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The 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 fi gure that continues to grow. 
The COVID-19 pandemic, which originated in Wu-
han, China, in late 2019, led to global shutdowns or 
restrictions of economic and social activities and has 

caused an unprecedented strain on healthcare servic-
es. Although the initial infections were transmitted to 
local residents from travelers, community infections 
now make up the bulk of new infections despite on-
going use of preventive measures, including restrict-
ed movement, sanitization, face mask wearing, and 
social distancing based on guidelines or mandates 
enacted by various governments. New infections con-
tinue 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 epide-
miology 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 ex-
penses to address illness and death. Herd immunity 
is the indirect protection from an infectious disease 
acheived in a susceptible population when an ad-
equate proportion of the population becomes im-
mune 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 
fi ndings form the basis for continuing development 
of COVID-19 vaccines (6,7). The duration of protec-
tion 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. Un-
fortunately, the discovery of multiple COVID-19 
variants has raised uncertainty about the effi cacy of 

Considerations for Establishing 
Successful Coronavirus Disease 
Vaccination Programs in Africa
Victor	Williams,	Bassey	Edem,	Marianne	Calnan,	Kennedy	Otwombe,	Charles	Okeahalam
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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	resource-
limited	sub-Saharan	Africa.	In	this	article,	we	highlight	les-
sons	learned	from	previous	eff	orts	to	scale	up	vaccine	dis-
tribution	and	off	er	considerations	for	policymakers	and	key	
stakeholders	to	use	for	successful	COVID-19	vaccination	
rollout	in	Africa.	These	considerations	range	from	improv-
ing	weak	infrastructure	for	managing	data	and	identifying	
adverse	events	after	immunization	to	considering	fi	nanc-
ing	options	for	overcoming	the	logistical	challenges	of	vac-
cination	 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.	
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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 King-
dom (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 de-
mand, 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, Af-
rica 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 chal-
lenges 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, intro-
duced in 2010 to provide meningococcal vaccines in 
the Africa meningitis belt, led to a substantial reduc-
tion 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 cam-
paigns with efficient surveillance systems simulta-
neously (13). Because the target population for CO-
VID-19 vaccination is broader, country vaccination 
programs in Africa should consider both universal 
and unique potential challenges to this effort. Antici-
pating and understanding these challenges and ad-
dressing 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 authoriza-
tion: Oxford-AstraZeneca (https://www.astrazeneca.
com), Moderna (https://www.modernatx.com), Pfiz-
er-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 & John-
son) (https://www.jnj.com). Moderna and Pfizer re-
port >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), nonrep-
licating viral vector (e.g., Oxford-AstraZeneca, Gama-
leya, 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 vac-
cines require 2 intramuscular doses administered sev-
eral 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 indi-
cated 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 simpli-
fy vaccine distribution and eliminate the additional 
costs required for cold chain management. Distribut-
ing 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 vac-
cination in this age group is well documented; in ad-
dition, experience with routine immunization of this 
age group in Africa is limited (18). 
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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. 

 



COVID-19 Vaccination Programs in Africa

Influenza and pneumonia are the vaccines most 
commonly recommended for elderly persons, and 
studies on the uptake and effectiveness of these vac-
cines 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, indicat-
ing the need for more effective approaches to increase 
uptake and ultimately achieve population-level immu-
nity (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 lack-
ing, 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 capac-
ity to monitor adverse events following immuniza-
tion (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 vac-
cine candidates suggested more adverse events oc-
curred 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 pro-
file characterization and help manufacturers and reg-
ulators effect risk minimization strategies, vital steps 
that might have been missed because of the acceler-
ated development and licensing process (21).

South Africa is the only country in Africa that has 
thus far conducted COVID-19 vaccine trials, indicat-
ing 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 pas-
sive monitoring systems that are restricted to tuber-
culosis (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 documenta-
tion 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 tech-
nical advisory groups in each country should identify 
and address policy issues related to COVID-19 vac-
cine rollout and administration (24).

Vaccination Logistics
Rollout of a COVID-19 vaccination campaign in Africa 
will require each country to formulate a national de-
ployment plan, a document that will guide the overall 
allocation of resources for a successful campaign by 
ensuring the availability of personal protective equip-
ment, 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 coun-
tries and that COVID-19 vaccination administration 
programs can easily be integrated. However, exist-
ing EPI programs target specific populations, mainly 
pregnant women and infants, and might not offer ad-
equate resources to accommodate a large-scale popu-
lation-based vaccination campaign. In addition, exist-
ing challenges encountered by EPI programs, such as 
lack of funding, human resources, logistics infrastruc-
ture, transportation to certain difficult-to-access ter-
rains, 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 in-
tegrated into successful COVID-19 vaccination cam-
paigns. 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 vac-
cines 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 Immu-
nizations (Gavi), the Coalition for Epidemic Pre-
paredness 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 conju-
gate 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 vac-
cinations 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 vac-
cines recommended by the United Nations for all chil-
dren has risen >2,700% (from US $1.38 to $39.00) (27) 
even at the best possible price, paid by the most im-
poverished 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 coun-
tries 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 ad-
dress the COVID-19 pandemic, reductions in devel-
opment 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 infra-
structure, and competing social priorities (33).

In line with the principles of universal health 
care, vaccination targets should be supported by fi-
nancial mobilization in a way that ensures resources 
are available in a timely and reliable manner, do not 
burden the poor, minimize administrative costs, pro-
mote program efficiency, require accountability in re-
source use, and boost self-sufficiency (34). Countries 
need to consider the pros and cons of each funding 
source, whether private or public, domestic or ex-
ternal, 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 consid-
ered. For example, although trust funds might gener-
ate a steady stream of financial resources that can be 
earmarked for vaccination, they can be administra-
tively costly under certain circumstances. 

Prioritizing Vaccine Recipients 
Prioritizing who should receive the COVID-19 vac-
cine 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 CO-
VID-19 infections are often nearing the end of their 
economic productivity, have underlying conditions, 
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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	
domestically	or	internationally	held	debt 

Grant	portion	of	development	loans 
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. 
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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 deci-
sions about who receives the COVID-19 vaccine and 
in what order (35) (Table 3). When identifying prior-
ity 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 vac-
cine: preventing increased death and illness by vac-
cinating populations at highest risk for becoming in-
fected 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 develop-
ment trials, to ensure continuity of services and en-
courage future participation.

Communicating Accurate Information about 
COVID-19 Vaccines
Rollout of COVID-19 vaccine programs shows that 
vaccine hesitancy exists regardless of the proven ben-
efits 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 CO-
VID-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 vac-
cine (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 ur-
gently need to be addressed by providing appropri-
ate 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 treat-
ment and therefore urgently need widespread accep-
tance. 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 differ-
ent 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 informa-
tion 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 part-
nering with global and regional organizations, scien-
tific communities, civil societies, policy- and decision-
makers, media, and the general public to achieve this 
by making regular and easily accessible communica-
tion 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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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	

to	justify	differential	prioritization 
May	be	most	appropriate	to	guide	allocation	of	scarce	resources	
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	
good	or	minimize	most	harm	(e.g.,	saving	most	
possible	lives) 

May	be	most	appropriate	to	guide	the	allocation	of	scarce	
resources	that	confer	substantially	different	benefits	to	different	
persons	(e.g.,	groups	expected	to	derive	the	most	benefit) 

Prioritize	highest	
risk 

Allocation	to	persons	most	at	risk May	be	most	appropriate	to	guide	allocation	of	resources	
intended	to	protect	those	most	at	risk	(e.g.,	groups	most	at	risk	
for	infection	and	severe	illness) 

Prioritize	those	
tasked	with	
helping	others 

Allocation	to	persons	with	certain	skills	that	can	
save	others	or	because	of	their	participation	in	
helping	others	(e.g.,	vaccine	trial	volunteers) 

May	be	most	appropriate	to	guide	allocation	of	resources	to	
health	care	workers,	first	responders,	vaccine	trial	participants,	
etc. 

*COVID-19,	coronavirus	disease. 
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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 dif-
ferent countries and organizations to document and 
track the pandemic globally and locally (1,48). How-
ever, challenges arise from duplicate health informa-
tion systems, systems not being linked to one another 
or not using unique identifiers for patients, or sys-
tems 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 sociodemo-
graphic indices is required for COVID-19 surveillance 
and tracking related demographics, doses of vaccine 
administered, adverse events, and underlying condi-
tions in vaccinated persons. Any proposed COVID-19 
vaccination data system should be integral to exist-
ing 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 cer-
tificate 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 certify-
ing vaccinated persons. Such systems could also sup-
port 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 sur-
veillance 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 reas-
sess basic healthcare infrastructure and preparedness 
for and capacity to respond to health emergencies 
in their countries. In many countries, the COVID-19 

pandemic response has revealed weaknesses in lead-
ership and disparities in the health infrastructure 
available to some residents that might be strength-
ened through collaboration, cooperation, and com-
munication 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 distribu-
tion 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. Ad-
equate health information systems for documentation 
and data management are required to track progress, 
identify challenges, and provide evidence for admi-
ninstrators and policymakers. Communicating with 
intended beneficiaries of vaccination is of utmost im-
portance and should be done through various media 
to address concerns and minimize miscommunica-
tion. Appropriate emphasis should also be placed 
on mass education about COVID-19 and vaccination 
campaign policies. 
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Lyme disease, or Lyme borreliosis, is the most com-
mon tickborne disease in both the United States 

and Europe; an estimated ≈476,000 cases are diag-
nosed 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 scap-
ularis, followed by I. pacifi cus; 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 Eu-
rope were more heterogenous than strains in North 
America. B. burgdorferi sensu lato was then classifi ed 
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 Borrelia-
ceae (and the genus Borrelia) has been revised into 2 

main genera, Borrelia and Borreliella (4). The spiro-
chetes that cause relapsing fever retained the genus 
name Borrelia, and spirochetes that cause Lyme dis-
ease 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 Mid-
west 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 infre-
quent 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 Eu-
rope. 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. pacifi cus ticks is very infrequent during the fi rst 
36 hours after tick attachment; in contrast, transmis-
sion 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 typi-
cally established at that site, which causes the char-
acteristic 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 ery-
thema migrans caused by B. burgdorferi s.s. are less 
likely than patients in Europe with erythema mi-
grans 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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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	diff	erenc-
es	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	 specifi	c	
virulence	factors	of	the	diff	erent	species	of	B. burgdorferi 
s.l.	responsible	for	these	variations	in	clinical	features.
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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 in-
cubation 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 clear-
ing 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 mi-
grans 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 south-
ern 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 south-
central United States, but their range is spreading 

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 se-
rum 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 mi-
grans lesion (17). ACA is a late cutaneous manifes-
tation of Lyme disease located primarily on the ex-
tensor 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 earli-
er manifestation of Lyme disease, such as erythema 
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Figure 1. Erythema migrans skin lesions from patients in Europe (A, B) and the United States (C, D).

 
Table 1. Lyme	disease	in	the	United	States	and	Europe 
Variable United	States Europe 
Tick	vector Ixodes scapularis,	I. pacificus I. ricinus, I. persulcatus 
Lyme	borrelia Mostly	Borrelia burgdorferi sensu	stricto;	B. 

mayonii may	occur	in	the	upper	midwestern	
United	States 

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 

Speed	of	tick	transmission	of	
Lyme	borrelia 

Rarely	before	36	h I. ricinus ticks	may	transmit	B. afzelii within	24	h 

Predominant	patient	sex Male	patients	account	for	56%	of	reported	
cases	during	2001–2018;	no	manifestation	
is	predominant	among	female	patients 

Most	cases	of	erythema	migrans	and	acrodermatitis	
chronica	atrophicans	occur	in	women; neuroborreliosis	

and	arthritis	are	predominant	in	men 
Coinfections Risk	depends	on	the	geographic	area;	the	

most	common	co-infections	are	
anaplasmosis	and	babesiosis. 

Risk	depends	on	the	geographic	area;	the	most	
common	co-infection	is	tick-borne	encephalitis 
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migrans (18). The apparent explanation for the ab-
sence 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 neuroborreli-
osis 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 fa-
cial 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 intra-
thecal 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 se-
vere radicular pain (23) (Table 3). Newer studies ad-
dressing Lyme neuroborreliosis in the United States 
would be a welcome addition for providing addi-
tional data on the frequency of particular symptoms 
and also on clarifying the frequency of intrathecal an-
tibody 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 encepha-
lopathy, a poorly defined entity, which occurs in the 
absence of cerebrospinal fluid pleocytosis, intrathecal 

production of antiborrelial antibody, or direct micro-
biologic 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 syn-
drome in the United States report cognitive difficul-
ties, and a subset of these patients have abnormal 
neurocognitive test results (25,26). Adding to the con-
troversy, however, is the question of what constitutes 
dysfunction on such testing and the clinical signifi-
cance of the test results (27).

The second controversial neurologic manifes-
tation in the United States is a chronic distal sym-
metric sensory neuropathy. In Europe, distal axo-
nal 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 se-
ries in adult patients in the United States report-
ed a similar neuropathy but without evidence of 
ACA (29,30). The distribution of neurologic defi-
cits, which is predominantly sensory, is distal and 
typically symmetric, but it can be asymmetric. The 
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Table 2. Characteristics	of	erythema	migrans	in	the	United	States	and	Europe 

Characteristic 
United	States,	%	cases 

 
Europe,	%	cases 

Borrelia burgdorferi sensu	stricto* B. afzelii† B. garinii‡ 
Tick	bite	at	skin	site 25  60 64 
Central	clearing 35  69 62 
Systemic	symptoms 69  38 37 
Multiple	erythema	migrans	lesions 13  5 5 
Regional	lymphadenopathy 29  8 3 
*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). 

 

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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neuropathy is primarily axonal and thought to be a 
mononeuropathy multiplex, which can be conflu-
ent (24). Cerebrospinal fluid examination is usually 
unremarkable. Major concerns have been raised as 
to whether this entity has been appropriately vali-
dated as a manifestation of B. burgdorferi s.s. infec-
tion in the United States (31).

Overall, several factors have probably contribut-
ed 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. burgdor-
feri s.s. exists, and failure to include matched controls to 
determine if an association with cognitive complaints 
or peripheral neuropathy with a positive diagnostic as-
say for Lyme disease is higher than expected.

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

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 pre-
dominance for Lyme neuroborreliosis and Lyme  
arthritis (22,35,36,41).

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 interpreta-
tion were more challenging to standardize than in the 
United States. In the United States, the Centers for Dis-
ease Controland Prevention has recommended the 

2020	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

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 red-
purple discoloration, swelling, 
and skin atrophy; at the time of 
diagnosis, the lesions had been 
noticed for ≈2.5 years.

 
Table 3. Lyme	disease	clinical	manifestations	in	the	United	States	and	Europe 
Manifestation United	States Europe 
Radicular	pain	from	Lyme	neuroborreliosis Less	common	in	the	United	States* More	common	in	Europe 
Lyme	arthritis More	common	in	the	United	States	in	

untreated	patients	with	erythema	
migrans;	may	have	septic	arthritis-like	

presentation	in	children 

Occurs	in	Europe;	more	commonly	
associated	with	Borrelia burgdorferi sensu	
stricto;	septic	arthritis-like	manifestation	in 

children	seems	to	be	rare 
Acrodermatitis	chronica	atrophicans No	autochthonous	US	cases Occurs in	Europe	(late	manifestation) 
Borrelial	lymphocytoma No	autochthonous	US	cases Occurs	in	Europe 
Lyme	encephalopathy Controversial	in	the	United	States Not	recognized	to	occur 
Diffuse	axonal	peripheral	neuropathy Controversial	in	the	United	States Occurs	but	only	in	conjunction	with	

acrodermatitis	chronica	atrophicans 
*More	studies,	however,	are	needed. 
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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 fol-
lowed by supplemental testing using separate IgM 
and IgG immunoblots as the second-tier assay. The 
interpretation of immunoblot results uses standard-
ized criteria (at least 2 of 3 signature bands for a posi-
tive 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). Re-
cently, a 2-EIA approach has been approved as an 
alternative (or modified) 2-tier testing strategy (Fig-
ure 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 develop-
ment 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 di-
agnosing late Lyme disease.

Recommendations for treating Lyme disease are 
generally very similar in guidelines for the United 
States and Europe. One difference is that phenoxy-
methylpenicillin (penicillin V) is recommended for 
treatment of erythema migrans and borrelial lympho-
cytoma 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 recommen-
dation by some authorities in Europe to use intrave-
nous 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 pro-
phylaxis 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 dox-
ycycline successfully prevented Lyme disease after a 
tick bite (47). To what extent doxycycline will be used 
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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 convalescent-
phase 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 sin-
gle tick bite may result in transmission of >2 infec-
tious 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 in-
fected with B. miyamotoi, a relapsing fever spirochete, 
are co-infected with B. burgdorferi s.s.; of note, B. mi-
yamotoi 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 increas-
ing. In Europe, in addition to Lyme borrelia, I. ricinus 
ticks can transmit tick-borne encephalitis virus, A. 
phagocytophilum, species of the bacterial genus Rickett-
sia, 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 co-
infections 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 spe-
cies 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 pa-
tients in Europe. In Europe, Lyme arthritis is associ-
ated with B. burgdorferi s.s. and Lyme neuroborrelio-
sis 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 spe-
cific virulence factors of the different species of Lyme 
borrelia that contribute to these clinical differences.
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Methicillin-resistant Staphylococcus aureus, bet-
ter known as MRSA, is often found on human skin. 
But MRSA can also cause dangerous infections that 
are resistant to common antimicrobial drugs. Epide-
miologists carefully monitor any new mutations or 
transmission modes that might lead to the spread of 
this infection.

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

What happened, and what does this mean for hu-
man health?

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



Tuberculosis (TB) is one of the most prevalent zoonot-
ic 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. mi-
croti, was fi rst isolated from fi eld voles (Microtus agres-
tis) that had granulomatous tuberculosis-like lesions 
(2). Although wild rodents, such as bank voles (Myodes 
glareolus), wood mice (Apodemus sylvaticus), and shrews 

(Sorex araneus), are considered to be primary reservoirs 
for M. microti, several other hosts have been identifi ed, 
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; hu-
mans (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 ge-
nomics studies have identifi ed >100 genes whose 
presence are facultative and differ among members 
of MTBC. Many of these genes occur in chromosom-
al 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 defi ned as M. microti
are characterized by the deletion of the RD1mic in the 
RD1 region, which includes open reading frame cod-
ing for well-known virulence factors, such as early 
secreted antigenic target (ESAT) 6, locus tag Rv3875, 
and CFP-10, a culture fi ltrate 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. mi-
croti infections have been described in both immu-
nocompromised and immunocompetent human pa-
tients 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 Mycobac-
terium species in 1.9% of local human tuberculosis 
cases (25). These fi ndings highlight the potential of 
M. microti to cause clinical illness in immunocompe-
tent patients and suggest that the pathogenicity of 
certain strains is higher than previously estimated. 
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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	his-
topathologic	lesions	indistinguishable	from	those	caused	by	
M. bovis or M. caprae,	potentially	leading	to	misidentifi	ca-
tion	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	ani-
mal	displayed	severe	pyogranulomatous	pleuropneumonia	
and	multifocal	granulomas	on	the	surface	of	the	pericardi-
um.	Two	other	animals	showed	alterations	of	the	lungs	and	
associated	lymph	nodes	compatible	with	parasitic	infesta-
tion.	Results	of	the	phylogenetic	analysis	including	multiple	
animal	 strains	 from	 the	 study	 area	 showed	 independent	
infection	 events,	 but	 no	 host-adapted	 genotype.	 Person-
nel	 involved	 in	 bovine	 tuberculosis–monitoring	 programs	
should	be	aware	of	the	fastidious	nature	of	M. microti,	 its	
pathogenicity	in	wildlife,	and	zoonotic	potential.
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Therefore, it is crucial to identify clinical MTBC iso-
lates 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 her-
bivores, such as free-ranging red deer. Similar to that 
for M. caprae, transmission of M. microti is likely to oc-
cur 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 spe-
cies (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 wild-
life 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 pro-
gram coordinated by the EMIDA ERA-Net (Coordi-
nation of European Research on Emerging and Major 
Infectious Diseases of Livestock European Research 
Area Networks) partnership and including specific re-
gions 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 Vorarl-
berg, Austria, was humanely killed by a local game 
warden, who submitted the lungs, heart, and lymphatic 
tissues (including medial retropharyngeal, tracheobron-
chial, and mediastinal lymph nodes) fresh for pathoana-
tomic 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 Mies-
bach, Germany, where deer are regularly hunted. The 
heads, lungs, intestines, and associated lymph nodes 

were macroscopically inspected; subsequently, histo-
pathologic 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 macera-
tor system (Ultra-Turrax IKA, https://www.ika.com). 
The suspension was decontaminated by using 1% N-
acetyl-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 suspi-
cious mycobacterial colonies after 4–6 wk of incubation 
at 37°C. The isolates were identified by using Geno-
Type MTBC reversed line blotting (Hain Lifescience, 
https://www.hain-lifescience.de). For histologic ex-
amination, we fixed tissue samples in 10% nonbuf-
fered 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 eo-
sin (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 com-
mercial microarray system (Alere Technologies, 
https://www.globalpointofcare.abbott) with inte-
grated 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 am-
plified the single markers by endpoint PCR and sub-
sequently analyzed them by using a capillary electro-
phoresis 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 re-
gions bordering Germany, Austria, and Switzerland 
by MLVA (Table 2). We calculated a neighbor-joining 
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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	

on	the	epicardium 
Austria 

2 1–3/M 2013 Moderate	focal	nonpurulent	pneumonia Germany 
3 >2/F 2013 Moderate	purulent	bronchitis	and	bronchiolitis,	fibroblastic	pleuritis,	lungworms Germany 
 



Mycobacterium microti Infections in Red Deer

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 us-
ing 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 cavern-
ous 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 epicar-
dium (Figure 1, panel B). Histopathologic examina-
tion of the lung revealed a severe chronic multifocal to 
coalescing pyogranulomatous pneumonia with focal 
areas of fibrosis, central areas of necrosis and miner-
alization, surrounded by numerous epithelioid macro-
phages and a few multinucleated Langhans giant cells. 
Lymphocytes, plasma cells and occasionally well-
differentiated fibroblasts surrounded the granulomas 
(Figure 1, panel C). Few extracellular and intracellular 
acid-fast bacilli were identified in the pulmonary le-
sions 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 

stag was observed. Lymph nodes and intestines did 
not display any abnormalities. Histologically, the pul-
monary focus consisted of macrophages and lympho-
cytes with single multinucleated Langhans-type giant 
cells in the lesion, surrounded by eosinophilic lym-
phocytes (Figure 2). Numerous eosinophilic granulo-
cytes 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 
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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 

Strain 
Year	

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 

 

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.
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granulocytes. We observed very few multinucleated 
Langhans-type giant cells (Figure 3) and could iden-
tify no intracellular acid-fast bacilli in the lesions us-
ing 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 compara-
tive genotyping, exhibited the same spoligotype signa-
ture, SB0118, characterized by the presence of spacers 
37–38 (https://www.mbovis.org). The same signa-
ture is also registered in the international spoligotyp-
ing database SpolDB4 as ST 539 and is characteristic 

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, origi-
nating from a red deer (case 1) and a red fox, were 
genetically more distant despite their geographic 
proximity (Figure 5). 

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. Tubercu-
losis 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-hu-
man transmission regarding this pathogen has pre-
viously 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 den-
sity, 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 trans-
missions to wildlife populations might have occurred. 
It is, however, surprising to note that as a result of 
successfully lowering the prevalence in cattle, the dis-
ease has been eradicated from wild deer populations, 
such as in Switzerland (38). The situation is consider-
ably different for deer in captivity or in high-density 
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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.

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.
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populations, which could be the origin of TB dissemi-
nation 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 le-
sions 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 infec-
tion, which is also likely for M. microti infections in 
red deer (30).

DVR spoligotyping analysis is a popular tech-
nique worldwide for molecular characterization of 
MTBC of animal origin with excellent resolution and 
cost-benefit ratio (40,41), but the discriminatory pow-
er 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 analy-
ses 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 accor-
dance with previous studies, no correlation between 
host species and M. microti genotypes was observed 
(4,42). Moreover, even though the isolates from Swit-
zerland were genetically close, genetic variation de-
termined 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 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2029

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.
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from Austria, originating in the border region shared 
with Switzerland, were genetically more distant (Fig-
ures 4, 5), which suggests that the circulation of host-
adapted 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 whole-
genome sequencing has elsewhere been shown to 
be superior for identifying MTBC strains belonging 
to the same regional clonal complex, which may ap-
ply to M. microti as well (39,46). Under certain specific 
circumstances, such as for formalin-fixed, paraffin-
embedded samples or extremely fastidious strains, 
MLVA represents a valid alternative to whole-ge-
nome sequencing. 

These findings highlight the wide host range of 
M. microti and suggest that it might be an opportunis-
tic pathogen rather than a host-adapted MTBC mem-
ber, such as M. tuberculosis. In the past, similar to My-
cobacterium 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 natu-
ral transmission route of M. microti suggest that the 
natural foci and reservoirs of this animal-adapted 
lineage are small rodents and that the pathogen sub-
sequently infects predators, such as cats or foxes, 
through ingestion; the mode of infection for herbi-
vores, 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 

of the exudate (5), which result in environmental con-
tamination 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 pe-
riods of time might contribute to the spread of M. mi-
croti, 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 vet-
erinary and public health authorities. To date, molec-
ular 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 differ-
entiation can take several months or remain incom-
plete in cases where the mycobacterium cannot be 
cultured. On the basis of published data, it can be as-
sumed 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 versa-
tility 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 high-
ly alert. Incidence of this pathogen should be 
monitored within the framework of bTB surveil-
lance programs and suspicious cases differenti-
ated 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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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.
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Therefore, molecular methods to differentiate this 
member of the MTBC should be included in the di-
agnostic workflow of bTB reference laboratories.

Acknowledgments
We thank Norbert Greber for sample submission.

About the Author
Dr. Ghielmetti is a researcher at the Institute for Food 
Safety and Hygiene, Section of Veterinary Bacteriology, 
University of Zurich, Switzerland. His research interests 
include the molecular characterization and epidemiology 
of zoonotic pathogens.

References
  1.	 World Health Organization. Global tuberculosis report 2020. 

Geneva: World Health Organization. 2020 [cited 2021 Mar 
17]. https://www.who.int/publications/i/item/ 
9789240013131

  2.	 Wells AQ, Robb-Smith AHT. The murine type of tubercle  
bacillus (the vole acid-fast bacillus); with notes on the  
morphology of infection by the vole acid-fast bacillus.  
London: H.M. Stationery Office; 1946.

  3.	 Kipar A, Burthe SJ, Hetzel U, Rokia MA, Telfer S, Lambin X, 
et al. Mycobacterium microti tuberculosis in its maintenance 
host, the field vole (Microtus agrestis): characterization of 
the disease and possible routes of transmission. Vet Pathol. 
2014;51:903–14. https://doi.org/10.1177/0300985813513040

  4.	 Smith NH, Crawshaw T, Parry J, Birtles RJ. Mycobacterium 
microti: More diverse than previously thought. J Clin  
Microbiol. 2009;47:2551–9. https://doi.org/10.1128/
JCM.00638-09

  5.	 Peterhans S, Landolt P, Friedel U, Oberhänsli F,  
Dennler M, Willi B, et al. Mycobacterium microti: not just a 
coincidental pathogen for cats. Front Vet Sci. 2020;7:590037. 
https://doi.org/10.3389/fvets.2020.590037

  6.	 Rüfenacht S, Bögli-Stuber K, Bodmer T, Jaunin VF, Jmaa DC, 
Gunn-Moore DA. Mycobacterium microti infection in the cat:  
a case report, literature review and recent clinical experience. 
J Feline Med Surg. 2011;13:195–204. https://doi.org/ 
10.1016/j.jfms.2011.01.012

  7.	 Oevermann A, Pfyffer GE, Zanolari P, Meylan M, Robert N. 
Generalized tuberculosis in llamas (Lama glama) due to  
Mycobacterium microti. J Clin Microbiol. 2004;42:1818–21. 
https://doi.org/10.1128/JCM.42.4.1818-1821.2004

  8.	 Boniotti MB, Gaffuri A, Gelmetti D, Tagliabue S, Chiari M, 
Mangeli A, et al. Detection and molecular characterization 
of Mycobacterium microti isolates in wild boar from northern 
Italy. J Clin Microbiol. 2014;52:2834–43. https://doi.org/ 
10.1128/JCM.00440-14

  9.	 Ghielmetti G, Hilbe M, Friedel U, Menegatti C, Bacciarini L, 
Stephan R, et al. Mycobacterial infections in wild boars  
(Sus scrofa) from southern Switzerland: diagnostic  
improvements, epidemiological situation and zoonotic  
potential. Transbound Emerg Dis. 2021;68:573–86.  
https://doi.org/10.1111/tbed.13717

10.	 Pérez de Val B, Sanz A, Soler M, Allepuz A, Michelet L, 
Boschiroli ML, et al. Mycobacterium microti infection in 
free-ranging wild boar, Spain, 2017–2019. Emerg Infect Dis. 
2019;25:2152–4. https://doi.org/10.3201/eid2511.190746

11.	 Niemann S, Richter E, Dalügge-Tamm H, Schlesinger H, 
Graupner D, Königstein B, et al. Two cases of Mycobacterium 

microti derived tuberculosis in HIV-negative immunocompetent 
patients. Emerg Infect Dis. 2000;6:539–42. https://doi.org/ 
10.3201/eid0605.000516

12.	 Panteix G, Gutierrez MC, Boschiroli ML, Rouviere M,  
Plaidy A, Pressac D, et al. Pulmonary tuberculosis due  
to Mycobacterium microti: a study of six recent cases in France. 
J Med Microbiol. 2010;59:984–9. https://doi.org/10.1099/
jmm.0.019372-0

13.	 van de Weg CAM, de Steenwinkel JEM, Miedema JR,  
Bakker M, van Ingen J, Hoefsloot W. The tough process  
of unmasking the slow-growing mycobacterium: case  
report of Mycobacterium microti infection. Access Microbiol. 
2019;2:acmi000074.

14.	 van Soolingen D, van der Zanden AGM, de Haas PEW, 
Noordhoek GT, Kiers A, Foudraine NA, et al. Diagnosis of 
Mycobacterium microti infections among humans by using 
novel genetic markers. J Clin Microbiol. 1998;36:1840–5. 
https://doi.org/10.1128/JCM.36.7.1840-1845.1998

15.	 Taylor C, Jahans K, Palmer S, Okker M, Brown J, Steer K. 
Mycobacterium microti isolated from two pigs. Vet Rec. 
2006;159:59–60. https://doi.org/10.1136/vr.159.2.59-a

16.	 Michelet L, de Cruz K, Phalente Y, Karoui C, Hénault S, 
Beral M, et al. Mycobacterium microti infection in dairy goats, 
France. Emerg Infect Dis. 2016;22:569–70. https://doi.org/ 
10.3201/eid2203.151870

17.	 Jahans K, Palmer S, Inwald J, Brown J, Abayakoon S.  
Isolation of Mycobacterium microti from a male Charolais-
Hereford cross. Vet Rec. 2004;155:373–4.

