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PERSPECTIVE

Disparate Effects of Invasive
Group A Streptococcus on
Native Americans

Ryan M. Close, James B. McAuley

Active surveillance of invasive group A Streptococcus
(iGAS) disease indicates that its incidence in the US gen-
eral population is low, but limited studies show rates for
American Indians and Alaska Natives (AlI/AN) are sev-
eralfold higher. Major disparities in rates of iGAS exist
between Indigenous and non-Indigenous populations of
Australia, New Zealand, and Canada, but much less is un-
derstood about iGAS among Al/AN in the United States.
Although complex host—pathogen interactions influence
the rates of iIGAS, including strain variation and virulence,
the number and type of concurrent conditions, and so-
cioeconomic status, the relative contribution of each re-
mains unclear. We highlight the poor correlation between
the substantial effect of iIGAS among Indigenous persons
in industrialized countries and the current understanding
of factors that influence iGAS disease in these popula-
tions. Prospective, large-scale, population-based studies
of iGAS are needed that include AlI/AN as a necessary
first step to understanding the effects of iGAS.

treptococcus  pyogenes (group A  Streptococcus

[GAS]) causes a range of pyogenic, toxigenic,
and immunologic diseases with varying degrees of
severity, from pharyngitis and impetigo to necrotiz-
ing fasciitis and streptococcal toxic shock syndrome
(1). Improved sanitation and increased availability of
antimicrobial drugs have led to a decline in GAS in-
cidence and virulence (2), but concern about invasive
GAS (iGAS) has increased in recent decades (3).

Each year, 500,000 deaths occur worldwide from
GAS; 160,000 of these are from invasive infections, of
which 97% occur in resource-limited countries (4).
Some of the highest rates of iGAS occur in Indigenous
populations within industrialized countries (5), most
likely as a consequence of health disparities between
general populations and marginalized peoples, in

Author affiliations: University of Pennsylvania, Philadelphia,
Pennsylvania, USA (R.M. Close); Indian Health Service Hospital,
Whiteriver, Arizona, USA (R.M. Close, J.B. McAuley); Rush
University, Chicago, lllinois, USA (J.B. McAuley)

DOI: https://doi.org/10.3201/eid2609.181169
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addition to a poorly understood host-pathogen re-
lationship. In the United States, American Indians
and Alaska Natives (Al/AN) suffer from high rates
of iGAS, but epidemiologic and clinical data on GAS
among these Indigenous populations is more sparse
than it is in other industrialized nations (6). We high-
light discordance between the substantial effect of
iGAS on AI/AN and understanding of factors that
influence iGAS disease in these vulnerable US popu-
lations and in other Indigenous persons.

iGAS in the United States

During the 1980s, the first reports of streptococcal
toxic shock-like syndrome resulted in a resurgence
in concern about GAS disease. A population-based
study of iGAS in the United States found a stable an-
nual incidence rate of 4.3 cases/100,000 population
during 1985-1990 (7). Despite this stable rate, GAS
disease increased, and multiorgan dysfunction and
hypotension signaled an increase in GAS severity.

This study prompted the Centers for Disease
Control and Prevention (CDC) to add iGAS to the
Active Bacterial Core surveillance (ABCs) program.
The first survey, which assessed iGAS in the United
States during 1995-1999, found an annual incidence
of 2.2-4.8 iGAS cases/100,000 population (3). Rates
were stable in 2 follow-up epidemiologic studies that
showed iGAS incidence of 3.5 cases/100,000 popula-
tion for 2000-2004 and 3.8 cases/100,000 population
for 2005-2012 (1,8).

The CDCreports suggested stability with unchang-
ing rates and disease distribution. Each report conclud-
ed that iGAS incidence had been stable not only intra-
study but also across decades, starting with the work of
Hoge et al. (7). The researchers referenced higher rates
of iGAS among Indigenous populations of other coun-
tries, and ABCs data indicated that AI/ AN make up
<2% of the country but contributed 4% of iGAS cases
during 2000-2012 (1,8). This finding provides at least
inferential evidence of higher rates of iGAS among Al/
AN that warrants further investigation.

1971



PERSPECTIVE

Incidence varies by region. For example, Utah
reported an iGAS incidence significantly higher than
country averages for 2002-2010: 6.3 cases/100,000
Utah residents. The study noted an increased rela-
tive risk among Native Hawaiians/Pacific Islanders
(3.3% vs.1.2%), but this observation was not explored
further (9). More recent data from the ABCs program
indicated an increase in iGAS incidence in the gen-
eral population; rates rose in 2014 to 4.8 cases /100,000
population and in 2016 to 5.8 cases/100,000 popula-
tion (10,11). Although this recent increase is notable,
it is marginal, and overall rates remain substantially
lower than those reported among Al/ AN.

These studies highlight the stable pattern of iGAS
in the general US population. However, they fail to
highlight the limited but important evidence that
suggests higher iGAS rates among AI/AN.

iGAS among Al/AN
Hoge et al. reported an overall iGAS incidence of 4.3
cases/100,000 population but found an age-adjusted
incidence of 46.0 cases/100,000 population for Al (7).
Heightened concern for iGAS among Al led Benjamin
et al. to review all cultures positive for GAS from ster-
ile sites at a hospital serving Zuni Indians during the
same period (1982-1991) (12). The annualized inci-
dence rate for iGAS of 13.3 cases/100,000 population
(95% CI 8.3-33.2) for Zuni Indians contrasted with a
rate of 1.7 cases/100,000 population in a neighboring
county of predominantly Hispanic and non-Hispanic
White residents. The authors noted that during a time
when the medical community was focused on sus-
pected rising rates in the general population that re-
mained in single digits, the rate of iGAS among Zuni
Al patients was, and had been, substantially higher.
The findings are consistent with more recent stud-
ies and case series that described iGAS among AI/ AN.
Rudolph et al. evaluated iGAS in Alaska during 2001-
2013, and although only 20% of the state’s population
was AN, this group represented 46% of the state’s 516
iGAS cases. The rates of iGAS were 13.7 for AN and
3.9 for non-AN persons per 100,000 population (6). The
Arizona Department of Health Services reported iGAS
incidence rates for Al/ AN that were 2-5 times higher
than those for the general population and an increase
in rates in recent years (13). However, this information
has not reached the broader public health or medical
literature that mostly comprises smaller, local reports
of iGAS clusters involving Al communities (14,15).

A Disease of Displaced Indigenous Populations

Other high-resource countries with more recent
iGAS population-based studies among Indigenous

1972

populations can provide insight for an explana-
tory model for iGAS among Indigenous persons
in the United States. Although evidence is limited
on the true incidence of iGAS globally, Indigenous
populations of industrialized nations have the high-
est recorded rates of both epidemic and endemic
iGAS disease (4).

Canada

After an iGAS outbreak swept through Canada, re-
searchers conducted an epidemiologic review of
iGAS cases in northwestern Ontario for 2001-2013 at
the health center, metropolitan, and provincial levels
(16). First Nations Canadians accounted for 41% of
iGAS cases despite making up only 8% of the popula-
tion. The rate of iGAS at the health center where most
of this population obtains care ranged from 9.8 to
18.1 cases/ 100,000 population, a rate 2-7 times higher
than the largely nonnative metropolitan and provin-
cial populations. In a more focused follow-up study
of 22,000 First Nations Canadians among 26 commu-
nities in the same region, Bocking et al. reported an
iGAS annualized rate of 56.0 cases/100,000 popula-
tion for 2009-2014, >10 times higher the rate for the
general population during the same period (17).

Australia

The rates of GAS and poststreptococcal sequelae are
substantially higher for Aboriginal Australians than for
the general population of Australia, for which GAS dis-
ease has declined (18). In a retrospective 6-year study of
all cases of GAS bacteremia in the Northern Territory,
Carapetis et al. noted that >50% of cases occurred in
Aboriginal Australians, who make up only one quarter
of the population (19). Two separate sequential studies
in neighboring Queensland spanning 1996-2009 sup-
ported these findings; rates of iGAS for Aboriginal Aus-
tralians were 3-8 times higher than for non-Indigenous
Australians (Appendix, https:/ /wwwnc.cdc.gov/EID/
article/26/9/18-1169-Appl.pdf).

New Zealand

In nearby New Zealand, Safar et al. conducted a
population-based study of iGAS to anticipate cov-
erage of potential GAS vaccines in development
(20). In the diverse city of Auckland (population
~1.3 million), 11% were Indigenous Maori. Yet, this
group accounted for 31% of all iGAS infections over
a 2-year period, and the incidence rate for Maori
was 5 times higher than for New Zealand residents
of European and Asian descent. The disparity was
more dramatic at the ends of the age spectrum for
Indigenous Maori. iGAS incidence rates per 100,000

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 26, No. 9, September 2020



population were 40.9 for children <1 year of age and
146.8 for persons >65 years of age.

The disparity in iGAS between Indigenous and
non-Indigenous populations spans geography and
cultures (Table). However, the extent and reasons for
that disparity remain poorly understood.

Influencing Factors in iGAS

The relationship between GAS and Indigenous pop-
ulations most likely involves complex interactions
between pathogens and humans. Numerous studies
have contributed to a long list of influencers of GAS
incidence but a lack of rigorous analyses has yielded
few prevention strategies (21). The high rates of iGAS
among Indigenous persons may represent unique
circumstances that combine pathogen characteristics,
population dynamics, and individual risk factors that
all contribute to varying degrees.

A high incidence of noninvasive GAS disease
and postinfectious sequelae is well described in the
Indigenous populations of industrialized countries
and coincides with elevated rates of iGAS (5). Among
Indigenous Australian children, the prevalence of
pyoderma was reported as high as 90% (18), and in-
cidence rates were 4-10 times higher than in other re-
source-limited settings (22). Rates of acute rheumatic
fever for Indigenous Australians are as high as 194
cases/100,000 population and for Maori in New Zea-
land, 78 cases/100,000 population (5). These rates are
down from estimated rates of 374-508 cases/100,000
population during the 1980s, but remain higher
than rates for local non-Indigenous groups (1.1-
7.2/100,000) (5). Finally, Indigenous Australians have
the highest reported rates of acute poststreptococcal
glomerulonephritis worldwide (239 cases/100,000
population) (23).

Less is known about noninvasive GAS and post-
GAS sequelae among Al/ AN in recent decades. Stud-
ies among Al children in Minnesota during the 1960s
and 1970s showed high rates of poststreptococcal glo-
merulonephritis in addition to a >80% prevalence of
pyoderma (24,25). Despite national declines in rheu-
matic heart disease, limited reports reveal rates of
rheumatic heart disease in Al nearly 5 times national
estimates (4.6 vs. <1.0 cases/1,000 population) (26)
along with higher rates of rheumatic heart disease-re-
lated death (27). These observations require a broader
appreciation of GAS among Indigenous persons, in-
cluding AI/AN.

Socioeconomic Status
Socioeconomic status (SES) is a commonly asserted
but poorly studied explanation for the high rates of

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 26, No. 9, September 2020
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iGAS among Indigenous persons. Few studies have
directly measured SES when comparing iGAS rates
between Indigenous and non-Indigenous popula-
tions, and the evidence is conflicting. In 1 study from
Australia, half of iGAS cases occurred in the lowest
socioeconomic quintile, in which Indigenous persons
were overrepresented (20). Yet, a study in Fiji that
specifically looked for a relationship with SES found
that Indigenous Fijians had higher rates of iGAS
despite a higher SES than did Indo-Fijians (28). Al-
though this study was limited by small sample sizes,
it is an example of the difficulty in understanding
how SES indicators relate to iGAS incidence. Yet, of
all the potential influencers, SES seems to be the most
obvious commonality between displaced Indigenous
persons of different industrialized nations.

According to US national health statistics, 23.9%
of AI/AN lived below the poverty level during
2014-2016 (29), whereas 12.7% of all persons and
11.0% of White persons lived below the poverty
level (29). According to Akee et al., AI/AN experi-
ence substantial income inequality and immobility.
Along with Blacks and Hispanic persons, Al/AN
are consistently at the lower end of income distri-
bution in the United States and are the least likely
to move percentiles in their lifetime (30). Of the top
10% of US income earners, 84% were White, whereas
only 0.3% were Al/AN (30).

For numerous health indicators, AI/AN are
worse off as well and have some of the highest
age-adjusted death rates secondary to chronic liv-
er disease and cirrhosis, diabetes, unintentional
injuries, septicemia, and alcohol-related deaths
(29). Although the overall age-adjusted death rate
for AI/AN is lower than that for all races (591 vs.
729/100,000 population), the years of potential life
lost before age 75 years is 10% higher for AI/AN
than for White persons (i.e., AI/AN lose 645 more
years of life per 100,000 persons before age 75 years)
(29). Infant mortality is a “fundamental indicator
of ... community health status, and the availability
and use of appropriate health care,” and from 2005
to 2015, infant mortality rates decreased >10% for
every racial group except Al/AN, for whom infant
mortality rates did not improve (29).

