms pre-SIP (median 1 month, range 0–120 months)
than that during SIP (median 1.5 months, range
0–24 months).
Our preliminary findings suggest that delayed
TB diagnosis early in the pandemic, coinciding with
implementation of SIP and other restrictive measures,
might have contributed to an increasing proportion
of patients who later experienced severe illness or
death. Although we used SIP as a proxy, other factors
probably contributed to the trend. The same racial,
ethnic, and socioeconomic inequities that contributed
to limited healthcare access during the COVID-19
pandemic are prevalent in TB-infected populations
(6). Symptomatic patients might have been reluctant
or unable to seek medical evaluation, thereby leading to worsening TB disease. The overlap of signs,
symptoms, and abnormal radiographic findings for
COVID-19 and TB could have resulted in prioritizing
COVID-19 screening over TB diagnosis.
Our observations are a snapshot in time and are
not representative of TB activity in other cities or regions where COVID-19 transmission rates and corresponding SIP and public health responses differ.
Nevertheless, we collected real-world data consistent with the Stop-TB Partnership modeling studies
predicting that prolonged disruption of TB activities
could result in an excess of millions of TB cases and
deaths through 2025 (7). As vaccination rates increase
and restrictions ease, continued vigilance and public
messaging about the importance of early diagnosis of
TB in high-risk populations remain critical.
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SARS-CoV-2 Superspread in
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To investigate a superspreading event at a fitness center
in Hong Kong, China, we used genomic sequencing to
analyze 102 reverse transcription PCR–confirmed cases
of severe acute respiratory syndrome coronavirus 2 infection. Our finding highlights the risk for virus transmission in confined spaces with poor ventilation and limited
public health interventions.

H

ong Kong, China, is at the end of a fourth wave
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. The virus causing this
wave was introduced in September 2020 (GISAID
clade GH) (1) and has continued to evolve in Hong
Kong. As of April 30, 2021, a total of 11,771 SARSCoV-2 cases had been laboratory confirmed; more
than half (56%) were detected during the fourth
wave. We describe a superspreading event that occurred in a 3,000-ft2 fitness center in March 2021
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/8/21-0833-App1.pdf).
On March 10, 2021, an asymptomatic 27-year-old
male fitness trainer (patient FC1) received a positive
reverse transcription PCR (RT-PCR) test result as
part of a voluntary coronavirus disease (COVID-19)
screening program. This program provided services
to persons for community or private purposes (e.g.,
for work or travel). The fitness trainer had previously
received a negative COVID-19 test result on February
17, 2021. He taught small group classes in the fitness
center every day from February 28 through March 8,
except March 4, 2021.
His positive test result triggered a local health
authority to conduct epidemiologic investigation and
contact tracing. The fitness center was immediately
1

These first authors contributed equally to this article.

2230

closed to the public. The local government also issued a compulsory testing notice to those who had
visited this center from February 25 through March
10. About 300 visitors were tested and 101 cases were
confirmed (7 staff members and 94 customers; casepatients FC2–FC102) (Appendix Table 1). All case-patients had recently visited this center; >80% of cases
were detected within 3 days of the first case (Appendix Figure 2). Another 53 SARS-CoV-2–positive persons were subsequently identified; they had had close
contact with the 102 case-patients but no epidemiologic link to the fitness center.
Of the 102 case-patients, all were hospitalized
according to local standard practice, recovered uneventfully, and were discharged. None had received
COVID-19 vaccination before this outbreak. A total
of 46 case-patients were asymptomatic at the time of
testing. The percentage of asymptomatic case-patients
in this cluster (45%) is higher than that of all persons
with confirmed cases in Hong Kong (30%; p<0.005). It
is not known whether the general physical well-being
of case-patients in this cluster affected their clinical
status. Their ages, on average, were lower than that
of all persons with confirmed cases in Hong Kong (38
vs. 44 years; p<0.005).
Among the 56 symptomatic case-patients, signs
and symptoms started to develop for 36 of them during March 9–11; the earliest onset date was March 6
(case-patient FC46). Assuming the average incubation period of COVID-19 to be ≈5 days (2), the superspreading event might have occurred around March
5. Because SARS-CoV-2 can be transmitted by asymptomatic and presymptomatic persons (3), our data
did not enable us to identify the index case-patient of
this cluster.
To exclude unrelated transmission chains in this
fitness center, we used next-generation sequencing
to study respiratory samples from 59 of the case-patients (1,4). We used 5 epidemiologically unrelated
local case-patients, including 4 detected in the same
period, as controls. All virus sequences from the fitness center outbreak genetically clustered together
and were genetically distinct from the controls (Figure), demonstrating that this superspreading event
was caused by a single virus introduction.
Many case-patients, including FC1 and FC46,
were located at the root of this phylogenetic branch.
There are a few minor clades in this phylogenetic
branch, suggesting that the initial introduction triggered multiple independent transmission chains
thereafter in this setting.
SARS-CoV-2 transmission in fitness centers/
gyms has been reported (5–8). SARS-CoV-2 can be
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Figure. Phylogenetic tree of the
severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) viruses
detected in a fitness club in Hong
Kong, China, in March 2021. Viruses
from clades L, S, V, G, GH, GR, and
O (others) are also included in the
analysis. Near full-length genomes of
studied samples were deduced by a
previously described Illumina (https://
www.illumina.com) sequencing
protocol (sequence coverage >100)
(1,4). Human SARS-CoV-2 WIV04
is selected to be the root of this
phylogenetic tree. The tree was
constructed by using the neighborjoining method. Only bootstrap values
>80 are shown. EPI ISL accession
nos. for sequences retrieved in
GISAID (https://www.gisaid.org)
are provided. Scale bar indicates
estimated genetic distance.
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transmitted by close contact, droplets, or fomites
(9). Uncontrolled physical activities in a fitness center might produce any or all of these transmission
modes (e.g., increased physical contact, increased
levels of exhaled respiratory droplets in a confined
space because of vigorous breathing, and shared
communal space and equipment). Although in this
study we were unable to identify the predominant
transmission mode accounting for this superspreading event, a recent report indicates that physical activities in a fitness center can create a pronounced
level of saliva aerosol (10). An air change rate of 2.2/
hour in a fitness center is insufficient to dilute the
amount of saliva aerosol generated from physical
activities (10). Of note, mask wearing during exercise was not compulsory by law at the time of this
outbreak. Many case-patients in our study reported
not wearing a mask while training at that time (e.g.,
weight training, high-intensity circuit training, and
boxing). A follow-up investigation revealed that this
center has air conditioning units but lacks a fresh air
and exhaust duct system. This finding suggests that
poor ventilation might have played a major role in
this outbreak.
After this outbreak, new recommendations were
issued to prevent superspreading events at fitness
centers in Hong Kong. For staff in these settings, RTPCR testing for SARS-CoV-2 every 2 weeks is compulsory, and staff are prioritized to receive COVID-19
vaccination. For all persons in fitness settings, mask
wearing at all times is now mandatory, except when
showering or eating. Recommendations for air ventilation in all fitness centers are under investigation.
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The duration of the humoral immune response in children infected with severe acute respiratory syndrome
coronavirus 2 is unknown. We detected specific IgG
6 months after infection in children who were asymptomatic or had mild symptoms of coronavirus disease.
These findings will inform vaccination strategies and
other prevention measures.