18.	 Michelet L, de Cruz K, Tambosco J, Hénault S, Boschiroli ML. 
Mycobacterium microti interferes with bovine tuberculosis 
surveillance. Microorganisms. 2020;8:1850. https://doi.org/ 
10.3390/microorganisms8121850

19.	 Deforges L, Boulouis HJ, Thibaud JL, Boulouha L,  
Sougakoff W, Blot S, et al. First isolation of Mycobacterium 
microti (Llama-type) from a dog. Vet Microbiol. 2004;103:249–
53. https://doi.org/10.1016/j.vetmic.2004.06.016

20.	 Palgrave CJ, Benato L, Eatwell K, Laurenson IF, Smith NH. 
Mycobacterium microti infection in two meerkats (Suricata 
suricatta). J Comp Pathol. 2012;146:278–82. https://doi.org/ 
10.1016/j.jcpa.2011.06.001

21.	 Henrich M, Moser I, Weiss A, Reinacher M. Multiple  
granulomas in three squirrel monkeys (Saimiri sciureus) 
caused by Mycobacterium microti. J Comp Pathol. 
2007;137:245–8. https://doi.org/10.1016/j.jcpa.2007.06.005

22.	 Pym AS, Brodin P, Brosch R, Huerre M, Cole ST. Loss of 
RD1 contributed to the attenuation of the live tuberculosis 
vaccines Mycobacterium bovis BCG and Mycobacterium microti. 
Mol Microbiol. 2002;46:709–17. https://doi.org/10.1046/
j.1365-2958.2002.03237.x

23.	 Berthet FX, Rasmussen PB, Rosenkrands I, Andersen P, 
Gicquel B. A Mycobacterium tuberculosis operon encoding 
ESAT-6 and a novel low-molecular-mass culture filtrate 
protein (CFP-10). Microbiology (Reading). 1998;144:3195–203. 
https://doi.org/10.1099/00221287-144-11-3195

24.	 Emmanuel FX, Seagar A-L, Doig C, Rayner A, Claxton P, 
Laurenson I. Human and animal infections with  
Mycobacterium microti, Scotland. Emerg Infect Dis. 
2007;13:1924–7. https://doi.org/10.3201/eid1312.061536

25.	 Maguga-Phasha NTC, Munyai NS, Mashinya F, Makgatho 
ME, Mbajiorgu EF. Genetic diversity and distribution of 
Mycobacterium tuberculosis genotypes in Limpopo, South  
Africa. BMC Infect Dis. 2017;17:764. https://doi.
org/10.1186/s12879-017-2881-z

26.	 Prodinger WM, Eigentler A, Allerberger F, Schönbauer M, 
Glawischnig W. Infection of red deer, cattle, and humans 
with Mycobacterium bovis subsp. caprae in western Austria. 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2031



SYNOPSIS

J Clin Microbiol. 2002;40:2270–2. https://doi.org/10.1128/
JCM.40.6.2270-2272.2002

27.	 Schoepf K, Prodinger WM, Glawischnig W, Hofer E,  
Revilla-Fernandez S, Hofrichter J, et al. A two-years’  
survey on the prevalence of tuberculosis caused by  
Mycobacterium caprae in red deer (Cervus elaphus) in the  
Tyrol, Austria. ISRN Vet Sci. 2012;2012:245138.  
https://doi.org/10.5402/2012/245138

28.	 Dorn-In S, Körner T, Büttner M, Hafner-Marx A, Müller M, 
Heurich M, et al. Shedding of Mycobacterium caprae by wild 
red deer (Cervus elaphus) in the Bavarian alpine regions, 
Germany. Transbound Emerg Dis. 2020;67:308–17.  
https://doi.org/10.1111/tbed.13353

29.	 Ghielmetti G, Scherrer S, Friedel U, Frei D, Suter D,  
Perler L, et al. Epidemiological tracing of bovine tuberculosis 
in Switzerland, multilocus variable number of tandem repeat 
analysis of Mycobacterium bovis and Mycobacterium caprae. 
PLoS One. 2017;12:e0172474. https://doi.org/10.1371/ 
journal.pone.0172474

30.	 Fink M, Schleicher C, Gonano M, Prodinger WM, Pacciarini M, 
Glawischnig W, et al. Red deer as maintenance host for bovine 
tuberculosis, Alpine region. Emerg Infect Dis. 2015;21:464–7. 
https://doi.org/10.3201/eid2103.141119

31.	 Schöning JM, Cerny N, Prohaska S, Wittenbrink MM,  
Smith NH, Bloemberg G, et al. Surveillance of bovine  
tuberculosis and risk estimation of a future reservoir  
formation in wildlife in Switzerland and Liechtenstein.  
PLoS One. 2013;8:e54253. https://doi.org/10.1371/ 
journal.pone.0054253

32.	 Leth C, Varadharajan A, Mester P, Fischaleck M,  
Rossmanith P, Schmoll F, et al. Matrixlysis, an improved 
sample preparation method for recovery of Mycobacteria 
from animal tissue material. PLoS One. 2017;12:e0181157. 
https://doi.org/10.1371/journal.pone.0181157

33.	 Fite GL, Cambre PJ, Turner MH. Procedure for  
demonstrating lepra bacilli in paraffin sections. Arch Pathol 
(Chic). 1947;43:624–5.

34.	 Supply P, Allix C, Lesjean S, Cardoso-Oelemann M,  
Rüsch-Gerdes S, Willery E, et al. Proposal for  
standardization of optimized mycobacterial interspersed 
repetitive unit-variable-number tandem repeat typing  
of Mycobacterium tuberculosis. J Clin Microbiol. 2006; 
44:4498–510. https://doi.org/10.1128/JCM.01392-06

35. 	 Allix-Béguec C, Harmsen D, Weniger T, Supply P,  
Niemann S. Evaluation and strategy for use of MIRU-
VNTRplus, a multifunctional database for online analysis of 
genotyping data and phylogenetic identification of  
Mycobacterium tuberculosis complex isolates. J Clin Microbiol. 
2008;46:2692–9. https://doi.org/10.1128/JCM.00540-08

36.	 Brudey K, Driscoll JR, Rigouts L, Prodinger WM, Gori A,  
Al-Hajoj SA, et al. Mycobacterium tuberculosis complex  
genetic diversity: mining the fourth international  
spoligotyping database (SpolDB4) for classification,  
population genetics and epidemiology. BMC Microbiol. 
2006;6:23. https://doi.org/10.1186/1471-2180-6-23

37.	 Chiari M, Zanoni M, Alborali LG, Zanardi G, Avisani D, 
Tagliabue S, et al. Isolation of Mycobacterium caprae (Lechtal 
genotype) from red deer (Cervus elaphus) in Italy. J Wildl Dis. 
2014;50:330–3. https://doi.org/10.7589/2013-06-135

38.	 Griffin JFT, Mackintosh CG. Tuberculosis in deer:  
perceptions, problems and progress. Vet J. 2000;160:202–19.  
https://doi.org/10.1053/tvjl.2000.0514

39.	 Michelet L, Conde C, Branger M, Cochard T, Biet F,  
Boschiroli ML. Transmission network of deer-borne  

Mycobacterium bovis infection revealed by a WGS approach. 
Microorganisms. 2019;7:687. https://doi.org/10.3390/ 
microorganisms7120687

40.	 Javed MT, Aranaz A, de Juan L, Bezos J, Romero B,  
Alvarez J, et al. Improvement of spoligotyping with  
additional spacer sequences for characterization of  
Mycobacterium bovis and M. caprae isolates from Spain.  
Tuberculosis (Edinb). 2007;87:437–45. https://doi.org/ 
10.1016/j.tube.2007.04.002

41.	 Rodríguez S, Romero B, Bezos J, de Juan L, Alvarez J, 
Castellanos E, et al.; Spanish Network on Surveillance and 
Monitoring of Animal Tuberculosis. High spoligotype 
diversity within a Mycobacterium bovis population: clues to 
understanding the demography of the pathogen in Europe. 
Vet Microbiol. 2010;141:89–95. https://doi.org/10.1016/ 
j.vetmic.2009.08.007

42.	 Michelet L, de Cruz K, Zanella G, Aaziz R, Bulach T, Karoui 
C, et al. Infection with Mycobacterium microti in animals 
in France. J Clin Microbiol. 2015;53:981–5. https://doi.
org/10.1128/JCM.02713-14

43.	 Boniotti MB, Gaffuri A, Gelmetti D, Tagliabue S, Chiari M, 
Mangeli A, et al. Detection and molecular characterization  
of Mycobacterium microti isolates in wild boar from  
northern Italy. J Clin Microbiol. 2014;52:2834–43.  
https://doi.org/10.1128/JCM.00440-14

44.	 Hauer A, De Cruz K, Cochard T, Godreuil S, Karoui C, 
Henault S, et al. Genetic evolution of Mycobacterium bovis 
causing tuberculosis in livestock and wildlife in France since 
1978. PLoS One. 2015;10:e0117103. https://doi.org/10.1371/
journal.pone.0117103

45.	 Réveillaud É, Desvaux S, Boschiroli ML, Hars J, Faure É,  
Fediaevsky A, et al. Infection of wildlife by Mycobacterium 
bovis in France assessment through a national surveillance 
system, Sylvatub. Front Vet Sci. 2018;5:262. https://doi.org/ 
10.3389/fvets.2018.00262

46.	 Hauer A, Michelet L, Cochard T, Branger M, Nunez J,  
Boschiroli ML, et al. Accurate phylogenetic relationships 
among Mycobacterium bovis strains circulating in France 
based on whole genome sequencing and single  
nucleotide polymorphism analysis. Front Microbiol. 
2019;10:955. https://doi.org/10.3389/fmicb.2019.00955

47.	 Hart PD, Sutherland I. BCG and vole bacillus vaccines  
in the prevention of tuberculosis in adolescence and early 
adult life. BMJ. 1977;2:293–5. https://doi.org/10.1136/
bmj.2.6082.293

48.	 Sula L, Radkovský I. Protective effects of M. microti vaccine 
against tuberculosis. J Hyg Epidemiol Microbiol Immunol. 
1976;20:1–6.

49.	 Wells AQ. Vaccination with the murine type of tubercle 
bacillus (vole bacillus). Lancet. 1949;2:53–5. https://doi.org/ 
10.1016/S0140-6736(49)91043-0

50.	 Orgeur M, Frigui W, Pawlik A, Clark S, Williams A,  
Ates LS, et al. Pathogenomic analyses of Mycobacterium  
microti, an ESX-1-deleted member of the Mycobacterium  
tuberculosis complex causing disease in various hosts.  
Microb Genom. 2021;7:7. https://doi.org/10.1099/
mgen.0.000505

Address for correspondence: Giovanni Ghielmetti DVM,  
Institute for Food Safety and Hygiene, Section of Veterinary 
Bacteriology, Winterthurerstrasse 270 CH-8057 Zurich, Vetsuisse 
Faculty, University of Zurich, Zurich, Switzerland; email: 
giovanni.ghielmetti@vetbakt.uzh.ch

2032	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021



Plague 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-neg-
ative coccobacillus, this zoonotic disease has its main 
reservoir in rodents (4,5). Humans become infected 
by Y. pestis through bites from infected fl eas or ani-
mals, handling or ingesting infected animals or hu-
mans, or inhaling aerosolized droplets from infected 
tissues (Figure 1) (6–10). Plague has 3 main clinical 
syndromes: bubonic plague, which is characterized 
by infl ammation of lymph nodes after a fl ea bite or 
scratch from an infected animal (11,12); pneumonic 
plague, which is spread by inhalation of droplets 

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 recom-
mendations 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 du-
ration of risk for infection to humans handling corps-
es, or possible transmission routes. Information on 
infectiousness of human corpses can guide develop-
ment of protective measures for healthcare staff and 
relatives who might not use PPE during traditional 
funeral rituals (14). We know of 3 possible transmis-
sion routes: direct contact with infectious body fl uids, 
such as through open wounds or inhalation; indirect 
contact through contaminated clothing; and bites 
from infected fl eas from corpses or their clothes. In 
this review, we sought to estimate the risk for Y. pes-
tis transmission from body fl uids of corpses. Because 
little direct evidence for plague transmission from 
corpses exists, we assessed evidence for potential 
transmission by body fl uids of living plague patients, 
 corpses and carcasses, and body fl uids of corpses and 
carcasses. We also analyzed the potential duration of 
infectiousness of body fl uids from corpses and car-
casses (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 fl eas.

 We searched PubMed, Embase, Science Cita-
tion Index, and Scopus for literature published by 
May 20, 2019, and identifi ed all relevant studies re-
gardless of language, publication status, or publica-
tion date (Appendix, https://wwwnc.cdc.gov/EID/
article/27/8/20-0136-App1.pdf). We also manually 
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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	caus-
ative	agent	of	plague,	 from	human	corpses	and	animal	
carcasses.	Because	we	could	not	fi	nd	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	fl	uids	of	
living	 plague	patients,	 infected	 corpses	and	 carcasses,	
and	body	fl	uids	of	 infected	corpses.	We	concluded	that	
pneumonic	plague	can	be	transmitted	by	intensive	han-
dling	of	the	corpse	or	carcass,	presumably	through	the	in-
halation	of	respiratory	droplets,	and	that	bubonic	plague	
can	 be	 transmitted	 by	 blood-to-blood	 contact	 with	 the	
body	fl	uids	of	a	corpse	or	carcass.	These	fi	ndings	should	
inform	precautions	taken	by	those	handling	the	bodies	of	
persons	or	animals	that	died	of	plague.
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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 strat-
egy 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-speak-
ing 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) ex-
tracted data on protocol and other characteristics (Ap-
pendix 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 flu-
ids 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 human-
to-human transmission of Y. pestis (Appendix Table 
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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.

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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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, in-
cluding 1,861 cases documented during an outbreak 
in Madagascar (21). Nearly all the patients had pri-
mary 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 pro-
vide such information. Four studies described ef-
forts to trace contacts from the index case, suggest-
ing 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 sug-
gested transmission route and causative relationship 
to infection was plausible for 8 studies. We could not 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2035

 
Table 1. Inclusion	criteria	for	literature	review	on	transmission	of	plague	from	human	corpses 

Research	topic 
Infectiousness	of	body	fluids	of	

living	plague patients 
Infections acquired	from	corpses	

and	carcasses 
Infectiousness	of	body fluids	of	corpses	

and	carcasses 
Study	type Descriptive (including	

surveillance	data,	case	series, 
and	case	reports) 

Descriptive	(including	case	series	
and	case	reports) 

Descriptive	(including	case	series	and	
case	reports) 

Participants Persons who	have laboratory-
confirmed plague 

Persons or	animals	that	died	of	
laboratory-confirmed	plague 

Persons	or	animals	that	died	of	laboratory-
confirmed	plague 

Outcomes New	case	of	confirmed	plague	
attributed	to	direct	transmission	
from	an	infected	human	(i.e.,	
human-to-human	transmission) 

New	case	of	confirmed	plague	
attributed	to	direct	transmission	

from	an	infected	corpse	or	carcass 

New	case	of	confirmed	plague	attributed	to 
direct	transmission	from	an	infected	corpse	

or	carcass,	with	a	specified period	
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	
criteria 

None Studies	reporting	only	cases	of	
plague	attributed	to	consumption	of	
infected	meat,	or	cases	transmitted	

by	vectors such	as	fleas 

Studies	examining	the persistence	of	Y. 
pestis DNA	in	corpses	or	carcasses	that 
were	previously	buried,	in	the	soil, or on	

environmental	surfaces 

 

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 com-
prised 50 cases but lacked sufficient data (Table 2; Ap-
pendix 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 in-
dex patients for additional infections), whereas 341 
contacts of those 5 index patients did not become ill 
(22–25). The study authors estimated incidence pro-
portions of 8%, 8.4%, and 55% (23–25). One study es-
timated 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 fu-
nerary activities, such as preparing bodies for funer-
als 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 be-
fore 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-hu-
man transmission of plague through other body flu-
ids, 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 bu-
boes), 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 charac-
teristics 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 pro-
vided no information on whether other persons were 
exposed but did not get infected, complicating our 
assessment of corpse contagiousness. Eight stud-
ies 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  
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Table 2. Risk	for bias	in studies	on	human-to-human	transmission	of	plague* 

Study 

Were	patient	
characteristics	
adequately	
reported? 

Was	there	some	
effort	to	trace	all	
contacts	from	the	
index	case? 

Were	the	
methods	used	
for	tracing	
contacts	
adequate? 

Were	the	laboratory	
methods	used	for	

defining	a	confirmed	
case	of	plague	

reliable? 

Was	the	
route	of	

transmission	
plausible? 

Was	the	
cause-effect	of	
transmission	
plausible? 

Almeida	et	al.	(17) Partial Unknown NA Yes No Unknown 
Begier	et	al.	(25) Yes Yes Yes Partial Yes Yes 
Bertherat	et	al.	(26) No Partial Unknown Yes Yes Yes 
Evans	et	al.	(18) Yes Unknown NA Yes Yes Yes 
Kellogg	et	al.	(20) Yes Unknown NA Yes Yes Yes 
Kugeler	2015 (19) Partial Unknown NA Yes Unknown Unknown 
Rabaan	et	al.	(21) Partial Partial Unknown Yes Yes Yes 
Ramasindrazana et	al.	(22) Yes Yes Yes Yes Yes Yes 
Ratsitorahina	et	al.	(23) Yes Yes Unknown Partial Yes Yes 
Richard	et	al.	(24) Yes Yes Unknown Yes Yes Yes 
*NA,	not	applicable. 
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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 de-
scribed 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 

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 car-
cass, 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 oc-
curred <24 hours after the death of the infected ani-
mal (23,34,39). In addition, 3 other studies described 
26 patients who had killed the infected animal, imply-
ing 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 inha-
lation of aerosols generated by handling the carcass, 
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Table 3. Risk	for	bias	summary	in	studies	on	plague	acquired	from	corpses	and	carcasses* 

Study	ID 

Were	patient	
characteristics	
adequately	
reported? 

Was	there	some	
effort	to	trace	all	
contacts	from	the	
index	case? 

Were	the	
methods	used	
for	tracing	
contacts	
adequate? 

Were	the	laboratory	
methods	used	for	

defining	a	confirmed	
case	of	plague	

reliable? 

Was	the	
route	of	

transmission	
plausible? 

Was	the	
cause-effect	of	
transmission	
plausible? 

Centers	for	Disease	
Control	and	Prevention	
(30) 

Yes Unknown NA Yes Yes Yes 

Christie	et	al.	(case	series	
1;	37) 

Partial Unknown NA Partial Yes Yes 

Christie	et	al.	(case	series	
2;	37) 

Partial Unknown NA Partial Partial Partial 

Gage	et	al.	(31) Yes Unknown NA Yes Yes Yes 
Ge	et	al.	(case	report;	27) Yes Yes Yes Yes Yes Yes 
Ge	et	al.	(case	series;	27) Partial Unknown NA Unknown Partial Partial 
Kartman	et	al.	(33) Partial Unknown NA No Yes Yes 
Kartman	et	al.	(32) Partial Unknown NA Unknown Yes Yes 
Kugeler	et	al.	(34) No Unknown NA Unknown Partial Partial 
Mitchell	et	al.	(39) Yes Unknown NA Unknown Yes Yes 
Poland	et	al.	(35) Yes Yes Yes Yes Yes Yes 
Ratsitorahina	et	al.	(23) Yes Yes Unknown Yes Yes Partial 
Saeed	et	al.	(40) Yes Yes Yes Yes Yes Yes 
Sagiev et	al.		(38) No Unknown NA Unknown Unknown Unknown 
Von	Reyn	et	al.	(36) Yes Yes Yes Yes Yes Yes 
Wong	et	al.	(8) Yes Yes Yes Yes Yes Yes 
Wu	et	al.	(28) Yes Unknown NA Yes Yes Partial 
Zhang	et	al.	(29) Partial Unknown NA Partial Unknown Partial 
*ID,	identification;	NA,	not	applicable. 
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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 trans-
mission 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 du-
ration of infectiousness of human corpses. One ex-
perimental study from Madagascar published in 1965 
isolated Y. pestis from rodents that died of septicemic 
plague and were buried in laterite alone or in later-
ite 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 wild-
life 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 re-
cording no movement for 6 hours. Y. pestis was isolat-
ed 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 infec-
tion. We judged both studies to be at low risk for bias.

In summary, we do not know how long Y. pes-
tis 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 pneu-
monic plague, but more modern researchers have 
contested this claim (41). Kool (42) summarized data 
from historical records and contemporary experiences 

and used qualitative analysis to conclude that “pneu-
monic 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 suffi-
cient detail to meet our inclusion criteria), provide ev-
idence that pneumonic plague is transmissible from 
human to human, but only after close and prolonged 
exposure. Historical records that did not meet inclu-
sion 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 transmis-
sion of plague through inhalation of infected sputum.

We found that bloody sputum was clearly re-
ported as the source of plague transmission in sev-
eral 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, butcher-
ing, and flaying carcasses, as well as conducting post-
mortem 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 trans-
mitted by body fluids other than sputum and blood. 
In addition, the length of time that Y. pestis can sur-
vive 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 pro-
duce 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 dur-
ing 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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through intact skin can occur, although such trans-
mission 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, cloth-
ing 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, sug-
gesting the inhalation of particles as the transmis-
sion 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 car-
ried 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 trans-
mission route for each study. We excluded stud-
ies associated with fleas or unknown sources of 
transmission (30). We noted instances when stud-
ies 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). Inha-
lation of respiratory droplets produced by intense 
manipulation of the corpse or carcass could result 
in pneumonic plague, especially after close and pro-
longed exposure. Direct skin contact with infected 
body fluids (mainly blood; it is unclear whether oth-
er 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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In 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 offi cial scientifi c 
name, there are at least 5 synonymous names for this species.

Say described this species as “exceedingly numerous and trou-
blesome.” “Quinx” are among the world’s most abundant perido-
mestic mosquitoes, earning the nickname “southern house mosqui-
to.” 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 fl aviviruses St. Louis 
encephalitis virus and West Nile virus, in addition to fi larial worms 
and avian malarial parasites.

Figure.	Female	Culex quinquefasciatus	mosquito.	Image	credit:	CDC	
Public	Health	Image	Library,	1976.
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Eastern equine encephalitis virus (EEEV) is a single-
stranded, positive-sense RNA arbovirus within 

the Alphavirus genus of the Togaviridae family. EEEV 
is maintained in enzootic cycles between ornithophil-
ic Culiseta melanura mosquitoes and passerine birds 
in hardwood swamps in the northeast region of the 
United States (1). Epizootic cycles develop when vi-
rus 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 neuro-
olfactory spread or by crossing the blood–brain bar-
rier 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 infi ltration of neutrophils and 
mononuclear cells, perivascular cuffi ng, inclusion 
bodies, and neuronal necrosis (6–8). Like other alpha-
viruses, EEEV can antagonize components of innate 
and adaptive immunity to enable rapid propagation 
in brain tissue (9). Infl ammatory cascades and direct 
cytopathy continue to amplify cerebral injury, lead-
ing to progressive fever, confusion, coma, cerebral 
edema, and death (6,10–12).

Thus far, the epidemiologic signifi cance of EEE in 
the United States has been relatively small, and only 
4–8 human cases are diagnosed nationally in a typi-
cal 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 out-
break in 50 years (5,16). Experts are closely tracking 
whether the increased EEE cases refl ect similar pat-
terns 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 illus-
trate 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). Cere-
brospinal fl uid (CSF) studies revealed mild protein el-
evation with monocytic pleocytosis (Table). Standard
infectious workup was performed, along with WNV
testing and an immunofl uorescence assay (IFA) ar-
boviral panel that included EEE, Western equine en-
cephalitis, Saint Louis encephalitis, and California en-
cephalitis; all results were negative (Appendix Table).

Despite empiric meningitis treatment, her illness 
progressed swiftly, involving seizures, coma, fl accid 
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 es-
calating protein level, yet infectious workup results 
remained negative (Table; Appendix Figure 2). Sec-
ondary infl ammatory pathology was treated with 
methylprednisolone, plasma exchange, and intrave-
nous immunoglobulin (IVIg), yielding fl eeting small 
improvements (Appendix Figure 1).

Computed tomography (CT) imaging on day 2 of 
illness showed nonspecifi c subcortical changes (Fig-
ure 1), but magnetic resonance imaging (MRI) on day 
4 showed diffuse T2 signal throughout the forebrain, 
thalamus, cerebellum, and brainstem (Figure 2). Re-
peat MRI on days 12 and 18 revealed expansion of 
bilateral frontotemporal edema and injury, consistent 
with progression of infl ammatory mechanisms (Fig-
ure 2; Appendix Figure 2).

Recent mosquito surveillance and reported 
equine cases of EEE, plus the patient’s temporal and 
geographic proximity to these reports, environmen-
tal 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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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	 signifi	ed	 a	 striking	
change	 in	EEE	 incidence.	All	 4	 cases	were	geographi-
cally	 clustered,	 rapidly	 progressive,	 and	 neurologically	
devastating.	 Diagnostic	 tests	 conducted	 by	 a	 national	
commercial	 reference	 laboratory	 revealed	 initial	 granu-
locytic	cerebrospinal	fl	uid	pleocytosis	and	false-negative	
antibody	results.	EEE	virus	infection	was	diagnosed	only	
after	patient	samples	were	retested	by	the	arbovirus	lab-
oratory	of	 the	Centers	for	Disease	Control	and	Preven-
tion	in	Fort	Collins,	Colorado,	USA.	The	crucial	diagnostic	
challenges,	clinical	fi	ndings,	and	epidemiologic	patterns	
revealed	in	this	outbreak	can	inform	future	public	health	
and	clinical	practice.

Four	Human	Cases	of	EEE,	Connecticut	
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part of the Division of Vector-Borne Diseases, Nation-
al Center for Emerging and Zoonotic Infectious Dis-
eases, at the Centers for Disease Control and Preven-
tion (CDC) in Fort Collins, Colorado, USA. On day 
18 of the patient’s illness, CDC reported microsphere-
based 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 com-
fort-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 confu-
sion the previous day. In the emergency department 
he was stuporous, with left-sided weakness, but neu-
roimaging results were negative. His CSF samples 

had a granulocytic pleocytosis and elevated protein 
on day 2 of illness (Table). Despite empiric treat-
ment, 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 pro-
tein elevation (Table). Commercial EEEV IFA on CSF 
collected on day 4 was negative, as were further in-
fectious 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 pathol-
ogy of the brain showed ischemic changes, vascular 
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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,	

headache,	shock,	coma,	
seizures,	flaccid	paralysis 

Stupor,	left-sided	
weakness 

Fever,	right	arm	
clumsiness;	rapid	

progression	to	coma 

Neck	pain,	fever,	dysarthria,	
confusion,	seizures 

Day	of	brain	MRI;	result Day	4;	diffuse	T2	
hyperintensity	cerebrum,	
cerebellum,	brainstem 

Day	4;	hyperintensity	
bilateral	basal	ganglia,	
right	occipital	regions 

Day	5;	left	thalamic	
enhancement,	T2	
hyperintensity	
temporal	lobe 

Day	3;	leptomeningeal	
enhancement	right	frontal	and	
parietal	lobes,	T1	hyperintense	

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. 
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congestion, inflammatory cell infiltration and micro-
gliosis (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 antimi-
crobial and steroid immunosuppressant treatments, 
his function declined persistently (Appendix Figure 
1). MRI on day 2 and 5 showed progressive enhance-
ment and T2 hyperintensity in limbic, thalamic, and 
striatal regions, advancing to severe edema and com-
pression (Figure 2).

Initial CSF studies showed elevated protein and 
granulocytic pleocytosis, shifting to lymphocytic pre-
dominance 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, inflam-
matory, 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, dysar-
thria, and confusion. His neurologic function declined 
rapidly, and he experienced refractory seizures that 
required intubation and multidrug treatment (Ap-
pendix 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 etiol-
ogy (Appendix Figure 2). He received empiric IVIg 
on days 23–27 per regular protocols for neuroinflam-
matory pathologies but showed no clinical or radio-
graphic improvement. His ongoing hospital course 
remained complicated (Appendix Figure 1). MRI 
studies revealed spreading patchy cortical hyperin-
tensity, 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 be-
came more alert and regained language comprehen-
sion. He moved to a rehab facility and continued to 
have slow improvement but remained dependent on 
skilled care.
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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.
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Diagnostic Testing
Epidemiologic and clinical features, together with 
knowledge of unprecedented prevalence of EEEV-
positive mosquitoes in the state, prompted our vi-
rology laboratory to contact CDC’s Arbovirus Di-
agnostic Laboratory to have case 1 retested with 
expedited processing. After this positive test re-
sult, the Connecticut Department of Public Health 
(DPH) and CDC approved submission of subse-
quent 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 sensi-
tive screening for future outbreaks.

Reference laboratory EEEV IFA testing of CSF 
at 1:4 dilution was negative for IgM for all cases in 

samples spanning day 3, 4, 6, and 9 of illness. Upon 
learning of false-negative results, the commercial lab-
oratory 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 sur-
veillance 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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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.
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between years. Connecticut surveillance sites first col-
lected 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 EEEV-
positive 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 hu-
mans, numbers of Cs. melanura mosquitoes and mam-
mal-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 warm-
er during the winter; the region had 11 inches more 
precipitation than normal (19,20). Concordantly, 

21,880 Cs. melanura mosquitoes were collected in Con-
necticut 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 sever-
ity 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 coor-
dination between clinicians, health departments, and 
surveillance programs. Viral neuroinvasive infections 
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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 long-
term historical averages. EEE, 
Eastern equine encephalitis; EEEV, 
EEE virus; +, positive.
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can pose even greater challenges because our best di-
agnostic 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 tar-
get host antibodies produced against viral epitopes. 
EEEV IgM usually becomes measurable 3–8 days af-
ter 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 re-
port demonstrate the challenges of mismatched time-
frames for analytic pathways versus critical periods 
for intervention in patient care and community edu-
cation. Assessment of data needed for decision-mak-
ing becomes crucial, especially when considerations 

involve rapidly devastating illness, expensive treat-
ments, or time-sensitive community interventions. 
Our experience exemplified the need for prompt com-
pilation 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 treat-
ments 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 in-
fection as the etiology of encephalitis. We noted rapid 
shifts in CSF profiles from granulocytic to lymphocyt-
ic predominance. Seizures, secondary inflammatory 
injury, cerebral edema, rapid deterioration, and clini-
cal considerations for starting immunomodulatory 
treatments all should be signals prompting outreach 
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Figure 4. Geographic distribution of EEE in mosquitoes, humans, horses, and pheasant flocks, Connecticut, USA, 2019. EEE, Eastern 
equine encephalitis; EEEV, EEE virus; +, positive.
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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 underrec-
ognized as elements of critical neuroinvasive EEE 
overall, included refractory shock with adrenergic in-
sensitivity and neuromuscular instability with either 
flaccid paralysis or rigidity.

Diagnosing EEE in our patients was unexpect-
edly 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-infect-
ed cells affixed to slide wells, MIA uses microbeads 
coated with EEEV envelope proteins as the antigen-
presenting 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, DxSe-
lect 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 de-
tection. Many potential variables exist within IFA 
testing, including slide and reagent manufacturing, 
manual processing of antibody application steps, 
microscopy techniques and equipment, and subjec-
tive reading of results. Nevertheless, no other false-
negative 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 vali-
dated 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 typi-
cal year, EEE is a rarely diagnosed infection, and large 
reference laboratories might receive few to no posi-
tive 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 screen-
ing test in our patients. A specific reason for the fail-
ure 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 fac-
tors 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). High-
activity 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 recog-
nition 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 abun-
dant 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 produc-
tivity of mosquito larval environments and might 
have fostered Cs. melanura mosquitoes overwintering 
and early reproduction, per our trap collection time-
lines (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 persis-
tence of infected vectors. Additional studies assessing 
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population genetics of the virus and vectors are need-
ed 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 arbovi-
ral epidemics are certain, and the likelihood of an in-
creasing burden of EEE is high. Coordination between 
public health and hospital settings to improve surveil-
lance, 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, health-
care, diagnostic systems, and vector-control agencies, 
as well as community education and diagnostic sys-
tems, to mitigate risk for EEE among the public.
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In the United States, coronavirus disease (CO-
VID-19) has disproportionately affected adults 

residing in long-term care facilities (LTCFs) (1–5). 
Outbreaks in LTCFs have caused high numbers of 

hospitalizations and deaths. Similar fi ndings have 
been reported in correctional facilities, where severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-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 dispropor-
tionately affected (9–11).

The fi rst COVID-19 case in Minnesota was de-
tected on March 6, 2020. Shortly thereafter, CO-
VID-19 outbreaks occurred across the state, includ-
ing 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) identifi ed and responded to 1,060 dis-
tinct 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 facili-
ties resulted in 382 cases, and 68 outbreaks in meat-
processing plants resulted   in ≈2,616 cases among 
employees (data only from persons interviewed and 
where workplace information was provided); out-
breaks in these 3 settings accounted for 31.3% of all 
identifi ed persons in Minnesota.