For some conditions, however, AI/AN have
lower death rates than the US general population and
for White Americans. These conditions include heart
disease, cerebrovascular disease, malignancies, and
chronic lower respiratory disease (29). Misclassifica-
tion and incomplete data for racial groups other than
White and Black explains some of the reason for these
lower death rates.
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Although AI/AN experience socioeconomic and
health disparities, linking the 2 causally is complicat-
ed. The relationship between SES overall, specific SES
indicators (e.g., income or education), and health out-
comes varies by race (31). Furthermore, Black Ameri-
cans have near equivalent rates of poverty (22.0% in
2016) to AI/AN and have some of the largest health
disparities of any racial group (29). The all-cause
age-adjusted death rate is highest for Black persons
(857/100,000 population), and Black persons have
higher death rates for heart disease, cerebrovascular
disease, malignancies, diabetes, and homicides than
persons of all other races (29). Although Black Ameri-
cans have worse health indicators than AI/AN for
many conditions, the rates of iGAS among Blacks are
more similar to those among Whites than for AI/AN.
In the most recent comprehensive report by CDC,
the rate of iGAS among Blacks was 4.7 cases /100,000
population and increased to 6.2 cases/100,000 popu-
lation in the 2016 update (1,11).

For these reasons, we caution against attribut-
ing substantial disparities in iGAS among AI/AN
compared with the general population to SES alone.
Although SES undoubtedly plays a major role, more
information is needed on which SES indicators most
strongly predict iGAS in AI/AN and the general
population. Such information will best guide public
health interventions beyond oversimplified sugges-
tions to improve hygiene and ameliorate poverty.

Perhaps the reason SES fails to accurately cap-
ture which, and how, certain SES indicators most
affect Indigenous persons is that the colonization,
displacement, assimilation practices, and subse-
quent intergenerational historical trauma expe-
rienced by Indigenous populations fundamen-
tally differentiate them from other impoverished
groups. The health effects of centuries of denying
and denigrating Indigenous culture have only re-
cently been appreciated, but much needs to be done
to promote healing (32). The displacement and dis-
crimination experienced by AI/AN is difficult to
measure and correlate with health outcomes. Fur-
thermore, the experiences of Indigenous persons
have shaped migration, their interactions with non-
Indigenous communities, and relationships with
institutions such as the education and healthcare
systems. These factors have led to social, econom-
ic, and political disparities not captured in typical
epidemiologic studies and may contribute to the
confusion in how SES is linked to health disparities
among Al/AN. Recognizing these historical differ-
ences for AI/ AN is critical for better understanding
health disparities, such as iGAS, and might be the
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most important and least understood aspect of dis-
parities in Indigenous health.

Microbiological Factors

Although strain novelty and virulence play impor-
tant roles in iGAS outbreaks, their differential con-
tribution remains unclear. Some studies have pos-
tulated that strain prevalence and novelty, rather
than innate virulence potential, was the predominant
reason a specific strain would emerge as a cause of
iGAS (33). That is, upsurges in both iGAS and nonin-
vasive GAS disease could occur when a predominant
strain is supplanted with a new emm-type to which
the population lacks sufficient immunity (21,34). Out-
breaks can occur within specific risk groups that may
implicate interaction between strain-type and host
irrespective of virulence (e.g., the spread of severe
GAS infections among intravenous drug users in the
United Kingdom) (35).

Yet, hypervirulent strains also have contrib-
uted to outbreaks of iGAS (36,37). A well-described
outbreak of iGAS in Canada resulted from a single,
recently emerged, hypervirulent strain of emmb59,
which then migrated to the United States; genetical-
ly diversified; and led to emm59 outbreaks in Mon-
tana, Wyoming, and Arizona (15,38,39). During the
outbreak in Canada, Tyrrel et al. noted that a rela-
tively modest proportion of iGAS cases (5%) in On-
tario was attributable to emmb59. Yet, they observed
that 56 (83%) of Ontario’s 68 emmb59 cases occurred
in an area with a high proportion of First Nations
Canadians (37). This observation supported by the
findings of Athey et al. that reported a dispropor-
tionate number of iGAS cases among Indigenous
Canadians in Ontario, particularly in the Thunder
Bay region, where emm59 caused 44% of iGAS in
2008 (16). An emmb59 outbreak in a northern Arizona
hospital cited Native American race as a primary
risk factor for infection. Eighteen (62%) of 29 iGAS
cases were identified as emmb59, 15 (83%) of which
occurred in Al (15). A phylogenetic analysis of 67
emmb9 strains known to cause outbreaks of iGAS in
the United States revealed that Als had the highest
proportion of invasive emm59 infections (40). How-
ever, without more detailed community epidemio-
logic data, the relative contribution of novelty versus
virulence was difficult to discern. Genetic studies of
invasive streptococcal outbreaks in the United States
suggest that a progenitor pathogen makes its way
into a population (e.g., AI/AN) and then spreads
quickly from person to person if the dynamics are
favorable (15,16,39,40). Novelty and virulence most
likely work together to intensify iGAS epidemics in
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Indigenous communities. Where a new pathogen
might lead to an increase in iGAS overall because
of population susceptibility, a particularly virulent
new pathogen leads to dramatically increased rates
of disease. It is entirely plausible that population-
specific dynamics and pathogen virulence work to-
gether in amplifying outbreaks.

Host Factors: Concurrent Conditions and

Immunologic Vulnerability

Evidence suggests a strong relationship between
iGAS and the prevalence of concurrent conditions
(19). Diabetes, skin disease, chronic kidney disease,
heart disease, and alcoholism are consistently asso-
ciated with iGAS (1,17,20,28). Although some stud-
ies found Indigenous persons with iGAS were more
likely than non-Indigenous persons to have diabe-
tes, chronic kidney disease, or both (7,19), evidence
demonstrating no association in the number or type
of concurrent conditions was equally limited (20,28).
This observation reflects the limitations of the re-
search and the poor understanding of how con-
current conditions contribute to iGAS. Indigenous
populations clearly have more such conditions and
acquire them at a younger age (41,42). The quantity
of concurrent conditions, in addition to the specific
conditions (e.g., diabetes), might explain why In-
digenous persons, including AI/ AN, are overrepre-
sented among iGAS cases and is supported by the
higher rates of all-cause infectious disease-related
death, including from iGAS, in AI/AN (43). How-
ever, this approach would be an oversimplifica-
tion that neither accounts for the role of pathogen
virulence and host factors nor provides insight into
how such conditions specifically contribute to iGAS.
Furthermore, attributing markedly elevated rates
of iGAS to overall vulnerability cannot explain the
variability in findings on the effects of concurrent
conditions among surveys. Concurrent conditions
appear to play an integral but incomplete role in the
incidence of iGAS among Indigenous populations.
Prospective studies to interpret the effects of specific
conditions on the incidence of iGAS are needed to
better identify persons at highest risk within vulner-
able populations.

The potential contribution of host genetics is
the least understood of variables. Evidence suggests
genetic conservation among Al/AN (44), and a ge-
netic basis for several conditions prevalent among
Al/ AN has been explored or established, including
asthma (45), diabetes (46), and rheumatoid arthritis
(47). Evolutionary bottlenecks and founder effects
have led to an overall decrease in allele diversity,
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and tribal structure of reservation life has led to
semi-independent gene pools (44,48). Such gene
pools provide a potentially more homogenous wide-
spread susceptibility that could partly explain the
vulnerability of all AI/AN populations to invasive
infections caused by encapsulated organisms (Hae-
mophilus influenzae, Streptococcus pneumoniae) that is
well described but incompletely understood (49).
A similar mechanism could be involved with GAS
disease. The application of more recently developed
techniques that measure host immune response to
bacterial infections may offer additional insights,
which can guide future efforts at GAS vaccine de-
velopment and control (50).

Given the disparity in iGAS among AI/AN, it is
reasonable to consider a host genetic predisposition
to invasive infections. In a world of rapidly evolv-
ing techniques for genetic and epigenetic testing and
the emerging potential for gene-targeted therapies,
exploring the possibility of a genetic predisposition
seems prudent to guide potential therapies for this
marginalized population.

Conclusions

The medical and public health communities need
to address the effects of iGAS among the 3 million
AI/AN in the United States. The first step should
address the lack of population-based studies of In-
digenous Americans. The Indian Health Service
needs to support further investigations into iGAS
to fulfill its mission “[t]o raise the physical, mental,
social, and spiritual health of American Indians and
Alaska Natives to the highest level” (https://www.
ihs.gov/aboutihs).

We recommend mandatory reporting of iGAS
in regions with substantial numbers of AI/AN.
This reporting would encourage smaller health-
care facilities to monitor iGAS outbreaks and im-
prove surveillance in smaller, vulnerable popula-
tions. Greater capture of isolates is integral to using
population-based epidemiologic studies to better
identify risk factors for iGAS specific to AI/AN.
We also propose large-scale sequencing and phy-
logenetic studies of GAS emm types to clarify the
migration of strains within and among AI/ AN and
determination of unique host immune responses to
GAS among Al/AN to guide control efforts. A tai-
lored approach might be necessary for AI/AN or
individual tribes, but better evidence would inform
community-based interventions to reduce the inci-
dence of iGAS and lay the foundation for multiva-
lent GAS vaccines to protect communities from the
most harmful GAS strains.
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Seroepidemiologic Study
Designs for Determining SARS-
COV-2 Transmission and Immunity
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Derek Cummings,? Bryan Grenfell,? C. Jessica E. Metcalf,2 Michael Mina,?
Isabel Rodriguez-Barraquer,? Henrik Salje,? Clarence C. Tam?

Serologic studies are crucial for clarifying dynamics of the
coronavirus disease pandemic. Past work on serologic
studies (e.g., during influenza pandemics) has made rel-
evant contributions, but specific conditions of the current
situation require adaptation. Although detection of antibod-
ies to measure exposure, immunity, or both seems straight-
forward conceptually, numerous challenges exist in terms
of sample collection, what the presence of antibodies actu-
ally means, and appropriate analysis and interpretation to
account for test accuracy and sampling biases. Success-
ful deployment of serologic studies depends on type and
performance of serologic tests, population studied, use
of adequate study designs, and appropriate analysis and
interpretation of data. We highlight key questions that se-
rologic studies can help answer at different times, review
strengths and limitations of different assay types and study
designs, and discuss methods for rapid sharing and analy-
sis of serologic data to determine global transmission of
severe acute respiratory syndrome coronavirus 2.

Serologic studies are crucial for understanding cur-
rent and future dynamics of the coronavirus dis-
ease (COVID-19) pandemic. In the past few months,
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much discussion about serologic studies and key is-
sues with their design and interpretation has occurred.
In this article, we discuss the questions that could be
answered with these studies at different points in the
epidemic and summarize the features and issues re-
garding study design, implementation of studies dur-
ing an ongoing epidemic, and interpretation of the
results. Discussion on the use of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) serologic
studies has largely focused on 2 questions: first, what
proportion of a population has been infected?; and
second, what proportion of a population is immune
to disease or infection?

First, for infections that elicit detectable antibody
responses, serologic studies can detect past infection
regardless of clinical symptoms. This capability is
useful for understanding the extent of past transmis-
sion (Figure 1, panel A). By linking this information
with data on symptomatic cases, severe disease, and
death in the same population, these studies can pro-
vide information on asymptomatic proportion, and
the ratio of infections to severe cases and deaths (i.e.,
infection fatality ratio). Such data are also useful for
calibrating mathematical models.

Second, if measured antibody responses correlate
with protection, serologic studies can be used to mea-
sure the proportion of the population that is immune.
This information can be used to guide control policies,
help identify populations that are still susceptible to
epidemics, target treatment or vaccination trials, and
target vaccination when available. Although much
discussion around use of serologic testing to inform
persons of their serologic status has occurred, crucial
distinctions exist between the use of serologic infor-
mation to estimate population-level versus person-
level immunity. Person-level immunity information

1These first authors contributed equally to this article.
2These authors contributed equally to this article.
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is currently fraught with scientific, ethical, and legal
uncertainties, which we do not address in this article.