C

hildren <18 years of age account for ≈3% of coronavirus disease (COVID-19) cases worldwide
(1). Most (70%) children with COVID-19 are asymptomatic or have mild illness; very few require hospitalization (2,3). The nature and persistence of the immune response generated by children after infection
with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the causative agent of COVID-19,
is unknown. We investigated the humoral immune
response to SARS-CoV-2 in children and adults as
part of a longitudinal cohort study in Melbourne,
Victoria, Australia.
Nasopharyngeal swab samples of persons with
suspected SARS-CoV-2 infection and their close contacts were tested by reverse transcription PCR at The
Royal Children’s Hospital in Melbourne during May–
October 2020. We invited SARS-CoV-2–positive patients and their household members to participate in
this cohort study. We collected blood samples at the

time of enrollment, as well as ≈28 days, 3 months, and
6 months later. We obtained written informed consent
from parents/guardians and assent from children. The
study was conducted with the approval of the Human
Research Ethics Committee at The Royal Children’s
Hospital (approval no. HREC/63666/RCHM-2019).
To measure IgG, we used a modified 2-step
ELISA based on the method described by Amanat et
al. (4) and the LIAISON SARS-CoV-2 S1/S2 IgG assay (DiaSorin, https://www.diasorin.com). We also
conducted a SARS-CoV-2 microneutralization assay
on an available subset of samples. For the ELISA, we
screened samples using the SARS-CoV-2 receptorbinding domain as the antigen; for potential positive
samples, we confirmed results that tested positive by
additional ELISA using S1 antigen. We calculated the
results of S1-positive samples according to the World
Health Organization SARS-CoV-2 pooled serum standard (standard provided by the National Institute for
Biological Standards and Control, South Mimms, UK)
and reported data as ELISA units per milliliter. We
set a seropositivity cutoff at 1.5 ELISA units/mL on
the basis of results of archived serum samples taken
before the pandemic. We then conducted the LIAISON assay according to the manufacturer’s instructions and the microneutralization assay as described
by Tosif et al. (5) (Appendix, https://wwwnc.cdc.
gov/EID/article/27/8/21-0965-App1.pdf).
During May 10, 2020–October 28, 2020, we recruited a cohort of 134 children (0–18 years of age)
and 160 adults (19–73 years of age). We included only
participants with a positive PCR result for SARSCoV-2 or who were seropositive at the first timepoint
(median 11 days after diagnosis, range 5–13 days)
and had blood samples for >2 timepoints. At the first
timepoint, 4 adults had negative PCR results but positive serologic results; of these adults, 3 had borderline
seropositive antibody levels.
By February 2021, we had identified 54 SARSCoV-2–positive participants: 22 children (median age
of 4 years, range 0–18 years) and 32 adults (median
age of 37 years, range 22–73 years). In total, 5 (23%)
children and 2 (6%) adults were asymptomatic; the
rest had mild symptoms, and none were hospitalized.
The median duration of follow-up after diagnosis
was 195 days (range 188–213 days) for children and
194 days (range 183–212 days) for adults.
By day 43 (range 27–79), 15/19 (79%) children
and 26/28 (93%) adults had seroconverted. These participants remained seropositive for >90 days (Figure,
panels A, B). By day 195 (≈6 months), 14/17 (82%) of
children and 18/21 (86%) of adults were seropositive;
however, from day 43 to 195, geometric mean antibody
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Figure. Persistence of IgG responses against severe acute respiratory syndrome coronavirus 2 in children and adults, Australia,
2020–2021. Patients tested positive by PCR, ELISA, or both. A) Antibody responses of 22 children 0–18 years of age. B) Antibody
responses of 32 adults 22–73 years of age. Orange points and lines indicate asymptomatic cases; blue points and lines indicate
symptomatic cases in children; green points and lines indicate symptomatic cases in adults. Dotted lines indicate seropositivity cutoff.
C) Seropositivity rates in 22 children and 32 adults. Blue points and lines indicate all children, regardless of symptoms; green points and
lines indicate all adults, regardless of symptoms. *p<0.05; †p<0.01 (compared with the fist timepoint [day 11]).