For outbreaks in congregate settings and high-
density workplaces, confi rming the temporal and 
relational aspects of SARS-CoV-2 transmission was 
diffi cult, and the role of intrafacility spread versus 
multiple introductions was diffi cult to disentangle 
on the basis of epidemiologic information alone. 
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Coronavirus	 disease	 has	 disproportionately	 aff	ected	 per-
sons	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	sequenc-
ing	 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	se-
quences.	 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	 identifi	cation	and	cohort-
ing	(segregating)	of	virus-positive	persons	in	these	settings,	
along	with	continued	vigilance	with	infection	prevention	and	
control	measures,	is	imperative.
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Whole-genome sequencing (WGS) of specimens 
from outbreak case-patients can be used to deter-
mine transmission dynamics and relatedness of viral 
pathogens in infectious disease outbreaks (12–15). 
Unprecedented efforts to sequence SARS-CoV-2 ge-
nomes have occurred at the local, regional, nation-
al, 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 intro-
duction without known epidemiologic links (23). 

In Minnesota, as part of the Centers for Disease 
Control and Prevention (CDC) SARS-CoV-2 Sequenc-
ing for Public Health Emergency Response, Epidemi-
ology and Surveillance (SPHERES) consortium, the 
Minnesota Molecular Surveillance of SARS-CoV-2 
initiative solicited specimens from outbreak case-pa-
tients 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 associ-
ated 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 avail-
ability of samples. Selected outbreaks occurred dur-
ing March 6–June 30, 2020, at 4 unique LTCFs (A–D), 
2 correctional facilities (A and B), and 2 meat-process-
ing 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 con-
firmed 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 ep-
idemiologic 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 out-
break was known or suspected).

At meat-processing facilities, an outbreak was
defined as >3 laboratory-confirmed COVID-19 cas-
es 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 loca-
tions as persons with a positive SARS-CoV-2 result 
according to reverse transcription PCR (RT-PCR), de-
termined by using the original CDC protocol (24). We 
collected epidemiologic data (sex, age, symptom sta-
tus, 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) per-
formed WGS on available specimens positive for 
SARS-CoV-2 by RT-PCR, collected March 6–June 30, 
2020. Specimens were obtained from the nasophar-
ynx, anterior nares, or oropharynx. SARS-CoV-2 
RNA extracts were acquired either as residuals from 
clinical testing at the MDH PHL or from other clini-
cal laboratories serving Minnesota residents. We 
created cDNA and tiled amplicons as described in 
the ARTIC Network nCoV-2019 sequencing proto-
col (25). We prepared Illumina sequencing librar-
ies 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 Illu-
mina V2 chemistry on MiSeq instruments (https://
www.illumina.com). Consensus SARS-CoV-2 ge-
nome 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 ge-
nomes with gaps >125 nt.

We used the Augur toolkit (27) to align SARS-
CoV-2 genome consensus sequences, generate phylo-
genetic trees, and incorporate epidemiologic sequence 
metadata. We aligned genomes with MAFFT version 
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7.310 with options “–keeplength–reorder–anysym-
bol–nomemesave–adjustdirection” (28). Variation in 
sequences identified in the first 54 and last 67 bases of 
the Wuhan-Hu-1 reference sequence (GenBank acces-
sion no. MN908947.3) was masked during tree gen-
eration 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 vi-
sualized 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 sequenc-
es (i.e., clusters) as cases that were both associated 
epidemiologically with a known outbreak and that 
formed a monophyletic clade on the statewide phylo-
genetic tree. Branch lengths were scaled to represent 
the number of single-nucleotide mutations.

In accordance with federal human subjects pro-
tection 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 institu-
tional 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 out-
breaks, 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 employ-
ees at 2 meat-processing plants, along with commu-
nity case-patients (29 [2.5%] samples from 1,173 iden-
tified 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 out-
breaks in the 2 meat-processing plants were repre-
sented 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* 

Outbreak	facility 

Total	confirmed	
outbreak	cases	
at	facility,	no. 

Total	samples	
successfully	sequenced	
from	facility,	no.	(%) Role	at	facility 

Total	outbreak	cases	
at	facility	confirmed	

by	role,	no. 

Total	samples	
successfully	sequenced	

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	
contact 

8 6	(75.0) 

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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(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-pa-
tients) were available for WGS. SARS-CoV-2 viral 
sequences from these 27 persons were genetically 
closely related (pangolin lineage B.1.2). Viral ge-
nomes from 2 HCWs (MN-MDH-1007 and MN-
MDH-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 out-
break 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), dur-
ing April 29–June 11, SARS-CoV-2 positivity was con-
firmed 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-pa-
tients), 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 success-
fully sequenced genomes, including those from 9 
residents (10.8% of case-patients) and 23 staff mem-
bers (41% of case-patients) showed that viruses from 
29 of the 32 case-patients were closely related (pan-
golin lineage B.1.2). Viruses from the remaining 3 

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.
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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 epide-
miologically 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 ap-
proximately the same period. In contrast to the 
outbreaks in LTCFs A, B, and C, viruses from both 
clusters at LTCF D seemed to circulate simultane-
ously 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 close-
ly related (pangolin lineage A.1).

In early June 2020, an outbreak was identified in 
correctional facility B (Appendix Figure 3). The inves-
tigation 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 subse-
quently excluded from work and isolated at home. 
Approximately 2 weeks later, 3 additional case-pa-
tients (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 test-
ing 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 cor-
rectional facility B shows that all viruses were closely 
related (pangolin lineage B.1.2) and genetically iden-
tical 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 single-
nucleotide mutations, as shown 
in the scale. MDH, Minnesota 
Department of Health.
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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 con-
tact of a correctional facility B employee. Both persons 
became symptomatic at the same time, and both sub-
sequently had positive test results in mid-May. SARS-
CoV-2 genome sequences recovered from these 2 house-
hold contacts were identical to each other and to the 
genomic sequences recovered from 32 inmates at correc-
tional facility B (Figure 5). In addition, this genomic se-
quence 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) se-
quenced during March 15–June 3, at least 6 clusters 
or single cases were unrelated. Although most ge-
nomes 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 ob-
tained from 8 case-patients in the county where pro-
cessing 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 pro-
cessing plant A, while the remaining 3 samples formed 
2 distinct clusters. Of the 5 sequences from community 
samples A that clustered with sequences from process-
ing plant A, 4 had sequences that were identical to  

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 single-
nucleotide mutations, as shown
in the scale. MDH, Minnesota
Department of Health.
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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 process-
ing plant B were confirmed. Sequencing of the 5 avail-
able samples from processing plant B (0.7% of cases) 
identified 1 cluster and 2 single genomes, all belong-
ing to pangolin lineage B.1.

Discussion
WGS identified 3 primary patterns of genetic relat-
edness 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. Phylo-
genetic analyses of the viral sequences from avail-
able specimens (Appendix Table 1) associated with 
outbreaks in LTCFs A, B, and C were all consistent 
with >1 primary cluster affecting each facility, sug-
gesting 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 high-
density 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 single-
nucleotide mutations, as shown in the scale. MDH, 
Minnesota Department of Health.
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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 con-
sisting of 22 samples. This finding is consistent with 
a potential scenario in which there were 2 separate, 
independent introductions into the facility and sub-
sequent parallel intrafacility spread of each individu-
ally 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 subse-
quent 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 identi-
fied 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 tim-
ing of the identification of these outlier cases after 
the date of the first identified primary case sug-
gests that mitigation strategies implemented after 
the initial identification of the outbreak, including 
cohorting strategies, infection prevention and con-
trol measures, and correct use of personal protective 
equipment (PPE), may have effectively prevented 

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 dis-
tinct 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 ge-
nomes 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 unrecog-
nized connection. The benefit of WGS for identify-
ing 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 trans-
mission patterns in high-risk settings. Our work fur-
ther supports use of WGS in these situations while 

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.
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identifying several additional public health implica-
tions. WGS has demonstrated that outbreaks in LTCFs 
and correctional facilities can result from a single intro-
duction. Continued vigilance, including facilitywide 
staff screening and subsequent exclusion of symp-
tomatic HCWs or staff and those with known or sus-
pected contacts, is imperative. WGS has demonstrated 
extensive intrafacility spread; closely related sequenc-
es comprise all or most cases contributing to the out-
break. 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, includ-
ing 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 intro-
ductions in high-density worksites, including acces-
sible communitywide testing, housing and transporta-
tion 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. Simi-
larly, in meat-processing plant B, only 5 samples were 
available because of a clinical testing laboratory pro-
tocol that resulted in the discarding of samples after 
≈7 days. In addition, not all available samples could 
be successfully sequenced, primarily because of de-
graded quality or low concentrations of viral RNA.

Another limitation is that not all staff and em-
ployees at the LTCFs, correctional facilities, and pro-
cessing plants agreed to be tested. Because of the in-
complete genomic picture at each setting, definitive 
conclusions about single introductions in LTCFs A 
and D are speculative, and these individual introduc-
tions may have resulted in some virus transmission 
that was not identified in the study.

Last, we were not able to present sociodemo-
graphic data such as race or ethnicity associated with 
these outbreaks because of limitations in the case in-
vestigation process and incomplete case data. This 
limitation is particularly relevant because of the dis-
proportionate effect of COVID-19 on those who are 
Black, indigenous, or other persons of color. Because 
those populations disproportionately experience in-
carceration and a high proportion of meat-processing 
plant employees are persons from immigrant com-
munities, 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 hypoth-
esized to contribute to rapid transmission of SARS-
CoV-2. These factors include insufficient resources and 
training in infection prevention and control, difficul-
ties implementing social distancing because of close 
habitation or work environment, and delayed case de-
tection 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, high-
lighting the value of consistent and correct PPE use, 
rigorous and systematic infection prevention and con-
trol, environmental control measures, and systematic 
testing of residents and staff to identify asymptomatic 
infected persons. As this pandemic continues, commu-
nity 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 mitigat-
ing the spread of SARS-CoV-2 after its introduction 
into a facility. WGS can be a useful tool for supple-
menting 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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By the end of October 2020, the severe acute respi-
ratory 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 com-
pared with the rest of the world and that the out-
break 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 per-
sons 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 CO-
VID-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 regis-
tration exists; thus, the true SARS-CoV-2 burden prob-
ably 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 
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The	 severe	 acute	 respiratory	 syndrome	 coronavirus	 2	
(SARS-CoV-2)	 pandemic	 is	 evolving	 diff	erently	 in	 Africa	
than	in	other	regions.	Africa	has	lower	SARS-CoV-2	trans-
mission	 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	 in-
fections	per	1,000	persons	in	The	Gambia.	We	evaluated	
transmission	 rates	among	1,366	employees	of	 the	Medi-
cal	 Research	Council	 Unit	 The	Gambia	 (MRCG),	 where	
systematic	surveillance	of	symptomatic	cases	and	contact	
tracing	were	 implemented.	By	September	30,	 2020,	The	
Gambia	had	 identifi	ed	3,579	SARS-CoV-2	cases,	 includ-
ing	 115	deaths;	 67%	of	 cases	were	 identifi	ed	 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	diag-
nosed	 cases	 among	 the	 population.	 Systematic	 surveil-
lance	and	seroepidemiologic	surveys	are	needed	to	clarify	
the	extent	of	SARS-CoV-2	transmission	in	Africa.
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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 fac-
tors have been proposed as potential contributing 
factors (8–10).

Recent serosurveys conducted in Kenya, Malawi, 
and South Africa showed that community transmis-
sion was several times higher than that detected by 
surveillance; 5%–40% of the population had SARS-
CoV-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 continen-
tal mainland Africa and is surrounded by Senegal, 
except for its narrow Atlantic coast. Although an im-
ported 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). Systemat-
ic surveillance, testing, contact tracing for staff of the 
Medical Research Council Unit The Gambia (MRCG) 
at the London School of Hygiene and Tropical Medi-
cine (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 CO-
VID-19 epidemic in The Gambia.

Methods

Population Demographics, Climate, and 
Healthcare Structure
In 2020, The Gambia had a population of ≈2.42 mil-
lion. 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. Maxi-
mum 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). Hu-
midity 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 pri-
mary level. The system is complemented by 34 pri-
vate 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 in-
cluded 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, espe-
cially among travelers from Senegal. The Ministry of 
Health, supported by several international organiza-
tions, 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 per-
form 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 Organi-
zation (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 servic-
es department (CSD). As of August 2020, MRCG 
had 1,336 employees. Staff were distributed as fol-
lows: 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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Upper River Division, mainly Basse (Figure 1). 
MRCG staff work in different environments, includ-
ing 715 (53.5%) field-based staff, such as drivers, 
community workers, nurses, and research clinicians; 
334 (25.0%) office-based staff, including those in ad-
ministrative, operations, data-management, and sta-
tistics positions; and 177 (13.2%) laboratory-based 
staff. Only 110 (8.2%) MRCG staff provide health-
care 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 dedicat-
ed 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 in-
ternational 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 COV-
ID-19 symptoms, such as cough, fever, headache, sore 
throat, nasal congestion, body pain, or other influen-
za-like symptoms. Families and contacts of symp-
tomatic 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 test-
ing, 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; SARS-
CoV-2–positive staff isolated in their homes for 14 

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 uni-
versal transport medium (COPAN Diagnostics) and 
delivered to the laboratory within 24 hours. Sampling 
methods were comparable across cohorts with simi-
lar operational procedures and training.

Laboratory Methods for SARS-CoV-2 Detection
MRCG laboratories collaborated with national 
public health laboratories to support national test-
ing throughout the country during the epidemic. 
MRCG and these laboratories used the same labora-
tory 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) re-
gional training workshop on diagnosing COVID-19, 
which was held in February 2020 in Dakar, Senegal. 
Thereafter, The Gambia established laboratory pro-
tocols for processing and testing suspected SARS-
CoV-2–infected samples according to WHO guide-
lines (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 (RT-
PCR) 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 poly-
merase 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 

Figure 1. Population density of The Gambia, including Medical Research Council Unit The Gambia (MRCG) research sites distributed 
across the country.
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(2019-nCoV) Nucleic Acid Diagnostic Kit (Sansure Bio-
tech, 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 ex-
traction were done by using commercially available 
kits according to the manufacturers’ protocols. Ini-
tial extractions were performed manually by using 
the QIAamp Viral RNA Mini Kit (QIAGEN, https://
www.qiagen.com) or the IndiSpin Pathogen Kit (IN-
DICAL 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 extrac-
tion system on the QIAcube HT (QIAGEN) was im-
plemented. 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. RT-
PCR analysis was conducted with 5 µL of extracted 
RNA in 25 µL of reaction mix containing reaction 
buffer, one-step reverse transcription enzyme, ei-
ther 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 (In-
vitrogen, 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 oropha-
ryngeal 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 non-
CSD staff. In addition to occupational clinical expo-
sure, 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 com-
pared 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 over-
all 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–posi-
tive. The positivity rate was lower before July (1.6%; 
40/3,095 samples tested) and higher during July–Sep-
tember (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 collect-
ed varied from 28 to 524/day (median 184/day) (Fig-
ure 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 sam-
ples 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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(20.4%) were SARS-CoV-2–positive. Most (60%) con-
firmed 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 consid-
ered 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 (Fig-
ure 3, panel B). All 191 confirmed cases among 
MRCG staff were either asymptomatic or mildly 
symptomatic; no cases met WHO criteria for moder-
ate 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 as-
ymptomatic 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%.

The later start of the epidemic is probably the re-
sult 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 ef-
fects 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 fes-
tivals, 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 in-
crease in July. 

Although climate in The Gambia is hot through-
out the year, the peak epidemic coincided with the 
months of highest daily humidity and highest mini-
mum 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).

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.
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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 esti-
mates of the actual rates of SARS-CoV-2 infection in 
The Gambia than are available from the general popu-
lation. 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 be-
tween estimated and reported cases we noted are con-
sistent with recent seroprevalence studies from eastern 
and southern Africa. Those studies suggest higher rates 
of community infection compared with those estimat-
ed by passive case surveillance. For instance, 3 weeks 
after the COVID-19 peak in South Africa, 40% of HIV-
positive 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 Mala-
wi, SARS-CoV-2 seroprevalence was 12.3% in a cohort 
of 500 healthcare workers sampled during May–June 
2020; using the observed seroprevalence, the research-
ers 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. How-
ever, 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 hos-
pitalizations also could indicate avoidance of SARS-
CoV-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 postmor-
tem on samples collected from patients hospitalized 
in non–COVID-19 health facilities. Without an official 
registration system for deaths, the overall toll of CO-
VID-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 im-
portance of minimizing the potential collateral dam-
age of the COVID-19 pandemic. Such damage in-
cludes diversion of financial and personnel resources 
from other services to the COVID-19 response, chang-
es in healthcare seeking behavior, reduced availabil-
ity of medicines for acute and chronic diseases, and 
disruption of routine vaccination services (29–33). 
The pandemic also has worsened the economic sta-
bility 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 

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 cas-
es 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 con-
sidered 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 mea-
sures. 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 re-
inforced messages related to social distancing, hand-
washing, 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 trans-
mission. 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 dexa-
methasone 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. Reassuring-
ly, 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 in-
fection will occur because the causes of the sudden 
increase of cases in July are unclear. We strongly en-
courage continuous protection of healthcare workers 
with appropriate PPE and strengthening of surveil-
lance systems around the country to promptly de-
tect another sudden increase of cases. Countrywide 
seroprevalence surveys would clarify the epidemiol-
ogy 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 prior-
ity. In addition, investigation is needed to define the 
major drivers that shape the epidemic so differently 
in Africa than in some high-income regions. Clarify-
ing such drivers should help model adequate inter-
ventions for both low- and high-income countries.

This article was preprinted at https://doi.org/10.2139/
ssrn.3736177.
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The rapid global expansion of severe acute respi-
ratory 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), human-
to-human transmission is currently the dominant 
mechanism of viral spread. Peridomestic animals, 
which are represented by wild and feral animals liv-
ing near humans, represent key species to evaluate 
for SARS-CoV-2 epidemiology for multiple reasons. 
First, given their common associations with humans 
and anthropogenically modifi ed habitats, they rep-
resent the wildlife species with the greatest chance 

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 vi-
ral titers, these species would have the potential to 
maintain the virus among conspecifi cs. 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 (Me-
phitis mephitis) can exhibit peridomestic tendencies in 
urban and suburban environments. Members of all 
those species/taxonomic groups have been shown to 
shed infl uenza A viruses after experimental inocula-
tions (2–4), suggesting they might harbor productive 
infections when exposed to other human-pathogenic 
respiratory viruses.

Based upon protein analyses of amino acid resi-
dues of angiotensin-converting enzyme 2 (ACE2), 
transmembrane protease serine type 2, and spike pro-
tein, 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 specifi c spe-
cies 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 bind-
ing 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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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	
aff	ects	most	wildlife	species	and	if	wildlife	could	ultimate-
ly	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	 infec-
tion	 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	 knowl-
edge	base	of	susceptible	species	and	provide	evidence	
that	human–wildlife	interactions	could	result	in	continued	
transmission	of	SARS-CoV-2.
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reported in Europe and more recently in the United 
States (8,9). Respiratory problems, rapid transmis-
sion, or unusually high mortality rates have been re-
ported 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 sus-
ceptibility of rodents to SARS-CoV-2 varies by spe-
cies. 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 in-
dicate that outbred species, including laboratory 
animals, are at most only moderately affected. Most 
nontransgenic laboratory mice (Mus musculus) are re-
sistant to infection, but transgenic humanized mice 
and hamsters, including Syrian hamsters (Mesocrice-
tus auratus) and dwarf hamsters (Phodopus sp.), are 
highly susceptible (11,12); 1 report described Ro-
borovki dwarf hamsters becoming diseased and dy-
ing within 3 days of exposure (13). Other species, in-
cluding 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 SARS-
CoV-2 and wild rodents.

Various lagomorphs exist as pets, livestock, and 
peridomestic wildlife, and as such are in a prime posi-
tion 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. Further-
more, as with rodents, wild rabbits are likely to be 
predated upon by domestic and wild felids and ca-
nids. 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 trans-
mitting the virus to other cats, suggesting that they 
could also potentially transmit virus to other animals 
(15,16). Although striped skunks are currently consid-
ered to be mephitids, they are highly related to mam-
mals within the family Mustelidae and were formerly 
classified as mustelids. Thus, on the basis of findings 
for SARS-CoV-2 susceptibility in various mustelids, 

we determined that the closely related mephitids are 
a logical candidate to evaluate for replication of this 
virus. Raccoons are notoriously associated with hu-
man environments and frequently interact with hu-
man trash and sewage; these interactions have been 
proposed as a potential indirect means for infected hu-
mans 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 peridomes-
tic rodent species for susceptibility to SARS-CoV-2: 
deer mice, wild-caught house mice (Mus musculus), 
bushy-tailed woodrats (aka pack rats; Neotoma cine-
rea), fox squirrels (Sciurus niger), Wyoming ground 
squirrels (Urocitellus elegans), and black-tailed prairie 
dogs (Cynomys ludovicianus). These rodents are com-
mon 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 rab-
bits, striped skunks, and raccoons. Deer mice, house 
mice, and bushy-tailed woodrats were trapped by us-
ing 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 appro-
priate 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 Colo-
rado State University, in rooms (12 ft × 18 ft) that had 
natural lighting and controlled climate. Mice, black-
tailed 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) supple-
mented with grass hay and apples. Skunks and rac-
coons were fed Mazuri Omnivore Diet (https://www.
mazuri.com) supplemented with fresh fruit and occa-
sional eggs. Raccoons, striped skunks, and black-tailed 
prairie dogs were implanted with thermally sensitive 
microchips (Bio-Thermo Lifechips, http://destronfer-
ing.com) for identification and temperature measure-
ment 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 us-
ing 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 anes-
thetized 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 phosphate-
buffered 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 spe-
cies) and observed animals until they were fully re-
covered from anesthesia. Virus back-titration was 
performed on Vero cells immediately after inocula-
tion, 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 pre-
challenge 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 se-
rologic response. We swabbed the remaining 3–6 ani-
mals/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 sam-
pling and collected a nasal swab specimen in addi-
tion 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 ani-
mals 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 in-
cluded assessment for temperament and any clini-
cal 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 tem-
perature measurements; as such, we excluded tem-
perature in these preliminary studies for all species 
except skunks and raccoons, which were implanted 
with thermal microchips and could be measured un-
der sedation during sampling.

Viral Assays
We performed plaque reduction neutralization as-
says as described (15). Serum samples were heat-
inactivated 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. 
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medium containing 1% bovine serum albumin start-
ing 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 incu-
bation, 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 neu-
tralization. We recorded antibody titers as the recip-
rocal of the highest dilution in which >90% of virus  
was neutralized.

Serologic Analysis
We performed plaque reduction neutralization as-
says as described (15). We heat-inactivated serum 
samples for 30 min at 56°C, and prepared 2-fold di-
lutions 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 dilu-
tions and incubated the serum dilutions for 1 hour at 
37°C. After incubation, we plated serum–virus mix-
tures onto Vero monolayers as described for virus 
isolation assays. We screened serum samples for an-
tibodies specific to SARS-CoV-2 to ensure seronega-
tive status before inoculation by using a cutoff value 
<50% viral neutralization. We recorded antibody ti-
ters 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 shed-
ding. 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 de-
scribed by Corman et al. (20) and the Superscript III 
Platinum One-Step qRT-PCR System (Invitrogen, 
https://www.thermofisher.com) with the follow-
ing 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 for-
malin for 12 days and transferred them to 70% etha-
nol before processing for paraffin embedding and 
sectioning for staining with hematoxylin and eosin. 
Slides were read by a veterinary pathologist blinded 
to the treatments.

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 pre-
viously been demonstrated to shed infectious SARS-
CoV-2 experimentally (A. Fagre, Colorado State Uni-
versity, 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 in-
oculated 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 vi-
rus 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 bushy-
tailed woodrat for which infectious virus was isolated 
from the lungs only shed 1.3 log10 PFU/swab speci-
men orally on the day of necropsy, but the lungs con-
tained 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 eutha-
nasia. 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 con-
firmed 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 sero-
conversion. We assessed neutralizing antibody titers 
in all animals euthanized at 28 dpi, which included 
deer mice, house mice, bushy-tailed woodrats, black-
tailed prairie dogs, raccoons, and striped skunks. 
All species that had detectable viral infections (deer 
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mice, skunks, and bushy-tailed woodrats) also had 
neutralizing antibodies develop, whereas the other 
species (house mice, raccoons, and black-tailed prai-
rie dogs) did not. Deer mice and bushy-tailed wood-
rats 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 pre-
vious investigations have demonstrated that neu-
tralizing antibodies are typically not detectable dur-
ing acute infection (21).

Clinical Disease
None of the animals exhibited clinical signs of dis-
ease (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 enrich-
ment (playing with toys, eating treats, using hides). 

None of the animals behaved abnormally after infec-
tion 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 well-
developed 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 

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.
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to infection but can also have fulminating fatal dis-
ease 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 infec-
tions remain subclinical (26). Experimentally, deer 
mice can be infected and shed the virus by oral se-
cretions, 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 mini-
mal viral replication, but others (big brown bats [Ep-
tesicus 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 suscepti-
bility on the basis of  receptor similarity or other mod-
eling 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 sus-
ceptible to SARS-CoV-2 infection and can shed infec-
tious virus. Our results and the results of others indi-
cate 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 dura-
tions (26,28–30). These experimental infections sug-
gest that we can rule out several common rodents, 
selected wild lagomorphs, and raccoons as potential 
SARS-CoV-2 reservoirs. However, there are limita-
tions 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 ad-
dition, 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 

infection seen in certain species, such as mink, in-
dicate that SARS-CoV-2 might infect infecting wild-
life, establishing a transmission cycle, and becom-
ing 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 domes-
tic 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 di-
rect threat to the health of wildlife and establishment 
of a reservoir host, which could complicate control 
measures of this virus in human populations. Experi-
mental studies to identify and characterize responses 
of species to SARS-CoV-2 infection help scientists 
classify those species that are at highest risk and en-
able implementation of prevention measures. For ex-
ample, 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 pre-
vent exposing wildlife to SARS-CoV-2. Persons whose 
occupations put them in contact with susceptible ani-
mals (biologists, veterinarians, rehabilitators) and CO-
VID-19 patients who own cats and dogs should prac-
tice 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 inter-
species transmission of SARS-CoV-2.

Wildlife and SARS-CoV-2 are intricately in-
volved, from the initial spillover event to potential 
reverse zoonotic transmission, and we will undoubt-
edly continue to discover more susceptible species 
as the search for zoonotic reservoirs continues. CO-
VID-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 epi-
demics should help provide the knowledge base and 
resources necessary to prevent future pandemics.
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Detection of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), the virus that 

causes coronavirus disease (COVID-19), originally re-
lied 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 confi rmed 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 ex-
perienced shortages of PPE and testing supplies. In 
addition, NPS sample collection often causes cough-
ing or sneezing, which can generate infectious aero-
sols and thereby put the HCW at increased risk for 
exposure (2). Furthermore, NPS collection can cause 
discomfort and occasional nosebleeds, possibly af-
fecting 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, in-
cluding saliva and oral swab samples, have demon-
strated similar sensitivity to NPS samples in nucleic 
acid amplifi cation tests for SARS-CoV-2 (3–6). How-
ever, most patients in these studies reported the recent 
onset of respiratory symptoms. Other investigations 
have shown that many infected persons, especial-
ly those who are young and otherwise healthy, are 
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We	 evaluated	 the	 performance	 of	 self-collected	 ante-
rior	 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	symp-
tom	onset,	ANS	samples	had	a	sensitivity	of	80%	and	
saliva	 samples	 a	 sensitivity	 of	 85%.	Sensitivity	 varied	
by	 specimen	 type	 and	 patient	 characteristics.	 These	
fi	ndings	 can	 help	 physicians	 interpret	 PCR	 results	 for	
SARS-CoV-2.
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asymptomatic or have mild symptoms (7–9). SARS-
CoV-2 RNA has been detected in NPS samples nearly 
2 months after initial detection; however, the perfor-
mance of self-collected ANS and saliva samples of pa-
tients with prolonged viral shedding remains unclear 
(10,11). Understanding how these less invasive, self-
collected specimens perform in a variety of contexts 
can inform testing strategies. We compared the diag-
nostic 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 out-
patient departments of Grady Memorial Hospital (At-
lanta, GA, USA), where a high proportion of patients 
are uninsured (24%) or have Medicare/Medicaid in-
surance (57%) (12). Patients were eligible if their treat-
ing 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, de-
clined consent, were <18 years of age, had a contra-
indicated NPS specimen (e.g., had a condition that 
prevented NPS sample collection), were unable to 
self-collect specimens, or had previously participat-
ed 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 info-
graphic 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). Pa-
tients self-collected raw (unenhanced) saliva in a 50-
mL tube. Patients then inserted a miniature flocked-
tip 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 trans-
port 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 

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 Tran-
scription 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 Authoriza-
tion 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 collec-
tion or in the previous 14 days; currently asymptom-
atic participants reported no COVID-19 symptoms at 
specimen collection but had symptoms in the previ-
ous 14 days; and currently symptomatic participants 
reported COVID-19 symptoms at specimen collec-
tion. We categorized symptoms according to previ-
ously defined case definitions (16–18) (Appendix). 
We calculated sample size using a 1-sided, 1-sample 
proportions test with a continuity correction to de-
termine whether sensitivity of self-collected samples 
was >90% compared with HCW-collected NPS sam-
ples, assuming that NPS samples had a true sensitiv-
ity of 98% (3). Using α = 0.05, 80% power, and 5% NPS 
percent positivity, we calculated the minimum sam-
ple size to be 920 and the required number of positive 
self-collected specimens to be 46.

We compiled demographic and clinical charac-
teristics for patients according to the results of their 
NPS samples. To analyze the benefit of using both 
self-collected ANS and saliva specimens for diagno-
sis, 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 combi-
nation result as negative. We calculated sensitiv-
ity, 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-col-
lected 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 com-
parator. 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 thresh-
old (Ct) values of positive self-collected and HCW-
collected 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 ver-
sion 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 Univer-
sity 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 partici-
pants, 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% positiv-
ity. 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 de-
partment: 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.
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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 RT-
PCR result for all 3 specimens (i.e., saliva, ANS, and 
NPS samples), 10 participants had results for only sa-
liva 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 sam-
ples 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 self-
collected 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 self-
collected 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 (non-
Hispanic) participants (Table 2). Among Hispanic/
Latinx participants, sensitivity was significantly low-
er 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 

reported close contact to a COVID-19 patient during 
the previous <14 days, and who did not report a pre-
vious 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 cur-
rently 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-collect-
ed combination); these differences were statistically 
significant for ANS and self-collected combination 
samples (p<0.05). Sensitivity was higher for most in-
dividual symptoms, but highest among participants 
reporting measured fever, congestion or runny nose, 
new loss of smell, new loss of taste, cough, or sub-
jective 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 respira-
tory symptoms accompanied by loss of smell or taste. 
Sensitivity was lower among patients with nonconsti-
tutional 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, pan-
els A, B). We observed a moderate positive correla-
tion between the Ct values of ANS and NPS samples 
(r = 0.75 for N1, r = 0.71 for N2); both targets had me-
dian NPS Ct values of 22.8 (range 14.6–34.1 for N1, 
14.7–35.0 for N2). Among 46 participants with posi-
tive 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 SARS-
CoV-2–positive; for N1, the median Ct values were 
27.2 for ANS, 24.9 for saliva, and 22.6 for NPS sam-
ples (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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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 sali-
va samples had a higher sensitivity than self-collected 
ANS samples (68% vs. 59%) compared with HCW-
collected NPS samples. However, each sample type 
had lower sensitivity than suggested by most previ-
ously 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-collect-
ed 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 sensitiv-
ity. 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 stud-
ies, including 2 recent meta-analyses that found sa-
liva samples to have sensitivities of 83.2% and 86.9% 
(21,22). Many studies showing high sensitivity of self-
collected specimens enrolled symptomatic patients 
who were recently hospitalized for confirmed CO-
VID-19 or whose symptom onset was <1 week before 
sample collection (3,4). A strength of our investigation 
was that we included symptomatic and asymptomat-
ic patients being tested for SARS-CoV-2 for screening 
and diagnostic purposes. Because a substantial pro-
portion 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 pa-
tients tested <1 week after symptom onset and lowest 

Figure 2. Ct values of self-
collected and healthcare worker–
collected samples for severe 
acute respiratory syndrome 
coronavirus 2 testing, Atlanta, 
Georgia, USA. PCR completed 
using CDC 2019-nCoV Real-
Time 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.
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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 health-
care-seeking behavior. Delayed access to care might 
postpone specimen collection, decreasing the sensi-
tivity of the samples. For example, Hispanic/Latinx 
participants who had a positive NPS sample had lon-
ger 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 be-
fore 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 de-
mand for PPE and HCW exposure. However, test-
ing multiple specimens might put additional strain 
on laboratory systems that are already overbur-
dened. Pooling self-collected specimens before test-
ing 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 sa-
liva and ANS samples (4,25,26). We also found that me-
dian 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 over-
all median Ct values for NPS samples than reported in 
similar studies (5,27). However, many of these previ-
ous studies were implemented earlier in the pandemic 
when previous infection or exposure was less common. 
Our investigation began after the first 2 peaks in At-
lanta; 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, indicat-
ing active infection. Although Ct values are not directly 
correlated with viral load, they provide a semiquantita-
tive 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.



Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2087

 Self-Collected Samples for SARS-CoV-2 Testing

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 de-
tection 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 trans-
port media, enabling our methods and results to be 
broadly applicable. The duration and pressure ap-
plied while swabbing the anterior nares also might 
affect ANS sample quality. The sequence of speci-
men 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 sam-
ples after NPS samples could displace virus from 
nasopharyngeal tissue or midturbinate before the 
swab leaves the nares, thereby biasing self-collect-
ed 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 presymp-
tomatic patients, samples might have been collected 
too early to detect viral RNA in some or all speci-
men types. Second, we lacked the statistical power 
to detect significant differences in sensitivity by most 
variables because the initial sample size calcula-
tion 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 de-
tecting these lower concentrations is unknown. Fifth, 
the CDC 2019-nCoV rRT-PCR Diagnostic Panel does 
not currently include saliva; instead, the assay was de-
signed 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 as-
say’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 recommend-
ed, viral RNA degradation might have affected the  

assay’s performance. Because the CDC RT-PCR results 
were not used for clinical care, excluding these speci-
mens did not change sensitivity; furthermore, CDC 
RT-PCR results were in concordance with the hos-
pital’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 self-
collection 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 occur-
ring. 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-col-
lected 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 sam-
ples were lower than that of NPS samples from pa-
tients 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 sen-
sitivity. 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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Probiotics are live microorganisms intended to 
provide health benefi ts when consumed (1). Typi-

cally, the endpoint in randomized controlled trials 
of probiotics has been the prevention of diarrhea or 
faster alleviation of diarrhea symptoms (2). Regard-
ing 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 pa-
tients who had severe acute pancreatitis, the mortal-
ity rate was higher in the probiotic arm (5). Never-
theless, 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 diffi cult 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 identifi ed 
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 contain-
ing S. cerevisiae var. boulardii or if a molecular typing 
method confi rmed the identifi cation of this yeast (9). 
The authors found 37 cases in the literature. We found 
an additional 14 reports, including 22 cases of Saccha-
romyces 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 quan-
tify the problem.

Furthermore, besides fungemia, there are few 
reports on other clinically relevant microbiological 
fi ndings for this yeast (i.e., in abscesses, ascites fl uid, 
or the pleural cavity). The meta-analysis we men-
tion listed 20 cases of fi ndings other than fungemia 
(9). These fi ndings 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 fi nding for this yeast. To evaluate the 
association between probiotic use and subsequent 
fi ndings, we compared use of S. cerevisiae var. bou-
lardii 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 com-
bined catchment areas cover more than half popula-
tion of Finland (3.29 million of 5.6 million persons). 
All university hospitals use the same register (SAI-
registry; 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 uni-
versity hospital collected the clinical data from the 
medical records for all blood culture-positive cases 
found in the register that were identifi ed as Saccha-
romyces sp. or S. cerevisiae. The use of the S. cerevisiae 
var. boulardii probiotic was defi ned 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 classifi ed as not using a probiotic. 
The Quick SOFA score and the defi nition of septic 
shock were based on the Sepsis–3 defi nitions (24). 
The McCabe score was determined as reported by 
McCabe and Jackson (25). Data collected for case-
patients who had nonblood cultures were age, sex, 

Because	 of	 widespread	 use	 of	 probiotics,	 their	 safety	
must	 be	 guaranteed.	 We	 assessed	 use	 of	 Saccharo-
myces boulardii	 probiotic	 yeast	 from	 medical	 records	
for	patients	who	had	Saccharomyces	fungemia	or	other	
clinical	Saccharomyces	 culture	 fi	ndings.	 We	 evaluated	
all	Saccharomyces	sp.	fi	ndings	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	 fi	ndings,	 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	Sac-
charomyces	culture	fi	ndings	that	are	also	linked	to	use	of	
this	probiotic.

Fungemia	and	S. boulardii	Probiotic	Supplements
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malignancy, digestive tract disease, use of probiot-
ics, 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 hospi-
tal district were evaluated (excluding case-patients 
who had positive fecal samples). Isolates were ob-
tained from routine laboratory bacterial and fun-
gal 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 ex-
ample, 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
To evaluate the practice of probiotic use in the hos-
pital ward in which the patient who had a Saccharo-
myces finding was given treatment, a control group 
was obtained from the same SAI register. For ev-
ery 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 (oth-
er 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.

Statistical Analysis
We used SPSS version 22.0 software (IBM Corp., 
https://www.ibm.com) for statistical analyses. The 
study was centrally approved by the Ethics Commit-
tee 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 underly-
ing condition was a digestive tract disease (59%). 
There was a medical record confirming the use of the  

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 avail-
able for 10 case-patients (22%), and these patients 
were classified as nonusers.

Of the 20 case-patients, 17 were using S. cerevi-
siae var. boulardii probiotic on the day of the blood 
culture and 3 case-patients had already stopped us-
ing 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 earli-
er. 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. cere-
visiae var. boulardii probiotic in the hospital, 3 case-
patients in some other facility, and 1 case-patient was 
using it at home. All S. cerevisiae var. boulardii pro-
biotics found in the medical records were from the 
same strain (Precosa; Biocodex Ltd., https://www.
biocodex.com). We provide characteristics, under-
lying 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. Case-
fatality 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).

Nonblood Cultures
There were 1,153 nonblood Saccharomyces culture 
findings (fecal samples excluded). There was consid-
erable variation between hospital districts in num-
bers of the microbial cultures and anatomic sites from 
which cultures were obtained (Table 3). We evalu-
ated use of probiotics for 125 case-patients. Medi-
cal 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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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 re-
cords 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 pro-
biotic 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 non-
blood 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-posi-
tive 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 pa-
tients who used S. cerevisiae var. boulardii probiotic. 
These cases have increased the number of cases re-
ported in the literature by 34%.

We evaluated 125 of 1,153 patients who had a 
nonblood Saccharomyces culture finding and con-
firmed 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 Sac-
charomyces 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 

 
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. 
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finding and compared it with that of a control group 
who had different positive blood and nonblood cul-
tures 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 applica-
tion 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 pa-
tients not given pretreatment with a S. cerevisiae var. 
boulardii probiotic that have been believed to have 
been derived from contaminated central venous cath-
eters (26–28).

Bacteremias and fungemias have not been encoun-
tered 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, seri-
ous concurrent conditions have usually been an exclu-
sion 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 evi-
dence showing that adults should use S. cerevisiae 
var. boulardii probiotic in conjunction with antimicro-
bial 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, na-
tionwide 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 de-
crease 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* 

Characteristic 
All 

 
University	hospital	district 

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 
cerevisiae var. boulardii probiotic	per	clinical	finding† 

24/125	(19) 3/25	(12) 6/25	(24)  4/25	(16) 4/25	(16) 7/25	(28) 

 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. 
boulardii probiotic	in	control	group 

3/123	(2) 0/25	(0) 1/25	(4)  0/23	(0) 0/25	(0) 2/25	(8) 

No.	patients	who	had	change	of	antimicrobial	drugs	
because	of	finding	of	Saccharomyces sp.‡ 

44/125	(35) 11/25	(44) 3/25	(12)  8/25	(32) 13/25	(52) 9/25	(36) 

*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 case-
patients whose medical records were not available 
were defined as not using a probiotic. Thus, the per-
centage of probiotic users was the minimum estimate 
in all groups. All medications given to patients in the 
wards were documented in medical records of pa-
tients, 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-pa-
tients 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 recom-
mended 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 pa-
tients whose gastrointestinal tract integrity might be 
compromised. Furthermore, more data are needed to 
elucidate the health benefits of S. cerevisiae var. boular-
dii probiotics in general.
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Toxoplasmosis is caused by infection with the pro-
tozoan parasite Toxoplasma gondii. Transmission 

of T. gondii can occur through food items and the en-
vironment. Main infection routes are the consump-
tion 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-contam-
inated soil or water (1). Most (80%–90%) infections 
in immune-competent persons are asymptomatic 
or manifest with mild infl uenza-like symptoms (2). 

However, infections in immunocompromised per-
sons can cause severe disease manifestations and of-
ten occur as a reactivation of latent T. gondii infections 
(2). Disease manifestations can include meningoen-
cephalitis, 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 develop-
mental delay, blindness, epilepsy, spontaneous abor-
tion, and stillbirth (3,4). Although T. gondii seropreva-
lence 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) es-
timated 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 pre-
viously 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 inci-
dent congenital toxoplasmosis cases per year (11). In 
contrast, routine surveillance data in Germany from 
2009–2018 identifi ed a minimum of 6 notifi ed 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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Toxoplasmosis	is	a	zoonotic	infection	contracted	through	
Toxoplasma gondii–contaminated	 food,	 soil,	 or	 wa-
ter.	Seroprevalence	 in	Germany	 is	 high,	 but	 estimates	
of	 disease	 incidence	 are	 scarce.	We	 investigated	 inci-
dences	 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–pregnancy-
associated	 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	sub-
stantial	toxoplasmosis	disease	burden	in	Germany.	Pub-
lic	health	and	 food	safety	authorities	should	 implement	
toxoplasmosis-specifi	c	prevention	programs.
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system, but not other forms of the disease or its di-
agnosis for patients infected with HIV or receiving 
organ transplants. We assumed substantial underre-
porting 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 dis-
ease burden and advise on appropriate and targeted 
prevention measures. Toxoplasmosis testing during 
pregnancy is not covered by the statutory health in-
surance 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 conse-
quently inform and justify implementation of pre-
ventive 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 esti-
mates in the United States (16).

Methods

Data and Definitions
We obtained the study data from the anonymized 
healthcare claims database and provided by the Insti-
tute for Applied Health Research Berlin (InGef). Ap-
proximately 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 de-
scribed (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 hospi-
talization and overall mortality and drug prescription 
rates were similar to those of the general population. 
The overall illness rates were slightly lower in the da-
tabase 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 ex-
ception 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. 
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Case definitions for various toxoplasmosis manifesta-
tions were determined by diagnosis codes from the 
International Classification of Diseases, 10th Revision 
(ICD-10) (Table 1). The case definition for toxoplas-
mosis during pregnancy also includes toxoplasmosis-
specific laboratory testing and therapy.

Estimates of Incidence
Toxoplasmosis patients are considered incident if 
they receive a diagnosis during the observational pe-
riod but not in the preobservational period. For over-
all estimation of case numbers and incidence in Ger-
many, 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 toxo-
plasmosis manifestation separately and the average 
annual incidence as the arithmetic mean of the 6 year-
ly-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 manifes-
tation 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 

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.

Underlying Conditions in Patients with T. gondii Infection
For comparison, we used the scientifically reported 
and discussed underlying conditions provided in 
Lykins et al. (16) to analyze those conditions for Ger-
many 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 (Fig-
ure 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 ba-
sis 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 condi-
tions. We calculated odds ratios for measure of asso-
ciation based on the frequencies of predefined condi-
tions 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  

 
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. 
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toxoplasmosis patients who met the case definitions 
in the database for these years, which is equivalent 
to 48,368 patients among ≈83 million Germany resi-
dents. 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 toxo-
plasmosis 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 popula-
tion in 2016 and 2.5  (95% CI 2.0–3.8) patients/100,000 
population in 2013 (Table 2). In 2016, the highest in-
cidences of ocular toxoplasmosis were seen among 
women and in the 51–60-year age group (Table 3).

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 popu-
lation 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 charac-
teristics (Table 4).

Other Types and Nonspecified Types of Toxoplasmosis
The average annual number of patients with toxo-
plasmosis manifestations at other sites, including 
those with hepatitis or pneumonitis from toxoplas-
mosis, was 752 patients. The average annual number 
of unspecified toxoplasmosis patients was 5,202 and 
the average annual incidence was 6.4/100,000 popu-
lation. In 2016, toxoplasmosis incidence was signifi-
cantly 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 toxoplas-
mosis patients was 8.2 and average annual incidence 
was 0.1/100,000 population in Germany. Incidence es-
timates 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).

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.
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Toxoplasmosis during Pregnancy
The average annual number of patients with toxo-
plasmosis during pregnancy is 289 and average annu-
al incidence is 40.3/100,000 pregnancies in Germany. 
Incidence of toxoplasmosis during pregnancy fluctu-
ated between 29.3 (95% CI 16.7–56.4)/100,000 preg-
nancies  in 2011 and 60.3 (95% CI 33.0–107.5)/100,000 
pregnancies  in 2015 (Table 2).

Stratification by age group and geographic re-
gion was partly limited because of low case num-
bers. 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 be-
tween 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 da-
taset (n = 2,776), 722 (26%) had a recurring toxoplas-
mosis 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 toxoplasmo-
sis cases, compared with matched controls based 
on 5-year age groups and sex (Table 7). Conditions 
that were significantly associated with toxoplasmo-
sis were anxiety, epilepsy, lymphadenopathy, and 
thrombocytopenia, as well as vision loss or blindness 
(all p<0.05). The conditions with <5 cases in the refer-
ence 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 sero-
surveys or from mandatory disease surveillance for con-
genital 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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of ≈8,000 annual toxoplasmosis patients among 83 mil-
lion residents of Germany offers a new assessment.

Our analysis indicates a potentially declining inci-
dence of non–pregnancy-associated toxoplasmosis as 
well as toxoplasmosis during pregnancy in 2011–2016, 
except in 2015. This finding is in line with decreasing in-
fections 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 farm-
ing systems, increased use of frozen meat by consum-
ers, 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 ob-
served nonsignificant increase of disease incidence in 
2015 might be explained by a fluctuation of T. gondii ex-
posure because, during this time, no programs were in-

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 sec-
tor 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 consump-
tion 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 dis-
ease surveillance system reported 6–20 cases of con-
genital 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 underreport-
ing. Our analysis, limited to children <12 months of age, 
might still underestimate the incidence of congenital  

 
Table 2. Estimated	incidence	of	toxoplasmosis	manifestations	by	year,	Germany,	2011–2016 

Disease	manifestation Year 
No.	patients	in	
database 

No.	patients	
identified 

Estimated	no.	patients	
(95%	CI) 

Estimated	cases/100,000	
population	(95%	CI) 

Ocular	toxoplasmosis 2011 4,705,497 86 1,618 (1,253–2,940) 2.0 (1.6–3.7)  
2012 4,751,579 95 1,937 (1,522–3,189) 2.4 (1.9–4.0)  
2013 5,024,715 111 2,017 (1,623–3,029) 2.5 (2.0–3.8)  
2014 5,134,795 74 1,359 (1,015–2,241) 1.7 (1.3–2.8)  
2015 5,177,282 76 1,452 (1,035–2,342) 1.8 (1.3–2.9)  
2016 5,171,212 75 1,224 (941–1,931) 1.5 (1.1–2.3) 

Cerebral	toxoplasmosis 2011 4,705,497 8 144 (56–1,534) 0.2 (0.1–1.9)  
2012 4,751,579 6 114 (40–1,377) 0.1 (0.1–1.7)  
2013 5,024,715 5 97 (24–1,090) 0.1 (0.0–1.4)  
2014 5,134,795 6 80 (32–934) 0.1 (0.0–1.2)  
2015 5,177,282 13 218 (115–970) 0.3 (0.1–1.2)  
2016 5,171,212 10 200 (74–883) 0.2 (0.1–1.1) 

Other	types	of	toxoplasmosis† 2011 4,705,497 45 865	(NA) NA  
2012 4,751,579 40 715	(NA) NA  
2013 5,024,715 32 588	(NA) NA  
2014 5,134,795 58 912	(NA) NA  
2015 5,177,282 44 782	(NA) NA  
2016 5,171,212 43 651	(NA) NA 

Nonspecified	types	of	toxoplasmosis 2011 4,705,497 306 5,866 (5,093–7,406) 7.3 (6.3–9.2)  
2012 4,751,579 283 5,503 (4,703–6,981) 6.8 (5.8–8.7)  
2013 5,024,715 265 5,177 (4,483–6,389) 6.4 (5.6–7.9)  
2014 5,134,795 237 4,277 (3,686–5,327) 5.3 (4.5–6.6)  
2015 5,177,282 309 5,821 (5,070–6,936) 7.1 (6.2–8.4)  
2016 5,171,212 242 4,569 (3,862–5,628) 5.5 (4.7–6.8) 

Congenital	toxoplasmosis 2011 97,177 10 74 (32–1,478) 0.1 (0.0–1.8)  
2012 98,140 5 43 (8–1,321) 0.1 (0.0–1.6)  
2013 100,420 10 73 (32–1,066) 0.1 (0.0–1.3)  
2014 103,481 7 77 (16–934) 0.1 (0.0–1.2)  
2015 105,882 11 116 (41–879) 0.1 (0.1–1.1)  
2016 107,517 6 65 (25–751) 0.1 (0.0–0.9) 

Toxoplasmosis	during	pregnancy 2011 63,102 18 252 (144–485) 29.3 (16.7–56.4)  
2012 53,178 14 226 (110–478) 32.0 (15.6–67.7)  
2013 53,476 16 324 (171–619) 44.4 (23.4–84.9)  
2014 52,951 21 296 (176–560) 40.5 (24.1–76.6)  
2015 53,900 21 450 (247–803) 60.3 (33.0–107.5)  
2016 37,302 14 186 (99–431) 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. 
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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 toxoplasmo-
sis, most patients were not further specified by dis-
ease 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 manifes-
tation 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 inci-
dence reported by Lykins et al. in the United States. 
We would expect an even higher incidence in Ger-
many, 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 3. Estimated	incidence	of	ocular	toxoplasmosis	manifestations	by	age	group,	sex,	and	region,	Germany,	2016* 

Characteristic No.	patients	in	database No.	patients	in	country	(95%	CI) 
No.	cases/100,000	
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. 

 

 
Table 4. Estimated	incidence	of	cerebral	toxoplasmosis	manifestations	by	age	group,	sex,	and	region,	Germany,	2016* 

Characteristic No.	patients	in	database No.	patients	in	country	(95%	CI) 
No.	cases/100,000	population	

(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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dataset with unspecified toxoplasmosis probably 
contributes to this remaining underestimation com-
pared to seroprevalence in Germany.

Our data on disease relapse also reveal a high re-
lapse 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 with-
out symptoms for congenital toxoplasmosis (19,20,26). 
An estimated ≈2% of T. gondii infections lead to ocular 
toxoplasmosis (23); this would translate into 22 pa-
tients/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 un-
derdiagnosis and missing specification of toxoplasmosis 
cases. We further suspect an underestimation of inci-
dence 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 as-
sociation with psychiatric conditions (anxiety) and al-
ternative 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 pro-
vide 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 5. Estimated	incidence	of	other	unspecified	toxoplasmosis	manifestations	by	age	group,	sex,	and	region,	Germany,	2016* 

Characteristic No.	patients	in	database No.	patients	in	country	(95%	CI) 
No.	cases/100,000	population	

(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. 

 
 

 
Table 6.	Estimated	incidence	of	pregnancy-associated	toxoplasmosis	by	age	group	and	region	for	2016,	Germany 

Characteristic 
No.	patients	identified	 

in	database No.	patients	in	country	(95%	CI) 
No.	cases/100,000	pregnancies 

(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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Therefore, the results rely on accurate coding and diag-
nosis and should be interpreted cautiously. Compari-
sons 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 inci-
dence during pregnancy from this study (40.3/100,000 
pregnancies) was restricted to women receiving toxo-
plasmosis-specific treatment. We can assume an un-
known number of additional women need diagnostic 
clarification because of toxoplasmosis infection suspi-
cion, which is likely to substantially burden the health 
system but is not accounted for in our incidence estima-
tion. Although we tried to eliminate falsely diagnosed 
toxoplasmosis relapses by applying the criteria on pa-
tients with recurring medical claims, we need to inter-
pret these results with caution, bearing in mind the na-
ture 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 re-
sidual 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 toxoplas-
mosis manifestations in this analysis provide a clearer 
picture of this disease’s occurrence in Germany. The 
average annual number of ≈8,000 toxoplasmosis pa-
tients can be regarded as high, and even more un-
diagnosed cases are likely. Using healthcare claims 
data may also help other countries with improved as-
sessments 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 pre-
vention program needs to target different levels, fol-
lowing an international One Health approach (27). 
Screening of pregnant women is one possible method 
of prevention, but its cost-effectiveness, health con-
sequences for mother and child, and effectiveness of 
resulting treatment are debated in light of decreas-
ing disease incidence (28,29). Although informing 
pregnant women of food- and animal-related risks is 
important, as is currently done in Germany, the inci-
dence found in our analysis raises doubts about the 
effectiveness of this method. So far, insufficient evi-
dence for effectiveness of educational efforts targeted 
at pregnant women has been published (30). There-
fore, screening should be evaluated on the basis of the 
national health system structure and incidence in the 
country in question. Other preventive strategies cur-
rently debated include screening and implementing 
biosafety precautions for animal farms, as well as de-
contaminating meat products used for raw or under-
cooked consumption (31). A social cost–benefit analy-
sis in the Netherlands has shown that freezing meat 
products is effective to reduce disease (32); freezing 
could be further implemented, especially for the pro-
duction of meat products that are typically consumed 
raw in Germany.
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Less than a century ago, Bordetella pertussis was 
rampant worldwide, causing pertussis (whoop-

ing cough) that killed millions of persons every year, 
mostly infants and children (1). Whole-cell pertussis 
vaccines (wP), introduced in the mid-1950s, success-
fully controlled the disease, but concerns over side ef-
fects 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-vacci-
nated 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 

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 col-
onization, 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 sys-
tems 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 sever-
ity and virulence but with more lung involvement 
than is generally clinically observed. In these mod-
els, high doses of B. pertussis, often 105–106 CFU, are 
delivered to the lungs of rodents (20,21). Larger pri-
mates, such as baboons, are inoculated by endotra-
cheal intubation with even larger numbers,  108–1010

CFU (6,22,23). 
High-dose pneumonic inoculations have pro-

vided several experimental benefi ts, including con-
sistent colonization and growth of bacteria in the 
lungs, which induces severe pathology. Such inocula-
tions served as assays to measure the contributions 
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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	infec-
tions	 usually	 begin	with	 colonization	 and	 growth	 in	 the	
upper	respiratory	tract.	We	inoculated	only	the	nasophar-
ynx	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	acel-
lular	pertussis	vaccine,	which	prevents	severe	lung	infec-
tions	in	the	conventional	pneumonic	infection	model,	had	
little	eff	ect	on	nasopharyngeal	colonization.	Our	infection	
model	revealed	that	B. pertussis	can	effi		ciently	colonize	
the	mouse	nasopharynx,	grow	and	spread	within	and	be-
tween	 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.
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of individual virulence factors to severe disease and 
to develop effective vaccines. Delivery of large num-
bers of bacteria deep in the lungs predictably induces 
a vigorous and quantifiable immune response that 
begins to control infection within 2–3 weeks, reduc-
ing bacteria numbers below detectable levels within 
about 1 month (6,24) and providing an experimental 
system in which to develop and test vaccines to pro-
tect against such severe disease.

As valuable as conventional high-dose models 
have been, the bolus introduction of many bacte-
ria 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 asymptom-
atic and undiagnosed (25). Assays that specifically 
measure how colonization, early growth, and immu-
nomodulation contribute to shedding and transmis-
sion 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. pertus-
sis infections that mimic human infections, begin-
ning with low numbers of pathogens colonizing the 
upper respiratory tract. Nasopharyngeal infections 
in our model revealed crucial aspects of B. pertus-
sis–host interactions not observed in conventional 
pneumonic infection models and successfully dem-
onstrating the failure of aP vaccines to prevent na-
sopharyngeal colonization. This nasopharyngeal 
infection system allows mechanistic study of sev-
eral aspects of the early infectious process that usu-
ally are obscured by conventional pneumonic chal-
lenge. In addition, the model provided assays that 
are likely to be useful for development of new and 
improved vaccines to prevent B. pertussis coloniza-
tion 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 resus-
pended 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 

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 Geor-
gia (Athens, Georgia, USA). We diluted veterinary 
grade antimicrobial drugs, including enrofloxacin 
(Baytril; Bayer, https://www.bayer.com) and genta-
micin (GentaFuse; Henry Schein, https://www.hen-
ryschein.com), for intranasal delivery in 10 µL PBS to 
mice anesthetized by using 10% isoflurane. We op-
timized 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 vac-
cinated 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 colla-
genase-treated lungs, which we strained through 
70 mm mesh and centrifuged through 44% Percoll 
(MP Biomedical, https://www.mpbio.com) in Gib-
co 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) anti-
mouse CD16/32 antibody to block Fc receptor cells 
and performed flow cytometry by using the LSR II 
system (BD Biosciences, https://www.bdbioscienc-
es.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 follow-
ing Biolegend products from Thermo Fischer Sci-
entific: for neutrophils, CD11b (CD11b Antibody, 
PE-Cyanine 7), CD115 (CD115 Antibody, APC), 
lymphocyte antigen complex 6 locus G (Lys6G An-
tibody, 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/27/8/20-
3566-App1.pdf). We analyzed data by using FACS 
Diva version 8.0.1 (BD Biosciences) and determined 
percentage viability by using Zombie Aqua (Biole-
gend) live-dead dye.

Evaluation of Splenic Lymphocytes Responses
To analyze CD4 T cells and cytokines, including inter-
leukin (IL) 17, IL-10, and IL-4, we collected spleens in 
ice chilled PBS (≈1°C–2°C) and then passed the mix-
ture 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 us-
ing 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 sodi-
um-carbonate buffer (0.1 mmol/L at pH 9.5) over-
night 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 (Graph-
Pad, https://www.graphpad.com) for statistical 
analyses between the pneumonic and nasopharyn-
geal groups. We performed animal experiments in ac-
cordance with recommendations in the Guide for the 
Care and Use of Laboratory Animals, National Re-
search Council (https://www.nap.edu/read/12910). 
The study protocols were approved by the Institu-
tional Animal Care and Use Committee at the Uni-
versity 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 efficient-
ly colonize other animals (29). However, in a previous 
investigation, we noted that resident nasal microbiota 
in mice create a barrier to colonization and that per-
turbing the microbiota with antimicrobial drugs per-
mitted low numbers of B. pertussis to efficiently colo-
nize 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 en-
rofloxacin in 10 μL PBS or PBS only for the control 
group. Twelve hours after the last treatment, we in-
tranasally delivered 500 CFU of B. pertussis in 5 µL 
of PBS to localize the inoculum within the nasal cav-
ity. 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. pertus-
sis, indicating that enrofloxacin treatment facilitated 
B. pertussis colonization (Figure 1, panel A). We per-
formed a similar experiment using gentamicin, which 
showed a similar increase in B. pertussis colonization, 
indicating that the effect is not limited to enrofloxa-
cin (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, pan-
els B, C, D) showed that pretreatment with antimi-
crobial 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 na-
sal 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 pneu-
monic 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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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 respira-
tory 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. per-
tussis 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 pneu-
monic (HDHV) model, suggesting very different in-
teractions with host immunity. We and others previ-
ously have shown that the large bolus of B. pertussis 
delivered into the lungs in the pneumonic infection 
model rapidly activates both innate and adaptive im-
mune components to generate a robust immune re-
sponse that clears B. pertussis infection in ≈4 weeks 
(11,12). However, this infection model is unlike nat-
ural human infection because of the extraordinarily 
severe pneumonic disease, the robustness of the im-
mune response, and the speed of bacterial clearance. 
In contrast, delivery of low doses of B. pertussis lim-
ited to the nasopharynx, more like natural exposure, 
resulted in localized growth in the upper respiratory 
tract, where the pathogen persisted at higher num-
bers for much longer. This finding led us to hypoth-
esize 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 
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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.

Figure 2. Growth and persistence 
of Bordetella pertussis in the 
nasal cavity of mice after low-
dose–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.



Targeted Nasopharyngeal B. pertussis Inoculation

of host immunity to persist. To examine this hypoth-
esis, we compared the relative proportions of major 
groups of immune cells in the lungs and nasopharyn-
geal washes on day 14 after HDHV pneumonic and 
LDLV nasopharyngeal inoculations.

Consistent with prior studies, the pneumonic in-
fection 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. pertus-
sis 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 result-
ed 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 dif-
ferences in the immune response to pneumonic versus 
nasopharyngeal infection models.

Persistent Nasopharyngeal Infection
A characteristic of pertussis in humans is the persis-
tence 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 cavi-
ties (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 recov-
ered 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 persis-
tent 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 pneu-
monic infection model, B. pertussis delivered to the 
lungs in large numbers induced a rapid increase in 
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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.
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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 infec-
tion (30). Antibody titers continued to increase after 
the pathogen was cleared, contributing to the strong 
convalescent immunity associated with the conven-
tional 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 induc-
tion, suppression, or both of host adaptive immu-
nity 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 result-
ed 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, infec-
tion eventually is cleared, indicating that adaptive 
immunity is generated and effective. To compare the 
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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. 

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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relative efficacy of convalescent immunity induced 
by the 2 infection models, we examined the protec-
tion each conferred against subsequent challenge.

Mice convalescing from prior pneumonic infec-
tion rapidly cleared a high-dose pneumonic chal-
lenge 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 con-
fers protection against disease. In striking contrast, 
mice convalescing from prior low-dose nasopharyn-
geal inoculation had much higher numbers of B. per-
tussis in all respiratory organs. This finding shows 
that mice convalescing from nasopharyngeal infec-
tion fail to prevent subsequent colonization and bac-
terial 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 nasopha-
ryngeal infection than described in previous studies 
that used the conventional HDHV pneumonic infec-
tion model (24,32).

Vaccination Effects on Colonization
Although pneumonic models were central in devel-
oping aP vaccines that prevent severe disease, these 
assays of extreme pneumonic virulence failed to re-
veal the limited protection that aP vaccines provide 
against less severe upper respiratory tract coloniza-
tion (6,7). Thus, these models did not predict the cur-
rent 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 vac-
cination 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 unvac-
cinated control mice, were challenged via LDLV na-
sopharyngeal inoculation. wP-vaccinated mice were 
substantially protected against nasal colonization and 
had few or no bacteria remaining by day 7 after chal-
lenge (Figure 7). In contrast, B. pertussis colonized and 
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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, phosphate-
buffered saline; PNC, pneumonic.

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 naso-
pharyngeal 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 de-
livered 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 pulmo-
nary 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 respi-
ratory 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 es-
tablish 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 in-
fectious 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 antimi-
crobial drugs consistently enabled small numbers of 
B. pertussis to efficiently colonize, grow, and establish 
persistent infections in the nasopharynx of mice, mim-
icking 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 infec-
tion. Of note, multiple contact tracing studies identify 
asymptomatic carriage as the likely source of human 
infections (42). In addition, the strong inflammatory 

responses and high antibody titers observed in pneu-
monic infection models are not routinely observed in 
most surveys of human infections (43–45).

Both wP and aP vaccines prevent severe pneu-
monic disease in HDHV pneumonic infection exper-
imental models in rodents and primates, and both 
prevent severe disease in humans. However, consen-
sus is growing that aP vaccines fail to prevent colo-
nization 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 vac-
cines provide much less protection against coloniza-
tion by small numbers of B. pertussis compared with 
wP vaccines. Thus, the LDLV nasopharyngeal infec-
tion 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 cir-
culating B. pertussis strains in the context of low-dose 
nasopharyngeal infections could help define the fac-
tors 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. Fur-
thermore, 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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The COVID-19 pandemic has caused us 
to reevaluate what “work” should look like. 
Across the world, people have converted 
closets to offices, kitchen tables to desks, 
and curtains to videoconference back-
grounds. Many employees cannot help but 
wonder if these changes will become a 
new normal.