SARS-CoV-2 Antibody Response

Serologic studies will help answer these questions,
but key unknowns persist regarding SARS-CoV-2 im-
munity and assay interpretation. Although estimat-
ing the proportion of the population that has been
infected seems straightforward, careful consideration
must be given to assay characteristics, the possibility
for cross-reactivity with related coronaviruses, and

SARS-COV-2 Transmission and Immunity

the timing and magnitude of antibody responses.
Timing and magnitude of antibody responses is par-
ticularly critical during a rapidly evolving epidemic,
given the recency of infection for many persons.
Understanding population- or person-level pro-
tective immunity requires knowledge of how protec-
tive immunity is related to past SARS-CoV-2 infection,
the extent to which antibody types or levels correlate
with protection, and how long immunity lasts. Sero-
logic assays detect presence of antibodies but gener-
ally do not establish whether those antibodies protect

Figure 1. Link between severe acute respiratory syndrome coronavirus 2 infection dynamics and antibody levels in the population. A)
Each line shows a person’s antibody titer. After infection, each person’s antibody levels undergo a dynamic process. A lag occurs from
time of infection (white marks) to the generation of antibodies, which peaks several weeks postinfection and varies across persons
depending on the time since infection and the parameters governing dynamics of the immune response. B) Antibody and virus dynamics
in a person from time of infection. Frequent follow-up samples from the same person (indicated by red dots along the horizonal axis)
would inform models of viral load and antibody kinetics. The dashed horizontal line represents the limit of detection of the assay. Early
on, viral loads are more sensitive for diagnosing recent infection, whereas antibody titers become more sensitive once the humoral
response is mounted and persons recover. C) Severe acute respiratory syndrome coronavirus 2 infections generated under an epidemic
process (using a susceptible-exposed-infectious-removed model), modelling susceptible, exposed, infected, and recovered persons.
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the person; neutralization assays are required to gain
a deeper understanding of the functional role of an-
tibodies in immune protection. Inferring protection
from serologic tests is possible only after thresholds
of protection have been established. Therefore, 3 ad-
ditional intermediate questions need to be addressed
to understand the benefits of conducting serologic
studies and to interpret studies: 1) What is the anti-
body response observed after SARS-CoV-2 infections
of different severity? 2) What is the extent of cross-
reactivity in antibodies in different populations and
in different assays? 3) Can we define a protective an-
tibody response (a correlate of protection)?

A recent review summarized what is known re-
garding these questions for other coronaviruses (A.T.
Huang et al.,, unpub. data, https://doi.org/10.1101
/2020.04.14.20065771). For SARS-CoV-2, questions 2
and 3 can be answered with careful analysis of the
types of seroepidemiologic studies proposed in this
article, but question 1 requires a different type of
study, one measuring antibody responses at multiple
time points after acute infections of different severi-
ties (Figure 1, panel B). The first early studies on this
subject suggest that some mild infections, or those in
younger persons, might not lead to a measurable anti-
body response (F. Wu et al., unpub. data, https:/ /doi.
org/10.1101/2020.03.30.20047365), although more re-
cent studies suggest that mild infections do lead to
response (S. Fafi-Kremer et al., unpub. data, https://
doi.org/10.1101/2020.05.19.20101832). This matter
will be critical for inferring past infection from sero-
logic tests and so requires continued study in differ-
ent populations.

Characteristics and Interpretation of

Serologic Assays

New SARS-CoV-2 serologic assays emerge regu-
larly (1-3; C. Sun et al., unpub data, https://doi.
org/10.1101/2020.02.16.951723). These assays mainly
fall into 3 categories: rapid tests; ELISA; and neu-
tralization assays, such as plaque-reduction neutral-
ization tests (PRNTs), microneutralization, or pseu-
dovirus neutralization. Rapid, point-of-care tests
generally use lateral flow immunochromatography
and yield a qualitative (positive or negative) result.
Despite their speed, ease of use, and amenability to
mass screening, currently available rapid tests for
SARS-CoV-2 have questionable accuracy. The World
Health Organization (WHO) currently recommends
that SARS-CoV-2 seroepidemiologic studies use IgG
ELISA followed by confirmation of positive results
with a PRNT (4). PRNT is recommended because it
is more specific than other tests. Moreover, like other
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neutralization assays, PRNT provides quantitative
information on antibody titers that inhibit viral infec-
tion, at least in vitro. However, PRNTs require dedi-
cated laboratory training and facilities. They are more
difficult to standardize and perform at large volume,
and the tests must be performed in a Biosafety Level
(BSL) 3 capacity laboratory, whereas ELISAs can be
performed in BSL-2 laboratories (5). BSL-3 laborato-
ries are not available everywhere. For global com-
parisons of serologic data based on different assays,
understanding their comparability is key (1-3).

High sensitivity and specificity is desired for all
assays but might be prioritized differently depending
on the specific objective. For example, an assay that
detects past infection with higher sensitivity (e.g., one
that can detect antibodies at lower titers) might be
insufficiently specific to determine who in the popu-
lation is immune (e.g., if antibody titers are related
to protective immunity). Specificity also might be a
particular issue when infection prevalence is low (i.e.,
when the number of false-positive results could be
substantial and even outnumber true-positive results).

Even at the person level, interpretation of sero-
logic testing is time-dependent because detectable an-
tibody responses might only appear ~2-3 weeks after
infection. In an ongoing epidemic, a large proportion
of persons will be recently infected and therefore will
be negative by serologic testing. Conversely, a sub-
stantial proportion of previously infected persons
might have detectable virus for several weeks (Figure
1, panel C) (6). Tracking the proportion of the popula-
tion infected over time might thus require use of PCR
assays to detect recent infections, in addition to sero-
logic assays, to minimize false-negative serologic test
results obtained soon after infection. However, this
approach would require the collection of additional
respiratory or salivary samples, and a period in which
infected persons are PCR-negative and have unde-
tectable antibodies might occur. The additional use of
different antibody subclasses (e.g., IgA and IgM) that
might develop at different times during infection and
can be measured in serum might help (A.T. Huang
et al., unpub. data), although the timing of IgG and
IgM might be similar (B. Berriman et al., unpub. data,
https:/ /doi.org/10.1101/2020.05.15.20103275).  The
extent to which serologic testing missing current or
very recent infections affects results will depend on
the prevalence in the population and growth rate. The
extra effort to collect a swab specimen might be nec-
essary at epidemic peak but less necessary at the tail
end of an epidemic.

For different study types, the important assay
characteristics are what sample is needed (e.g., serum,
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blood spot, nasopharyngeal swab, and nasal wash);
where the assay can be performed (e.g., at home orina
laboratory); what resources, equipment, and reagents
are needed; sample throughput and turnaround time;
and cost. For public health, rapid and scalable ap-
proaches (e.g., point-of-care assays or laboratory test-
ing of self-collected samples) are desirable. Such tests
could also be useful for COVID-19 research in settings
where restrictions on movement and social contact
might limit the ability to collect samples. However,
these methods need to be adequately validated before
widespread use. The loss of information that comes
with these tests might be offset by their ease of admin-
istration for some research questions but not for others.

Seroepidemiologic Study Designs and Uses

We assessed 3 seroepidemiologic study designs:
cross-sectional studies, cohort studies, and targeted
population studies. We also address the question of
at-home or on demand testing. We provide a descrip-
tion of each type, the questions they could help an-
swer, and issues with representativeness and imple-
mentation during the pandemic (Table).

Cross-Sectional Studies
Cross-sectional studies measure prevalence of an-
tibody responses in a sample of the population at a
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single time point. These studies might be repeated
at multiple time points (a repeated cross-sectional
design) but not necessarily from the same persons.
What inferences can be made about the wider pop-
ulation depends largely on how representative the
study sample is. Studies with representative simple-
or cluster-based random sampling of the population
are the gold standard but require extensive planning,
resources, and community engagement. Many other
potential sources of serum samples for cross-section-
al serologic studies are available, including residual
serum samples from patients undergoing medical
investigations and blood donation banks. These stud-
ies can be conducted more rapidly on routinely col-
lected samples and might have access to historically
collected, preepidemic samples available for analysis.
However, they require different considerations of
representativeness; residual serum samples reflect
persons who are generally more ill than the general
population and might come with biases inherent in
clinical testing criteria, whereas blood donors tend to
be healthier and do not include children. Moreover,
routinely available blood samples might lack informa-
tion beyond basic demographics, such as geographic
information, underlying conditions, or potential risk
factors for infection that could affect the epidemiol-
ogy and transmission of SARS-CoV-2.

Table. Describing different study designs, questions they could answer, and issues with study design and execution during the

coronavirus disease pandemic

Issues with interpretation  Issues with conducting

Study type

Brief description

Questions study could answer

and representativeness

during a pandemic

Cross-sectional

A sample of the
population has serum
samples collected at 1
time point

Background cross-reactivity (if
started before pandemic);
current proportion of population
that have been infected,;
proportion of population that is
immune (if a correlate of
protection defined); infection
fatality ratio (with information
on cases or deaths in the same
population)

For the different modes of

collection (e.g., blood

banks, residual sera, and

volunteers), different
issues can bias the
sample included in the
study that must be
assessed

Blood banks might
have fewer
participants, residual
sera studies in
hospitals might have
fewer samples or over
representation of
severe acute
respiratory syndrome
coronavirus 2
infections

Cohort

The same persons are
followed up over time,
with serum samples
collected at regular
intervals, and
information on disease
in intervening periods

Background cross-reactivity (if
started before pandemic); ratio
of asymptomatic to
symptomatic infections; waning
of antibody levels, correlates,
and duration of protection;
changes in infection dynamics
over time

Attrition can make analysis
and interpretation difficult,

biases in which
participants are retained
across sampling rounds

Challenges in
collecting and
continuing cohort
during outbreak;
attrition

Targeted populations

Populations with
particularly high
exposures, such as
those around index
patients or healthcare
workers, have serum
samples taken either
cross-sectionally or in
a targeted cohort

Attack rates; ratio of
asymptomatic to symptomatic
infections; proportion of
population infected, correlates,
and duration of protection

Targeted populations
because healthcare
workers might have
different infection
exposure rates and

intensity from the general

population

Potentially logistically
difficult to collect
samples in household
studies
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Strict random sampling could also be relaxed by
recruiting pragmatically through advertisements or
from specific population groups but might be poorly
representative and suffer from participation bias
(e.g., if persons who think they have been previously
exposed are more likely to participate). Invariably, a
trade-off exists between ease of sampling and ease
of interpretation, and studies employing more rep-
resentative sampling strategies will yield more valu-
able information.

Prepandemic samples can be used to determine
background non-SARS-CoV-2 coronavirus serologic
profiles in populations. Repeated cross-sectional stud-
ies during the pandemic can give information on the
proportion of a population infected, immune, or both
at different time points and potentially different age
groups (Figure 2, panels A-C). If compared with sur-
veillance data, results of such studies can be used to

estimate a reliable denominator of number of infections
in the population for calculating infection fatality ratio.
Studies conducted in different locations, particularly
ones using the same assay or, after standardization of
results, using different assays, will enable assessment
of spatial heterogeneity in transmission.

During the pandemic, social distancing measures
might restrict the ability to collect serum samples.
Studies of residual serum samples might also be af-
fected by reductions in hospital visits by noncritical
patients, which will skew samples collected toward
those from patients with substantial disease or CO-
VID-19 patients. Blood banks might also have fewer
donors during this period.

Cohort Studies
In cohort studies, the same persons are followed over
time and samples collected periodically (Figure 2,

Figure 2. Link between severe acute respiratory syndrome coronavirus 2 infection dynamics and serologic analysis designs. A) Example
of results from cross-sectional population study design, indicating percentage of study population who are seropositive at each sample
time point. B) Example of results from a cohort study design: percentage of study population who are seropositive at each sample time
point. The difference in the study designs is shown in panels C and D. C) In a cross-sectional design, we only know proportions in the
population; however, panel D shows an example of each person’s antibody titers over time, illustrating that in a cohort study we can
follow the dynamics of antibody response over time (e.g., the proportion who seroconvert and person-to-person variability).
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panel D) (7,8). During the intervening period, or at
the point of sample collection, information might be
collected on symptoms, healthcare use, and potential
risk factors for infection. Cohort studies provide rich
information but are expensive and labor-intensive to
conduct. These studies might be conducted in com-
munities, among specific populations (e.g., healthcare
workers or pregnant women), or for biobanking. Co-
horts can suffer from attrition, which causes issues in
analyzing and interpreting the results. Therefore, dur-
ing the pandemic, assessing whether cohorts should
be collecting samples from, or information on, cohort
participants who have died might be warranted.

Long-standing cohort studies might have historic
serum samples to determine preepidemic non-SARS-
CoV-2 coronavirus serologic profiles. In the short
term, cohort studies can determine the incidence of in-
fection. Concurrent symptom surveillance and acute
illness sampling within cohorts can add considerable
information and help determine the ratio of asymp-
tomatic to clinically apparent infections. However,
because of limits in cohort size, the number of severe
cases might be insufficient to precisely estimate ratios
of infection to severe illness and death.

Cohort studies might be useful to determine cor-
relates of protection and the duration and waning
of immunity. Depending on the size, demograph-
ics, and geographic distribution of the cohort, these
studies might provide information on the serologic
profile in different population subgroups. However,
in some cases, these cohorts might be geographically
or demographically restricted, so extrapolation to the
whole population might not be possible.

Using existing cohorts, after making adjustments
to ensure the cohorts capture information relevant to
COVID-19, obviates the need to set up new cohorts.
However, ongoing cohort studies might face restric-
tions on data and sample collection during the out-
break, and innovation might be needed.