concentration decreased ≈2-fold in both groups (Figure,
panel C). We observed no significant differences in geometric mean antibody concentration from day 43 (range
27–79) to day 194 (range 183–212), nor from 93 (range
27–79) to day 194 (range 183–212), for either children or
adults (Figure, panels A, B). The seropositivity and antibody levels were also not significantly different between
children and adults at all timepoints (Figure 1, panel C;
Appendix Figure 1). Seropositive samples defined by
our in-house ELISA correlated with results from the LIAISON assay and neutralizing antibody assay (Appendix Figures 2, 3). In total, 4/19 (21%) children and 2/28
(7%) adults did not seroconvert; however, we could not
rule out other SARS-CoV-2–related immune responses,
such as cellular or mucosal mechanisms (5,6).
We found that, similar to the adults in this cohort
and those in previous studies (7,8), SARS-CoV-2–positive children with no or mild symptoms mounted
strong and durable humoral responses that persisted
for >6 months. Our study was limited by the relatively
small sample size; in addition, only a subset of samples
was available for the microneutralization assay. In conclusion, our data indicate that SARS-CoV-2–positive
children have a persistent antibody response for >6
months. The roles and durations of other components
of the immune system (such as the cellular and mucosal responses) during SARS-CoV-2 infection remain
undetermined. These results will inform vaccination
strategies and other public health measures.
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Suspicion of coronavirus disease in febrile patients might
lead to anchoring bias, causing misdiagnosis of other infections for which epidemiologic risks are present. This
bias has potentially severe consequences, illustrated by
cases of human granulocytic anaplasmosis and Lyme
disease in a pregnant woman and human granulocytic
anaplasmosis in another person.

C

oronavirus disease (COVID-19) took the United
States by force during the first quarter of 2020, affecting the economy, societal norms, and the delivery
of medical care (1,2). As fear of COVID-19 has spread,
diagnosing COVID-19 in febrile persons has been
prioritized, and patients may be presumed to have
COVID-19 pending results of testing for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).
This mindset has had unintended consequences, including delaying evaluations for other infectious diseases, potentially leading to adverse outcomes. We
describe 2 cases that illustrate this point.
In the first case, a 35-year-old man left New York,
New York, USA, to go hiking in Maryland during June
5–June 7, 2020. He experienced fever, body aches, and
fatigue during June 10–13 that resolved but left him
fatigued and weak. He was seen on June 19; laboratory results were unremarkable, but lymphopenia
was detected. He tested negative for SARS-CoV-2 on
June 19 and June 25 by PCR. On June 25, ELISA for
Lyme disease was positive, and reflex to Western blot
revealed IgM 41-kD, 39-kD, and 23-kD bands but no
IgG bands. Fever up to 38°C recurred on June 22 and
lasted until June 29; he also experienced persistent fatigue and myalgia. Further testing on July 6 revealed
serologic results for Lyme similar to results from June
25 and Anaplasma phagocytophilum titers of IgM 1:320
and IgG 1:1260. Anaplasma PCR was negative on that
date. He was treated with doxycycline for 10 days
and recovered.
In the second case, a 31-year-old woman who was
6 months pregnant left New York at the end of May
2020 to rent a house in Ulster County, New York. On
June 3, she removed a tick from her neck. On June 9,
she experienced severe headaches and the next day
had low-grade fever, chills, and body aches. She had
no cough, shortness of breath, or sore throat. On June
10, she tested negative for SARS-CoV-2 by PCR. She
continued to have extreme fatigue, myalgia, and lowgrade fever. She was prescribed oseltamivir by her obstetrician on June 11. On June 14, she felt better. Repeat
PCR testing for SARS-CoV-2 on June 15 was negative.
She continued to improve until June 23, when she experienced recurrent fever up to 38.9°C, chills, and lethargy. She contacted her obstetrician and was told she had
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a presumptive diagnosis of COVID-19. On June 30, she
saw her internist and underwent laboratory testing for
tickborne illnesses; she was treated empirically with
amoxicillin because of her risks for Lyme disease. PCR
for A. phagocytophilum was positive, as was a second
test on July 8. Serologic results for Lyme were positive
for 41-kD, 39-kD, and 23-kD bands with no IgG bands.
Platelets were 140,000 (previously 336,000), aspartate
aminotransferase was 95, and alanine aminotransferase was 81. Several weeks later, studies revealed anaplasma IgM 1:256 and IgG 1:1,280. Lyme disease C6
antibody was positive. After discussion, the patient
and her physicians chose not to treat for anaplasmosis
because she was clinically improving. The patient has
remained well, and the child was born healthy by normal spontaneous vaginal delivery.
COVID-19 has had devastating effects on the
medical system and led to widespread changes in the
practice of medicine. We believe that the imperative
to rule out COVID-19 led to diagnostic anchoring bias
in these cases. Such biases are among the most common in the heuristic decision-making process (3,4).
Of note, in these 2 cases (case 1, human granulocytic
anaplasmosis [HGA]; case 2, co-infection with Lyme
disease and HGA), COVID-19 was ruled out without
considering other diagnoses, even though the patients were visiting areas to which tickborne diseases
are endemic. Given the incidence of such diseases
in these areas and widespread attempts to educate
healthcare providers about these diseases, failure to
evaluate for tickborne infections would be difficult
to imagine before COVID-19. Although both of these
patients have done well, serious consequences to the
fetus could have occurred if Lyme disease had gone
undiagnosed and untreated (5). Although transmission of A. phagocytophilum during pregnancy has
been reported (6) and treatment during pregnancy
in a limited number of cases has possibly prevented
transmission (7), in this instance the patient cleared
the anaplasma without treatment, and the child was
born disease-free. Clearance of infection without
treatment has been reported in other studies, but we
are unaware of cases describing the outcome of pregnancy in untreated women with acute HGA (8).
We appreciate the devastating effects that a
missed COVID-19 diagnosis can have on a person,
as well as the epidemiologic implications thereof.
However, failing to diagnose tickborne illnesses and
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other infections also can have serious consequences.
Healthcare providers must keep an open mind to diagnoses other than COVID-19 in febrile patients and
not fall prey to misdiagnosis because of current pressures to evaluate for COVID-19.
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Rickettsia asembonensis is a flea-related Rickettsia with
unknown pathogenicity to humans. We detected R. asembonensis DNA in 2 of 1,153 human blood samples in Zambia. Our findings suggest the possibility of R. asembonensis infection in humans despite its unknown pathogenicity.