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

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



Spotted fever group rickettsioses (SFGRs) are ar-
thropodborne diseases caused by obligate intracel-

lular, gram-negative bacteria of the genus Rickettsia. 

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 identifi cation, for which 
the clinical signifi cance of some remains lacking (3). 
R. conorii complex, the etiologic agent of Mediterra-
nean spotted fever, includes 4 strains: R. conorii Mal-
ish (cause of Mediterranean spotted fever), R. conorii
Astrakhan (cause of Astrakhan fever), R. conorii In-
dian 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 fre-
quently accompanied by systemic symptoms. Most 
cases are self-limiting, but some may lead to organ 
failure and death. Clinical and epidemiologic pre-
sentations 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-ex-
posure history, higher frequency of gastrointestinal 
symptoms, and greater severity of illness with a high 
case-fatality rate (10,12,13). Case-fatality rates in Is-
rael 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 identifi ed 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 Is-
rael; most were conducted during the 1990s and re-
lied on serologic diagnostic methods that cannot dif-
ferentiate between the SFGRs (23). In Israel, SFGR is 
a notifi able disease, and in recent years, incidence has 
increased; 51 cases (including 7 deaths) were report-
ed to the Israeli Ministry of Health in 2017, compared 
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In	 a	 multicenter,	 nationwide,	 retrospective	 study	 of	 pa-
tients	 hospitalized	with	 spotted	 fever	 group	 rickettsiosis	
in	 Israel	 during	 2010–2019,	 we	 identifi	ed	 42	 cases,	 of	
which	36	were	autochthonous.	The	most	prevalent	spe-
cies	was	the	Rickettsia conorii Israeli	tick	typhus	strain	(n	
=	33,	79%);	infection	with	this	species	necessitated	inten-
sive	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	leuko-
cytosis	was	more	common	than	leukopenia.	Most	(72%)	
patients	resided	along	the	Mediterranean	shoreline.	For	3	
patients,	a	new	Rickettsia	variant	was	identifi	ed	and	had	
been	 acquired	 in	 eastern,	 mountainous	 parts	 of	 Israel.	
One	patient	 had	 prolonged	 fever	 before	 admission	 and	
clinical	signs	resembling	tickborne	lymphadenopathy.	Our	
fi	ndings	suggest	that	a	broad	range	of	Rickettsia	species	
cause	spotted	fever	group	rickettsiosis	in	Israel.
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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 identifi-
cation 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 spot-
ted fever group (SFG) Rickettsia. Using a large data-
base 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 ap-
proval 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 mo-
lecular 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 mo-
lecular identification, the referring medical center 
was requested to provide patient demographic and 
clinical data from the medical charts at each partici-
pating 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 immu-
nofluorescence assay (cutoff for IgG of 1:100), as pre-
viously described (26). Skin biopsy samples, whole 
blood, cerebrospinal fluid, and other tissues were 
tested by PCR (17,27). Stored SFG-positive Rickett-
sia 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 con-
trol. 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 acqui-
sition for autochthonous cases. When the site was un-
known, 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 Pear-
son χ2, Student t, and Mann-Whitney tests, as appro-
priate. 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.
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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 rickettsio-
ses 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). Compar-
ing 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 posi-
tive 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 to-
tal 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 iden-
tified 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 Rickett-
sia variant (27). Most (36/42, 86%) cases were autoch-
thonous: 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, Mozam-
bique, 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 Mal-
ish 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 Rick-
ettsiae 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 cen-
tral Israel, 4 from northern Israel, and 2 from southern 
Israel. R. conorii ITTS was reported from all but 1 hos-
pital. 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 Medi-
terranean 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 vari-
ant. 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.
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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.
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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 pa-
tients, all in the ISF group), domestic animal exposure 
was quite common (reported by 25/42, 60% of pa-
tients), 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 

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%). Sys-
temic rash was documented for 37/42 (88%) of pa-
tients 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 pres-
ent 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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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).
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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 ap-
pearance 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 Rickett-
sia 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 rickettsio-
sis 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 in-
tensive care. 

Mortality Rate and Related Risk Factors
Of the 42 patients, 10 (23.8%) died during their hospi-
tal 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 al-
cohol 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 doxy-
cycline 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 dif-
fer 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 com-
mon 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, 
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Table 2. Demographics	and	epidemiologic	data	for	patients	with	spotted	fever	group	rickettsiosis,	according	to	rickettsial	species,	
Israel,	2010–2019* 

Patient	data	 
R. conorii Israeli	tick	

typhus	strain 
R. conorii 

Malish	strain R. africae 
New	Rickettsia 

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),	 

17	dogs,	4	cats,	2	
rats,	2	sheep,	1	cow) 

0 2	(50),1	dog,	1	
African	safari 

3	(100),	 
2	dogs,	1	cat 

25	(59) NS 

 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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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 identi-
fied a new Rickettsia variant of the ISF clade. Partial 
sequencing of the following conserved Rickettsia genes 

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 As-
trakhan, R. slovaca, R. sibirica, and R. conorii ITTS. Phylo-
genetic analysis could not assign the new variant to any 
existing strain, as previously described (27). The 3 cas-
es were unrelated spatially or temporally (Appendix, 
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Table 3. Clinical	features	of	patients	with	spotted	fever	group	rickettsiosis,	according	to	rickettsial	species,	Israel,	2010–2019* 

Patient	data 
R. conorii Israeli	
tick	typhus	strain 

R. conorii 
Malish	strain R. africae 

New	Rickettsia 
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	
(±	SD,	range) 

4.5	 
(±	2.1,	0–8) 

6.5	 
(±	3.5,	4–9) 

3.5	 
(±	2.4,	1–6) 

13.6	 
(±	13.3,	5–29) 

5.2	 
(±	4.3,	0–29) 

0.002† 

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,	
range)§ 

3.2	 
(±	2.2,	0–8) 

−1¶ NR 15	 
(± 16.9, 3−27)# 

3.7	 
(±	4.6,	0–27) 

 

Eschar 4	(12) 1	(50) 4	(100) 1	(33) 10	(24) 0.011‡ 
 >1	eschar 1	case	(3	

lesions) 
None None None None  

 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	 

(±	10.4,	1–47) 
12	 

(±	2.8,	10–14) 
2.2	 

(±	2,	0–4) 
57.6	 

(±	91,	5–163) 
11.9	 

( 25.6,	0–163) 
0.01† 

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. 
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https://wwwnc.cdc.gov/EID/article/27/8/20-3661-
App1.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 av-
erage 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  
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Table 4. Laboratory	features	of	42	patients	with	spotted	fever	group	rickettsiosis	according	to	rickettsial	species,	during	hospitalization	
days	1–3,	Israel,	2010–2019* 

Feature† 

R. conorii 
Israeli	tick	

typhus	strain 
R. conorii 

Malish	strain R. africae 
New	Rickettsia 

variant Total p	value 
No.	cases 33 2 4 3 42  
Acute	kidney	injury	(creatinine	>1.3	
mg/dL),	no.	(%) 

20/32	(62.5) 0/2 1/4	(25) 1/3	(33) 22/41	(54) NS‡ 

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	 
 or	GGT	>2	ULN,	no.	(%) 

16/32	(48) 2/2	(100) 1/4	(25) 2/3	(67) 21/41	(51) NS‡ 

 Alkaline	phosphatase,	IU/L,	 
 mean	(range) 

196	(32–1,056) 109	(67–152) 64	(63–65) 265	(60–416) 190	(32–1,056) NS§ 

 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	
>ULN,	no.	(%) 

17/30	(52) 1/2	(50) 0/2 0/3 18/37	(49) NS‡ 

 Creatine	kinase,	IU/L	(range) 1,345	 
(81–8,900) 

271	 
(128–414) 

92	 
(71–113) 

79	 
(57–102) 

1,119	 
(57–8,900) 

NS§ 

Complete	blood	count       
 Leukocytosis,	>10,000	 
 leukocytes/L,	no.	(%) 

15/33	(45) 0/2 0/4 1/3	(33) 16/42	(38) NS‡ 

 Leukopenia,	<4,000	 
 leukocytes/L,	no.	(%) 

6/33	(18) 1/2	(50) 0/4 1/3	(33) 8/42	(19) NS‡ 

 Leukocytes,	 103/L,	mean	(range) 14.2	(2.5–43.3) 4.5	(2.6,	6.4) 4.5	(4–5.2) 10.2	(3.9–17.1) 13.1	(2.5–43.3) NS§ 
 Lymphocytopenia,	ALC	<1,500/L,	 
 no.	(%) 

30/33	(91) 2/2	(100) 4/4	(100) 3/3	(100) 36/42	(93) NS‡ 

 ALC,	 103/L,	mean	(range) 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§ 
 Thrombocytopenia,	platelets	<150K	 
 cells/L,	no.	(%) 

29/32	(88) 2/2	(100) 0/4 3/3	(100) 34/41	(83) 0.001‡ 

 Platelets,	 103/L,	mean	(range) 84	 
(15–271) 

36	 
(26–46) 

238	 
(164–316) 

64	 
(37–101) 

82	 
(15–271) 

0.001§ 

Coagulopathy,	INR	>1.2,	no.	(%) 16/33	(48) 1/2	(50) 0/2 0/3 17/40	(42) NS‡ 
 INR,	mean	(range) 1.38	 

(0.9–3) 
1.5	 

(1.1–1.9) 
0.96	 

(0.93–1) 
1.09	 

(1.04–1.16) 
1.36	(0.9–3) NS§ 

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. Al-
though R. conorii ITTS was suspected as the caus-
ative agent of SFGR in Israel, this suspicion has been 
supported only by very limited data: rare case re-
ports 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 in-
crease 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 report-
ed 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 test-
ing, 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 pa-
tients, 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 geo-
graphic data and SFGR-positive ticks. Areas with SFG 
Rickettsia–infected ticks were associated with brown-
type soil, higher land surface temperatures, and high-
er 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 underreport-
ing 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 

severe disease. Patients with milder illness, potential-
ly caused by other rickettsiae, may not be hospital-
ized, and illness may resolve undiagnosed, without 
the need for molecular studies.

Rose et al. (31) collected Rhipicephalus sanguin-
eus and Rh. turanicus ticks from geographic loca-
tions similar to the presumed areas of the clinical au-
tochthonous 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. cono-
rii 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 east-
ern 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 Rick-
ettsia 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 infec-
tion 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 pre-
vious reports (12) and may be attributed to increased 
activity of the vectors and to the aggressiveness and 
host indiscrimination of Rh. sanguineus ticks when ex-
posed to higher temperatures (42).

Patients rarely remembered seeing or being bit-
ten by ticks (only 2 remembered); however, expo-
sure 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 es-
char, 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 meningoen-
cephalitis in 24%. About half of ISF patients experi-
enced multiorgan involvement that included kidney 
and liver injury, jaundice, rhabdomyolysis/myositis, 
and coagulopathy. Severe disease requiring inten-
sive 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 pro-
longed fever before care seeking and may resemble 
tickborne lymphadenopathy usually related to Rickett-
sia 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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The continuous rise of infections secondary to ex-
tended-spectrum beta-lactamase (ESBL)–produc-

ing 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 in-
creased by 53.3% during 2019–2017, driven largely 
by a surge in community-onset cases (2). Globally, 

a similar trend has been described, and developing 
countries bear a disproportionate burden of infec-
tions secondary to these drug-resistant pathogens (3–
5). The steady increases in rates of infections caused 
by ESBL-producing Escherichia coli and Klebsiella pneu-
moniae persist despite antimicrobial stewardship and 
infection control efforts (6,7).

Initially confi ned to the healthcare environment, 
infections caused by ESBL-producing Enterobacteria-
ceae among patients without previous healthcare ex-
posure 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 se-
quence type (ST) 131 clone, which expanded rapidly 
throughout the United States and remains the most 
prevalent ESBL-producing E. coli clone in the commu-
nity (10). In addition to higher virulence and trans-
missibility of the E. coli ST131 clone, its therapeutic 
management is particularly challenging because of its 
associated resistance to commonly used oral antimi-
crobial drugs such as quinolones and trimethoprim/
sulfamethoxazole (6,10).

From an epidemiologic standpoint, multiple 
transmission pathways for community-onset ESBL-
producing 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, ES-
BL-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 in-
fection. A better understanding of the epidemiol-
ogy of community-onset infections caused by ESBL-
producing bacteria across geographic areas can help 
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We	performed	a	spatial	and	mixed	ecologic	study	of	com-
munity-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	 ceftri-
axone	resistance	were	determined	by	logistic	regression	
analysis.	Spatial	analysis	confi	rmed	nonrandom	distribu-
tion	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	associ-
ated	with	male	sex,	an	age	range	of	35–85	years,	race	or	
ethnicity	other	than	non-Hispanic	Black,	inpatient	encoun-
ter,	and	percentage	of	foreign-born	residents	in	the	cen-
sus	tract	of	isolate	provenance.	Our	fi	ndings	suggest	that	
the	likelihood	of	community-onset	ceftriaxone	resistance	
in	 Enterobacteriaceae	 is	 infl	uenced	 by	 geographic	 and	
population-level	 variables.	The	development	of	eff	ective	
mitigation	strategies	might	depend	on	better	accounting	
for	these	factors.
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identify areas with higher disease burden and sug-
gest pathways of transmission and mitigation strate-
gies 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-resis-
tant (CTX-R) Enterobacteriaceae from a single health-
care system in Cook County, Illinois, USA. We hy-
pothesized that population-level characteristics are 
contributing factors for the presence of CTX-R En-
terobacteriaceae in a geographic area and at the indi-
vidual level.

Methods
Cook County Health (CCH) is a large safety-net health-
care 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 clin-
ic 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 que-
ries, we identified all culture isolates of the common-
est 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 sus-
ceptibilities by using the MicroScan Gram-negative 
panel (Beckman Coulter, https://www.beckmancoul-
ter.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 suscepti-
bility or resistance to carbapenems, and duplicate iso-
lates (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 iso-
lates 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, cate-
gorized as non-Hispanic Black, non-Hispanic White, 
Hispanic, or other. We classified encounter types as 

outpatient (ambulatory clinic), ED, or inpatient. Cen-
sus-tract variables for Cook County were obtained 
from the 2017 US Census Bureau American Com-
munity Survey 5-year estimates (19). We extracted 
census tract data on race and ethnicity, immigration 
status (US-born or foreign-born), deprivation (house-
holds 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 estimat-
ed 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 multi-
plied by 100). To minimize imprecision of CTX-R per-
centages 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 percentag-
es 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 cat-
egorized the remaining census tracts on the basis of 
the presence or absence of a CTX-R isolate. We evalu-
ated 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 resis-
tance in the susceptibility panel. We included all iso-
lates in the analysis of individual risk. The variables 
of interest were the individual demographic vari-
ables collected from the EMR and the type of clini-
cal encounter. In addition, we included an ecologic 
variable, the percentage of foreign-born population 
in the census tract of residency. We evaluated the re-
lationship 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 (Stata-
Corp, https://www.stata.com).

Results
We collected 12,892 Enterobacteriaceae isolates at CCH 
during the study period, 10,891 of which met the in-
clusion criteria and were included in the dataset. We 
summarized the demographic and clinical character-
istics of the patients from whom Enterobacteriaceae iso-
lates were collected (Table 1). Most isolates were col-
lected from women (7,853 [72.1%]), were from urine 
specimens (9,315 [85.5%]), were collected in ambula-
tory clinics (5,889 [54.1%]), or were identified as E. coli 
(7,977 [73.2%]). A total of 1,035 (9.5%) Enterobacteriace-
ae (817 [10.2%] E. coli isolates) were resistant to ceftri-
axone. 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 cho-
ropleth maps depicting the geographic distribution of 
all Enterobacteriaceae isolates and E. coli isolates alone 
(Figure 1). Among census tracts from which >1 iso-
late was obtained, CTX-R Enterobacteriaceae isolates 
were identified in 500 (44.2%), and most CTX-R iso-
lates (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 Enterobacte-
riaceae 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 cen-
sus 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 CTX-
R percentage of E. coli isolates among census tracts 
was 9.6%. Autocorrelation analysis (Moran I) of CTX-
R percentages among E. coli isolates also found a non-
random 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 cen-
sus 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 iso-
lates/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 iso-
lates, 395 (50.9%) had no CTX-R isolates and 381 
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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 asso-
ciation between presence of CTX-R E. coli isolates in 
census tracts and percentage of non-Hispanic Black 
population. Conversely, the odds of ceftriaxone re-
sistance in an E.coli isolates was positively associated 
with the percentage of Hispanic, foreign-born, and 
uninsured residents and with residential overcrowd-
ing (Table 3).

All 10,891 Enterobacteriaceae isolates (1,035 [9.5%] 
of which were CTX-R) were included in the individ-
ual 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 eth-
nicity 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 associ-
ated 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, pa-
tients 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 hospi-
talized 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 rela-
tively small number of census tracts, with only 11% of 
Enterobacteriaceae isolate–generating census tracts ac-
counting 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 anal-
ysis 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 character-
istics 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 CTX-
R isolates on analysis in both cohorts.

Similar to our findings, spatial studies conduct-
ed abroad of drug-resistant Enterobacteriaceae have 
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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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shown nonrandom spatial distribution of antimicro-
bial-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 clus-
tering of levofloxacin-resistant E. coli isolates in the 
western part of the country, also associated with pop-
ulation-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 Entero-
bacteriaceae isolates in children (22).

Our individual-level analysis showing that ceftri-
axone resistance was associated with increasing age 
and male sex is consistent with data reported else-
where (8,23) and might reflect unmeasured associat-
ed underlying conditions, especially those involving 
the genitourinary tract (8,24) and antibiotic exposures 
(8,25–27). Unmeasured underlying conditions and as-
sociated 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 His-
panic 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 Hispan-
ics 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 
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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.

 
Table 2. Population-level	risk	factors	for	ceftriaxone-resistant	
Enterobacteriaceae identified	in	Cook	County	census	tracts,	
Illinois,	USA,	2016–2018 

Risk	factor 

Bivariate	analysis 
Odds	ratio	(95%	

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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high prevalence of ESBL-producing Enterobacte-
riaceae (5,29,30). This same pathway could explain 
the similar association between the proportion of 
foreign-born population in a census tract and like-
lihood 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 multicol-
linearity with individual-level race and ethnicity). 
Second, Hispanics residing in the United States 
have been reported to use antibiotics without pre-
scription 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 sig-
nificantly 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 pres-
ence in census tracts of CTX-R isolates suggest that 
census tract-level deprivation might predispose to 
antimicrobial-resistant infections. In the analysis lim-
ited 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 an-
timicrobial-resistant Enterobacteriaceae in the United 
States makes it difficult to establish whether our re-
sults are representative of the urban epidemiology of 
these organisms in the country. Although not directly 
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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 

Risk	factor 

Bivariate	analysis 
Odds	ratio	(95%	

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 

 

 
Table 4. Individual	and	population-level	risk	factors	for	ceftriaxone-resistant	Enterobacteriaceae in	patients,	Cook	County	Health	
healthcare	system,	Illinois,	USA,	2016–2018* 

Characteristic 
No.	(%) isolates	 

 
Bivariate	analysis 

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 population-
level variables might remain distinct in different geo-
graphic areas.

Our findings are limited by the fact that our iso-
lates 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 ser-
vices from our healthcare system limits the general-
izability of our findings regionally. We were unable 
to gather data regarding risk factors for healthcare-
associated infections (such as recent hospitaliza-
tion) 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 in-
feasible. We were unable to perform genomic analy-
sis of CTX-R organisms, which would have enabled 
us to evaluate the relatedness of isolates and make 
stronger inferences about whether spatial cluster-
ing was related to a point source or interpersonal 
transmission. Finally, the limited number of clini-
cal and population-level variables included in the 
individual risk analysis prevents definite conclu-
sions 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 varia-
tion in CTX-R infection risk in association with geo-
graphic (20–22), demographic (7,23–25), and pop-
ulation-level variables (27). Developing effective 
mitigation strategies, such as focusing antimicro-
bial stewardship efforts on affected areas, includ-
ing residence as a risk factor in treatment-decision 
algorithms, or identifying and eradicating local en-
vironmental sources of drug-resistant pathogens, 
could well depend on improved understanding of 
these dynamics.
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The coronavirus disease (COVID-19) pandemic has 
spread worldwide (1). The rapid transmission 

of the causative agent, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), has produced a 

high death toll, threatening health systems and creat-
ing huge challenges for governments and societies.

Until advances in the development and distri-
bution of vaccines or treatments reduce the risk for 
COVID-19 complications to levels permitting near-
normal day-to-day functioning, societies continue to 
require simple public health approaches to control 
pandemic spread, including mask use and social dis-
tancing. Several cohort studies in hospital settings 
have shown benefi ts of both interventions (2). How-
ever, 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 fi ndings related to previous pandemics of other 
coronaviruses. Only a few studies (3), including a ret-
rospective case-control study of asymptomatic con-
tacts (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 individu-
al-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-confi rmed SARS-CoV-2 infection in a pop-
ulation-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 popula-
tion 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 
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We	 assessed	 the	 associations	 of	 social	 distancing	 and	
mask	use	with	symptomatic,	laboratory-confi	rmed	severe	
acute	respiratory	syndrome	coronavirus	2	infection	in	Por-
to	Alegre,	Brazil.	We	conducted	a	population-based	case-
control	study	during	April–June	2020.	Municipal	authorities	
furnished	 case-patients,	 and	 controls	 were	 taken	 from	
representative	household	surveys.	In	adjusted	logistic	re-
gression	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.
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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 restric-
tions and ordered citizens to stay at home unless go-
ing to essential services (8). On May 8, 2020, Porto 
Alegre’s mayor issued a series of orders and recom-
mendations 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 adopt-
ed; 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 CO-
VID-19 cases is mandatory. The list consisted of all 
persons (excluding healthcare professionals) who 
tested positive for SARS-CoV-2 by reverse transcrip-
tion 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 symp-
tomatic 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 so-
cial 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 mu-
nicipality. When the case-patient could not be inter-
viewed, we obtained responses from a proxy (i.e., a 
close contact, either a family member or caretaker).

Controls were the seronegative persons in 3 rep-
resentative community surveys of SARS-CoV-2 anti-
body 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 resi-
dents 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 so-
ciodemographics. Seropositivity was determined by a 
point-of-care rapid antibody test (L.C. Pellanda et al., 

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: “Regard-
ing the social distancing recommended by health au-
thorities, 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 iso-
lated 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 activ-
ity; 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 re-
sponses 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 re-
plies yes and sometimes. For case-patients and con-
trols, 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 re-
quire 93 case-patients and 372 controls. We described 
continuous variables by mean (SD) or median (inter-
quartile 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 in-
vestigated associations of social distancing and mask 
use through prespecified logistic regression analy-
ses. We defined the pandemic moment as the date of 
symptom onset for case-patients and as 10 days be-
fore 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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and found an additional 184 ineligible. Of the remain-
ing 283 persons, 12 refused participation or provided 
incomplete social distancing information, leaving 
271 case-patients. We interviewed 237 (87.5%) di-
rectly 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 con-
tacted (283/467), the 271 cases represent a response 
rate of 55.0% among those actually eligible. Compari-
son 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 analy-
ses. Comparison of controls in the final sample with 
the 30 persons for whom data were missing demon-
strated 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-pa-
tients, compared to controls, were more frequently 
men, Black, and younger; had a lower level of educa-
tion; and lived in larger households (Table 2). Case-
patients were less likely to adhere to social distanc-
ing. In the variable summarizing social distancing,  
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Figure 1. Flowchart of COVID-19 case-patient and controls, Porto Alegre, Brazil, April–June 2020. COVID-19, coronavirus disease.

 
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 con-
trols) social distancing. Mask use was commonly re-
ported. 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 symp-
tom 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 practi-
cally isolated from everyone all reduced risk for infec-
tion. Multiple adjustments (models 2 and 3) produced 
little change. In model 3, those with moderate adher-
ence 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 ad-
justed for all covariates, going out for some activi-
ties 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% 
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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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(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 categori-
cal 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 prac-
ticed the most social distancing.

Because information on mask use was only ob-
tained 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 sum-
mary 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 report-
ed 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 asso-
ciations 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 dis-
tancing, 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 COV-
ID-19 conducted during a period of low-level to mid-
level 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 set-
tings, our findings directly address the use of these 
measures for protection against COVID-19 in the gen-
eral community.
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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.
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Evidence supporting the use of nonpharmaco-
logic public health measures to slow viral spread of 
SARS-CoV-2 in communities has come mainly from 
ecologic studies documenting large inverse associ-
ations between greater use of these measures and 
viral spread (14–17). Evidence based on individu-
al-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 SARS-
CoV-2 outbreak in a specific setting (the USS Roos-
evelt aircraft carrier) was found with greater use of 
face coverings (OR 0.30, 95% CI 0.17–0.52), avoid-
ance 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 com-
munity transmission of SARS-CoV-2 (18). A case-
control 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.

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 sug-
gested lower, nonsignificant protection (OR  0.82, 
95% CI 0.54–1.23) of mask use, although based on 
a potentially stronger design, had major methodo-
logic problems (21,22). First, mask use was limited; 
only 46% reported full adherence. Second, 84% of 
outcomes were detected by antibody testing, lead-
ing an editorial accompanying the publication (21) 
to note that, given the extremely low incidence of 
cases, “all of the antibody-positive results in both in-
tervention 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 signifi-
cant, 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 dis-
ease 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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Table 3. Association	of	social	distancing	with	severe	acute	respiratory	syndrome	coronavirus	2	infection,	Porto	Alegre,	Brazil,	April–
June	2020 

Characteristic,	n	=	1,667 
Odds	ratio	(95%	CI) 

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. 
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tions of the trial to current community settings, in 
which a greater fraction of other household mem-
bers would also be using masks when out.

Our study provides estimates for easily interpre-
table measures—percentage effectiveness of social 
distancing and masking in protecting against infec-
tion—in the general community, the setting of great-
est relevance for controlling the pandemic. The study 
occurred during a period of low to moderate trans-
mission. 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 nonpar-
ticipation 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 con-
tact 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 un-
known numbers. Of note, however, if these persons 
did not respond because they were away from their 
landline telephones, their inclusion would have re-
sulted in even stronger associations. Among con-
trols, refusal to participate was uncommon (12.7%); 
vacant residences were the main cause of nonre-
sponse. 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 ex-
plain the high vacancy rate, such as residents visit-
ing vacation homes or relatives; residents, especially 
in apartments or other housing with restricted ac-
cess, 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 pos-
sible, because questions about mask use and social 
distancing were unvalidated and limited in detail, 
having been taken from the community serology sur-
vey 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 con-
trols with data on mask use were all interviewed in 
a period shortly after case-patients began experienc-
ing 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% sen-
sitivity 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 oc-
cupation, 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 ap-
preciable 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 every-
one 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 
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Table 4. Association	of	mask	use	with	severe	acute	respiratory	syndrome	coronavirus	2	infection,	Porto	Alegre,	Brazil,	April–June	2020 

Sample 
Odds	ratio	(95%	CI) 

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 prob-
ably 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 se-
lection bias typical of less representative designs. 
It is sufficiently large to permit precise confidence 
intervals for our estimates of the benefit of protec-
tive 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 per-
mit estimation of percent reduction of risk, a direct 
and simple way to communicate the magnitude of 
individual protection afforded by these simple pub-
lic health measures.

Given the hurdles faced in vaccine production, 
distribution, and acceptance, and the increasing 
emergence of virus variants, mass vaccination is un-
likely 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, princi-
pally social distancing and mask use, will remain cru-
cial options to minimize viral spread. 

In conclusion, we found that social distancing and 
mask use while away from home provided major pro-
tection against symptomatic SARS-CoV-2 infection. 
Our easily grasped and generalizable estimates of 
protection against transmission lend support to pre-
vious, frequently less direct, assessments. Our find-
ings 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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Humans have spent eons imagin-
ing—and experiencing—outbreaks 
of disease. Now that the COVID-19 
pandemic has reached our doorstep, 
it’s jarring to think about how this 
virus is eerily different from the pan-
demics of popular imagination. 
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a specialty registrar at St. George’s 
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a poem she wrote about her experi-
ence of the COVID-19 pandemic. 



Sleeping sickness, or human African trypanoso-
miasis (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 

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 ac-
counted 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 fi gure 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 underscor-
ing 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 com-
plexity of diagnostic procedures. Clinical diagnosis of 
HAT is diffi cult because of its nonspecifi c symptoms 
in the early stages, and HAT needs to be confi rmed 
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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	
fi	eld-friendly	 serologic	 test	 with	 a	 rapid	 diagnostic	 test,	
which	was	followed	up	by	human	African	trypanosomiasis	
microscopic	testing,	and	used	a	mixed	costing	methodol-
ogy	to	estimate	costs	from	a	healthcare	provider	perspec-
tive.	We	screened	a	total	of	18,225	persons	and	identifi	ed	
27	new	cases.	Average	fi	nancial	cost	(i.e.,	actual	expen-
ditures)	was	US	$6.70/person	screened	and	$4,464/case	
diagnosed	and	treated.	Average	economic	cost	(i.e.,	val-
ue	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	inte-
grating	 sleeping	 sickness	 surveillance	 into	 the	 primary	
healthcare	system	is	feasible	and	highlights	challenges	in	
completing	the	diagnostic	referral	process	and	develop-
ing	a	context-adapted	diagnostic	algorithm	for	the	large-
scale	implementation	of	this	strategy	in	a	sustainable	and	
low-cost	manner.
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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 posi-
tive, 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, giv-
en 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 in-
tegration of vertical disease control services as follows: 
a functional health system, versatile health workers, a 
minimum level of disease prevalence to maintain tech-
nical skills; decision-making powers for the health sys-
tem combined with technical guidance by the disease 
program, and mutual benefits for the healthcare sys-
tem and the disease program (5,10–12). This article ex-
amined 1 additional criterion, appropriate technology.

In the past, the main serologic test used for try-
panosomiasis was the card agglutination test, which 
requires a rotator and a cold chain and is only avail-
able 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 com-
bined with the high wastage given the low daily use, 
limits the usefulness of this test in first-line health ser-
vices. In addition, microscopic examination to visual-
ize 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.global-
pointofcare.abbott) and the HAT Sero-K-Set (Coris 
BioConcept, https://www.corisbio.com). These indi-
vidual 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 rou-
tine 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 fa-
cility level (17). Our study aimed to evaluate the re-
sults 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 dis-
tricts 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 con-
sist of 38 health areas, have a combined population of 
369,393, and represent an area of 6,160 km2 (Yasa Bon-
ga, 235,696 population and an area of 2,810 km2; Mo-
sango, 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 integra-
tion 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 screen-
ing in >1 health facility per health area and the abil-
ity 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 dis-
trict level. The health district management teams and 
the experts from the national sleeping sickness con-
trol program (Programme National de Lutte contre la 
Trypanosomiase Humaine Africaine en République 
Démocratique Du Congo) oversaw training, manage-
ment, and supply.

The screening algorithm indicated that all pa-
tients with a negative malaria test or persistent fever 
after a malaria treatment or >1 signs or symptoms 
suggestive of HAT (e.g., lymphadenopathy, head-
ache, 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 on-
site 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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parasites if swollen glands were present, followed by 
the more sensitive mini anion exchange centrifuga-
tion 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 punc-
ture because of the stage-specific treatment available 
at the time of the study, followed by treatment accord-
ing 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 com-
bination therapy.

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 finan-
cial 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 miss-
ing reports coincided with periods when HAT RDTs 
were out of stock. Therefore, we assumed that no 
HAT screening activities took place during the un-
reported months.

Because integrating disease control services re-
quires 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
We estimated economic and financial costs from the 
health provider’s perspective. Financial costs repre-
sent 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 dur-
ing 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 ex-
empt (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 av-
erage shipment costs between Belgium and DRC dur-
ing the study period.

We used bottom-up microcosting to assess the 
cost of HAT tests and equipment. For capital equip-
ment provided for HAT microscopic testing, we 
annualized the purchase or replacement value on 
the basis of the expected useful life of items and  

2146	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

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.
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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 equip-
ment 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 consum-
ables 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 min-
utes. The patients did not pay any additional fees 

nor did the facilities receive any support besides the 
HAT tests and equipment. We included the consul-
tation 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 resourc-
es) 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 combina-
tion therapy are donated by pharmaceutical compa-
nies (29–33).
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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) 

District	and	type	of	facility 
Before	the	intervention  After	the	intervention 

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. 
 