Targeted Population Studies

Targeted population studies might be conducted by
following populations with high infection risk or in
whom infection has wider consequences, such as
healthcare workers or households of case-patients.
However, the exposure of healthcare workers might
not be similar to that of the rest of the population.

As well as being of use for understanding infec-
tion rates in this important population, samples from
healthcare workers and household members could
be used to determine correlates of protection by com-
paring antibody profiles and subsequent infections.
Fewer constraints on such collections would exist

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 26, No. 9, September 2020

SARS-COV-2 Transmission and Immunity

during an outbreak because healthcare workers will
be coming to healthcare settings, where this type of
study could be conducted.

Early in the pandemic, household studies might
be useful to understand the proportion of infections
that are asymptomatic; they are also useful in under-
standing age-specific infection rates because house-
hold members will vary in age but presumably will
have exposure to any infectious person in the house-
hold. An advantage of these studies is that household
contacts of a case-patient have greater exposure to in-
fection at that time and that person’s exposure within
households would likely be fairly uniform. Similar to
previous study designs, issues with collecting sam-
ples under movement restrictions might exist.

Persons Getting Tested for Their Own

Personal Knowledge

Although not an epidemiologic study design, al-
lowing persons to undertake home serologic tests to
determine if they have been infected has generated
interest recently. If a positive test result correlates
well with immunity, then such tests could help de-
termine which persons are no longer susceptible to
infection and can safely resume normal activities.
These samples might not be representative because
persons might be more likely to request testing if they
think they have been infected or if a family member
or contact has been infected, and certain demograph-
ics might be overrepresented or underrepresented.
The addition of a research component to such assay
deployments, where persons are recruited randomly,
could help overcome the limitation of information de-
rived from this means of collection and provide valu-
able data.

Current tests are not sufficiently accurate for this
use, and questions remain about the relationship be-
tween seropositivity and magnitude and duration
of protection. However, such information could still
have public health value. With additional demo-
graphic data on persons being tested, this approach
could give information about the proportion of the
population that has been infected (with caveats re-
garding the representativeness of the tested popula-
tion). This approach might be less limited by restric-
tions on movements because of COVID-19.

Analytical Methods for Inferring Past Infection
from Serologic Data

Recently, analytical methods for using serologic data
to determine prevalence of past infection have pro-
gressed considerably, through an improved under-
standing of immunology and novel statistical methods.
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A substantial body of literature now exists on statisti-
cal and mathematical modeling methods for antibody
data, alongside off-the-shelf software packages. Anti-
body levels vary over time for each infected person in a
population experiencing a COVID-19 epidemic (Figure
1). Existing methods to analyze this process fall into 2
broad categories. In the first category are methods that
reduce assay results into binary metrics of seropositiv-
ity (a single reading above a specified threshold) (Fig-
ure 2, panels A and C) or seroconversion (an increase
between 2 time points for the same person above a
threshold) (Figure 2, panels B and D). In the second cat-
egory are methods that incorporate full information on
the magnitude or time series of antibody assay results
(Figure 1, panel C).

If SARS-CoV-2 infection is found to generate
stable, consistent antibody dynamics after infection,
then binary metrics are likely to give accurate esti-
mates of seroprevalence, albeit with considerations
of assay variability and the sensitivity of the chosen
threshold (9,10). The attack rate and force of infection
(Figure 1, panel B), measures of transmission inten-
sity, can then be calculated with existing serocatalytic
models and software packages (11,12), with statistical
adjustments for the (known) sensitivity and specific-
ity of the chosen assay and the time lag between infec-
tion and seropositivity (11-15).

However, if antibody kinetics after SARS-CoV-2
infection follow a more complicated trajectory, then
models that capture additional immunologic mecha-
nisms (e.g., timing of development, antibody waning,
cross-reactivity with other pathogens, or variation in
person-level responses) will be required (16,17). The
importance of these variables will depend on SARS-
CoV-2 immunology, properties of the chosen assay
(3), and the antibody isotype (1,18) being measured.
Combining results from different assays and isotypes
might be a powerful approach.

Methods for accounting for bias in the way sam-
ples are collected, and therefore who is in the study,
must also be used, bearing in mind that for some
study designs, fully accounting for biases will not be
possible. The sensitivity and specificity and the pro-
portion of the population that is infected are impor-
tant for interpreting results. Methods for estimating
population infection prevalence from serologic data
are being developed, and one such method is de-
scribed by Larremore et al. (19).

Analytical Methods to Infer Correlates

of Protection

A recent review highlighted that, for the seasonal
coronaviruses, only human challenge experiments
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have provided the level of data needed to identify
a correlate of protection (A.T. Huang et al., unpub.
data). Establishing a correlate of protection is dif-
ficult for any infectious disease, but challenges ex-
ist for novel pathogens, particularly during an out-
break with rapidly changing dynamics. When using
the results from cohort studies as we have described,
statistical analysis comparing preexposure immune
responses in persons who subsequently have disease
versus those that do not can provide information
about whether an assay has characteristics that are
useful for defining protective immunity or a correlate
of protection. Similar work has been done for chikun-
gunya and influenza viruses (20,21). However, poten-
tial confounders, such as differences in exposure risk
over time, must be considered carefully in this type of
analysis. Any measured level or correlate of protec-
tion will be specific to the assay used in the studies, as
was the case for measles (22). Even for measles, where
a correlate of protection has been used consistently,
a recent review found little evidence to support
the threshold used, suggesting this threshold needs
refinement (22).

Comparing and Extrapolating Serologic Data
across Studies and Geographic Regions
Studies will be useful for understanding situations
in a particular population, place, and time. An im-
portant consideration is whether results can give in-
formation about transmission or immunity in other
groups. Age, underlying conditions, or a combination
of both have been shown to affect infection outcome
and therefore should be considered carefully when
extrapolating from one population to another. For the
asymptomatic proportion, differences in reporting
and surveillance systems between places and over
time mean extrapolation should be done with care.
The use of various assays in different places
shows the need to determine whether building meth-
ods to compare results from different assays in dif-
ferent populations is possible. Quantifying intra- and
inter-laboratory variability of the same assay and be-
tween-assay variability will therefore be crucial.

Rapid Sharing and Comparative Analysis of
Serologic Data

As proposed previously (23), rapid sharing and dis-
semination of serologic data are useful for clarifying
infectious disease dynamics and have become even
more vital given the urgency of questions in the cur-
rent pandemic. Phylogenetic analysis has greatly
benefited from development of the GISAID database
(https:/ /www.gisaid.org) to enable rapid sharing of

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 26, No. 9, September 2020



genomic data and from platforms like Nextstrain
(24) for rapid analysis. Rapid sharing would enable
comparison of assays across populations (including
comparing prepandemic samples for understand-
ing cross-reactivity in different populations). Rapid
sharing would also enable pooled analyses, compar-
ison of parameters of transmission, and gauging of
the effect of interventions across place and time. If
a database were to be developed, a core set of data
would need to be collected on each sample and on
each study and assay. WHO has proposed that all
such data be shared with WHO and has issued stan-
dardized protocols (4), but even more open sharing
would also enable rapid analysis and decision mak-
ing. The rapid sharing of tools specifically to analyze
SARS-CoV-2 serologic studies will also be useful.
Even if data sharing is not possible, as results of se-
roepidemiologic studies are released, they need to
clearly show how subjects were recruited, what in-
clusion criteria and which assay were used, and how
the analysis was conducted.

Conclusions

Serologic studies at multiple stages of an epidemic
could provide fundamental information for under-
standing the extent of past transmission, the current
state of the epidemic, and future transmission. How-
ever, successful deployment of serologic testing will
require optimization, validation, and proper interpre-
tation of assays, which requires studies focused on
these specific questions. Different types of epidemio-
logic study will be best and viable at different times
during the outbreak and in different settings, and
the biases of these study designs should be carefully
taken into account in analysis and interpretation. Tri-
angulation between multiple types of studies might
also be of use. Current movement restrictions might
constrain implementation of some study designs, so
thought should be given to other study designs, al-
though with consideration of their possible biases.
The utility of serologic studies can be even greater
if they are designed for optimal cross-location com-
parison. A platform to enable rapid data sharing, and
therefore analyses across places and times, would
also be very powerful.
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Polyclonal Burkholderia cepacia
Complex Outbreak in Peritoneal
Dialysis Patients Caused
by Contaminated Aqueous
Chlorhexidine

Sally C.Y. Wong,* Shuk-Ching Wong, Jonathan H.K. Chen, Rosana W.S. Poon,
Derek L.L. Hung, Kelvin H.Y. Chiu, Simon Y.C. So, Wing Shan Leung, Tak Mao Chan,
Desmond Y.H. Yap, Vivien W.M. Chuang, Kwok-Yung Yuen,? Vincent C.C. Cheng?

Whether Burkholderia cepacia complex should be an ob-
jectionable organism in antiseptic solutions with accept-
able total bacterial counts is controversial. By using next-
generation sequencing, we documented a polyclonal B.
cepacia complex outbreak affecting peritoneal dialysis
patients in Hong Kong that was caused by contaminated
chlorhexidine solutions. Epidemiologic investigations at
a manufacturing site identified a semiautomated pack-
aging machine as the probable source of contamination
in some of the brands. Use of whole-genome sequenc-
ing differentiated the isolates into 3 brand-specific clonal
types. Changes in exit site care recommendations, rapid
recall of affected products, and tightening of regula-
tory control for chlorhexidine-containing skin antiseptics
could prevent future similar outbreaks. Environmental
opportunistic pathogens, including B. cepacia complex,
might be included in regular surveillance as indicator or-
ganisms for monitoring environmental contamination.

urkholderia cepacia is the type species of the genus

Burkholderia and is a ubiquitous multidrug-resistant,
motile, non-glucose-fermenting, gram-negative organ-
ism found in water and soil (1). The B. cepacia complex
(BCC) contains >17 closely related species that require
molecular methods for accurate differentiation (2). Pre-
vious typing methods, such as pulsed-field gel electro-
phoresis, restriction fragment-length polymorphism, or
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multilocus sequence typing (MLST), are ineffective and
only enable differentiation into genome variants.

BCC is a major pathogen among patients with
cystic fibrosis and an opportunistic pathogen affecting
patients with indwelling medical devices and immu-
nosuppression (3). Although >50 BCC-related nosoco-
mial outbreaks associated with contaminated antisep-
tics or medications have been described, none of the
skin disinfectant-related outbreaks were documented
by next-generation genome sequencing as the typing
method. The exact mode of contamination of commer-
cial antiseptics was often not found (4,5). Implicated
disinfectants and medications included intrinsically or
extrinsically contaminated chlorhexidine (4-11), povi-
done-iodine (12,13), benzalkonium chloride (14-16),
intravenous fluids or drugs (17-20), sodium docusate
(21,22), eye drops (23), alcohol-free mouthwash, and
nebulized salbutamol and albuterol (24-26).

There is a lack of consensus on whether B. cepa-
cia should be considered an objectionable organism
in nonsterile pharmaceutics according to guidelines
for the United States and Europe (27-30). We report
an outbreak involving >2 clusters of BCC strains
among peritoneal dialysis patients caused by multi-
ple brands of contaminated, prepackaged, single-use,
0.05% aqueous chlorhexidine (aqCHX) solutions.

Materials and Methods
Outbreak Investigation

On September 6, 2019, we conducted an investiga-
tion at the Queen Mary Hospital Dialysis Unit in

!Current affiliation: Queen Elizabeth Hospital, Hong Kong, China.
2These senior authors contributed equally to this article.
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Hong Kong when a cluster of 4 dialysis patients had
BCC isolated from their exit site. All 4 patients had
recent-onset serous to bloody discharge from their
exit site (3 peritoneal dialysis catheter exit sites and
1 hemodialysis catheter exit site). The hospital is a
1,700-bed university-affiliated tertiary referral center
serving ~270 peritoneal dialysis and 110 hemodialysis
patients. Noting the unusual number of BCC among
renal patients, we performed case finding and estab-
lished baseline incidence rate of BCC during Janu-
ary 1, 2014-September 9, 2019, by using a laboratory
information system (software system that records,
manages, and stores data for clinical laboratories).

For the outbreak investigation, we defined a
case-patient as a peritoneal dialysis patient who had
BCC isolated from clinical specimens during March
13, 2018-October 30, 2019. The medical records of
case-patients were reviewed by the infection control
team as described (31). Epidemiologic investigation
at the renal unit was performed, and nursing staff
were interviewed and observed for any changes in
their patient care practice; patients and their rela-
tives, if available, were interviewed about their exit
site care procedures. Environmental surveillance was
conducted as described in the next section. Active
surveillance was initiated for all peritoneal dialysis
patients; we collected exit site swab specimens to
screen for additional BCC cases. Ethics approval was
obtained from the institutional review board of the
University of Hong Kong/Hospital Authority Hong
Kong West Cluster.