R

ickettsia asembonensis is a fleaborne rickettsia closely related to Rickettsia felis and is thus referred to
as an R. felis–like organism. R. asembonensis was first
detected in cat fleas in Kenya and subsequently reported worldwide (1,2). Although R. felis has been increasingly recognized as a human infective agent that
can cause human febrile disease, the infectivity and
pathogenicity of R. asembonensis in humans is largely
unknown. Recent investigations in patients with febrile illness and petechial lesions identified R. asembonensis DNA and antibodies for rickettsial antigens in
Malaysia (3,4). Furthermore, R. asembonensis was isolated in cellular cultures from patients in Peru with
acute febrile illness and confirmed by sequencing (5).
These reports suggest the possibility of R. asembonensis as a human infective agent. However, no direct
evidence of R. felis and R. asembonensis as an etiologic
agent of human illness has been established. A previous study in Zambia revealed the predominant existence of R. asembonensis and R. felis in cat fleas (6). Our
study investigates the presence of these rickettsiae in
human blood in Zambia.
We obtained 753 residual patient blood samples
from hospitals in urban Lusaka (n = 519) and the
1

Deceased.

Chongwe District (n = 234) of Zambia. Approximately half of the samples (303/753) were traceable
to clinical records of patients. The common clinical
conditions among those patients included fever, anemia, meningitis, septicemia, and sickle cell anemia
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/8/20-3467-App1.pdf). In addition, we obtained dried blood spots on Whatman FTA classic
cards (Millipore Sigma, https://www.sigmaaldrich.
com) from healthy volunteers from rural eastern (n =
200) and central (n = 200) provinces to assess rickettsia infection in healthy rural persons. The study was
approved by the National Health Research Authority of Zambia through the Biomedical Research Ethics
Committee (reference no. 007-10-18).
We extracted genomic DNA and subjected it to
PCR screening that targeted the citrate synthase gene
(gltA) of Rickettsia. We subjected the positive samples
to multiple-gene sequencing analysis targeting the 17kDa common antigen (htrA), outer membrane protein
A (OmpA), and outer membrane protein B (OmpB)
genes using previously described primers (Appendix Table 2). We aligned the sequences using MAFFT
(https://mafft.cbrc.jp/alignment/server) and performed phylogenetic analysis by the neighbor-joining
method using MEGA7 (https://www.megasoftware.
net). We determined the estimated Rickettsia bacterial
burden in Rickettsia-positive blood samples by OmpA
quantitative PCR by using published primers. We
further testsed the gltA PCR-positive samples for malaria by nested PCR (Appendix Table 2).
We detected R. asembonensis in 0.39% (2/519) samples from the urban Lusaka District by gltA PCR. The
samples from the Chongwe District and the rural areas
of the eastern and central provinces were all negative,
although the possibility that dried blood spot samples
from rural areas might have lower detection sensitivity cannot be ruled out. BLAST analysis (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) of the gltA sequences obtained (GenBank accession nos. LC557154 and
LC557155) showed 100% homology to R. asembonensis
identified in cat fleas from human dwellings and domestic dogs in 3 countries: Senegal (GenBank accession no. JF966774), Kenya (accession no. JN315968),
and Zambia (accession no. LC431490) (6,7). Comparing the sequenced gltA with those detected in fleas
from Peru (GenBank accession no. KY650697) and
other regions in the Americas showed 99.8% similarity.
Phylogenetic analysis of gltA confirmed the detected
sequences’ closer relatedness by clustering with genes
from cat fleas from sub-Saharan Africa, a distinct cluster from other regions (Figure). The OmpA, OmpB, and
htrA sequences showed clustering without regional
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Figure. Phylogenetic tree of Rickettsia felis and R. felis–like organisms based on the sequences of the gltA gene (581 bp) from human
blood samples collected from Zambia, 2019 (in bold). The tree was constructed using the neighbor-joining method with the maximumlikelihood model. Bootstrap values are shown on nodes based on 1,000 replicates. Sequences are identified by species name,
GenBank accession number, host, and country of detection. Scale bar indicates nucleotide substitutions per site.

discrimination (data not shown). The obtained nucleotides are available in GenBank under accession nos.
LC557154–61. Detection of genotypically similar R. asembonensis in persons and cat fleas in Zambia suggests
possible human infection by R. asembonensis through
cat flea bites. Nevertheless, the epidemiologic cycle
and pathogenicity of R. asembonensis and other related
R. felis–like organisms remain to be elucidated.
The patient identified as UTH_185 in whom R.
asembonensis was detected had a medical record of
anemia and weight loss (Table). The malaria test was

negative. Despite the limited association of Rickettsia
infection with anemia, severe R. felis infection has
been reported with severe anemia, possibly attributable to hemorrhage from vascular damage in rickettsial disease (8). However, the observed evidence
was limited and could not establish R. asembonensis
as the cause of these symptoms. The second R. asembonensis–positive sample from the patient identified
as UTH_231 had limited clinical information, which
did not allow for further interpretation. The 2 R. asembonensis–positive blood samples showed estimated