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.
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We used top-down gross costing to estimate 
costs related to training and management. We annu-
alized HAT training costs on the basis of the period 
between refresher training sessions. For the manage-
ment costs, we included financial and in-kind sup-
port provided to the health facilities and  manage-
ment cost at provincial and health district level. We 
accounted for management costs of the national pro-
gram at national level by applying a 15% markup on 
the activities managed by the program, which cor-
responds to the overhead rate the program applies 
for several projects to finance its role as national co-
ordinator 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 es-
timated 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 Uni-
versity of Kinshasa, in Kinshasa, DRC (approval no. 
ESP/CE/08/2017). The study evaluated costs and 
aggregated operational data of routine activities pro-
vided 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), mean-
ing that higher coverage of passive HAT screening 

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 in-
volved 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 fe-
ver 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 facil-
ities 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 second-
ary 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 dis-
tricts 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 pur-
chases. 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 re-
sources 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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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 sen-
sitivity analysis of several cost parameters to as-
sess 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 infrastruc-
ture); 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 de-
creases the cost per person screened and diagnosed 
and treated. Using more expensive tests or treat-
ments increases the cost per person. Varying the 
discount rate from 0% to 5% had little effect on the 
cost estimates.
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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	category	and	subcategory Description 
Cost,	USD Total,	

% 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. 

 

Figure 3. Cost per person screened and per human African trypanosomiasis case diagnosed and treated, Democratic Republic of the Congo.



RESEARCH

Discussion
This study describes the development, implementa-
tion, and cost of a strategy for HAT case detection in-
tegrated into the primary healthcare system in DRC 
using a novel screening test. In a context of a declin-
ing number of cases combined with a need for sus-
tained 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 inte-
grate HAT screening into the primary healthcare sys-
tem in both health districts where the program was 

piloted. Although the number of persons screened 
almost doubled, the number of cases identified de-
clined, 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-
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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.

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 facili-
ties), 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 estimat-
ed 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 screen-
ing ($9.28 vs. an average of $2.1). However, the aver-
age 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 pas-
sive screening than during active screening (35).

The effectiveness of this strategy should be evalu-
ated 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 therapeu-
tic, fexinidazole, has obviated the need for staging in 
a portion of patients and could improve the effective-
ness of this system; however, there are several contra-
indications against this treatment (37).

The following recommendations should be consid-
ered for the scale-up of passive surveillance through 
RDTs. The HAT screening algorithm should be con-
text-specific, a negative malaria test in a malaria-en-
demic 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 facili-
ties that are most frequented, exploit the existing refer-
ral system to supply HAT test material, and take into 
account a minimum attendance rate). In the study set-
ting, 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 sys-
tem 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 ac-
tivities 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 sus-
tainable and low-cost manner if challenges regarding 
completing diagnostic algorithm are addressed and a 
context-adapted diagnostic algorithm is used.
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Anaplasmosis is an emergent tickborne disease 
caused by the obligate intracellular bacterium 

Anaplasma phagocytophilum (1). Initially termed hu-
man granulocytic ehrlichiosis, human infection with 
A. phagocytophilum was fi rst described in 1994 in 
patients from Minnesota and Wisconsin, USA (1,2). 
Now referred to as human granulocytic anaplasmo-
sis or simply anaplasmosis, this infection is charac-
terized by a nonspecifi c infl uenza-like illness marked 
by fever, fatigue, muscle aches, and headache (3). Al-
though severe complications and death occur in rare 

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 Amer-
ica, Europe, and Asia, and a notable incidence has 
occurred in the United States (5). Anaplasmosis be-
came a nationally notifi able 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 infec-
tions occur in the northeastern and upper midwest-
ern states, where well-established populations of Ix-
odes 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 be-
hind Minnesota (10–12). Surveillance of anaplasmosis 
cases by the NYS Department of Health (NYSDOH) 
indicates that since the fi rst 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, anaplas-
mosis has consistently surpassed babesiosis as the 
second most common tickborne disease in NYS, af-
ter 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 

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

2154	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	8,	August	2021

RESEARCH

Author	affi		liations:	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)

DOI:	https://doi.org/10.3201/eid2708.210133

1Retired.
2Current	affi		liation:	US	Department	of	Agriculture,	Buff	alo,	New	
York,	USA.

Human	granulocytic	anaplasmosis,	a	tickborne	disease	
caused	by	the	bacterium	Anaplasma phagocytophilum,	
was	 fi	rst	 identifi	ed	 during	 1994	 and	 is	 now	 an	 emerg-
ing	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	dur-
ing	2010–2018.	Spatial	analysis	showed	an	expanding	
hot	spot	of	anaplasmosis	in	the	Capital	Region,	where	in-
cidence	increased	>8-fold.	The	prevalence	of	A. phago-
cytophilum	 increased	 greatly	 within	 tick	 populations	 in	
the	Capital	Region	over	the	same	period,	and	entomo-
logic	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.
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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 NYS-
DOH were analyzed retrospectively for 2010–2018 
for all NYS counties, excluding the 5 boroughs of 
New York City (NYC). Provider-diagnosed ana-
plasmosis 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 lo-
cal health departments; clinical and demographic 
information for each case was entered into the NYS-
DOH Communicable Disease Electronic Surveil-
lance System. Reports were assigned a case status on 
the basis of the 2008 Centers for Disease Control and 
Prevention case definition for anaplasmosis (16). Re-
ports with case status of either confirmed or prob-
able were included as  cases in this study. Cases with 
the diagnosis of ehrlichiosis/anaplasmosis undeter-
mined were excluded.

Tick Collection and Testing
Host-seeking ticks were collected from publicly ac-
cessible lands across NYS during 2010–2018 by us-
ing 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 lit-
ter 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 un-
derstory vegetation up to 1 m high. Ticks were stored 
in 100% ethanol at 4°C until they were sorted by de-
velopmental 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 quad-
plex 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). Inci-
dence 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 tem-
poral 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 patho-
gen prevalence as the proportion of ticks positive for 
A. phagocytophilum among those tested by PCR for 
each collection site visit and region. Temporal chang-
es 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 mea-
sure 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 den-
sity (ticks per 1,000 m2 sampled) and A. phagocytophi-
lum prevalence at each collection site for each life stage 
(nymph and adult) and each year. We calculated ZCTA-
level ERI as the average ERI of all sites within the ZCTA 
for each life stage and year. Correlation of anaplasmo-
sis 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 accord-
ing 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 pat-
terns 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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Statewide incidence increased 3.9-fold over the study pe-
riod, 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 sub-
stantial increase occurred in the Capital Region, which 
showed an 8.4-fold increase, from 4.3 cases/100,000 per-
sons 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 ac-
counted 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 com-
monly reported symptom. The most common blood-
work 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 pa-
tients) died from anaplasmosis-related causes. Symp-
tom 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. scapu-
laris ticks was tested for A. phagocytophilum during 

2010–2018; a total of 721 nymphs (4.3%) and 1,789 
adults (6.5%) showed positive results (Table 3). State-
wide 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 state-
wide 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 sig-
nificant 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 signifi-
cant hot spot for each year during 2010–2018 (Fig-
ure 3). The 99% confidence hot spot for 2010 encom-
passed 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 cen-
troid 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 anaplasmo-
sis hot spot; however, multiple high-ERI sites across 
the Metro Region and sporadically throughout the 
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Table 1. Anaplasmosis	case	counts	and	incidence	by	state	region,	New	York,	USA,	2010–2018 

Region 
No.	anaplasmosis	cases,	incidence/100,000	persons 

2010 2011 2012 2013 2014 2015 2016 2017 2018 
Capital 65	 

(4.32) 
116	
(7.70) 

135	
(8.96) 

254	
(16.87) 

231	
(15.34) 

462	
(30.68) 

420	
(27.89) 

741	
(49.21) 

547	
(36.32) 

Central 1	(0.06) 2	(0.11) 2	(0.11) 3	(0.17) 5	(0.29) 8	(0.46) 8	(0.46) 24	(1.37) 27	(1.54) 
Metro 154	

(3.00) 
196	
(3.82) 

178	
(3.47) 

195	
(3.80) 

183	
(3.57) 

257	
(5.01) 

304	
(5.93) 

345	
(6.72) 

273	
(5.32) 

Western 0	 0	 0	 2	(0.07) 2	(0.07) 0	 1	(0.04) 2	(0.07) 3	(0.11) 
New	York	State	excluding	
New	York	City 

220	
(1.99) 

314	
(2.83) 

315	
(2.84) 

454	
(4.10) 

421	
(3.80) 

727	
(6.56) 

733	
(6.62) 

1,112	
(10.04) 

850	
(7.67) 

 
 
 

Figure 1. Anaplasmosis incidence by state region, New York, 
USA, 2010–2018.
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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 ana-
plasmosis 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 ana-
plasmosis cases in NYS are consistent with previ-
ous 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, dispropor-
tionately affects White men, possibly because of resi-
dential 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 in-
creased susceptibility for severe anaplasmosis infec-
tions with age, and the greater likelihood of subclinical 
infections in young patients (7,29). Anaplasmosis in-
fection causes a constellation of nonspecific symptoms 
that mimic those of other tickborne diseases, but with-
out 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 ba-
besiosis 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 dur-
ing 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 anaplas-
mosis indicates that the increase in cases is not occur-
ring 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 in-
tensifying focal area of disease emergence. Hot spot 
analysis pinpoints an expanding focal area centered 
around Columbia and Rensselaer Counties, border-
ing 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 neigh-
boring states indicate increasing anaplasmosis inci-
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Table 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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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 north-
ward 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. phago-
cytophilum 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 fac-
tors are shaping the spread of anaplasmosis in NYS. 
The rapid, geographically focused pattern of anaplas-
mosis 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 state-
wide 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, 
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Figure 2. Anaplasmosis cases 
by month of diagnosis and 
case status, New York, USA, 
2010–2018.

 
Table 3. Prevalence	of	Anaplasma phagocytophilum in	nymphal	and	adult	Ixodes scapularis ticks	by	state	region,	New	York,	USA,	
2010–2018 

Region Life	stage 
No.	(%)	ticks	testing	positive	for	A. phagocytophilum 

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	

(3.5) 
1,100	
(5.3) 

Adults 278	(2.9) 201	(7.0) 791	(9.9) 834	(5.9) 1,689	
(5.4) 

1,677	
(7.0) 

1,462	
(8.5) 

1,690	
(8.6) 

1,617	
(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	

(1.5) 
401	(5.7) 401	(5.5) 

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	

(10.0) 
350	
(13.7) 

350	
(11.7) 

518	(8.1) 544	(8.8) 625	(12.0 1,103	
(17.6) 

889	
(11.2) 

874	
(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	

(2.1) 
1,444	
(2.1) 

1,234	
(2.95) 

1,122	
(3.8) 

New	York	State	
excluding	New	
York	City 

Nymphs 872	(2.4) 949	(4.4) 1,005	
(5.1) 

1,417	
(4.8) 

1,542	
(6.5) 

2,337	
(3.2) 

2,662	
(5.1) 

3,362	
(3.6) 

2,597	
(4.5) 

Adults 1,009	
(4.0) 

1,125	
(6.7) 

1,980	
(6.2) 

2,197	
(4.5) 

3,263	
(5.0) 

4,521	
(5.4) 

5,338	
(6.9) 

4,211	
(7.2) 

4,014	
(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, fur-
ther supports the hypothesis that localized changes 
in exposure risk are driving emergence of this dis-
ease. However, the trends found in our tick surveil-
lance 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 Capi-
tal Region as defined by this study, with no noted in-
crease in pathogen prevalence over the study period 
(17). Clearly, A. phagocytophilum has been present at 
appreciable levels in the Metro Region tick popula-
tion well before the recent increase in anaplasmosis 
cases, and although other tickborne diseases are en-
demic to this region, the Metro Region has not expe-
rienced a major emergence of anaplasmosis as seen 
in the Capital Region. The presence of multiple high-
ERI tick surveillance sites, especially within the Metro 
Region, which were located well outside the anaplas-
mosis hot spot each year, underlines this discrepancy.

Some notable limitations of our host-seeking tick 
sampling might partially contribute to this incongru-
ity, 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 non-
pathogenic genetic variants of A. phagocytophilum. The 
PCR used in this study does not distinguish between 
Ap-v1, a nonpathogenic variant that has a major res-
ervoir 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). Stud-
ies of I. scapularis ticks in Ontario, Canada, which bor-
ders 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 analy-
sis 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 prob-

ably greater than that captured by our analysis of 
mandated case reporting. Anaplasmosis cases that 
are subclinical, self-limiting, misdiagnosed, or co-in-
fections with other tickborne pathogens might be un-
reported 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 dis-
eases are hyperendemic in some regions and newly 
emergent in others. Resulting differences in patient 
behavior, provider diagnosis, and local health depart-
ment 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 anaplas-
mosis. 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 popula-
tions who might benefit the most.
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Soil-transmitted helminths (STHs) are a group of 
parasitic worms infecting both humans and ani-

mals living in resource-limited settings (1). STHs af-
fect >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-de-
fi ciency anemia, stunted growth, and malnutrition 
(3). In addition, iron defi ciencies may increase the 
risk of bacterial infections, especially in children <5 
years of age (3). Although STHs are largely consid-
ered human-specifi c 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 Pacifi c (3). In humans, canine hookworms 
cause cutaneous larva migrans; A. braziliense hook-
worm is the only species capable of causing creep-
ing eruptions and A. caninum hookworm triggers eo-
sinophilic enteritis and aphthous ileitis (4). Recently, 
A. caninum eggs have been reported in the feces of 
human patients, suggesting that this parasite may 

complete its life cycle in humans, which can poten-
tially 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 defi ciency 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, exac-
erbates infection risks for the transmission of zoonotic 
STHs (5). In the Pacifi c islands, data on STH preva-
lence is scarce; therefore, estimates of disease burden 
caused by STHs cannot be accurately assessed. 

Kiribati is a sovereign state in Micronesia in the 
central Pacifi c Ocean and is one of the most geo-
graphically 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 
infl uence the epidemiology of zoonotic STHs, trap-
ping poor persons in a vicious cycle of poverty (6,7). 
Despite the Kiribati–World Health Organization Co-
operation Strategy 2018–2022 (6), to date, no informa-
tion is available on the presence and diversity of zoo-
notic STHs in free-roaming animals in Kiribati.

The Study
The republic of Kiribati consists of 32 atolls in the 
central Pacifi c Ocean, with a population of >110,000 
persons, inhabiting mainly the Gilbert Islands. The 
main economic revenue comes from seafood exports 
and fi shing. 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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led by the Mardi Chi Dingo Foundation (https://far-
riervet.com/mardi-chi; Figure 1), which aims to seek 
a sustainable locally driven solution to improving an-
imal health and overpopulation problems. The proto-
col of this study was approved by the Animal Ethics 
Committee at the Faculty of Veterinary and Agricul-
tural 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 preva-
lence 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 preva-
lence 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 pre-
served 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 man-
ufacturer’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.daintreesci-
entific.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 (Pro-
mega). We stored the final eluted sample (100 µL) 

at −20°C for further analyses. We subjected the ex-
tracted DNA to multiplex quantitative PCR screen-
ings for hookworm species (4) and Strongyloides ster-
coralis (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 to-
tal 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).

Conclusions
We demonstrated that dogs play a major role in 

contaminating the environment with zoonotic STH 
species, potentially serving as reservoirs for infec-
tions 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 us-
ing albendazole as prophylactic treatment (9). How-
ever, this drug has limited effects against S. stercora-
lis, which requires ivermectin for its effective control 
and for which public health strategies are yet to be 
developed (10,11). Similarly, the emerging zoonot-
ic agent A. ceylanicum has been reported with high 
prevalence, and despite ≈100 million persons cur-
rently infected with this STH (12), to date, no plan 
exists for its control. Given the different transmission 
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Figure 1. Living conditions of dogs on Tarawa Atoll, Kiribati.

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 para-
sites is essential for the implementation of effective 
therapy and control programs (4,12). However, de-
spite 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 be-
tween helminth infections and higher levels of ane-
mia among school-age children from the Pacific re-
gion (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 contamina-
tion with animal and human feces, as demonstrated 
by the high levels of fecal coliforms in samples ex-
tracted 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 chil-
dren in Kiribati (14).

In summary, we report a 96.5% prevalence of 
zoonotic STHs in dogs in Kiribati. Our results pro-
vide policy makers and key stakeholders with epi-
demiologic 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.

Acknowledgments
We acknowledge the Ministry of Environment, Lands 
and Agriculture Developments, Republic of Kiribati, for 
their support during the implementation of this work. 
We also thank Leesa Grant, Annaliese Johnson, and  
Rosemary Miller for the sample collection and the  
FarrierVet/Mardi-Chi Dingo Foundation for leading the 
dog health and population management program.

About the Author
Ms. Zendejas-Heredia is a PhD candidate at the  
University of Melbourne, Melbourne, Australia. Her  
research is focused on the understanding of transmission 
dynamics of zoonotic soil-transmitted helminths in the 
Asia–Pacific region.

References
  1.	 World Health Organization. Soil-transmitted helminth  

infections. Fact sheets. 2020 [cited 2021 Apr 21].  
https://www.who.int/news-room/fact-sheets/detail/ 
soil-transmitted-helminth-infections

  2.	 World Health Organization. 2030 targets for soil-transmitted 
helminthiases control programmes. 2020 [cited 2021  
Apr 21]. https://www.who.int/intestinal_worms/ 
resources/9789240000315/en/

  3.	 Loukas A, Hotez PJ, Diemert D, Yazdanbakhsh M,  
McCarthy JS, Correa-Oliveira R, et al. Hookworm infection. 
Nat Rev Dis Primers. 2016;2:16088. https://doi.org/10.1038/
nrdp.2016.88

  4.	 Massetti L, Colella V, Zendejas PA, Ng-Nguyen D,  
Harriott L, Marwedel L, et al. High-throughput multiplex 
qPCRs for the surveillance of zoonotic species of canine 
hookworms. PLoS Negl Trop Dis. 2020;14:e0008392.  
https://doi.org/10.1371/journal.pntd.0008392

  5.	 Schär F, Inpankaew T, Traub RJ, Khieu V, Dalsgaard A, 
Chimnoi W, et al. The prevalence and diversity of  
intestinal parasitic infections in humans and domestic  
animals in a rural Cambodian village. Parasitol Int. 2014; 
63:597–603. https://doi.org/10.1016/j.parint.2014.03.007

  6.	 World Health Organization. Kiribati–WHO Country  
Cooperation Strategy 2018–2022. 2017 [cited 2021 Apr 21]. 
https://iris.wpro.who.int/handle/10665.1/13945

  7.	 Storey D, Hunter S. Kiribati: An environmental “perfect 
storm.” Aust Geogr. 2010;41:167–81. https://doi.org/ 
10.1080/00049181003742294

  8.	 Verweij JJ, Canales M, Polman K, Ziem J, Brienen EAT, 
Polderman AM, et al. Molecular diagnosis of Strongyloides 
stercoralis in faecal samples using real-time PCR. Trans R Soc 
Trop Med Hyg. 2009;103:342–6. https://doi.org/10.1016/ 
j.trstmh.2008.12.001

  9.	 Montresor A, Cong DT, Sinuon M, Tsuyuoka R,  
Chanthavisouk C, Strandgaard H, et al. Large-scale  
preventive chemotherapy for the control of helminth  
infection in Western Pacific countries: six years later. PLoS 
Negl Trop Dis. 2008;2:e278. https://doi.org/10.1371/ 
journal.pntd.0000278

10.	 World Health Organization. Intestinal worms. 2020 [cited 
2021 Apr 21]. https://www.who.int/intestinal_worms/ 
epidemiology/strongyloidiasis

11.	 Henriquez-Camacho C, Gotuzzo E, Echevarria J, White AC 
Jr, Terashima A, Samalvides F, et al. Ivermectin versus  
albendazole or thiabendazole for Strongyloides stercoralis 
infection. Cochrane Database Syst Rev. 2016;(1):CD007745. 
https://doi.org/10.1002/14651858.CD007745.pub3

12.	 Traub RJ. Ancylostoma ceylanicum, a re-emerging but  
neglected parasitic zoonosis. Int J Parasitol. 2013;43:1009–15. 
https://doi.org/10.1016/j.ijpara.2013.07.006

13.	 Hughes RG, Sharp DS, Hughes MC, Akau’ola S,  
Heinsbroek P, Velayudhan R, et al. Environmental influences 
on helminthiasis and nutritional status among Pacific  
schoolchildren. Int J Environ Health Res. 2004;14:163–77. 
https://doi.org/10.1080/0960312042000218589

14.	 Government of Kiribati. Kiribati development plan 2016–19. 
2016 [cited 2021 Apr 21]. http://www.mfed.gov.ki/sites/
default/files/Kiribati%20Development%20Plan%202016%20
-%2019.pdf

Address for correspondence: Vito Colella, Faculty of Veterinary 
and Agricultural Sciences, The University of Melbourne, Corner 
Flemington Rd and Park Dr, Parkville, VIC 3052, Australia; email: 
vito.colella@unimelb.edu.au

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2165



The fi rst cases of infection with severe acute 
respiratory syndrome coronavirus 2 (SARS-

CoV-2), the virus that causes coronavirus disease 
(COVID-19), were reported in Zambia in March 
2020 (1). During the fi rst wave of infections, con-
fi rmed cases rapidly increased during July and 
peaked in August 2020 (Appendix, https://ww-
wnc.cdc.gov/EID/article/27/8/21-0502-App1.
pdf). Zambia initially focused on screening travel-
ers at points-of-entry and tracing contacts of per-
sons with laboratory-confi rmed cases. In April 
2020, the Zambia Ministry of Health began SARS-
CoV-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 effi cient at identifying cases than 
testing in the general population, which was par-
ticularly noteworthy given the severe shortage of 
SARS-CoV-2 tests in Africa early in the pandemic 
(3,4). A household prevalence survey conducted in 

6 districts in Zambia in July 2020 found a commu-
nity SARS-CoV-2 prevalence of 7.6% by using real-
time PCR (rPCR) (5). To determine if facility test-
ing was an effective case-fi nding strategy during a 
period of high community transmission, we com-
pared SARS-CoV-2 prevalence among outpatients, 
overall and stratifi ed by reasons for visiting the fa-
cility, with prevalence among community members 
in the same districts (5).

The Study
During July 2–31, 2020, we administered a cross-sec-
tional prevalence survey of patients attending 20 out-
patient 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 (Ap-
pendix). 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 as-
sent (for minors) before beginning study procedures. 
Participants completed an interviewer-administered 
questionnaire that included demographics, medi-
cal history, SARS-CoV-2 exposures, history of recent 
illness, and reason for visiting the facility. Concur-
rently, 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 Uni-
versity of Zambia Biomedical Research Ethics Com-
mittee. The activity was reviewed by the US Centers 
for Disease Control and Prevention (CDC) and con-
ducted consistent with applicable US federal law and 
CDC policy.

SARS-CoV-2 Prevalence among 
Outpatients during Community 

Transmission, Zambia, July 2020
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During	the	July	2020	fi	rst	wave	of	severe	acute	respira-
tory	syndrome	coronavirus	2	in	Zambia,	PCR-measured	
prevalence	was	13.4%	among	outpatients	at	health	fa-
cilities,	an	absolute	diff	erence	of	5.7%	compared	with	
prevalence	 among	 community	 members.	 This	 fi	nding	
suggests	that	facility	testing	might	be	an	eff	ective	strat-
egy	during	high	community	transmission.



SARS-CoV-2 Prevalence among Outpatients, Zambia 

We tested nasopharyngeal specimens for SARS-
CoV-2 RNA by using rPCR and plasma specimens 
for SARS-CoV-2 antibodies by using ELISA. We ex-
tracted 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). Par-
ticipants 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 num-
ber 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 characteris-
tics (sensitivity 64.2%; specificity 100%; L. Steinhardt, 
pers. comm., email, 2021 Apr 2) using the Rogan-
Gladen method (Appendix). To assess various factors 
associated with SARS-CoV-2 prevalence among out-
patients, we used bivariate Poisson regression mod-
els 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 In-
formation 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 num-
ber 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 (interquar-
tile range 78–107; Table 1, https://wwwnc.cdc.gov/

EID/article/27/8/21-0502-App1.pdf). Median par-
ticipant age was 32 years (interquartile range 24–43 
years); 60.5% were female. Overall, 34.1% of partici-
pants 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, outpa-
tients 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 report-
ed contact with confirmed COVID-19 case-patients, 
rPCR-measured prevalence was higher among out-
patients specifically seeking COVID-19 testing com-
pared with outpatients attending facilities for another 
reason (PR 2.2, 95% CI 1.4–3.3). In addition, outpa-
tients had higher ELISA-measured prevalence than 
community members (PR 2.5, 95% CI 1.4–4.5) (Ap-
pendix). Among outpatients with SARS-CoV-2 infec-
tion, 45.7% did not report experiencing any symp-
toms 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 as-
ymptomatic infections among outpatients, without 
instituting protective measures facilities might be-
come transmission foci. Ameliorating risk requires 
instituting robust prevention and control strategies 
including universal masking in facilities (9,10). Fur-
thermore, 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 con-
dition and exposure history are subject to self-report 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2167

 
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 re-
main unbiased, may not have been representative of 
the population. The small sample size may have affect-
ed our ability to detect differences in factors associated 
with SARS-CoV-2 prevalence. The higher ELISA-mea-
sured prevalence among outpatients than commu-
nity members could signal noncomparability between 
these 2 populations or that being an outpatient is a pos-
sible marker for other behaviors that increase SARS-
CoV-2 infection risk. We assumed exact sensitivity and 
specificity values for the serology assay, but emerging 
evidence on serologic cross-reactivity (11–13) and an-
tibody decay (14) might affect these values. However, 
given the timing of our study early in the outbreak, an-
tibody decay was unlikely to substantially affect sensi-
tivity (J. Perez-Saez, unpub. data, https://doi.org/10.1
101/2021.03.16.21253710).

Countries with limited testing capacity need effi-
cient strategies to identify persons with SARS-CoV-2 
infections to interrupt transmission. In Zambia, when 
measured by rPCR, outpatients had 80% higher SARS-
CoV-2 prevalence than persons in the surrounding 
community. Testing all outpatients regardless of their 
reasons for visiting the facility during periods of com-
munity transmission might help identify otherwise un-
detected SARS-CoV-2 infections. Compared with com-
munity-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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Outbreaks 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). Conse-
quently, national vaccination strategies prioritize res-
idents of LTCFs (2).

The coronavirus disease (COVID-19) mRNA vac-
cine BNT162b2 (Pfi zer-BioNTech, https://www.pfi z-
er.com) has demonstrated high effi cacy against COV-
ID-19 (3). Protection has been observed >12 days after 
the fi rst vaccination, and reported vaccine effi cacy is 
52% between the fi rst and second dose and 91% in the 

fi rst week after the second dose (3). Although break-
through 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 trans-
missibility 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 ap-
proved by the ethics committee of Charité–Univer-
sitätsmedizin Berlin (EA2/066/20) and conducted in 
accordance with the Declaration of Helsinki and guide-
lines of Good Clinical Practice (https://www.ema.
europa.eu/en/documents/scientifi c-guideline/ich-e-
6-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-of-
care 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 
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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	 long-
term	care	facility	in	Berlin,	Germany,	aff	ecting	16/20	vac-
cinated	and	4/4	unvaccinated	residents.	Despite	consid-
erable	viral	loads,	vaccinated	residents	experienced	mild	
symptoms	and	faster	time	to	negative	test	results.
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29 or 30, 2021 (Figure 1). Four residents had not 
been vaccinated for nonmedical reasons (i.e., per-
sonal refusal or delayed provision of consent by le-
gal guardian). AgPOCTs and reverse transcription 
PCR (RT-PCR) testing of all residents on February 
4 detected SARS-CoV-2 infections in 3/4 unvacci-
nated 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 in-
fections, resulting in 4/4 unvaccinated infected resi-
dents 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 mem-
bers from the unit tested positive for SARS-Cov-2 
by February 18; of those, none were twice-vaccinat-
ed 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%) vacci-
nated patients and all 4 unvaccinated patients (Fig-
ure 2, panel A; Appendix Table, https://wwwnc.cdc.
gov/EID/article/27/8/21-0887-App1.pdf). All 4 un-
vaccinated 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; Fig-
ure 2, panel A). Two patients, 1/16 (6.3%) vaccinated 
persons and 1/4 (25.0%) unvaccinated persons, re-
quired 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 manda-
tory use of FFP2 or N95 masks and daily AgPOCT 
screening for anyone entering the facility. Immedi-
ately after detection, the facility was closed to visi-
tors and additional containment measures were put 
in place, including designated staff and separate en-
trance, elevator, and changing rooms. Staff were re-
quired to change personal protective equipment be-
fore 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 ev-
ery 2–3 days. The outbreak was contained within the 
unit; no further cases were detected.
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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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All SARS-CoV-2 RNA-positive samples were 
tested for presence of SARS-CoV-2 VOCs by RT-
PCR 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 avail-
able. 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 na-
sopharyngeal swab specimens from 22 patients. 
SARS-CoV-2 RNA concentrations peaked within 5 
days (Appendix Figure 2). The median peak SARS-
CoV-2 RNA concentration in vaccinated and unvac-
cinated patients overlapped concentrations detect-
ed at time of diagnosis in B.1.1.7 patients of similar 
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Figure 2. Characteristics of 
outbreak of SARS-CoV-2 
B.1.1.7 lineage infections 
after vaccination in long-
term 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 SARS-
CoV-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.
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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 cop-
ies/mL; p = 0.10). Furthermore, duration of SARS-
CoV-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 at-
tempts 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 ca-
pacity, and interferon-γ release of SARS-CoV-2–spe-
cific T cells (Figure 2, panels D, E; Appendix Figure 3). 
These results confirm the immune response capabil-
ity in these patients.

Conclusions
We performed a longitudinal study of SARS-CoV-2 
infections in a LTCF unit. Nearly all infected resi-
dents were symptomatic, including most residents 
that had received a second BNT162b2 dose the 
week before. The outbreak was caused by SARS-
CoV-2 VOC lineage B.1.1.7, which might partly ex-
plain 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 symp-
tomatic COVID-19 requiring hospitalization and 
oxygen support for vaccinated patients. However, 
despite the limited sample size and the short inter-
val 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 el-
derly persons (13,14), which might explain the re-
ported outbreak and infections in LTCF described 
elsewhere (4,5).