Environmental Surveillance

Air, water, and environmental samples from the
peritoneal dialysis unit, together with various anti-
septics used for exit site care from our hospital and
the community, were collected and microbiological-
ly analyzed as described (31,32) (Appendix, https://
wwwnc.cde.gov/EID/article/26/9/19-1746-App1.
pdf). In brief, we collected surface specimens by us-
ing premoistened, Polywipe sponge swabs (Medi-
cal Wire & Equipment, https://www.mwe.co.uk).
We sampled faucets and drains of sinks by using
transport rayon swabs (Copan Diagnostics, https://
www.copanusa.com). We collected tap water (250
mL) into labeled sterile bottles. We used an air sam-
pler, SAS Super ISO 180 model 86834 (VWR Interna-
tional PBI Srl, https://it.vwr.com), to collect 1,000
liters of air onto MacConkey agar (CM 0507; Oxoid,
http:/ /www.oxoid.com) containing 0.0005% crystal
violet (Merck KGaA, https:/ /www.emdgroup.com)
and 4 ng/mL gentamicin (CG-MAC). We collected
in-use and unopened antiseptics in the hospital.

1988

Unopened 0.05% aqCHX was also obtained from
other (outside) stores.

Tap water was filtered through a 0.45-um mem-
brane, which was then inoculated onto CG-MAC.
Sponge swabs and transport rayon swabs were in-
cubated in sterile selective brain heart infusion broth
(CM1135; Oxoid) containing 4 pg/mL gentamicin,
15 pg/mL vancomycin, and 1 pg/mL amphotericin
B (G3632, V2002, and A4888, respectively; Sigma-
Aldrich, https://www.sigmaaldrich.com) at 37°C
overnight before inoculation onto CG-MAC. All
disinfectants and antiseptics were subjected to 1:10
dilution with neutralization broth (brain-heart infu-
sion plus 2% Tween 80 [P1754; Sigma-Aldrich], 0.3%
sodium thiosulphate pentahydrate [27910.260; VWR
Chemicals, https:/ /us.vwr.com], 0.4% potassium di-
hydrogen phosphate [26936.260; VWR Chemicals],
and 0.5% lecithin). The suspension was left at room
temperature for 5 min, then 100 pL of the suspen-
sion was spread onto blood agar (CM0331; Oxoid).
Water and air samples were incubated at 37°C for 1
day, followed by room temperature for 5 days. Other
specimens were incubated at 37°C for 5 days and ex-
amined daily for visible bacterial growth. Any bacte-
rial growth was further speciated, and bacterial CFUs
were also counted for air and antiseptic cultures.

Clinical Specimens

We processed all clinical specimens obtained before the
outbreak investigation according to standard laboratory
operating procedures. We performed active surveillance
for BCC collected by swabbing catheter exit sites for
all peritoneal dialysis patients. These swab specimens
were inoculated onto CG-MAC for incubation at 37°C
for 2 days. Patients with clinical symptoms suggestive
of invasive catheter-related infection were investigated
accordingly (e.g., peritoneal fluid or blood culture).

Field Investigation at Brand B Manufacturing Site

On September 19, 2019, a joint field investigation at
brand B manufacturing site was conducted by a team
of field epidemiologists, infection control professionals,
and clinical microbiologists. The process of reconstitu-
tion, dilution, and packaging of 5% chlorhexidine solu-
tion into individually packed 25-mL volumes of 0.05%
aqCHX was directly observed. Environmental samples
and antiseptics were collected for microbiological inves-
tigations as described in the previous sections.

Identification by Matrix-Assisted Laser

Desorption/lonization Time-of-Flight Mass Spectrometry
We picked bacterial colonies from blood agar or
CG-MAC for matrix-assisted laser desorption/
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ionization time-of-flight (MALDI-TOF) mass spec-
trometry identification with bacterial colony protein
extraction by using a direct transfer method. We
measured mass spectra of isolates by using the MBT
Smart Mass Spectrometer (Bruker Daltonik, https://
www.bruker.com) and the Bruker MBT Database 9.0
(8326 spectra). Scores >2.0 were considered as show-
ing high-confidence identification and scores of 1.7-
2.0 as showing low-confidence identification.

Whole-Genome Sequencing and Bioinformatic Analysis
We further analyzed environmental and clinical BCC
isolates by using the NovaSeq 6000 Sequencing Sys-
tem (Illumina Inc., https://www.illumina.com) at
The University of Hong Kong Li Ka Shing Faculty of
Medicine, Centre for PanorOmic Sciences, Genomics
Core (Appendix). Two archived outbreak-unrelated
BCC isolates were used as controls. We extracted
MLST profiles from whole-genome assemblies by us-
ing BIGSdb, which is available on the BCC PubMLST
website (33). We performed phylogenetic analysis ac-
cording to single-nucleotide polymorphisms (SNPs)
by using CSIPhylogeny version 1.4 with default set-
tings (Appendix) (34). Results from CSIPhylogeny
were subsequently imported into FigTree version
1.44 (http://tree.bio.ed.ac.uk) for visualizing the
phylogenetic tree.

Statistical Analysis

We used the exact rate ratio test to compare exit site
infection (ESI) rates between centers with and with-
out routine chlorhexidine use. A p value <0.05 was
considered statistically significant. We applied the
Holm-Bonferroni correction for multiple comparisons
to control the familywise error rate at 0.05. We used
the R package rateratio.test (https://www.r-project.
org) to perform calculations. We used an indepen-
dent f-test to compare means of outbreak durations
involving nonsterile and sterile sites. We used SPSS
Statistics 20 (IBM, https:/ /www.ibm.com) to perform
this analysis.

Results

Epidemiologic Investigation

On September 6, 2019, we launched an outbreak in-
vestigation when BCC was isolated from 3 peritoneal
dialysis catheter exit sites and 1 hemodialysis cath-
eter exit site for 4 patients (2 women and 2 men; age
range 49-90 years, median age 60.5 years). The exit
site swab specimens were used for investigation of
suspected ESI on September 4, 2019. Three patients
had BCC isolated from previous exit site specimens,
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1 from as early as September 24, 2018. The number of
days from catheter insertion to first isolation of BCC
ranged from 300 to 2,329 days (mean 1,084.5 days,
median 854.5 days).

Retrospective case finding of BCC showed an
increasing trend over time among nonduplicated
dialysis patients since March 2018. During March
13, 2018-September 6, 2019, BCC was isolated from
53 renal patients, including 47 peritoneal dialysis
catheter exit sites and 2 peritoneal fluid specimens
(Table 1). The incidence rate of BCC isolated from
peritoneal dialysis catheters during 2018-2019 was
>2 SD from baseline (Figure 1), confirming an out-
break of BCC among peritoneal dialysis patients.
Interviews with ward staff and observation of pa-
tient care practice found no recent changes or ir-
regularity but showed that peritoneal dialysis pa-
tients purchased 0.05% aqCHX from community
stores and used this solution for routine exit site
care. Brands A and B were the commonest aqCHX
bought by peritoneal dialysis patients because
they were the most readily available brands in
the community.

Environmental Surveillance

We collected 63 environmental and antiseptic speci-
mens used in peritoneal dialysis catheter exit site
care from the renal unit (Table 2). Different brands
of aqCHX were purchased in the community (brands
A-F) and collected in the hospital (brands G and
H). All 77 aqCHX collected in the hospital were cul-
ture negative, but 103 of the 104 community aqCHX
showed bacterial growth (Table 2). Brand A of aqCHX
had an average bacterial load of 3.6 x 10°, and brand B
had a value of 5.9 x 10* CFU/mL. No BCC was isolat-
ed from environmental samples and other antiseptics
collected from the renal unit.

Clinical Specimens

We collected peritoneal dialysis catheter exit site
swab specimens from 275 patients for BCC surveil-
lance. A total of 62 (22.5%) patients were positive for
BCC, 33.9% (21/62) of whom had a genuine infection.
A total of 29.0% (18/62) were among the 53 BCC-pos-
itive peritoneal dialysis patients identified from retro-
spective case finding.

Field Investigation at Brand B Manufacturing Site

We observed the entire process from dilution to
packaging of aqCHX. In brief, 5% aqCHX was di-
luted with distilled water in the mixing compart-
ment of a semiautomated packaging machine, which
channeled and packed the diluted solution into
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Table 1. Specimen types and demographic characteristics for 53 renal dialysis patients from whom Burkholderia cepacia complex was

isolated, Hong Kong, China, March 13, 2018—September 6, 2019*

Characteristic

2018, 25 patients

2019, 28 patients Total, 53 patients

Specimen type

23 PD catheter ES; 1 HD
catheter ES; 1 ES swab
specimen not otherwise

23 PD catheter ES; 2
HD catheter ES; 2
peritoneal fluid; 1 blood

46 PD catheter ES; 3 HD
catheter ES; 2 peritoneal
fluid; 1 blood culture from

specified culture from HD catheter ~ HD catheter; 1 ES swab
specimen not otherwise
specified
Age, y, mean (median, range) 60.1 (65, 24-81) 65.8 (66, 46—90) 63.1 (66, 24-90)
Sex ratio, F:M 16:9 13:15 29:24

Days from PD/HD catheter insertion until first
isolation of B. cepacia complex, mean (median,

1,192 (648, 58-2,349)

1,140 (769.5, 70-6,098) 1,163, (713, 58-6,198)

range)
B. cepacia complex peritonitis 1 4 5
Removal of PD catheter 1 3 (2 caused by renal 4
transplant)
Previous infections
ESI caused by other organisms 8 7 15
Peritonitis caused by other organisms 4 6 10
Antimicrobial drug use <1y before isolation of B. 19 26 45
cepacian complex
No. deathst 2 2 4

*ES, exit site; ESI, exit site infection; HD, hemodialysis; PD, peritoneal dialysis.

TNone of the 4 deaths were attributable to infection by B. cepacia complex.

25-mL sachets (Figure 2). Samples of antiseptics
were taken before and after each step, together with
additional environmental samples from the site.
BCC was found in 19 of 29 environmental samples
and antiseptics collected, and 3 freshly packed anti-
septics also yielded Achromobacter species (Table 2).
BCC was first detected at a low level after chlorhexi-
dine was diluted with distilled water in the semi-
automated machine, then at high level in all subse-
quent packaged aqCHX, implying that the machine
was the probable source of contamination. No BCC
was found in the distilled water, air samples, or
samples taken from measuring beaker, mixing rod,
and unused package material.

1990

Identification by MALDI-TOF Mass Spectrometry

All isolates were identified correctly to the genus lev-
el and had scores >1.7. Further species identification
within the BCC was not possible.

Whole-Genome Sequencing and Bioinformatic Analysis
A total of 80 isolates (52 patient isolates from active
surveillance; 26 chlorhexidine-related isolates, in-
cluding 5 isolates from the manufacturing site; and
2 outbreak-unrelated strains) were subjected to ge-
nome sequencing (Appendix Tables 1, 2). MLST anal-
ysis identified 2 predominant types. All BCC isolated
from brands A, D, and E aqCHX (from the same com-
pany) were B. cenocepacia genomovar IIIA sequence

Figure 1. Epidemic curve and
incidence rate of Burkholderia
cepacia complex isolated from
peritoneal dialysis patients,
Hong Kong, China, January
2014—September 2019.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 26, No. 9, September 2020



Polyclonal Burkholderia cepacia Complex Outbreak

Table 2. Environmental specimens collected and tested for investigation of Burkholderia cepacia complex outbreak in peritoneal
dialysis unit, Hong Kong, China, March 13, 2018-September 6, 2019*

No. Culture result (mean, median, range),
Characteristic specimens CFU/mL
Peritoneal dialysis unit
Environment
Air samples 2 Negative for BCC
Swab specimens from sink and faucet 12
Water samples from sink in ward 10
Soaps from dispensers next to patient sinks 4
Swab specimens from wound dressing trolleys 3
Blood pressure cuffs, gloves, and tissue paper 6 (2 each)
Connection shield SyslIK with povidone—iodine solutiont 3
Exit site care agents
In-use povidone—iodine 10 Negative for BCC
Single-use prepackaged saline and sterile water 10 (5 each)
White wine vinegar 3
Aqueous chlorhexidine
Brand A (outside hospital) 51 43 with BCC only (3.6 x 10%, 1.9 x 102, 2.7—

7.6 x 10%); 4 with Ralstonia species only
(77, 85, 46-93); 4 with BCC and Ralstonia
species (120, 120, 94-130)

Brand B (outside hospital) 45 45 with BCC (5.9 x 10%, 4.6 x 104, 2.9 x
10%-1.2 x 10%)
Brand C (outside hospital) 4 4 with BCC (8.3 x 10%, 6.8 x 10°, 8 x 10%-
1.9 x 10%)
Brand D (outside hospital) 2 2 with BCC (2.8 x 105, 2.8 x 10°, 2.4-3.2 x
10%)
Brand E (outside hospital) 1 1 with BCC (1.5 x 10°)
Brand F (outside hospital) 1 Negative for BCC
Brand G (from hospital) 47 Negative for BCC
Brand H (from hospital) 30 Negative for BCC
Brand B manufacturing site
Environment
Air samples 2 Negative for BCC
Plastic packaging 1 Negative for BCC
Plastic container in preparation room 1 Negative for BCC
Surface of fan in preparation room 1 Negative for BCC
Surface of air conditioner in preparation room 1 Negative for BCC

Specimens collected during dilution and packaging process

5% chlorhexidine from original bottle 1 Negative for BCC
Chlorhexidine in measuring beaker 1 Negative for BCC

Distilled water 1 Negative for BCC

Diluted chlorhexidine in mixing compartment of semiautomated 1 BCC from enriched culture method with
packaging machine ([I] in Figure 2), before mixing with stirring rod overnight incubation in neutralization broth
Stirring rod surface swab specimen, before mixing diluted 1 Negative for BCC
chlorhexidine solution

Stirring rod surface swab specimen, after mixing diluted 1 BCC from enriched culture method with
chlorhexidine solution overnight incubation in neutralization broth
Diluted chlorhexidine in mixing bowl of packaging machine, after 1 BCC from enriched culture method with

mixing with stirring rod
Newly packed 25 mL 0.05% aqueous chlorhexidine

overnight incubation in neutralization broth
16 163 with BCC 1.2 x 105, 1.2 x 10°, 3.6 x
10*-2.4 x 10°); 3 with concurrent
Achromobacter species

*BCC, Burkholderia cepacia complex
TBaxter Healthcare SA, https://www.baxter.com.
Three specimens had concurrent Achromobacter species found in culture.

type (ST) 1547, and all BCC isolated from brand B
aqCHX and its manufacturing site were B. cepacia
that had a novel ST (ST1693). The 2 BCC isolates from
brand C were B. cenocepacia that had another novel
sequence (ST1694).