Table. Selected demographic and clinical characteristics of 2 persons in whom Rickettsia asembonensis was detected from blood
samples collected in Zambia
Characteristic
Patient UTH_185
Patient UTH_231
Age, y
42
45
Sex
Female
Female
Residential area
Lusaka
Lusaka
Clinical manifestation
Anemia and weight loss
No information
Estimated rickettsia genome copies/mL blood
890,000
2,150,000
Malaria test
Negative
Negative
2238
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DNA quantities of 890,000 copies/mL of blood from
patient UTH_185 and 2,100,000 copies/mL of blood
from patient UTH_231 (Table). These results are within the same range as a previous study for Rickettsia
rickettsii estimated rickettsial burden (9).
In conclusion, detection of R. asembonensis of
identical genotype in cat fleas and human blood in
Zambia suggests possible transmission from cat fleas
to humans. Given the worldwide distribution of R.
asembonensis, further studies to elucidate its pathogenicity and epidemiologic cycle are warranted.
This study was supported by the Japan Agency for
Medical Research and Development (grant no.
JP21wm0125008). The funder had no role in the design of
the study, data collection, analysis, decision to publish, or
preparation of the manuscript. This work is dedicated to
the memory of James Chipeta. May his soul rest in peace.
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To the Editor: We read with interest the article
by Ben-Shimol et al. (1), which described the disproportionate increase of non–13-valent pneumococcal conjugate vaccine (PCV) additional PCV20
serotypes (vaccine type [VT] 20–13) in patients who
had respiratory infections or invasive pneumococcal
disease (IPD) after PCV13 implementation in Israel.
The authors emphasized the higher disease potential of VT20–13 serotypes compared with non-VT20
Table. Comparison of pneumococcal serotypes in children <24
mo of age in Israel, 2015–2017, and France, 2015–2018*
Cases of invasive pneumococcal
disease, no. (%)
Serotypes
Israel
France
Total
216 (100.0)
113 (100.0)
PCV13 serotypes
22 (10.2)
5 (4.4)
22F
8 (3.7)
8 (7.1)
33F
23 (10.6)
5 (4.4)
PCV15 serotypes†
53 (24.5)
18 (15.9)
8
2 (0.9)
2 (1.8)
10A
8 (3.7)
11 (9.7)
11A
3 (1.4)
2 (1.8)
12F
58 (26.9)
1 (0.9)
15B/C
10 (4.6)
13 (11.5)
PCV20 serotypes‡
134 (62.0)
47 (41.6)
Non-VT20
82 (38.0)
66 (58.4)
24F
7 (3.2)
31 (27.4)
VT20–13
112 (51.9)
42 (37.2)
Non-PCV13
194 (89.8)
108 (95.6)
*Non-VT20, serotypes in PCV20; PCV13, 13-valent PCV; PCV15, 15valent PCV; PCV20, 20-valent PCV; PCV, pneumococcal conjugate
vaccine; VT20–13, vaccine types in PCV20 but not PCV13.
†Comprises PCV13 serotypes as well as 22F and 33F.
‡Comprises PCV15 serotypes as well as 8, 10A, 11A, 12F, and 15B/C.

2240

serotypes. We would like to complement their results with data from France and highlight the similarities and the differences in serotype distribution.
Our long-term prospective population-based surveillance comprises pneumococcal isolates from 793
healthy carriers, 4,474 acute otitis media patients,
and 441 IPD patients, all of whom were children <24
months of age (2–4). We found that VT13 serotypes
accounted for 8%, VT20–13 for 30%, and non-VT20
for 60% of infections in healthy carriers and acute
otitis media patients during 2015–2018. Like BenShimol et al. (1), we found that the most common
VT20–13 serotypes were 15B/C and 11A, and the
most common non-VT20 serotypes were 23B, 15A,
and 35B.
From the early PCV13 (2009–2011 in both countries) to late PCV13 period (2015–2017 in Israel and
2015–2018 in France), the prevalence of IPD caused
by VT13 serotypes declined by ≈90% in both countries. However, VT20–13 serotypes predominated in
Israel, whereas non-VT20 serotypes predominated
in France. Although Israel had higher proportions
of serotypes 12F (26.9% vs. 0.9%) and 33F (10.6% vs.
4.4%) than France (1), France saw the emergence of
the non-VT20 serotype 24F (27.4%) during 2015–2018.
This emergent serotype led to a higher proportion
of PCV20 serotypes in Israel (62%) than in France
(41.6%). The differences in vaccine type distribution
between the 2 countries were mainly based on the
very high rates of serotypes 12F and 33F in Israel and
the emerging serotype 24F in France (5). Apart from
these serotypes, the serotype distribution in IPD was
very similar (Table).
In conclusion, data from Israel and France show
a similar effect of PCV13 on the distribution of VT13
serotypes. The role of emerging non-PCV13 serotypes
in carriage was also similar. However, we observed
unexpected discrepancies in the serotype replacement pattern, driven by few highly invasive nonPCV13 serotypes. This finding suggests that serotype
replacement during the PCV13 era is complex and
multifactorial, and has implications for the expected
effects of next-generation PCVs. Finally, France and
Israel had similar serotype distributions that differed
in only the late PCV13 period as a result of the emergence of some invasive specific clones (5–8).
These studies were supported by the Pediatric Infectious
Diseases Group of the French Pediatrics Society, Association Clinique et Thérapeutique Infantile du Val de Marne,
and Pfizer Investigator-Initiated Research grants. The
National Reference Center for Pneumococci was partially
funded by the French National Health Agency.
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To the Editors: We read with interest an article
by S.A. Collier et al. (1) estimating the economic burden of waterborne illnesses in the United States. Although we found the study noteworthy, the burden
estimates differ greatly from those in our 2018 study
(2) of the economic burden from recreational waterborne illness in the United States. The studies estimated very different numbers of cases: Collier et al.
estimated ≈7.1 million total waterborne illnesses, but
we estimated ≈90 million recreational waterborne illnesses in untreated water. Collier et al. estimated $3.3
billion in total direct costs from all waterborne illness
caused by 17 pathogens, but we estimated $2.9 billion from recreational waterborne illness alone. Both
studies used similar methods to address underreporting and underdiagnosis of illness. Key differences between studies include that Collier et al. summarized
healthcare costs associated with infections caused by
17 pathogens that might be waterborne, then relied
heavily on expert judgment (3) to estimate the proportion attributable to water exposure. In contrast,
our study used data from large cohort studies of water recreation to estimate the burden from mild and
moderate illnesses and outbreak data to estimate the
burden from severe illnesses from water recreation.
Collier et al. estimated the direct costs of illness,
whereas our study estimated both direct and indirect
costs (e.g., workplace absence). Enteric pathogens responsible for gastrointestinal symptoms after water
recreation are generally not identified in clinical testing (4); because Collier et al. used economic burden
estimates from waterborne illness based only on 17
pathogens, the study substantially underestimates
the overall number of cases and associated economic
burden. Future research should consider cohort and
outbreak data for treated and untreated recreational
water and drinking water to estimate the total economic burden from waterborne illness.
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I