This outbreak highlights that older adults 
have reduced protection <2 weeks after second 
BNT162b2 vaccination. Therefore, single-dose regi-
mens and extended dosing intervals might be in-
sufficient 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 in-
terventions (16) remain necessary for optimal pro-
tection in this setting.
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The 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). Effi cacy against severe coronavirus disease (COV-
ID-19) of mRNA vaccine BNT162b2 (Pfi zer-BioNTech, 
https://www.pfi zer.com) is reported to be >90% 
starting 7 days after the second vaccination; robust 
antibody and T-cell response has been demonstrated

consistently across age groups (2–4). However, only 
4.3% of participants in the BNT162b2 effi cacy 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 in-
vestigated SARS-CoV-2–specifi c antibodies, matura-
tion of IgG avidity, and interferon-γ (IFN-γ) release 
of SARS-CoV-2–specifi c 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 conduct-
ed in accordance with the Declaration of Helsinki and 
Good Clinical Practice (https://www.ema.europa.
eu/en/documents/scientific-guideline/ich-e-6-r2-
guideline-good-clinical-practice-step-5_en.pdf) and 
approved by the local ethics committee (EA4/244/20 
and EA4/245/20)

The fi rst cohort consisted of 123 healthcare work-
ers; median age was 34 (interquartile range [IQR] 20–64) 
years. The second cohort consisted of 71 elderly resi-
dents of an assisted living facility; median age was 81 
(IQR 70–96) years. Blood samples were taken before the 
fi rst vaccination (week 0), just before the second vacci-
nation (week 3), and 4 weeks after the second vaccina-
tion (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 nu-
cleocapsid and spike as antigens (Seramun Diagnos-
tica GmbH, https://www.seramun.com) (Appendix, 
https://wwwnc.cdc.gov/EID/article/27/8/21-1145-
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We	 detected	 delayed	 and	 reduced	 antibody	 and	T-cell	
responses	after	BNT162b2	vaccination	in	71	elderly	per-
sons	(median	age	81	years)	compared	with	123	health-
care	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.
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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 reac-
tive 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 anti-
body 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 Ta-
ble). 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 partici-
pants. 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 sur-
rogate virus neutralization test (sVNT) cPass (medac 
GmbH, https://international.medac.de) (Appen-
dix) (6). At week 3, only 24/52 elderly participants 
(46.2%, 95% CI 33.3%–59.5%) had neutralizing ca-
pacity 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 el-
derly 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 ti-
ter 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 (Eu-
roimmun, https://www.euroimmun.com) (Appen-
dix 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 rela-
tive avidity index of IgG was significantly higher in 

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 pro-
portion of persons with IGRA results above the de-
fined 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 mito-
gen 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–spe-
cific antibodies and SARS-CoV-2–specific T cells. 
However, we observed delayed and less robust cel-
lular and humoral immune response among the el-
derly 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 dis-
eases or medications, which are more common in the  
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Table. Cohort	characteristics	in	study	of	delayed	antibody	and	T-
cell	response	to	BNT162b2	vaccination	in	the	elderly,	Germany* 

Characteristic 
Healthcare	
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. 
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elderly (Table), might impair the vaccine-induced 
immune response. For example, patients on dialy-
sis 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 obser-
vations suggesting a delayed and reduced immunoge-
nicity 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 

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 influ-
enza 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, vaccina-
tion protects against severe disease (11–13).
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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 ELISA-
based 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.
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Conclusions
Although the immune response of elderly partici-
pants 4 weeks after the second dose of BNT162b2 
nearly reached the level of younger participants, a 
small fraction of elderly participants did not demon-
strate robust antibody and T-cell response. Howev-
er, the immunologic correlates of protection remain 
unknown, and identification of persons with no or 
incomplete protection after vaccination remains chal-
lenging. Therefore, strategies focused solely on vac-
cinating high-risk groups might be insufficient to pro-
tect 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 dem-
onstrates high rates of breakthrough infections de-
spite 2-dose BNT162b2 vaccination.

These results are particularly relevant for vacci-
nation strategies focused on broad administration of 
the first dose of a 2-dose vaccine while postponing the 
second vaccination. This practice might leave a rel-
evant proportion of elderly with comparatively low 
levels of immunity for a prolonged period, empha-
sizing the need for nonpharmaceutical interventions, 
such as mask use and regular testing.
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Tick-borne encephalitis (TBE) is a severe viral zoo-
nosis caused by TBE virus (TBEV) (1). To date, 

confi rmed 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 confi rmed au-
tochthonous 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 elevat-
ed 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, drowsi-
ness, and fever. A neurologist determined signs of 
peripheral facial palsy with brachial weakness and 
nuchal rigidity. Cerebrospinal fl uid (CSF) showed 
an elevated leukocyte count (37 cells/µL; reference 
range 0–5 cells/µL). Borrelia serology and PCR re-
sults were negative. Magnetic resonance imaging

(MRI) showed demyelinating lesions and encepha-
lopathy and electroencephalography showed dif-
fuse slow activity. Serum collected on day 5 after 
illness onset tested positive for TBEV IgM and IgG 
by immunofl uorescence 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 neurol-
ogy department of a hospital in Belgium with para-
paresis and meningitis. Infl uenza-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 af-
ter a walk in a forest in his neighborhood 2 weeks be-
fore symptom onset. Borrelia and TBEV serology were 
added to the differential diagnosis, and TBEV anti-
bodies were detected by IFA performed on serum col-
lected 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 evalua-
tion, 9 months after hospitalization, the patient’s mo-
tor 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 sub-
sided for a week, but then fever returned, accompa-
nied 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 infec-
tious diseases was negative. TBE was diagnosed by 
IFA performed on serum collected on day 18 after 
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cent travel history.
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illness onset. Except for occasional headaches, he re-
covered without residual symptoms.

The NRC used Flavivirus Profile 2 (EUROIM-
MUN 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 re-
vealed 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 con-
firmed 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 convales-
cent samples from the other 2 cases (4,5). PCR test-
ing 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 Euro-
pean 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 activi-
ties, such as walking in forests, among the popula-
tion in early spring 2020, probably leading to higher 

exposure to ticks (8). The increased incidence of tick 
bites also was illustrated through the online plat-
form TekenNet (9), a project of the Belgian Institute 
of Public Health that monitors tick exposure among 
the population by inviting citizens to voluntarily re-
port 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 medi-
an 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 flavi-
virus IFA used by the NRC can determine the pre-
dominant flavivirus antibody response because it 
combines 8 different flavivirus substrates on differ-
ent 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 Nether-
lands in 2016 and the United Kingdom in 2019 (10,11). 
The occurrence of autochthonous cases in the Nether-
lands 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 vi-
rus has been shown to circulate in animals, but hu-
man 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 con-
firmed 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 
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Table. Laboratory results confirming TBEV infections in 3 autochthonous human cases, Belgium, 2020 
Case 
no. 

Symptom 
onset date 

Exposure Sample type, days 
after symptom onset 

Flavivirus IFA PRNT90 
titer rRT-PCR Likely site, postal code Likely route, time IgM† IgG‡ 

1 Jun 5 Oostkamp, 8020 Tick bite, 2 wk before 
symptom onset 

Serum, 5 TBEV+ TBEV+ 1:25 ND 
   CSF, 6 TBEV+ TBEV+ ND ND 
2 Jun 21 Lille, 2275 Tick bite, 2 wk before 

symptom onset 
CSF, 18 TBEV+ TBEV+ ND ND 

   Serum, 20 TBEV+ TBEV+ 1:60 ND 
3 Jul 20 Wanze, 4520 Multiple tick bites in 

the weeks before 
symptom onset 

Serum, 2 – – ND + 
   Serum, 18 TBEV+ TBEV+ 1:194 ND 

*CSF, cerebrospinal fluid; IFA, immunofluorescence assay; ND, not done; PRNT90, 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. 

 



Autochthonous Tick-Borne Encephalitis, Belgium

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 ner-
vous system are reported to the European Surveil-
lance 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 liv-
ing in Belgium should be aware of the risk for expo-
sure 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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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]).
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Incarcerated persons are at an increased risk for se-
vere 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, 
specifi cally 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-asso-
ciated COVID-19 cases in England reported to Public 
Health England (PHE) in March 16–October 12, 2020.

The Study
COVID-19 cases confi rmed by real-time PCR in Eng-
land must be reported to PHE’s laboratory report-
ing system (Second Generation Surveillance System 
[SGSS]) in accordance with statutory legislation (9). 
Prison residence was identifi ed from case addresses 
reported by laboratories or the NHS database–regis-
tered address (9).

We used a previously described process to match 
case data against a national database of properties (Ad-
dressBase Premium; Ordnance Survey, https://www.
ordnancesurvey.co.uk) listed by Unique Property

Reference Number (UPRN) (2). We identifi ed prisons 
using the property classes designated by UPRN. We 
used ESRI LocatorHub software (https://www.es-
riuk.com) for exact matching of case addresses to Ad-
dressBase. 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 specifi c facilities 
because workers’ residential addresses and not work-
place addresses were provided; we could not extrap-
olate workplace on the basis of residence given the 
regional prison distribution (Figure 1).

We defi ned associated deaths as deaths in cases 
occurring <60 days from fi rst positive specimen date 
or in cases for which COVID-19 was on the death cer-
tifi cate. We calculated incidence in incarcerated per-
sons using offi cial prison denominators for Septem-
ber 2020 (10).

We defi ned outbreaks in prisons as >2 cases 
within 14 days (by specimen date) residing at the 
same location (UPRN). We extracted records for 
cases identifi ed March 16–October 12, 2020, and 
analyzed them using Stata version 15 (StataCorp, 
https://www.stata.com). The fi rst laboratory-con-
fi rmed COVID-19 case in an incarcerated person in 
England was identifi ed on March 16, 2020, in a high-
security prison. We identifi ed 734 incarcerated case-
patients, accounting for 0.14% of all cases reported 
through October 12, 2020 in England (N = 527,225); 
we also identifi ed 412 cases in prison staff and 
their households.

Most (52%, 380/734) incarcerated cases were re-
ported 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 signifi cantly different than 
incidence in the general population, at 935.3/100,000 
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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 incarcer-
ated 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 staff-
associated 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 

(3.94%, 20/507); differences by ethnicity were not sta-
tistically 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 as-
sociated 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 sur-
veillance 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 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.
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work should examine the value of genome sequenc-
ing to link outbreak cases molecularly.

Although we saw no difference in the crude in-
cidence rates between incarcerated persons and the 
general population, infection rates were likely un-
derestimated 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 demon-
strated 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 case-
patients 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 un-
derstand 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 dif-
ferences 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 fac-
tor for severe COVID-19 infection (12,14). Older age 
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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.

 
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 noncommuni-
cable 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 direc-
tion 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 labo-
ratory data. Other studies have indicated that cases 
associated with correctional facilities can contribute 
to additional spread in local communities (15), sup-
porting the potential benefit of routine screening of 
staff to prevent seeding of COVID-19.

Despite limitations, this study adds to the grow-
ing evidence base addressing the impact of COVID-19 
in prisons. We demonstrate the utility of a highly sen-
sitive 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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Zoonotic malaria caused by Plasmodium knowlesi, 
commonly found in long-tailed macaques (Maca-

ca fascicularis) and pig-tailed macaques (M. nemestri-
na), 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 hu-
mans through the bites of infected mosquitoes under 
natural and experimental conditions. The risk of ac-
quiring 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 investi-
gate whether human infections with simian malaria 
parasites were present among indigenous communi-
ties in Malaysia whose villages are situated in the for-
est or at the forest fringe.

The Study
We examined 645 archived blood samples that we had 
collected during 2011–2014 among indigenous popu-
lations 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 
fi rst screened the extracted DNA samples at Uni-
versiti Malaya (UM) for the presence of Plasmodium
with the aid of genus-specifi c primers (rPLU1 and 
rPLU5; rPLU3 and rPLU4) (Appendix). Of the 645 
indigenous community samples, 102 (15.8%) were 
positive for Plasmodium. Using species-specifi c nest-
ed PCR assays (Appendix), we identifi ed these infec-
tions 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 identifi ed despite repeated 
attempts. Our species-specifi c primer pairs were de-
signed on the basis of either the asexually (A) or sex-
ually (S) transcribed forms of Plasmodium small sub-
unit (SSU) rRNA genes (7); the genus-specifi c primer 
pairs anneal to both asexual and sexual forms of the 
SSU rRNA genes, and therefore the genus-specifi c 
assay is more sensitive.

We further characterized the 55 samples that 
tested positive for simian malaria parasites by am-
plifying a longer fragment of the SSU rRNA gene 
(914 bp–950 bp) for direct sequencing. Phylogenetic 
analysis using the neighbor-joining method (Fig-
ure 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 
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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	
fi	ndings	 underscore	 the	 importance	 of	 using	molecu-
lar	 tools	 to	 identify	newly	emergent	malaria	parasites	
in	humans.
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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 Malay-
sia Sarawak (UNIMAS) to confirm their identities by 
PCR and sequencing of part of the cytochrome c oxi-
dase subunit 1 (COX1) gene. At UNIMAS, using nest-
ed 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 nega-
tive (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, indicat-
ing 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 Gen-
Bank, indicated that 32 haplotypes from samples 
UM9–12 and UM14–18 were genetically indistin-
guishable from P. cynomolgi. Our phylogenetic analy-
ses 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 
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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* 

State 

No. 
samples 
tested 

No. positive 
samples 

Human and simian malaria species 
P. 

falciparum P. vivax 
P. 

malariae 
P. ovale 
curtisi 

P. 
knowlesi 

P. 
coatneyi 

P. 
cynomolgi P. inui 

Pahang 109 5 0 2 0 1 2 0 0 0 
Perak 61 55 3 10 2 0 26 3 5 0 
Selangor 49 0 0 0 0 0 0 0 0 0 
Negeri Sembilan 163 13 1 2 0 0 2 0 2 0 
Melaka 32 13 2 3 0 0 1 0 1 1 
Kelantan 32 9 0 2 0 0 6 0 1 0 
Sarawak 199 7 0 2 0 0 3 0 0 2 
Total/overall 
prevalence 

645 102† (of 
645; 15.8%) 

6 (of 102; 
5.9%) 

21 
(20.6%) 

2  
(2.0%) 

1 
(1.0%) 

40 
(39.2%) 

3  
(2.9%) 

9  
(8.8%) 

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. 

 

 
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* 

Sample ID 

Identification at UM 

 

Identification at UNIMAS 
PCR assays based on 

SSU rRNA genes  
Phylogenetic analysis of 

SSU rRNA genes 
PCR assays based on 

SSU rRNA genes  
Phylogenetic analysis of 

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. cy-
nomolgi, P. simiovale, and P. inui–like parasites. 

We generated phylogenetic trees of similar topol-
ogy by the maximum-likelihood method for the SSU 
rRNA genes (Appendix Figure 1) and by the Bayes-
ian maximum clade credibility method for the COX1 
genes (Appendix Figure 2). There were discrepan-
cies between the nested PCR assay results and the 
sequencing results between our 2 laboratories; mixed 
species of Plasmodium were identified only at UNI-
MAS. 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 sensi-
tivity 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 iden-
tified by nested PCR assays were used, whereas for 
the COX1 genes, both P. cynomolgi–specific primers 
and primers that could amplify other species of Plas-
modium were used. Therefore, additional species of 
Plasmodium were identified at UNIMAS in these sam-
ples, 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 infec-
tions among indigenous communities in 4 states in 
Malaysia. Taken together with previous reports of nat-
urally 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 hu-
mans (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 para-
site 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-
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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 re-
semble those of P. falciparum, and the other forms are 
similar to P. malariae (2,6). P. cynomolgi is morpho-
logically 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 mor-
phologic similarities to P. falciparum and P. simiovale 
bears morphologic similarities to P. ovale (2,12). Be-
sides 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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Dr. Danielle Greenberg, founder of a veterinary clinic 
near Liverpool, knew something was wrong. Dogs in 

her clinic were vomi� ng—and much more than usual. 
Concerned, she phoned Dr. Alan Radford and his team 

at the University of Liverpool for help.
Before long they knew they had an outbreak on their hands. 

In this EID podcast, Dr. Alan Radford, a professor of veterinary 
health informa� cs at the University of Liverpool, recounts the 

discovery of an outbreak of canine enteric coronavirus.
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Children have been disproportionately affected by 
public health measures in the current coronavi-

rus 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 symp-
tomatic, acute, COVID-19; a generally milder course 
of disease with the exception of some rare manifesta-
tions and the post–COVID-19 multisystem infl amma-
tory syndrome in children; and lower secondary at-
tack 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 in-
fection 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 emo-
tional well-being of children, teenagers, and parents, 
potentially having a long-term impact on their lives 
(6). Thus, various expert groups called for avoiding 

closing of these institutions (7,8). Against the back-
ground 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 edu-
cational institutions (9). Some studies have reported 
low numbers of infected cases in primary schools or 
childcare facilities but were conducted during a lock-
down or semi-lockdown period (5,10). The aim of our 
study (the Münchner Virenwächter Study) was to im-
plement a real-time sentinel program in a representa-
tive 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, Septem-
ber 7–November 1, 2020. Participating institutions 
were randomly selected, and written informed con-
sent was obtained in the fi rst 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 time-
ly reported. For rRT-PCR, we processed specimens 
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We	investigated	severe	acute	respiratory	syndrome	coro-
navirus	 2	 infections	 in	 primary	 schools,	 kindergartens,	
and	nurseries	in	Germany.	Of	3,169	oropharyngeal	swab	
specimens,	only	2	were	positive	by	real-time	reverse	tran-
scription	PCR.	Asymptomatic	children	attending	these	in-
stitutions	do	not	appear	to	be	driving	the	pandemic	when	
appropriate	infection	control	measures	are	used.
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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 us-
ing the RecomLine SARS-CoV-2 IgG Lineblot (Mik-
rogen). 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 speci-
mens 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 dur-
ing 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 be-
tween 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 Insti-
tute, https://www.rki.de).

Designed during the first lockdown in Munich, 
our study was intended to determine a feasible SARS-
CoV-2 sentinel program in primary schools and child-
care 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 hap-
pen. 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 illus-
trate 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 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. 



DISPATCHES

Tracing of 36 close contacts (33 classmates and 3 
private contacts) identified only 1 additional case in 
another asymptomatic child in the same class. Tele-
phone 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 oropha-
ryngeal swab specimens, and was conducted during 
a minimal local incidence rate. Our study covered 
both low and high 7-day incidence periods while ob-
taining oropharyngeal swab specimens from children 
1–11 years of age. Ismail et al. reported complementa-
ry data from the United Kingdom, which showed that 
staff members had an increased risk for SARS-CoV-2 
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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* 

Infection	control	measure 
Childcare	facilities Primary	school 

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. 

 

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 SARS-
CoV-2. 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 ef-
fect 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 attend-
ing primary schools, kindergartens, and nurseries are 
not greatly contributing to pandemic distribution of 
SARS-CoV-2 while adhering to infection control mea-
sures described above, even during high local back-
ground 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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Simbu serogroup viruses form one of the largest 
serogroups in the genus Orthobunyavirus of the 

family Peribunyaviridae, comprising >25 antigeni-
cally different, but serologically related, negative-
sense single-stranded RNA viruses. These viruses are 
transmitted mainly by Culicoides biting midges; they 
persist in the environment by cycling between infect-
ed mammalian hosts and Culicoides vectors. Notable 
examples from the Simbu serogroup are Akabane vi-
rus (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 neo-
natal malformations that are seen only at birth. The 
congenital malformations are termed arthrogryposis-
hydranencephaly syndrome.  Given that the clinical 
signs can be observed only months after viremia has 
occurred, fi eld 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) 

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 vec-
tors 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 pres-
ent 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). Specifi c 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 specifi c PEAV were detected in the cerebrospinal 
fl uid (CSF) and testicles of a malformed calf exhibit-
ing 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 mal-
formed 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 ex-
tracted RNA from Culicoides homogenates and CSF 
using Maxwell 16 Viral Total Nucleic Acid Purifi ca-
tion Kit (Promega,  https://www.promega.com) ac-
cording to the manufacturer’s instructions. We used 
total viral nucleic acids (0.4 µg) for cDNA synthesis
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by UltraScript Reverse transcription (PCR Biosys-
tems, 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 ac-
cording to Behar et al. (13). We further subjected 
samples suspected of being Simbu serogroup posi-
tive to RT-nested and seminested PCRs performed 
using S, M, and L segment-specific primer sets (Ta-
ble 1; Appendix).

Of the 31 species-specific pools from the 4 Cu-
licoides 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 to-
tal 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. Phylo-
genetic analysis of the samples showed that all posi-
tive samples were virtually identical to SBV (Gen-
Bank 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 col-
umn; Figure; Appendix Table). In addition, we de-
tected 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 induc-
tion 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 
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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* 

Segment External primer sequence, 5′ → 3′ Internal primer sequence, 5′ → 3′ 
Expected	

product	size,	bp Reference 
S AKAI206F:	CAC	AAC	CAA	GTG	TCG	

ATC	TTA 
S_nestF:	TGG	TTA	ATA	ACC	ATT	TTC	

CCC	A 
370 External:	(4);	

internal:	this	study 
SimbuS637:	GAG	AAT	CCA	GAT	TTA	

GCC	CA 
S_nestR:	GTC	ATC	CAY	TST	TCW	GCA	

GTC	A 
M 924F:	CCG	AAA	ACA	AGG	AAA	TTG	TG 1899F:	TAT	AGT	CCC	TGG	ATT	AGG	

TC 
430 Forward	primers:	

(8);	reverse	
primers:	this	study 2331R:	GGT	TCA	AAC	ATC	TCT	AGG	C 2331R:	GGT	TCA	AAC	ATC	TCT	AGG	C 

L SNL_F:	GCA	AAC	CCA	GAA	TTT	GYW	
GA 

panOBV-L-2959	F:	TTG	GAG	ART	ATG	
ARG	CTA	ARA	TGT	G 

370 External:	this	
study;	internal: 

(6) SNL_R:	ATT	SCC	TTG	NAR	CCA	RTT	
YC 

panOBV-L-3274R:	TGA	GCA	CTC	CAT	
TTN	GAC	ATR	TC 

*L,	large;	M,	medium;	S,	small. 

 

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.
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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 Cu-
licoides pools collected from several of those farms 
(Table 2, lines 3–5, 7–9, and 11–12 in the Sample col-
umn; Figure; Appendix Table) suggests that SBV 
might have been clinically affecting ruminants in Is-
rael as early as June 2018.

Conclusions
Our results demonstrate the circulation of SBV out-
side 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 neutraliza-
tion tests will probably not be able to properly dis-
tinguish between antibodies against SBV and those 
against SATV. Therefore, developing a competitive 
ELISA system using SBV-specific antibodies is cru-
cial. Finally, the presence of both SATV and SBV in 
Israel provides a unique opportunity for comparative 
studies on possible cross-protection of SBV commer-
cial vaccines between these viruses.
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Human 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 elimi-
nated. However, a recent report of continued hook-
worm and strongyloidiasis transmission in a commu-
nity without access to proper sanitation in Alabama, 
USA, has challenged this assumption (3).

The Study
To investigate the current prevalence of these infec-
tions, 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 deidentifi ed fresh fe-
cal samples submitted for diagnostic testing from 

patients at the University of Mississippi Medical Cen-
ter (UMMC; Jackson, Mississippi, USA) during March 
30, 2017–February 22, 2018, and serum samples sub-
mitted 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 institu-
tional 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 (specifi c gravity 1.2) passive fl otation 
method as previously described (4). We extracted 
DNA by using the SurePrep Soil DNA isolation kit 
(ThermoFisher, https://www.thermofi sher.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 real-
time 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 confi rmed by dupli-
cate testing.

We froze the deidentifi ed 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 MAG-
PIX multiplex serology (ThermoFisher) (Appendix, 
https://wwwnc.cdc.gov/EID/article/27/8/20-
4318-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).
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Surveillance for soil-transmitted helminths, strongyloidia-
sis, 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 
identifi ed 1 S. stercoralis infection. Seroprevalences were
8.8% for Toxocara, 27.4% for Cryptosporidium, 5.7% for 
Giardia, and 0.2% for Strongyloides parasites.
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A total of 650 fecal samples were obtained from 
UMMC patients. The median age of patients provid-
ing fecal samples for this analysis was 56 years (range 
2–95 years). We obtained samples sufficient to per-
form saturated salt centrifugal flotation on 507 sam-
ples (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 ex-
tracts for Ancylostoma spp., N. americanus, S. stercora-
lis, 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 ex-
tracts 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 test-
ing 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 sam-
ples from Mississippi residents were available for 
multiplex serologic testing. The median age of 
patients providing serum samples for this analy-
sis was 38 years (range 0–94 years). Of the 1,960 
samples, 646 (33.0%) reacted with the Cp17 an-
tigen of C. parvum (range 87–48,448 mean fluo-
rescence intensity [MFI]), and 1,076 (54.9%) re-
acted 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 
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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* 

Method 
Inhibition and 

extraction control S. stercoralis 
Necator 

americanus 
Ascaris 

lumbricoides 
Trichuris 
trichiura 

Ancylostoma 
spp. 

Other parasite 
species 

Saturated salt 
centrifugal flotation 

NA 0/507 (0) 0/507 (0) 0/507 (0) 0/507 (0) 0/507 (0) 0/507 (0) 

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. 

 

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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111 samples (5.7%) reacted with the G. duodena-
lis VSP3 antigen (range 84–48,547 MFI) (Figure 1, 
panel B). A total of 38 (1.9%) samples contained an-
tibodies to the Cp17, Cp23 and VSP3 antigens (Fig-
ure 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 Toxocara-
seropositive participants <6 years of age were ex-
cluded, 167/1,814 (9.2%) of UMMC patient samples 
were seropositive. A total of 9 (0.4%) samples con-
tained 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-ELI-
SA (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 sero-
revert within 18 months after successful treatment 
(7), the 4 confirmed antibody-positive serum samples 
also likely represent active cases of strongyloidia-
sis. 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 re-
cent finding of strongyloidiasis in a rural community 
from Alabama (3), these data should encourage more 
focused sampling of areas with poor sanitation and 
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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. 

Tc-CTL-1 
S. stercoralis rSs-NIE-1 

plus CrAg-ELISA† 
G. duodenalis  

VSP3 
C. parvum 

Cp17 
C. parvum 

Cp23 
C. parvum 

Cp17 + Cp23‡ 
C. parvum 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. 

 

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 par-
ticipants 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 com-
parable because of different sampling methods, the 
potentially high Toxocara spp. seroprevalence in Mis-
sissippi 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 ex-
posure to Cryptosporidium spp. and G. duodenalis infec-
tion. Further investigation of the epidemiology of wa-
terborne 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 micro-
scopic examination or PCR for the STH suggests that 
such infections are uncommon in the general Missis-
sippi 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 Missis-
sippi are indicated.

In conclusion, this convenience sampling study 
did not find evidence of high STH prevalence in Mis-
sissippi. However, we did identify several likely cur-
rent cases of strongyloidiasis and relatively high rates 
of Toxocara exposure. We recommend further investi-
gation with larger sample sizes to more clearly define 
the true extent of STH infection in this region.
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Q fever is a zoonotic infection caused by the bac-
terium 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 implan-
tation (TAVI) indicated that Q fever IE could have been 
the underlying valve disease but was not detected be-
fore TAVI. We considered this possibility, because Q fe-
ver IE typically manifests as a chronic disease, frequent-
ly in the absence of fever and infl ammatory markers, as 
well as absent or small fi ne 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 undergo-
ing 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 fe-
ver was ordered for all patients admitted for TAVI 

at Rambam Health Care Campus, a 960-bed primary 
and tertiary university-affi liated 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.viri-
on-serion.de). For samples that tested positive, we 
then conducted an indirect immunofl uorescence as-
say (IFA) for confi rmation 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 Labo-
ratory for Rickettsiosis (Nes Ziona, Israel). An in-
fectious diseases specialist evaluated patients with 
positive IgG for C. burnettii chronic infection. IE was 
diagnosed according to the modifi ed 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 con-
ducted at the infectious disease and cardiology out-
patient clinics. Diagnostic testing was performed as 
a part of a clinical routine, and anonymous data col-
lection was approved by the hospital’s ethics com-
mittee 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 con-
ducted 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 un-
derlying conditions, but none had fever or vegetations 
on echocardiography. None of the patients had a spe-
cifi c 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, treat-
ment was modifi ed to an alternative regimen because 
of intolerance or side effects. We did not perform 
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fluorodeoxyglucose positron emission tomography-
computed tomography for diagnosis, because it would 
not have led to a change in management. Patient 2 un-
derwent fluorodeoxyglucose positron emission tomog-
raphy–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 screen-

ing 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 

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 im-
aging modalities have poor sensitivity in the case of C. 
burnettii IE (9–11). The alternative minor diagnostic cri-
teria consist also of infrequent findings, such as embolic 
and immunologic phenomena. We recommended treat-
ment 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 be-
fore 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 fe-
ver–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 
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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	

CABG,	and	AVR	(7	y) 
s/p	Hodgkin	lymphoma	
(30			y),	DM,	CAD,	and	

s/p	CABG	(8	y) 

Scleroderma DM,	hypertension,	
asthma 

Habitat/exposure	risk	factor† Urban/none Urban/none Urban/none Urban/none 
Indication	for	TAVI Symptomatic	aortic	

insufficiency,	NYHA	3/4 
Symptomatic	aortic	

stenosis	and	
insufficiency	(moderate	
to	severe);	chest	pain	
and	dyspnea	with 
minimal	effort 

Symptomatic	severe	
aortic	stenosis;	

recurrent	syncope 

Symptomatic	severe	
aortic	stenosis,	NYHA	

3/4 

Echo	findings	before	TAVI Moderate	aortic	
stenosis	and	severe	
regurgitation	with	
thickened	leaflets 

Severe	aortic	stenosis Severe	aortic	stenosis	
with	severe	

calcifications	and	
moderate	mitral	
regurgitation	with	
leaflets	sclerosis 

Severe	aortic	stenosis 

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	
modified	Duke	criteria 

Possible Possible Possible Possible 

Q	fever	IE	according	to	Dutch	
consensus	guidelines 

Probable Probable Probable Probable 

Treatment Doxycycline	and	
hydroxychloroquine,	

changed	to	doxycycline	
and	ciprofloxacin 

Doxycycline	and	
hydroxychloroquine,	
changed	to	doxycyline	

monotherapy 

Doxycycline	and	
hydroxychloroquine,	

changed	to	ciprofloxacin 

Doxycycline	and	
hydroxychloroquine 

Timing	of	and	status	at	last	
follow-up 

18	mo,	asymptomatic,	
preserved	valve	

function,	and	stable	
serologic	results 

8	mo,	asymptomatic,	
preserved	valve	

function,	and	stable	
serologic	results 

12	mo,	severe	fatigue,	
preserved	aortic	valve	
function,	and	stable	
serologic	results 

12	mo,	asymptomatic,	
preserved	valve	
function,	and	

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. 
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is ≈2.2/100,000 population (https://www.health.gov.
il/UnitsOffice/HD/PH/epidemiology/Pages/epide-
miology_report.aspx). In comparison, data from coun-
tries 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 Endo-
carditis 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 descrip-
tion 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 im-
plantation 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 (AHSV) is an RNA 
virus of the family Reoviridae, genus Orbivirus. 

AHSV can be classifi ed into 9 serotypes according to 
virus capsid protein (VP) 2 (1). Serotypes 1–8 have 
been reported from restricted areas of sub-Saharan Af-
rica 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 fi rst 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/27/8/21-
0004-App1.pdf) (6). We report a comprehensive out-
break investigation of emerging AHSV and whole-
genome 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 notifi ed of unusual horse deaths on a recreation-
al 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 ani-
mals on the farm were 3 dogs, 3 rabbits, 3 pigs, and 

8 peacocks. The outbreak investigation and sample 
collection were conducted under the approval of In-
stitutional Animal Care and Use Committee protocol 
no. 2031050.

On March 20, 2020, the outbreak began when hors-
es showed severe clinical signs including depression, 
fever, dyspnea, and subcutaneous edema in the tem-
poral 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 nec-
ropsies on 2 horse carcasses (CU-2 and CU-3) and col-
lected 7 tissue samples. Gross lesions showed frothy 
exudate in the bronchial lumen and mild edema of the 
supraorbital sinus and conjunctiva. We observed inter-
muscular and perineural edema at the axillary region 
and subcutaneous muscle, periaortic edema, and sub-
endocardial hemorrhage (Figure 1). Histopathologic 
slides showed congestion of the spleen, liver, lymph 
nodes, and lung; no other remarkable lesions were ob-
served. 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 thor-
oughbreds, 76.19% (16/21) for miniature horses, and 
46.15% (12/26) for native horses. The same manage-
ment 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 af-
ter vaccination). From the remaining horses we col-
lected 18 serum samples at each visit (total 36). All 
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To	 investigate	 an	 outbreak	 of	 African	 horse	 sickness	
(AHS)	 on	 a	 horse	 farm	 in	 northeastern	 Thailand,	 we	
used	whole-genome	 sequencing	 to	 detect	 and	 charac-
terize	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.
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samples were tested for antibodies against AHSV 
by blocking ELISA specific to VP7 (INgezim AHSV 
Compac Plus; Eurofins Technologies, https://inge-
nasa.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–spe-
cific 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 CU-
1; 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 fur-
ther 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 virus-
es (from CU-1 and CU-2) to VP2 and nonstructural 
gene (NS) 3 gene sequencing (Table). We conducted 
whole-genome sequencing by amplifying viral frag-
ments 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 Gen-
Bank (accession nos. MW387422–35). Nucleotide 
sequences of AHSV from Thailand were pairwise 
compared against those of vaccine and reference vi-
ruses. We found that the whole genome of Thailand 
AHSV (virus CU-3) possessed high nucleotide identi-
ties (99.40%–100%) to the reference Thailand AHSV-1 
(110983/63 and TAI2020/01). For the VP2 gene, Thai-
land 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 iden-
tities of VP2 between Thailand AHSV and the ref-
erence 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 
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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.