The phylogenetic tree based on core SNPs was
consistent with the MLST results showing 2 pre-
dominant clusters with highly related strains within
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each cluster (Figure 3). Strains from clusters A corre-
sponded to brand A (and D and E) aqCHX and clus-
ter B corresponded to brand B aqCHX, except that 1
brand A isolate (BCAP168) was different from cluster
A strains. Both strains in cluster C corresponded to
brand C aqCHX produced by a different company. A
total of 47/52 patient isolates were indistinguishable
or closely related to those in cluster A. Forty of these
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Figure 2. Semiautomated
packing machine for aqueous
chlorhexidine in brand B
manufacturing site, Hong Kong,
China, A) Mixing compartment
(1), transfer tube from mixing
compartment to dispensing

end (Il), area in which unused
plastic packages are threaded
(1), collection tray of newly
packed 25 mL 0.05% aqueous
chlorhexidine (IV). B) mixing
compartment (I), unused plastic
package (ll), unused plastic
package funneled to dispensing
end (ll1), heat seal of 0.05%
aqueous chlorhexidine into 25-
mL packages (IV).

patients recalled using brand A for exit site care, 4
could not recall the brand used, and 3 reported using
brand B. Of the 5 patients with isolates closely related
to those in cluster B, 2 reported using brand B for exit
site care, 2 reported using brand A, and 1 could not
recall the brand used. The number of SNP differences
in pairwise comparison of environment and patient
isolates within cluster A was 0-165 and within cluster
B was 0-32.

Outbreak Control

Upon reasonable suspicion of BCC contamination af-
fecting prepacked aqCHX purchased in the commu-
nity, the renal unit called all patients to stop such a
practice and arranged alternative means of exit site
disinfection. On September 17, 2019, the Hospital
Authority and Centre for Health Protection (CHP),
Department of Health, Hong Kong, were notified of
the finding of BCC in prepackaged aqCHX. Further
investigation by CHP identified 183 affected patients
in public and private hospitals in Hong Kong (35).
Several additional affected brands of aqCHX were
identified and voluntarily recalled by the correspond-
ing companies (36). We performed snapshot ESI sur-
veillance between centers with routine and nonrou-
tine chlorhexidine use by using data provided by the
Hospital Authority; no major difference were found
between the 2 practices (Table 3). Thus, sterile saline
was recommended for routine exit site care in perito-
neal dialysis patients instead of aqCHX.

1992

On October 8, 2019, the Guidance Notes on Clas-
sification of Products as Pharmaceutical Product un-
der the Pharmacy and Poisons Ordinance (Cap. 138)
related to chlorhexidine was revised. Skin antiseptic
products containing chlorhexidine are now classified
as pharmaceutical products unless otherwise stated
or under certain exceptions. This guidance took effect

on July 8, 2020 (37).

Discussion
We report a polyclonal outbreak of BCC among
peritoneal dialysis patients in our hospital that was
caused by several contaminated brands of prepack-
aged aqCHX, which led to a territory-wide contact
tracing that identified additional affected patients in
other hospitals. Some observations can be made from
this and previous BCC outbreaks. First, BCC out-
breaks involving nonsterile sites were usually more
prolonged; the mean outbreak duration was 85.4 days
(median 66 days) when >50% of outbreak strains were
isolated from sterile sites, compared with a mean of
245.9 days and a median of 199 days when >50% of
BCC were isolated from nonsterile sites (p = 0.001)
(Appendix Tables 3, 4). This finding might have oc-
curred because BCC isolated from nonsterile sites
might go unnoticed or were dismissed as sporadic,
especially for patients with known risk factors, such
as peritoneal dialysis catheters.

Also, the number of patients involved in an out-
break correlated with geographic distribution of the
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contaminated source(s). For example, 2 recent, large
BCC outbreaks involving 162 and 138 patients were
caused by intrinsically contaminated intravenous sa-
line and liquid docusate (17,21,22); both items were
distributed to multiple states in the United States.
From these and previous experiences (38), opportu-
nistic environmental pathogens, such as BCC and
nonanthrax Bacillus, might be used as indicator or-
ganisms for environmental contamination and be in-
cluded as part of routine surveillance.

The use of whole-genome sequencing (WGS) pro-
vided high-resolution information for further analy-
sis of this outbreak. First, it enabled accurate identifi-
cation of BCC to species level and preliminary typing
of bacterial strains through MLST. Phenotypic tests
and MALDI-TOF mass spectrometry are inaccurate
in speciation within BCC, and unlike previous BCC
outbreaks, in which identical antibiogram profiles
were found among outbreak-related BCC (4,39), the
antibiogram profiles among isolates from our pa-
tients were variable.

Although WGS is becoming increasingly used for
outbreak investigations, the technology is not readily
available in usual clinical microbiology laboratories
and can be costly. Thus, alternative molecular typing

Polyclonal Burkholderia cepacia Complex Outbreak

methods, such as MLST or restriction fragment length
polymorphism, remains the first choice for nosocomi-
al outbreak investigations because they often provide
sufficient information for evaluation of smaller scale,
more focused outbreaks. In addition, these methods
are also helpful for preliminary evaluation of larger
outbreaks. Nevertheless, we opted for WGS in our
investigation because of anticipated large-scale in-
volvement, and the need for high-resolution data for
analysis to enable rapid enforcement of corrective
measures at a regional level.

Phylogenetic analysis of the WGS data based on
SNP differences unambiguously differentiated the
outbreak BCC isolates into distinct clusters. Com-
bined with epidemiologic findings and field investi-
gation at brand B manufacturing site, we believe that
the contamination of aqCHX most likely occurred at
their corresponding manufacturing sites. First, brand
A aqCHX was manufactured outside Hong Kong
and had no direct geographic linkage with the brand
B manufacturing site. Second, the 5% chlorhexidine
from the unopened bottle at the brand B manufac-
turing site did not show any growth of BCC, and
presence of BCC was only detected in samples taken
from the semiautomated machine, implying that the

Figure 3. Maximum-likelihood phylogenetic tree of 80 Burkholderia cepacia complex isolates based on single-nucleotide
polymorphisms, Hong Kong, China. A, B, and C indicate clusters. Scale bar indicates nucleotide substitutions per site.
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Table 3. Exit site infection rate of various microorganisms for patients in peritoneal dialysis centers in public hospitals, Hong Kong,

China*

No. infections/1,000 patient-years

Microorganisms causing peritoneal dialysis

Centers with routine CHX use,

Centers without routine CHX use,

catheter exit site infections n = 2,530 patients n = 2,030 patients p value
Coagulase-negative staphylococci 95.25 72.41 0.0096t
Diphtheroid bacilli 19.37 31.53 0.0128
Streptococcus species 74.70 65.02 0.2424
Methicillin-resistant Staphylococcus aureus 49.41 57.64 0.2570
Methicillin-sensitive S. aureus 62.45 70.44 0.3241
Enterobacteralest 95.65 86.70 0.3457
Candida species§ 21.34 25.62 0.3990

*Values are pooled data from centers with and without routine CHX use for exit site care (deduplication done per center). CHX use included 0.05%

aqueous CHX and 2% and 4% CHX body wash. CHX, chlorhexidine.

1Not statistically significant after Holm-Bonferroni sequential correction (0.05/7 = 0.007).
FIncluded Citrobacter freundii, Enterobacter aerogenes, Escherichia coli, Klebsiella species, Morganella species, Providencia alcalifaciens, P. rettgeri, P.
stuartii, Proteus species, Raoultella ornithinolytica, R. planticola, and R. terrigena.

8Included C. holmii, C. valida, Candida species, and Pichia species.

contamination had occurred during processing at the
manufacturing site, rather than in the raw material.
Third, the WGS analysis of clusters A and B, corre-
sponding to brands A and B, were genetically distant.
Although we cannot be certain of the exact time and
duration of contamination, the retrospective case
finding of B. cepacia isolated among our peritoneal
dialysis patients during 2014-2019 showed a sub-
stantial increase only since March 2018, suggestive
of a relatively recent event. We suspect that lapses in
good manufacturing practices (GMPs) at various sites
of chlorhexidine dilution led to bacterial contamina-
tion from the environment into the production line.
BCC are ubiquitous in the environment and strains
that have a MIC (>100 mg/L chlorhexidine) have
been described, in which the minimum bactericidal
concentration can be 3 times higher than the MIC (40).

The relative chlorhexidine resistance of BCC was
believed to be caused by chromosomally encoded,
resistant-nodulation-division efflux pumps, which
up-regulate in the presence of sublethal concentra-
tions of chlorhexidine (41). Thus, chlorhexidine led to
the selection of a predominant BCC strain exhibiting
high levels of resistance to chlorhexidine specific to
each manufacturing site. In comparison, chlorhexi-
dine has better antibacterial activities against staphy-
lococci and Enterobacterales; thus, contamination of
chlorhexidine by these organisms is rare, even at low
chlorhexidine concentrations (Appendix Figure) (42).

The peritoneal dialysis catheter exit site care
practice was revisited during this outbreak. Our lo-
cal guideline stated that sterile saline and antiseptics,
such as aqCHX, are acceptable (43), and the Interna-
tional Society for Peritoneal Dialysis 2017 guidelines
stated that there is no evidence to suggest any antisep-
tics being superior in lowering the ESI rate (44). Some
peritoneal dialysis centers have adopted routine use
of chlorhexidine for ES care but a local snapshot audit

1994

on ESI rate supported the use of either sterile saline or
aqCHX for exit site care.

Before the described outbreak, prepackaged
aqCHX products were not considered to be phar-
maceutical products in our locality because they
were not labeled for use on broken skin nor had me-
dicinal claims, and as such, these products were not
registered with the Pharmacy and Poisons Board.
The updated CHP guidance issued in response to
this outbreak compels all chlorhexidine-containing
skin antiseptic for human and animal use to be clas-
sified as pharmaceutical products unless otherwise
stated, or except that these products are clearly la-
beled in English and Chinese for washing hands
only (or equivalent); or chlorhexidine is used as
a preservative or antimicrobial agent in cosmetic
products, and necessitates that GMPs be observed,
together with additional regulatory measures (45).
Because terminal sterilization might inactivate or
compromise the antimicrobial activity of particu-
lar antiseptics including, chlorhexidine, GMPs are
relied upon to ensure the quality of the chlorhexi-
dine produced, coupled with microbial testing of
products to demonstrate their compliance with the
limit laid out by the authorities (27,28,46). We be-
lieve that antiseptics that are potentially used on
wounds, compromised mucosal surfaces, exit sites
or in immunocompromised patients should be sub-
jected to regulations as pharmaceutical products to
avoid future similar outbreaks.