n reading the Centers for
Disease Control and Prevention’s February 2021 order (1) requiring passengers
to wear face masks while on
conveyances, I learned a new
concept: “free pratique,” the
permission granted by a
government to an international vessel (ship, plane,
or other) to disembark its
passengers once it has been
deemed clear of contagion.
That same day, opening The Yellow Flag: Quarantine
and the British Mediterranean World, 1780–1860, by Alex
Chase-Levenson, I encountered the concept again, in
the same context: 18th-century travelers freed from
quarantine’s constraints were considered to be in
“free pratique” (p. 15). History may not repeat itself,
but it does rhyme.
When we think of the history of how one nation defines itself in relation to others (e.g., borders,
trade, diplomacy), we do not usually include communicable disease control in the list. The Yellow Flag
describes the administrative practices requiring
quarantine of travelers and goods arriving in ports
by ship (and, in some cases, at land crossings) from
places considered “foul.” Ships flying the yellow
flag were deemed “plague smitten” and their passengers and cargo were subject to a range of complex, changeable rules.
Chase-Levenson focuses on Britain, a country
perceived in the early 1800s as still at the geographic,
political, and economic edge of Mediterranean power
and politics. The edge case is illuminating. The anxieties accompanying increasing “globalism” in the
18th century (even if “global,” for the purposes of
The Yellow Flag’s era, meant the Mediterranean basin)
so perfectly rhyme with those of the 21st: efforts to

exclude or expedite the passage of persons and goods,
but also collaboration among health and medical experts across many countries and jurisdictions to form
coherent and defensible policy. Scientists, bureaucrats, and citizens stumbling in understanding cause
and effect, prevention and efficacy. The fervor with
which anticontagionists (persons who denied that the
diseases of concern were spread from person to person) defended their position, including an account of
an anticontagionist who injected himself with blood
from a plague victim to disprove the theory of contagion, with tragically predictable results. Social media,
in the form of mass-produced pamphlets, warning of
secret plans, conspiracy, and perfidy. The performative aspects of infection control, such as fumigating
with a few pinches of nitre on a tray of charcoal.
Chase-Levenson lays out these stories clearly and
systematically. The narratives of individual travelers,
written while in quarantine, were particularly entertaining, although the depth of detail may engage the
historian more than the epidemiologist. I have but
one criticism: the index seems incomplete. For example, the term “pratique” is not included. That is not
the author’s fault, but the publisher’s.
The purpose of reading history has, to me, always
been to both bring our ancestors closer—they were
truly just like us in their triumphs and tragedies—and
to learn what we can from their experiences to illuminate our present day. When future historians examine
the COVID-19 pandemic, what will they marvel at?
And shake their heads at? I have thought about that
again and again during the past year and a half. Let
us hope the historians are as insightful, and the results as readable, as Chase-Levenson’s inquiry.
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Jonas Lie (1880−1940). The Conquerors (Culebra Cut, Panama Canal), 1913. Oil on canvas, 60 in x 50 in/152.4 cm x 127 cm. Image
copyright © The Metropolitan Museum of Art, New York, NY, USA. Image source: Art Resource, New York, NY, USA.