 
Table. Characterization	of	African	horse	sickness	virus	isolated	during study of	African	horse	sickness	on	horse	farm,	Thailand,	2020* 

Virus	 
Host	horse 

 
Nucleotide	sequences,	GenBank	accession	nos. 

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 vi-
ruses 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.com-
munity) 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 refer-
ence 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 ani-
mals, such as zebras. The Thailand government imple-
mented control measures to prevent further spread, 
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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.



African Horse Sickness Virus Serotype 1, Thailand

including movement restrictions, quarantine, disinfec-
tion, and vector control. Moreover, to prevent spread 
in Thailand and neighboring countries, mass vaccina-
tion of equids with a live-attenuated AHSV vaccine was 
conducted. The AHSV from Thailand possessed unique 
amino acids, suggesting a single introduction of the vi-
rus 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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Human noroviruses are positive-sense RNA virus-
es that cause nearly 685 million cases of acute gas-

troenteritis worldwide per year, including ≈200 mil-
lion 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 sam-
ples (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 chal-
lenge 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 detect-
ed by immune electron microscopy in concentrated 

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 partic-
ipants. 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 Hospi-
tal of Linköping. The vomit samples were anonymized 
when received, and only information regarding the 
initial cycle threshold (Ct) value was provided. Decod-
ed clinical samples without person-related data and 
traceability that have not been taken for research pur-
poses 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 inocu-
lum for infection (10), whereas another study report-
ed 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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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-compe-
tent	norovirus	 in	25%	of	vomit	samples	with	a	13-fold	
to	714-fold	increase	in	genomic	equivalents,	confi	rming	
infectious	norovirus.



Replication of Norovirus from Vomit Samples

secretor-positive persons (i.e., having a functional fu-
cosyltransferase 2 gene). Both HIEs showed similar 
replication for the same 5 vomit samples. Next, we 
used HIE 003 for infection in triplicates with 2 techni-
cal repeats during quantitative reverse transcription 
PCR (qRT-PCR) (Figure). Norovirus genotypes in the 
vomit samples were determined by nucleotide se-
quencing. 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 714-
fold 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 dem-
onstrated 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 num-
ber of GII.2-containing vomit samples and GII.17-con-
taining 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 cul-
tures contained 1.9 × 103 to 1.7 × 107 GEq in the in-
oculum, regardless of genogroup or genotype (10). In 
our study, the GII.4 norovirus that could be success-
fully replicated contained a similar viral load (9.55 × 
104 to 1.61 × 107 GEq) in the inoculum used for in-
fection. 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 be-
side the initial norovirus Ct value was available.  

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, possi-
bly 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 freeze-
thaw 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 influ-
ence 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 in-
fectivity after the initial 48–72 hours after symptom 
onset (13). Although qRT-PCR is standard for detect-
ing norovirus RNA, it does not distinguish infectious 
virus particles from noninfectious virus particles (10).

Although an estimate of the 50% human in-
fectious 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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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.	 
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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 po-
tential to infect >150,000 persons (4). In our study, 
we found that >95,500 GEq per inoculum was suf-
ficient for infection of HIEs. Considering the differ-
ent 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 noro-
virus contained in vomit is infectious. Aerosols and 
droplets from vomiting could be a source of norovi-
rus transmission.
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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.



Hypervirulent 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–resis-
tant 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 con-
tains 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 Aus-
tralia 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). 

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 de-
scent (9,10), these infections are not well-recognized. 
Ocular prognoses and clinical outcomes for EE are 
usually poor and exacerbated by late or missed diag-
nosis (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 recre-
ational use of methamphetamine and intravenous her-
oin 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 ten-
derness of the right external auditory canal with otor-
rhea, along with suspected orbital cellulitis. Computed 
tomography scans revealed complete opacifi cation of 
the right middle ear cavity and mastoid air cells, prom-
inent 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 endo-
phthalmitis with subretinal abscess. A transthoracic 
echocardiogram showed no signs of valvular veg-
etations; 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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drainage grew hypermucoviscous K. pneumoniae 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/8/21-0234-App1.pdf) and methicillin-sus-
ceptible Staphylococcus aureus. The K. pnuemoniae 
isolate was susceptible to all drugs tested, including 
ampicillin (Appendix Table 1).

We prescribed intravitreal injections of vanco-
mycin, 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 con-
ducted a pars plana vitrectomy to drain the subretinal 
abscess in the patient’s right eye. We sent the vitre-
ous 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 at-
ropine. He was discharged 15 days after admission. 
Two weeks after discharge, he reported that his pain 
had resolved but his vision loss continued with mini-
mal 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) accord-
ing to the manufacturer’s recommendations. The se-
quence files were submitted to the National Center 
for Biotechnology Information Sequence Read Ar-
chive (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/kleb-
siella). In addition, we used the default settings of 
ResFinder to identify antimicrobial resistance genes, 
CSI Phylogeny to identify single-nucleotide polymor-
phisms (SNPs), and PlasmidFinder to identify plas-
mid 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% genom-
ic coverage and 98.8% pairwise identity. UCLA353 
and Kp52.145 had all identical chromosomal hyper-
virulent genes and genomic islands, including the K2 
capsular gene cluster, colibactin gene, yersiniabactin 
gene on an ICEKp10 mobile genetic element, and the 
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Table. Single-nucleotide	polymorphism	matrix	of	5	ST66-K2	hypervirulent	Klebsiella pneumoniae strains 
Strain	(country,	year	[reference]) 18-0005 AJ210 Kp52.145 SB5881 UCLA353 
18-0005	(Germany,	2017	[7]) 0 65 219 56 796 
AJ210	(Australia,	2002	[6]) 65 0 208 71 785 
Kp52.145	(Indonesia,	1935	[11]) 219 208 0 225 775 
SB5881	(France,	2018	[8]) 56 71 225 0 802 
UCLA353	(United	States,	2020,	this	study)* 796 785 775 802 0 
*Isolate	from	a	30-year-old	man	in	California	who	had	endogenous	endophthalmitis. 

 

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.
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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 pre-
viously 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 ST66-
K2 strains, UCLA353 did not have the blaSHV gene, and 
was therefore susceptible to β-lactams including am-
picillin (Appendix Table 1). Further analysis showed 
all the ST66-K2 strains carried highly similar viru-
lence factors (Appendix Table 2).

Conclusions
Ocular prognoses and clinical outcomes for EE are 
usually poor, often entailing partial or complete vi-
sion loss, enucleation or evisceration, or death (2). 
Late or missed diagnosis delays the initiation of spe-
cialized 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 ini-
tially apparent. Detection of K1 or K2 capsular sero-
types, hypermucoviscous phenotype, and ampicillin 
susceptibility might suggest disseminated EE caused 
by hvKp. Although bacteremia is usually a prerequi-
site 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 or-
bit. 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 un-
til 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 sequenc-
ing enabled rapid confirmation tracking the outbreak to a 
recently returned traveler and linked 2 cases of infection 
in travelers at the same facility.
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Since November 2019, community outbreaks of 
coronavirus disease (COVID-19), seeded by un-

controlled local transmission of severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) after 
importations, have overwhelmed the healthcare sys-
tems in many countries (1). Australia, including the 
state of South Australia, has largely controlled lo-
cal 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 trav-
elers, including SARS-CoV-2 testing on arrival and 
before release. The clinically supervised hotel system 
enables containment of the risk for transmission as-
sociated with these travelers, especially those coming 
from countries experiencing SARS-CoV-2 resurgence 
(2) and asymptomatic or presymptomatic viral shed-
ding 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 ad-
ditional cases, including 2 security guards working 
in the same hotel. The suspected source case was a 
traveler returned from the United Kingdom. Two ad-
ditional cases were in travelers who stayed in rooms 
adjacent to that source patient. We hypothesized that 
this outbreak might have been caused by an inade-
quate 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 internation-
ally returned travelers, had been prospectively se-
quenced on the Illumina platform (https://www/il-
lumina.com) using the tiled amplicon ARTIC primers 
(https://github.com/artic-network/artic-ncov2019/
tree/master/primer_schemes/nCoV-2019/V1) di-
rectly 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 posi-
tive 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 pango-
lin 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 poten-
tially 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 consen-
sus 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 manda-
tory nasopharyngeal swab showed relatively high vi-
ral loads by quantitative PCR (E-gene cycle threshold 
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= 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 overdis-
persion 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 in-
vestigation 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 evi-
dence 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 

mutations at the receptor binding motif of the spike 
protein that are common to several variants of con-
cern (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 se-
quencing are essential components of an effective pub-
lic 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 out-
break in the context of no recent local transmission high-
lights 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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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. 
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Raw meat–based diets are increasingly popular 
for feeding dogs, but the extent of antimicrobial-

resistant bacteria in raw dog food is rarely addressed 
globally (1). The Centers for Disease Control and Pre-
vention does not recommend feeding raw diets to pets 
because of frequent contamination with Salmonella and 
Listeria (https://www.cdc.gov/healthypets/publica-
tions/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 fae-
cium 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 li-
nezolid 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 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2221

RESEARCH LETTERS

We describe enterococci in raw-frozen dog food commer-
cialized in Europe as a source of genes encoding resis-
tance to the antibiotic drug linezolid and of strains and 
plasmids enriched in antibiotic-resistance and virulence 
genes in hospitalized patients. Whole-genome sequenc-
ing was fundamental to linking isolates from dog food to 
human cases across Europe.

1These authors were co–principal investigators.
2These authors are active EFWISG members.



stores, brand B (produced in the United Kingdom) in 
specialized stores and online; both are commercial-
ized 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 per-
formed antibiotic susceptibility testing by disk diffusion 
using European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) (5) or Clinical and Labora-
tory Standards Institute (6) guidelines. We used broth 
microdilution for linezolid and Etest for ampicillin. We 
searched acquired LinR genes (optrA/poxtA/cfrA-E) and 

typed representative isolates by multilocus sequence 
typing (n = 20; https://www.pubmlst.org) and whole-
genome sequencing (LinR E. faecalis [n = 6] and AmpR/
LinR E. faecium [n = 5]) using the Hi Seq 2500 Sequenc-
ing 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 in-
house databases (7).

All samples carried enterococci resistant to eryth-
romycin, streptomycin, chloramphenicol, and tet-
racycline; 93% resistant to ampicillin, ciprofloxacin, 
and quinupristin/dalfopristin; 79% resistant to gen-
tamicin; and 50% resistant to linezolid. We detected 
acquired LinR genes among 20 MDR isolates from 
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Table. Characterization of Enterococcus isolates obtained from raw dog food samples, Porto, Portugal, 2019–2020* 

Species cgMLST† MLST‡ 
Sample 
(brand)§ 

Antimicrobial drug 
resistance profile# Antibiotic resistance genotype 

MIC 
LIN, 
mg/L 

Transfer 
of LinR 
genes 

E. faecalis CT1206 ST40 Duck (B) ERY, TET, CHL, LIN optrA, fexA, cat, erm(B), Isa(A), 
tet(M), dfr(G)  

8 – 

 CT1207 ST674 Salmon (A) CIP, ERY, TET, STR, 
CHL, LIN 

optrA, cfrD, fexA, cat, ant(6)-Ia, 
aph(3′)-III, erm(B), Isa(A),  

tet(M), tet(L), dfr(G) 

8 ++ 

 CT1205 ST1008 Turkey (A)¶ ERY, TET, GEN,  
STR, CHL 

optrA, poxtA, fexB, cat, 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) 

4 – 

 CT1205 ST1008 Turkey (A)¶ ERY, TET, STR, CHL optrA, poxtA, fexB, cat,  
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) 

4 – 

 CT1209 ST1008 Chicken + 
lamb (A) 

ERY, TET, STR,  
CHL, LIN 

optrA, poxtA, fexB, cat, 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) 

8 – 

 CT1208 ST1009 Turkey + 
goose (B) 

ERY, CHL, LIN optrA, cfrD, fexA, cat,  
erm(B), Isa(A), dfr(G) 

8 – 

E. faecium CT106 ST80 Salmon (A) AMP (>256 mg/L), CIP, 
ERY, TET, GEN, STR, 

QD 

aac(6')-aph(2”), ant(6)-Ia,  
aph(3′)-III, erm(B), msr(C), 

 tet(M), tet(L), dfr(G) 

ND  NA 

 CT284 ST25 Beef (A) AMP (32 mg/L), CIP, 
ERY, TET, GEN, STR, 

QD, CHL 

poxtA, fexB, aac(6')-aph(2”), ant(6)-
Ia, ant(9)-Ia, aph(3′)-III, erm(A), 
erm(B), msr(C), Inu(B), Isa(E), 

tet(M), tet(L), dfr(G) 

4 – 

 CT374 ST264 Beef (A) AMP (32 mg/L), CIP, 
TET, STR, QD 

cat, ant(6)-Ia, Inu(G), tet(M),  
tet(L), dfr(G) 

ND NA 

 CT272 ST1091 Duck (B) AMP (>256 mg/L), CIP, 
ERY, TET, STR, QD 

ant(9)-Ia, erm(A), erm(B), msr(C), 
tet(M), tet(L), dfr(G) 

ND NA 

 CT3399 ST1263 Deer (B) AMP, ERY, TET, STR, 
QD, CHL 

poxtA, fexB, cat, ant(6)-Ia,  
ant(9)-Ia, aph(3′)-III, erm(A), msr(C), 

Inu(B), Isa(E), tet(L), dfr(G) 

4 + 

*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). 

 



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. faeca-
lis, 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%), qui-
nupristin/dalfopristin (72%), erythromycin (64%), cip-
rofloxacin (59%), streptomycin (57%), ampicillin (56%), 
gentamicin (23%), chloramphenicol (21%), or linezolid 
(10%). We compared selected dog food AmpR E. fae-
cium genomes with 7,660 available GenBank E. faecium 
genomes by complex types (CTs) through core-genome 
multilocus sequence typing (Ridom SeqSphere+ ver-
sion 7.2, https://www.ridom.de/seqsphere). Those 
data (Figure) and data from single-nucleotide poly-
morphisms (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 viru-
lence genes as strains from different sources (Appendix 
Figure 1). ST80 E. faecium from brand A was phyloge-
netically related to other strains from Germany and 
Netherlands; ST1091 and ST1263 from brand B were 
phylogenetically related to UK strains (Figure). By filter- 
mating (8), we found that 3 (ST25, ST80, ST1263) of 5 
AmpR E. faecium isolates transferred a chromosomal ge-
netic 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%), strep-
tomycin (63%), gentamicin (31%), linezolid (21%), or 
ciprofloxacin (10%). ST40, ST674, ST1008, and ST1009 
sequences corresponded to novel complex types car-
rying 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) identi-
cal to others from non–clonally related E. faecalis in 
hospitalized patients in Spain and China (Appendix 
Figure 3). Similarly to pAPT110 in this study transfer-
ring 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 senti-
nel 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.
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Figure. Minimum-spanning 
tree based on the core-
genome 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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In 1996, the highly pathogenic avian influenza (HPAI) 
A(H5N1) virus subtype of the A/goose/Guang-

dong/1/1996 lineage was detected in domestic geese 
in China (1). Since 2014, H5Nx HPAI viruses belong-
ing 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 in-
fluenza (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 re-
cently 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 Eu-
rope, according to GISAID (https://www.gisaid.
org). In October 2020, HPAI virus related to the vari-
ant from Germany has also been isolated in Japan (5) 
and South Korea (6).

Other variants of HPAI H5Nx virus were detect-
ed 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 geneti-
cally 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 Rus-
sia. 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 test-
ing. 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 ac-
cording 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 ge-
nome segments of group 1 and the 3 genome seg-
ments (HA, M, and NS) of group 2 to be closely relat-
ed (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 dif-
ferent LPAI viruses from Eurasia.

Phylogenetic analysis showed that the whole ge-
nome 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/27/8/20-
4969-App1.pdf). The neuraminidase, PB2, PB1, PA, 
and NP segments of group 2 viruses clustered with 
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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.

 
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. 

 



LPAI viruses identified in Eurasia. Consequently, 
group 2 strains are reassortant strains between Egyp-
tian-like HPAI and LPAI viruses from Eurasia (Ap-
pendix 1 Figure 8). Of note, PB2, PA, and NP seg-
ments 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 previ-
ously 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 possi-
bly reached breeding and staging areas in Siberia 

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 stud-
ies of 2020–2021 European H5Nx viruses are needed 
to verify this hypothesis.
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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.
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Since the emergence of a novel coronavirus, se-
vere acute respiratory syndrome coronavirus 2 

(SARS-CoV-2), which causes coronavirus disease 
(COVID-19), unprecedented measures have been rec-
ommended to reduce transmission. In San Francisco, 
California, USA, progressively restrictive health of-
ficer orders implemented since early 2020 have in-
cluded travel quarantines, shelter-in-place (SIP), de-
ferral of routine medical appointments and elective 
surgeries, closure of public-facing events and busi-
nesses, and isolation and quarantine when appropri-
ate (1). Nationwide, disruptions in medical services 
have contributed to delaying or avoiding routine care 
and a decrease in non–COVID-19-related hospital ad-
missions and emergency department visits (2). Simi-
larly, 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 Pro-
gram manages all cases of active TB in San Francisco 
residents (≈881,549 population). In 2019, San Fran-
cisco had a high incidence of TB, with rates >4-fold 
higher (11.9 cases/100,000 persons) than the nation-
al rate. The affected population is predominantly  
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A mandated shelter-in-place and other restrictions associ-
ated with the coronavirus disease pandemic precipitated a 
decline in tuberculosis diagnoses in San Francisco, Cali-
fornia, USA. Several months into the pandemic, severe 
illness resulting in hospitalization or death increased com-
pared with prepandemic levels, warranting heightened vigi-
lance for tuberculosis in at-risk populations.

1These senior authors contributed equally to this article.



non–US-born (86%) with >80% residing in the Unit-
ed States >5 years (5). We reviewed overall numbers 
of active TB case-patients in San Francisco and newly 
diagnosed cases including those resulting in hospi-
talization, intensive care unit admission, and death. 
We divided our analysis into 2 periods: pre-SIP (Jan-
uary 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 pa-
tients 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 fa-
talities, 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, result-
ing in a 42% reduction. The initial SIP period was 
marked by low numbers of new TB diagnoses dur-
ing mid-March through June; increasing numbers 
starting in July, when more case-patients had TB di-
agnosed 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  

2228	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021

RESEARCH LETTERS

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 case-
patients 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.

 
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. 

 

 



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 TB-
related. No patients diagnosed with TB during SIP 
reported having previous SARS-CoV-2 infection; 
all patients screened for SARS-CoV-2 had nega-
tive 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 ab-
normalities 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 symp-
toms 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 lead-
ing 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 re-
gions where COVID-19 transmission rates and cor-
responding SIP and public health responses differ. 
Nevertheless, we collected real-world data consis-
tent 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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Hong Kong, China, is at the end of a fourth wave 
of severe acute respiratory syndrome coronavi-

rus 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 SARS-
CoV-2 cases had been laboratory confirmed; more 
than half (56%) were detected during the fourth 
wave. We describe a superspreading event that oc-
curred 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 

closed to the public. The local government also is-
sued 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; case-
patients FC2–FC102) (Appendix Table 1). All case-pa-
tients had recently visited this center; >80% of cases 
were detected within 3 days of the first case (Appen-
dix Figure 2). Another 53 SARS-CoV-2–positive per-
sons were subsequently identified; they had had close 
contact with the 102 case-patients but no epidemio-
logic link to the fitness center.

Of the 102 case-patients, all were hospitalized 
according to local standard practice, recovered un-
eventfully, 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 dur-
ing March 9–11; the earliest onset date was March 6 
(case-patient FC46). Assuming the average incuba-
tion period of COVID-19 to be ≈5 days (2), the super-
spreading event might have occurred around March 
5. Because SARS-CoV-2 can be transmitted by asymp-
tomatic 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-pa-
tients (1,4). We used 5 epidemiologically unrelated 
local case-patients, including 4 detected in the same 
period, as controls. All virus sequences from the fit-
ness center outbreak genetically clustered together 
and were genetically distinct from the controls (Fig-
ure), 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 trig-
gered 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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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 in-
fection. Our finding highlights the risk for virus transmis-
sion in confined spaces with poor ventilation and limited 
public health interventions.

1These first authors contributed equally to this article.
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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 neighbor-
joining 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.



transmitted by close contact, droplets, or fomites 
(9). Uncontrolled physical activities in a fitness cen-
ter 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 superspread-
ing event, a recent report indicates that physical ac-
tivities 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 exer-
cise 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, RT-
PCR testing for SARS-CoV-2 every 2 weeks is com-
pulsory, 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 ven-
tilation in all fitness centers are under investigation.
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Children <18 years of age account for ≈3% of coro-
navirus disease (COVID-19) cases worldwide 

(1). Most (70%) children with COVID-19 are asymp-
tomatic or have mild illness; very few require hospi-
talization (2,3). The nature and persistence of the im-
mune 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 con-
tacts were tested by reverse transcription PCR at The 
Royal Children’s Hospital in Melbourne during May–
October 2020. We invited SARS-CoV-2–positive pa-
tients 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 as-
say (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 receptor-
binding 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 stan-
dard (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 LIAI-
SON assay according to the manufacturer’s instruc-
tions 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 re-
cruited 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 SARS-
CoV-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 posi-
tive serologic results; of these adults, 3 had borderline 
seropositive antibody levels.

By February 2021, we had identified 54 SARS-
CoV-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 par-
ticipants 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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The duration of the humoral immune response in chil-
dren infected with severe acute respiratory syndrome 
coronavirus 2 is unknown. We detected specific IgG 
6 months after infection in children who were asymp-
tomatic or had mild symptoms of coronavirus disease. 
These findings will inform vaccination strategies and 
other prevention measures.



concentration decreased ≈2-fold in both groups (Figure, 
panel C). We observed no significant differences in geo-
metric 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 anti-
body 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 LI-
AISON assay and neutralizing antibody assay (Appen-
dix 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–posi-
tive 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 con-
clusion, 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 mu-
cosal responses) during SARS-CoV-2 infection remain 
undetermined. These results will inform vaccination 
strategies and other public health measures. 
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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]).
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Coronavirus disease (COVID-19) took the United 
States by force during the first quarter of 2020, af-

fecting 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, in-
cluding delaying evaluations for other infectious dis-
eases, 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; labora-
tory 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 fa-
tigue 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 low-
grade fever. She was prescribed oseltamivir by her ob-
stetrician 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 expe-
rienced recurrent fever up to 38.9°C, chills, and lethar-
gy. She contacted her obstetrician and was told she had 
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Suspicion of coronavirus disease in febrile patients might 
lead to anchoring bias, causing misdiagnosis of other in-
fections 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.



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 aminotransfer-
ase was 81. Several weeks later, studies revealed ana-
plasma 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 nor-
mal 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 com-
mon 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 pa-
tients 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 transmis-
sion 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 preg-
nancy 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 

other infections also can have serious consequences. 
Healthcare providers must keep an open mind to di-
agnoses other than COVID-19 in febrile patients and 
not fall prey to misdiagnosis because of current pres-
sures to evaluate for COVID-19.
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Rickettsia asembonensis is a fleaborne rickettsia close-
ly 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 re-
ported worldwide (1,2). Although R. felis has been in-
creasingly 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 fe-
brile illness and petechial lesions identified R. asembo-
nensis DNA and antibodies for rickettsial antigens in 
Malaysia (3,4). Furthermore, R. asembonensis was iso-
lated in cellular cultures from patients in Peru with 
acute febrile illness and confirmed by sequencing (5). 
These reports suggest the possibility of R. asembonen-
sis 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 previ-
ous study in Zambia revealed the predominant exis-
tence 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 

Chongwe District (n = 234) of Zambia. Approxi-
mately half of the samples (303/753) were traceable 
to clinical records of patients. The common clinical 
conditions among those patients included fever, ane-
mia, meningitis, septicemia, and sickle cell anemia 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/8/20-3467-App1.pdf). In addition, we ob-
tained 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 rickett-
sia infection in healthy rural persons. The study was 
approved by the National Health Research Author-
ity 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 17-
kDa common antigen (htrA), outer membrane protein 
A (OmpA), and outer membrane protein B (OmpB) 
genes using previously described primers (Appen-
dix Table 2). We aligned the sequences using MAFFT 
(https://mafft.cbrc.jp/alignment/server) and per-
formed 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 ma-
laria by nested PCR (Appendix Table 2).

We detected R. asembonensis in 0.39% (2/519) sam-
ples 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 sensi-
tivity cannot be ruled out. BLAST analysis (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) of the gltA sequenc-
es obtained (GenBank accession nos. LC557154 and 
LC557155) showed 100% homology to R. asembonensis 
identified in cat fleas from human dwellings and do-
mestic dogs in 3 countries: Senegal (GenBank acces-
sion no. JF966774), Kenya (accession no. JN315968), 
and Zambia (accession no. LC431490) (6,7). Compar-
ing 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 clus-
ter from other regions (Figure). The OmpA, OmpB, and 
htrA sequences showed clustering without regional 
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Rickettsia asembonensis is a flea-related Rickettsia with 
unknown pathogenicity to humans. We detected R. asem-
bonensis DNA in 2 of 1,153 human blood samples in Zam-
bia. Our findings suggest the possibility of R. asembonen-
sis infection in humans despite its unknown pathogenicity.

1Deceased. 



discrimination (data not shown). The obtained nucle-
otides are available in GenBank under accession nos. 
LC557154–61. Detection of genotypically similar R. ase-
mbonensis 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 attribut-
able to hemorrhage from vascular damage in rick-
ettsial disease (8). However, the observed evidence 
was limited and could not establish R. asembonensis 
as the cause of these symptoms. The second R. asem-
bonensis–positive sample from the patient identified 
as UTH_231 had limited clinical information, which 
did not allow for further interpretation. The 2 R. ase-
mbonensis–positive blood samples showed estimated 
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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 maximum-
likelihood 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.

 
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 
 



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 with-
in 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 pathoge-
nicity 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 dis-
proportionate increase of non–13-valent pneumo-
coccal 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 poten-
tial of VT20–13 serotypes compared with non-VT20  

serotypes. We would like to complement their re-
sults with data from France and highlight the simi-
larities and the differences in serotype distribution. 
Our long-term prospective population-based sur-
veillance 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 Ben-
Shimol 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 coun-
tries) 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 coun-
tries. 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 replace-
ment pattern, driven by few highly invasive non-
PCV13 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 emer-
gence of some invasive specific clones (5–8).

These studies were supported by the Pediatric Infectious 
Diseases Group of the French Pediatrics Society, Associa-
tion 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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Table. Comparison of pneumococcal serotypes in children <24 
mo of age in Israel, 2015–2017, and France, 2015–2018* 

Serotypes 

Cases of invasive pneumococcal 
disease, no. (%) 

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, 15-
valent 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. 
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To the Editors: We read with interest an article 
by S.A. Collier et al. (1) estimating the economic bur-
den of waterborne illnesses in the United States. Al-
though we found the study noteworthy, the burden 
estimates differ greatly from those in our 2018 study 
(2) of the economic burden from recreational water-
borne illness in the United States. The studies esti-
mated very different numbers of cases: Collier et al. 
estimated ≈7.1 million total waterborne illnesses, but 
we estimated ≈90 million recreational waterborne ill-
nesses 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 bil-
lion from recreational waterborne illness alone. Both 
studies used similar methods to address underreport-
ing and underdiagnosis of illness. Key differences be-
tween 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 pro-
portion attributable to water exposure. In contrast, 
our study used data from large cohort studies of wa-
ter 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 re-
sponsible for gastrointestinal symptoms after water 
recreation are generally not identified in clinical test-
ing (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 eco-
nomic burden from waterborne illness.
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In reading the Centers for 
Disease Control and Pre-

vention’s February 2021 or-
der (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 interna-
tional 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 na-
tion defines itself in relation to others (e.g., borders, 
trade, diplomacy), we do not usually include com-
municable 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 pas-
sengers and cargo were subject to a range of com-
plex, 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 anxi-
eties 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 ex-
perts across many countries and jurisdictions to form 
coherent and defensible policy. Scientists, bureau-
crats, 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 per-
son) defended their position, including an account of 
an anticontagionist who injected himself with blood 
from a plague victim to disprove the theory of conta-
gion, with tragically predictable results. Social media, 
in the form of mass-produced pamphlets, warning of 
secret plans, conspiracy, and perfidy. The performa-
tive 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 enter-
taining, although the depth of detail may engage the 
historian more than the epidemiologist. I have but 
one criticism: the index seems incomplete. For exam-
ple, 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 illumi-
nate 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 re-
sults as readable, as Chase-Levenson’s inquiry.
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The official opening of the Panama Canal in Au-
gust 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 aban-
doned―in large measure because yellow fever and 

malaria devastated its workforce―the United States 
arranged to continue the work in 1904. The US un-
dertaking was enormous and lasted another decade, 
moved enough earth and rubble to create a 16-foot-
wide 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 achieve-
ments of the 20th century. 

The Culebra Cut,1 a 9-mile stretch through the 
Continental Divide from Gamboa on the Chagres Riv-
er in the north to Pedro Miguel in the south between 
Bas Obispo and Pedro Miguel, proved to be the most  
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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.
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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 colos-
sal scale and expense, were always of secondary inter-
est 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 Indi-
ans, 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 explo-
sions. 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 envi-
ronment for mosquitoes. However, because the mos-
quitoborne 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 un-
der budget. 

Credit centers on the work of Colonel William C. 
Gorgas, who after his successful efforts to control yel-
low fever in Cuba in 1901 was appointed chief sani-
tation 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, 

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 assidu-
ous 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 ma-
laria 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 estimat-
ed 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. Work-
ing 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 de-
pictions of the canal’s construction and the most cel-
ebrated 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 na-
tive 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 sur-
roundings. 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 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 8, August 2021	 2245

ABOUT THE COVER

1From 1915 to 2000, this section of the canal was named the 
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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. 



toll would have been higher without effective proto-
cols to control vectorborne diseases, in effect a second 
“special wonder of the canal.” Many of those prac-
tices Gorgas instituted continue to be important in 
global efforts to control mosquitoborne illnesses.
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delivering safe and eff ecti ve oral vaccines.
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Four Human Cases of Eastern Equine Encephalitis in Connecticut,  
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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. 	 Seizures and cerebral edema were uncommon
B. 	 Underrecognized elements of critical neuroinvasive 

EEE include refractory shock with adrenergic 
insensitivity and neuromuscular instability with flaccid 
paralysis or rigidity

C. 	 Cerebrospinal fluid (CSF) profiles rapidly shifted from 
lymphocytic to myeloid predominance

D. 	 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?

A. 	 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

B. 	 The 4 EEE cases were spread out in in different 
geographic regions of Connecticut

C. 	 Numbers of primary-vector and bridge-vector 
mosquitoes were increased by 25% over usual levels 

D. 	 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. 	 Climate change is unlikely to affect the incidence of 

arboviral infection 
B. 	 This outbreak did not necessitate any changes in 

diagnostic testing protocols
C. 	 The timing of diagnosis did not affect decision-making 

regarding treatment and public health measures
D. 	 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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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. 	 20% of patients with Saccharomyces fungemia were 

using Sb probiotic yeast
B. 	 Compared with control participants with bacteremia 

or candidemia, odds of Sb use by patients with 
Saccharomyces fungemia were doubled

C. 	 72% of patients with Saccharomyces fungemia had 
used antibiotics during the preceding 4 weeks, and 
59% had a gastrointestinal disease

D. 	 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. 	 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])

B. 	 Most nonblood cultures positive for Saccharomyces 
were from the respiratory tract

C. 	 Antifungal medication was already in use at the time 
of the positive culture in 18%

D. 	 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. 	 No safety issues were previously reported with 

probiotics
B. 	 A 2017 meta-analysis of 5 studies of Sb use in adults 

showed significant prevention of Clostridioides difficile 
infection (CDI)

C. 	 Sb probiotics are safe and effective for patients with 
possible compromise of gastrointestinal tract integrity

D. 	 Sb probiotics are currently not recommended for 
patients who have indwelling catheters or who are 
immunocompromised or critically ill
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