This study had several limitations. First, the out-
break that we described was restricted to peritoneal
dialysis patients. Non-peritoneal dialysis-related in-
fections associated with contaminated aqCHX would
not have been readily identified during initial case
finding. Subsequent case finding based on exposure
to contaminated aqCHX identified other affected
groups of patients (e.g., persons with left ventricular-
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assisted devices). Also, BCC isolated from peritoneal
dialysis patients before September 6, 2019, and older
lots of aqCHX were not available. Thus, only BCC
strains identified from active patient surveillance
and recent lots of prepackaged aqCHX were includ-
ed for WGS. Therefore, phylogenetic analysis of the
environmental and clinical strains might only reflect
recent transmissions. Nevertheless, isolates subject-
ed to WGS were from 12 patients who were among
the 53 patients identified by the initial retrospective
case finding. All of these isolates were highly relat-
ed to strains within cluster A. Finally, investigation
of brand C was not performed because there were
no patient isolates within cluster C and none of the
peritoneal dialysis patients used this brand. Other af-
fected brands of aqCHX were imported from outside
Hong Kong. Therefore, field investigation at the man-
ufacturing sites for these brands was also not pos-
sible. Nevertheless, all affected brands were recalled
and will be subject to the new regulatory measures.
In conclusion, our investigations identified a
polyclonal outbreak of BCC caused by contamina-
tion of multiple brands of commercial aqCHX. The
findings illustrated that genome sequencing enabled
high-resolution and accurate analysis of the outbreak
strains, which facilitated identification of the prob-
able cause or point of contamination. Timely actions
and coordination between renal units, the Microbiol-
ogy and Infection Control Services, Hospital Authori-
ty, and Department of Health ensured prompt control
of the outbreak and amendment of peritoneal dialysis
catheter exit site care practice guidelines, voluntary
territory-wide recall of the contaminated aqCHX, and
tightening of regulatory control of chlorhexidine-
containing skin antiseptics to prevent additional
cases. Surveillance of environmental opportunistic
pathogens, such as BCC, might enable these indicator
organisms to be used to monitor environmental con-
tamination for early detection of similar outbreaks.
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as tuberculosis, which can remain latent for years before progressing
into its more serious, contagious state. As testing methods improve,
researchers are learning how tuberculosis rates can be complicated.
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Severe Acute Respiratory
Syndrome Coronavirus 2
Prevalence, Seroprevalence,
and Exposure among Evacuees
from Wuhan, China, 2020

Benjamin D. Hallowell,* Christina M. Carlson, Jesica R. Jacobs, Mary Pomeroy, Jonathan Steinberg,
Mark W. Tenforde, Emily McDonald, Loretta Foster, Leora R. Feldstein, Melissa A. Rolfes, Amber Haynes,
Glen R. Abedi, George S. Odongo, Kim Saruwatari, Errin C. Rider, Gina Douville, Neenaben Bhakta,
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To determine prevalence of, seroprevalence of, and po-
tential exposure to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) among a cohort of evacu-
ees returning to the United States from Wuhan, China, in
January 2020, we conducted a cross-sectional study of
quarantined evacuees from 1 repatriation flight. Overall,
193 of 195 evacuees completed exposure surveys and
submitted upper respiratory or serum specimens or both
at arrival in the United States. Nearly all evacuees had
taken preventive measures to limit potential exposure
while in Wuhan, and none had detectable SARS-CoV-2
in upper respiratory tract specimens, suggesting the ab-
sence of asymptomatic respiratory shedding among this
group at the time of testing. Evidence of antibodies to
SARS-CoV-2 was detected in 1 evacuee, who reported
experiencing no symptoms or high-risk exposures in the
previous 2 months. These findings demonstrated that this
group of evacuees posed a low risk of introducing SARS-
CoV-2 to the United States.

n December 31, 2019, a cluster of severe pneu-

monia cases in Wuhan, Hubei Province, China,
was reported (1). On January 7, 2020, a novel corona-
virus, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), was isolated from samples associ-
ated with the cluster (2,3). As of May 1, 2020, a total of
3,175,207 coronavirus disease (COVID-19) cases had
been confirmed and 224,172 persons had died world-
wide; 84,385 cases and 4,643 deaths were in China (4).
Also as of May 1, 2020, the US Centers for Disease
Control and Prevention (CDC) was reporting ongo-
ing worldwide transmission (5).

On January 20, 2020, a case of coronavirus disease
(COVID-19) was confirmed in a US patient who had
recently traveled to Wuhan (6). To slow the spread
of the epidemic, on January 23, the government of
China enacted a travel ban restricting all travel into
and out of Wuhan, including air and rail travel, and
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suspending operation of buses, subways, and ferries
within the city (7). As of January 23, a total of 571 con-
firmed COVID-19 cases had been reported in China (8).
After China enacted the travel ban, the US De-
partment of State planned evacuation flights for US
citizens and other third country nationals in Wuhan.
We describe the demographic and clinical character-
istics, potential exposures to SARS-CoV-2, personal
protective measures implemented, and SARS-CoV-2
real-time reverse transcription PCR (rRT-PCR) and
serologic test results for evacuees from 1 repatriation
flight from Wuhan. These data can be used to bet-
ter determine SARS-CoV-2 epidemiology, including
assessing the point prevalence of past and current
SARS-CoV-2 infections in this cohort and identifying
factors associated with infection in this cohort. These
findings can also be used to help estimate the initial
risk for transmission to contacts in the United States
posed by evacuees from Wuhan and are relevant to
current and future implementation of public health
control measures, such as isolation and quarantine.

Methods

We investigated quarantined evacuees from a January
28, 2020, repatriation flight from Wuhan to the United
States. Before the flight departed Wuhan, evacuees
were evaluated to ensure that they had no fever or
respiratory signs/symptoms. At arrival in the United
States and again at the quarantine facility, evacuees
were asked to complete a US Traveler’s Health Decla-
ration form disclosing any symptoms; they were also
screened for illness and fever, asked about symptoms
in the past 72 hours, and asked about any high-risk
exposures (including working in or visiting health-
care settings; caring for or visiting persons with fever,
respiratory illness, or a confirmed COVID-19 diag-
nosis; or visiting any live animal markets) in Wuhan
in the past 14 days. Those who reported symptoms
or high-risk exposures were evaluated by a CDC
Quarantine Medical Officer, who determined if they
required further evaluation and isolation from the
quarantined cohort.

Nasopharyngeal and oropharyngeal swab sam-
ples and serum specimens were obtained from par-
ticipating evacuees when they arrived at the quaran-
tine station in the United States. As part of quarantine
procedures, evacuees were actively monitored for
fever and respiratory signs/symptoms for 14 days
after departure from Wuhan; any evacuee in whom
either fever or respiratory signs/symptoms devel-
oped during this time was evaluated for COVID-19
(9), and additional nasopharyngeal and oropharyn-
geal specimens were collected (10,11). All specimens
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were collected, processed, and shipped to CDC for
testing (10,11). Presence of SARS-CoV-2 in nasopha-
ryngeal and oropharyngeal swab samples was con-
firmed by rRT-PCR detection of viral RNA in respira-
tory specimens (12). Serum specimens were initially
tested for SARS-CoV-2 antibodies by SARS-CoV-2
ELISA (Appendix 1, https://wwwnc.cdc.gov/EID/
article/26/9/20-1590-Appl.pdf).

We asked evacuees to complete a detailed, self-
administered survey during the flight from Wu-
han (Appendix 2, https://wwwnc.cdc.gov/EID/
article/26/9/20-1590-App2.pdf). The survey -cap-
tured information on demographics, clinical signs/
symptoms, travel outside of Hubei Province, face
mask use, limitation of time spent in public, and past
high-risk exposures (including contact with con-
firmed COVID-19 case-patients; persons with fever,
acute respiratory illness, or both; healthcare and lab-
oratory facilities; and animals and live animal mar-
kets). We assessed high-risk exposures over the past 2
weeks and the past 2 months. We compared high-risk
exposures over the past 2 weeks with rRT-PCR re-
sults for persons who provided an upper respiratory
specimen (because 14 days was the upper end of the
estimated incubation period for COVID-19 [13,14]).
We also compared high-risk exposures over the past
2 months with the serologic test results for evacuees
who provided a serum sample (because SARS-CoV-2
had probably been circulating for the 2 months before
their departure [15]).

We entered survey responses into REDCap elec-
tronic data capture tools hosted at CDC (16), and all
entries were verified by a second reviewer for ac-
curacy and completeness. Data were analyzed by
using SAS software version 9.4 (SAS Institute, Inc.,
https:/ /www.sas.com).

CDC determined that this investigation was pub-
lic health surveillance (US Department of Health and
Human Services, Title 45 Code of Federal Regulations
46, Protection of Human Subjects). Evacuees’ partici-
pation in the collection of biological specimens and
the survey was voluntary.

Results

At the time of arrival in the United States, no evacuee
had a measured fever or reported any signs or symp-
toms that required further evaluation. Of the 195
evacuees, 193 completed surveys; 99% (191/193) of
respondents provided a nasopharyngeal sample, an
oropharyngeal sample, or 1 of each for SARS-CoV-2
rRT-PCR testing, and 96% (186/193) provided a serum
sample for testing. The median age of all 193 evacuees
was 42 (range 0-74) years, and 53% (100/189) were
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male (Table 1). Most were either Asian (49%, 94/192)
or White (35%, 68/192).

One evacuee reported having had close con-
tact with a person with laboratory-confirmed CO-
VID-19 in the previous 2 weeks. Specifically, re-
ported exposures included direct physical contact,
being within 6 feet of the person while that person
was coughing or sneezing, taking an object handed
from or handled by the person, and traveling in the
same vehicle as the person (Table 2). No other evac-
uees reported exposure to a person with laborato-
ry-confirmed COVID-19 in the previous 2 months.
However, 6% (12/191) reported having had close
contact with a person with fever, acute respiratory
illness, or both in the previous 2 weeks and 16%
(30/186) in the previous 2 months (Table 2). One
evacuee had visited a live animal market in the
previous 2 weeks and 5% (9/186) in the previous 2
months. Three percent (6/191) of evacuees had vis-
ited settings with nondomesticated live animals in
the previous 2 weeks and 5% (10/186) in the previ-
ous 2 months. One percent (2/191) of evacuees had
had direct physical contact with a nondomesticated

Table 1. Demographic characteristics of 193 evacuees on a
repatriation flight from Wuhan, China, to the United States,
January 2020

No./total no.

Characteristic (%)*
Age group, y

<18 32/193 (17)

18-44 68/193 (35)

45-64 83/193 (43)

>65 10/193 (5)
Sex

M 100/189 (53)

F 89/189 (47)
Race/ethnicity

White 68/192 (35)

Black 6/192 (3)

Asian 94/192 (49)

Multiracial 13/192 (7)

Hispanic 11/192 (6)
Underlying medical condition

Chronic lung disease 1191 (1)

Asthma/reactive airway disease 7191 (4)

Diabetes mellitus type 1 2/187 (1)

Diabetes mellitus type 2 4/191 (2)

Hypertension 14/192 (7)

Chronic heart or cardiovascular disease
Chronic kidney disease
Liver disease
Noncancer immunosuppressive condition
Neurologic/neurodevelopmental disorder
Other chronic disease
Specimen submitted
Nasopharyngeal and/or oropharyngeal swab
sample
Serum 186/193 (96)
*Data for persons for whom responses were missing were excluded from
the numerator and denominator.

0/191 (0)
1/191 (1)
1/191 (1)
1/189 (1)
1/191 (1)
11/191 (6)

191/193 (99)

2000

live animal (both instances with stray dogs) in the
previous 2 weeks. No additional evacuees had had
direct physical contact with a nondomesticated live
animal in the previous 2 months.

During the previous month, after hearing about
COVID-19 cases in Wuhan, 95% (178/188) of evac-
uees reported having limited their time in public
in Wuhan, including avoiding public gatherings
(87%), public transportation (84%), and all public
settings (e.g., grocery stores or restaurants; 70%)
(Table 3). In addition, in the previous month, after
hearing about COVID-19 cases in Wuhan, 76% of
evacuees reported having worn a face mask while
in public spaces. This finding represented a signifi-
cant increase from the 34% of evacuees who report-
ed having worn a face mask while in public spaces
in the previous 2 months (McNemar test statistic
74.05; p<0.0001).

Five percent (9/193) of evacuees reported hav-
ing experienced signs or symptoms associated with
COVID-19 (measured or subjective fever, cough,
shortness of breath) in the previous 2 weeks, and
12% (24/193) reported signs/symptoms associated
with COVID-19 in the previous 2 months. One evac-
uee who reported signs/symptoms associated with
COVID-19 in the previous 2 weeks sought medical
care, and no evacuee required hospitalization while
in Wuhan (Table 4).

SARS-CoV-2 was not detected by rRT-PCR in
any of the 190 nasopharyngeal or 190 oropharyngeal
swab specimens collected from 191 unique evacuees
(189 provided nasopharyngeal and oropharyngeal
samples, 1 nasopharyngeal sample only, and 1 oro-
pharyngeal sample only). During the 14-day quaran-
tine period, fever developed in 2 evacuees; additional
nasopharyngeal and oropharyngeal swab specimens
were collected and tested, and SARS-CoV-2 was not
detected in either specimen type.