Special Wonders of the Canal
Byron Breedlove

T

he official opening of the Panama Canal in August 1914 marked the culmination of an idea that
Charles V, Holy Roman Emperor and King of Spain,
proposed in 1534, two decades after Spanish explorer
Vasco Nunez de Balboa had visited the Isthmus of
Panama. After an attempt by France to forge a canal
connecting the Atlantic and Pacific Oceans was abandoned―in large measure because yellow fever and
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2708.AC2708
2244

malaria devastated its workforce―the United States
arranged to continue the work in 1904. The US undertaking was enormous and lasted another decade,
moved enough earth and rubble to create a 16-footwide tunnel reaching the center of the Earth, and was
deemed by the American Society of Civil Engineers
to be among the 7 greatest civil engineering achievements of the 20th century.
The Culebra Cut,1 a 9-mile stretch through the
Continental Divide from Gamboa on the Chagres River in the north to Pedro Miguel in the south between
Bas Obispo and Pedro Miguel, proved to be the most
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challenging section to finish, and this project was
dubbed “the special wonder of the canal.” Historian
David McCullough notes the Culebra Cut “was the
great focus of attention, regardless of whatever else
was happening at Panama. The building of Gatun
Dam or the construction of the locks, projects of colossal scale and expense, were always of secondary interest so long as the battle raged in that nine-mile stretch.”
Construction in the cut continued day and night
under unforgiving conditions and involving as many
as 6,000 workers, including Panamanians, West Indians, and African Americans. Blistering tropical heat
that could reach up to 120°F was compounded by a
rainy season that lasted 9 months and by miserably
high humidity. Reverberating off the canyon walls was
an unrelenting cacophony created by up to 300 drills,
60 to 70 shovels each loading several trains, whistles
and shouts from the workers, and countless explosions. McCullough writes, “For seven years Culebra
Cut was never silent, not even for an hour.” Deadly
landslides occurred without warning, becoming larger
and more frequent as work progressed and destroying
machinery, burying workers, and reversing months
of momentum. Deaths caused by trains, construction
equipment, falls, and explosions occurred daily.
The Isthmus of Panama was also a perfect environment for mosquitoes. However, because the mosquitoborne illnesses of yellow fever and malaria that
waylaid the effort by France had been controlled by
the time work started on the cut, the Panama Canal
was eventually completed ahead of schedule and under budget.
Credit centers on the work of Colonel William C.
Gorgas, who after his successful efforts to control yellow fever in Cuba in 1901 was appointed chief sanitation officer for the Panama Canal project in 1904.
He and his team of sanitary engineers enacted strictly
enforced, integrated measures―including draining
sources of standing water, applying larvicides, and
screening windows―that virtually eliminated yellow
fever and greatly reduced the toll of malaria, diseases
that Carlos Finlay and Ronald Ross, respectively, had
only a few years earlier shown were transmitted by
mosquitoes. Gorgas drew upon the pioneering work
of Walter Reed, James Carroll, Aristides Agramonte,
From 1915 to 2000, this section of the canal was named the
Gaillard Cut after US Major David du Bose Gaillard, who had
supervised much of the construction. After the United States
transferred control of the canal to Panama In 2000, the name
was changed back to the Culebra Cut (its original name from
1914−1915). Culebra is also the name of the mountain ridge that
this artificial valley cuts through.

1

and Jesse Lazear (Lazear died of yellow fever in Cuba
in September 1900), who had elucidated the role of
the mosquito in yellow fever transmission. They
paved the way for Gorgas to implement the assiduous and extraordinarily effective prevention/control
program. According to Centers for Disease Control
and Prevention, the malaria death rate for employees
dropped from 11.59 per 1,000 in November 1906 to
1.23 per 1,000 in December 1909, and deaths from malaria in the total population decreased from 16.21 per
1,000 in July 1906 to 2.58 per 1,000 in December 1909.
Near the end of 1912 artist Jonas Lie viewed―and
was captivated by―an early color movie, The Making
of the Panama Canal. In early 1913, Lie made a 3-month
sojourn to Panama, where he completed an estimated 30 paintings of the work. Lie witnessed the final
stages of work as the excavation of Culebra Cut was
completed on May 20, 1913. According to the Hudson
River Museum, Lie “was enthralled by the feats of
engineering required to dig the Culebra Cut, as well
as the sublime visual qualities of the massive trench
being carved across the Isthmus of Panama. Working tirelessly in the intense tropical heat, he produced
oil sketches and drawings and took careful notes on
the technical aspects of the canal construction.” Lie’s
The Conquerors (Culebra Cut, Panama Canal), featured
on this month’s cover, is among the best-known depictions of the canal’s construction and the most celebrated painting from his excursion.
Although the painting is interspersed with earth
tones, flecks of red, and smudges of green, the tones
that dominate the palette are blue, black, gray, and
white. Along the gorge’s floor, coal-fired locomotives
traverse parallel train tracks, belching black plumes
of smoke that rise like sooty geysers and churning
hazy clouds of bluish steam into the humid air. The
bulging slope of the cut on the left, its facets captured
in bold strokes, and a sheer vertical rock wall on the
right, provide scale and perspective. Vestiges of native flora clinging to the right wall offer a reminder
that this area was once verdant. Workers trudge the
steep path from the bottom, engulfed by their surroundings. Bartholomew F. Bland, deputy director of
the Hudson River Museum, says of The Conquerors:
“It looks like hell, like an inferno . . . there’s all this
black smoke.”
During the effort to build the canal in the 1880s,
more than 22,000 workers from France died, many
from malaria and yellow fever, before the etiologies
of those tropical diseases were understood. Records
indicate that during the period of US construction,
more than 55,000 people were employed and an
estimated 5,600 died of injury and disease. The death
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toll would have been higher without effective protocols to control vectorborne diseases, in effect a second
“special wonder of the canal.” Many of those practices Gorgas instituted continue to be important in
global efforts to control mosquitoborne illnesses.
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EID Podcast:

Role of Oral Rabies Vaccines in Eliminating
Death in People from Dog Bites
Rabies vaccines are highly eﬀective, but delivering
them can be challenging. The challenge is even greater
for stray animals, which might not trust a stranger trying
to deliver a life-saving vaccination.
How can public health oﬃcials ensure that stray dogs
(and the people around them) are protected against rabies?
Some researchers may have an answer: Oral vaccines in dog treats.
In this EID podcast, Dr. Ryan Wallace, a CDC veterinary
epidemiologist, explains an innovative strategy for
delivering safe and eﬀective oral vaccines.

Visit our website to listen: https://go.usa.gov/xs5f6
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Article Title

Four Human Cases of Eastern Equine Encephalitis in Connecticut,
USA, during a Larger Regional Outbreak, 2019

CME Questions
1. You are advising a Northeast US public health
department about the potential challenges of an
eastern equine encephalitis (EEE) outbreak. On the
basis of the case series by Brown and colleagues,
which one of the following statements about clinical
findings and diagnostic challenges in an outbreak of
4 EEE cases seen at a single Connecticut institution
within a 3-week period in 2019 is correct?
A.
B.

C.
D.

Seizures and cerebral edema were uncommon
Underrecognized elements of critical neuroinvasive
EEE include refractory shock with adrenergic
insensitivity and neuromuscular instability with flaccid
paralysis or rigidity
Cerebrospinal fluid (CSF) profiles rapidly shifted from
lymphocytic to myeloid predominance
Immunofluorescence assay antibody results through
a national commercial reference laboratory were
positive in all cases

2. According to the case series by Brown and
colleagues, which one of the following statements
about epidemiologic patterns in an outbreak of 4 EEE
cases seen at a single Connecticut institution within a
3-week period in 2019 is correct?

2248

A.

B.
C.
D.

The 4 EEE cases were diagnosed within a 3-week
period coinciding with notable shifts in vector-host
infection patterns in the Northeast, showing a striking
change in EEE incidence
The 4 EEE cases were spread out in in different
geographic regions of Connecticut
Numbers of primary-vector and bridge-vector
mosquitoes were increased by 25% over usual levels
An unusual feature of this outbreak was that EEE
virus was detected in dairy cows

3. On the basis of the case series by Brown and
colleagues, which one of the following statements
about clinical and public health implications
of diagnostic challenges, clinical findings, and
epidemiologic patterns in an outbreak of 4 EEE cases
seen at a single Connecticut institution within a
3-week period in 2019 is correct?
A.
B.
C.
D.

Climate change is unlikely to affect the incidence of
arboviral infection
This outbreak did not necessitate any changes in
diagnostic testing protocols
The timing of diagnosis did not affect decision-making
regarding treatment and public health measures
Coordination between public health and hospital
settings to improve surveillance, clinical detection,
and community education is essential to control future
EEE outbreaks
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Article Title
Fungemia and Other Fungal Infections Associated with Use
of Saccharomyces boulardii Probiotic Supplements

CME Questions
1. Your patient is a 67-year-old man taking
Saccharomyces boulardii (Sb) probiotic yeast
for irritable bowel syndrome. According to the
retrospective registry study by Rannikko and
colleagues, which of the following statements about
use of Sb probiotic yeast and clinical characteristics
among patients with Saccharomyces fungemia
is correct?
A.
B.
C.
D.

20% of patients with Saccharomyces fungemia were
using Sb probiotic yeast
Compared with control participants with bacteremia
or candidemia, odds of Sb use by patients with
Saccharomyces fungemia were doubled
72% of patients with Saccharomyces fungemia had
used antibiotics during the preceding 4 weeks, and
59% had a gastrointestinal disease
12% of patients with Saccharomyces fungemia died

2. According to the retrospective registry study by
Rannikko and colleagues, which of the following
statements about the use of Sb probiotic yeast among
patients with positive Saccharomyces culture findings
in samples other than blood is correct?

A.

B.
C.
D.

Of 125 cases with known history regarding probiotic
use, at least 24 (19%) were using Sb probiotic yeast,
as were 2% (3/123) of control participants (OR = 10
[95% CI: 3, 32])
Most nonblood cultures positive for Saccharomyces
were from the respiratory tract
Antifungal medication was already in use at the time
of the positive culture in 18%
Nonblood cultures positive for Saccharomyces
resulted in changes in antifungal therapy in 16%

3. According to the retrospective registry study by
Rannikko and colleagues, which of the following
statements about clinical implications of the use of Sb
probiotic yeast among patients with Saccharomyces
fungemia or other positive Saccharomyces culture
findings is correct?
A.
B.
C.
D.

No safety issues were previously reported with
probiotics
A 2017 meta-analysis of 5 studies of Sb use in adults
showed significant prevention of Clostridioides difficile
infection (CDI)
Sb probiotics are safe and effective for patients with
possible compromise of gastrointestinal tract integrity
Sb probiotics are currently not recommended for
patients who have indwelling catheters or who are
immunocompromised or critically ill

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

2249

Available Now

Yellow Book 2020

The fully revised and updated CDC Yellow Book
2020: Health Information for International Travel
codifies the US government’s most current health
guidelines and information for clinicians advising
international travelers, including pretravel vaccine
recommendations, destination-specific health
advice, and easy-to-reference maps, tables,
and charts.
ISBN: 978-0-19-006597-3 | $115.00 | May 2019 | Hardback | 720 pages
ISBN: 978-0-19-092893-3 | $55.00 | May 2019 | Paperback | 687 pages

Yellow Book 2020 includes important travel medicine updates
• The latest information on emerging infectious disease threats, such as Zika, Ebola, and henipaviruses
• Considerations for treating infectious diseases in the face of increasing antimicrobial resistance
• Legal issues facing clinicians who provide travel health care
• Special considerations for unique types of travel, such as wilderness expeditions, work-related travel, and study abroad

Order your copy at:
www.oup.com/academic