One evacuee showed serologic evidence of a
past SARS-CoV-2 infection. Serum from that person
had antibodies against SARS-CoV-2 at titers of 400
determined by ELISA and 320 determined by mi-
croneutralization test. This person was male, was in
the 19-44-year age group, was traveling without any
family members, and reported no signs/symptoms
associated with COVID-19 in the past 2 months. He
reported no high-risk exposures (including exposure
to or contact with live animals, live animal markets,
persons known to be ill with COVID-19, or persons
with fever or acute respiratory signs/symptoms). He
reported that since early January he had spent limited
time out in public, including avoiding public trans-
port, avoiding public gatherings, and not attending
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Table 2. Potential exposures to severe acute respiratory syndrome coronavirus 2 by 193 evacuees returning from Wuhan, China, to

the United States, January 2020*

Exposure risk factors

No./total no. (%)t

Relevant exposures for serology resultst
Animal contact
Visited the Huanan Seafood Market in past 2 mo
Visited any live animal market in past 2 mo
Visited any settings with domesticated animals in past 2 mo

Visited any settings with nondomesticated animals in past 2 mo

Had direct contact with any animals in past 2 mo
Human contact

Had close contact with laboratory-confirmed COVID-19 case-patient in past 2 mo
Had close contact with person with fever and/or acute respiratory iliness in past 2 mo

High-risk settings

Visited a healthcare setting (not in United States) in past 2 mo

Worked in a healthcare setting in Wuhan in past 2 mo
Worked in a laboratory setting in Wuhan in past 2 mo

Travel
Did not travel outside of Hubei Province, China, in past 2 mo

1/186 (1)
9/186 (5)
39/186 (21)
8/186 (4)
52/186 (28)

1/186 (1)
30/186 (16)

8/186 (4)
0/186 (0)
0/186 (0)

62/186 (33)

Relevant exposures for PCR results§
Animal contact
Visited any live animal market in past 2 wk

11191 (1)

Visited any settings with domesticated animals in past 2 wk 15/191 (8)

Visited any settings with nondomesticated animals in past 2 wk 6/191 (3)

Had direct physical contact with live domestic animals in past 2 wk 36/191 (19)

Had direct physical contact with live nondomestic animals in past 2 wk 2/191 (1)
Human contact

Had close contact with laboratory-confirmed COVID-19 case-patient in past 2 wk 1191 (1)

Had close contact with person with fever and/or acute respiratory iliness in past 2 wk 12/191 (6)
High-risk settings

Visited a healthcare setting (not in United States) in past 2 wk 7/191 (4)

*COVID-19, coronavirus disease.

tData for persons for whom responses were missing were excluded from the denominator.
fLimited to exposures within the past 2 mo and to persons who submitted serum sample.
§Limited to exposures within the past 2 wk and to persons who submitted a nasopharyngeal and/or oropharyngeal swab specimen.

school/university. ELISA results for the remaining
185 serum specimens measured SARS-CoV-2 anti-
body titers at <400, and the samples were therefore
considered seronegative.

Discussion

Our report on SARS-CoV-2 prevalence, seropreva-
lence, and potential exposures among evacuees re-
turning from Wuhan is part of the public health re-
sponse enacted to slow transmission of SARS-CoV-2
in the United States. Although this population of
evacuees is probably not representative of all Wuhan
residents in terms of risk of acquiring SARS-CoV-2
infection, our results indicate limited exposure to
SARS-CoV-2 among this group of early evacuees
from Wuhan.

Compared with previously reported COVID-19
case-patients in Wuhan, our population was young-
er (median 42 vs. 59 years of age) and their reported
frequency of potential SARS-CoV-2 exposures was
lower, including exposure to persons with respira-
tory signs/symptoms, work-associated healthcare ex-
posures, and exposure to live animal markets (15). Of
note, although our questionnaire covered exposure
to animals and animal markets, most transmission
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within Wuhan during the evacuees’ relevant expo-
sure period before the repatriation flight to the Unit-
ed States was probably human-to-human (15,17). Our
study population, which consisted predominantly
of US expatriates, probably had other factors that
reduced their risk for exposure and were not docu-
mented as part of our investigation. For example, it
is possible that the expatriates” households in Wuhan
were smaller than other households in Wuhan, which
has been associated with a lower risk for transmis-
sion (18-21); however, because we did not document
household size in our investigation, we cannot show
such an association. Nearly all evacuees took preven-
tive measures to limit potential exposure to SARS-
CoV-2 while in Wuhan. However, 16% of evacuees
did have direct contact with persons who had fever
or acute respiratory illness.

Previous investigations among evacuees trav-
eling from Wuhan to Germany and Japan detected
SARS-CoV-2 RNA in 7 asymptomatic persons (22,23),
suggesting that symptom-based screening alone may
not be effective for detecting SARS-CoV-2 infection.
Evacuees in our study underwent intensive screening
such that no evacuee had signs/symptoms at the time
of evacuation and none had detectable SARS-CoV-2
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in upper respiratory tract specimens, suggesting
the absence of asymptomatic respiratory shedding
among this group at the time of testing. In addition,
no SARS-CoV-2 was detected in respiratory speci-
mens from the 2 evacuees in whom fever developed
during quarantine. The lack of SARS-CoV-2 detection
in asymptomatic travelers at the time of testing and
in the 2 travelers in whom fever developed could re-
sult from a lower risk for exposure among this group
compared with Wuhan residents or other reported
evacuees (22,23).

The ELISA and microneutralization tests used in
this investigation have produced robust responses
to serum from confirmed SARS-CoV-2 patients (B.
Freeman et al., unpub data, https://www.biorxiv.
org/content/10.1101/2020.04.24.057323v2 28). Al-
though 24 evacuees reported signs/symptoms as-
sociated with COVID-19 (subjective fever, cough, or
shortness of breath) in the previous 2 months, none
were seropositive for SARS-CoV-2. In contrast, an
antibody response was detected in 1 person who did
not report illness in the previous 2 months, indicat-
ing past SARS-CoV-2 infection, suggestive of past
asymptomatic or mildly symptomatic infection. The
overall seroprevalence of 1% suggests a low level
of exposure to SARS-CoV-2 over the preceding 2
months in Wuhan. However, a lack of antibody re-
sponse may not mean an absence of past infection;
serologic responses were not always found in per-
sons with mild Middle East respiratory syndrome
coronavirus illness and positive rRT-PCR results for
that virus (24). Future serologic testing among CO-
VID-19 case-patients may be useful for determining
whether persons with asymptomatic or mild COV-
ID-19 disease become seropositive.

Efforts by this cohort to limit their exposure by
limiting their time in public may have helped pre-
vent infection, even in a city with extensive ongoing
community transmission. Because SARS-CoV-2
seems to be transmitted primarily through respirato-
ry droplets, limiting time in public may have helped
prevent infection because proximity to infected per-
sons is needed for virus transmission (25). Before the
evacuees in our study departed Wuhan, China was
implementing measures to control SARS-CoV-2 by
suspending public transport and vehicle traffic and
canceling Lunar New Year gatherings (7). CDC cur-
rently recommends that all persons wear cloth face
coverings in public; the purpose is to help protect
others from potential droplet exposure, not to protect
the persons wearing the face coverings (26). Thus, al-
though 76% of evacuees reported mask use after hear-
ing about COVID-19 in Wuhan, individual mask use
probably had minimal effect on their individual risk
of acquiring infection.

Information about virus prevalence, serop-

revalence, and possible SARS-CoV-2 exposures in
this population of evacuees has the potential to in-
form current and future quarantine and isolation
policies. In this population, who underwent in-
tensive screening and monitoring, we detected no
evidence of current infection with SARS-CoV-2 and
very limited evidence of past infection. Other than
the 193 evacuees included in our study, 3 cases of
COVID-19 were detected in the United States dur-
ing quarantine of later cohorts of evacuees after
signs/symptoms developed and the evacuees un-
derwent testing, demonstrating the value of quar-
antine and active monitoring of evacuees to detect
COVID-19 cases (27).

Table 3. Precautions taken to prevent infection with severe acute respiratory syndrome coronavirus 2 by 193 evacuees while in

Wuhan, China*

No./total no. (%)t
Submitted NP or OP  Submitted serum

Precaution Total, n=193 sample,f n=191 sample,§ n = 186
Face mask use
Usually wore a face mask in past 2 mo while in public 63/185 (34) 63/184 (34) 63/178 (35)
Usually wore a face mask in past 1 mo while in public after hearing about  143/188 (76) 143/187 (76) 138/181 (76)
COVID-19
Limited time in public
In past 1 mo after hearing about COVID-19 178/188 (95) 176/186 (95) 171/181 (94)
By taking the following precautions
Avoided public transport 150/178 (84) 148/176 (84) 144/171 (84)
Avoided public gatherings 154/178 (87) 153/176 (87) 148/171 (87)
Did not attend work 53/123 (43) 53/121 (44) 53/123 (43)
Did not attend school/university# 19/30 (63) 19/30 (63) 15/25 (60)
Avoided all public settings (e.g., grocery stores, restaurants) 125/178 (70) 124/176 (70) 119/171 (70)

*COVID-19, coronavirus disease; NP, nasopharyngeal swab; OP, oropharyngeal swab.
tData for persons for whom responses were missing were excluded from the denominator.

fLimited to persons who submitted an NP and/or OP specimen.
SLimited to persons who submitted serum specimen.

fLimited to persons who reported an occupation (other than student, stay-at-home parent, or retired).
#Limited to persons 2—18 years of age and those reporting student as occupation.
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Table 4. Signs/symptoms, clinical course, and past medical history for evacuees reporting illness who were on a repatriation flight from

Wuhan, China, to the United States in early 2020*

No./total no. (%)t
Self-reported iliness in past Self-reported illness in past

Characteristic 2 mo, n =39 2wk, n=13
Sign/symptom
Measured fever 5/36 (14) 3/12 (25)
Subjective fever 16/37 (43) 2/13 (15)
Cough 15/36 (42) 6/12 (50)
Sore throat 21/38 (55) 9/13 (69)
Muscle aches 10/37 (27) 2/11 (18)
Headache 12/37 (32) 112 (8)
Shortness of breath 2/34 (6) 1/12 (8)
Vomiting 3/33 (9) 1/11 (9)
Diarrhea 7/36 (19) 1/12 (8)
Fatigue 16/37 (43) 3/12 (25)
Other 10/30 (33) 6/10 (60)
Any coronavirus sign/symptomz 24/39 (62) 9/13 (69)
Identified as a person under investigation for COVID-19 signs/symptoms§ 10/39 (26) 2/13 (15)
Sought medical care for iliness in past 2 wk 1/39 (3) 0/13 (0)

*All persons who self-reported iliness submitted serum and a nasopharyngeal or oropharyngeal swab specimen. COVID-19, coronavirus disease.
tPersons for whom responses were missing were excluded from the numerator and denominator.

fMeasured fever OR subjective fever, cough, or shortness of breath.
§Measured or subjective fever AND shortness of breath or cough.

Our investigation has limitations. First, the sur-
vey was self-administered and based on self-report;
therefore, questions were open to interpretation and
subject to reporting bias. Because respiratory speci-
mens from asymptomatic persons were collected at a
single point in time, we are unable to show whether
asymptomatic shedding might have occurred later
during quarantine. Also, rRT-PCR assays and sero-
logic tests are inherently limited by their individual
sensitivity and specificity; however, we believe that
the limitations of test specificity and sensitivity across
this population of evacuees were minimal. In addi-
tion, because only 1 serum specimen was taken at the
time of US arrival, we were unable to detect antibod-
ies that may have developed later.

As of May 1, a total of 1,062,446 COVID-19 cases
had been confirmed in the United States, including
39 in repatriated persons (3 cases in 808 returned
evacuees across 5 flights from Hubei Province and
36 cases from the Diamond Princess cruise ship) (28).
Initial efforts to slow introduction of SARS-CoV-2 to
the United States began in January 2020 and includ-
ed quarantine of persons with high-risk exposures,
screening of travelers at airports, and isolation and
contact tracing of confirmed case-patients (28). Our
investigation demonstrated that this group of evacu-
ees posed a low risk of introducing SARS-CoV-2 to
the United States, and their exposure to SARS-CoV-2
in Wuhan was probably limited. These results should
help inform public health guidance on quarantine
and isolation measures for travelers arriving from
high-risk areas and further characterize the epidemi-
ology of this emerging virus.
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An ongoing pandemic of coronavirus disease (CO-
VID-19) is caused by infection with severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). Charac-
terization of the histopathology and cellular localization
of SARS-CoV-2 in the tissues of patients with fatal CO-
VID-19 is critical to further understand its pathogenesis
and transmission and for public health prevention mea-
sures. We report clinicopathologic, immunohistochemi-
cal, and electron microscopic findings in tissues from
8 fatal laboratory-confirmed cases of SARS-CoV-2 in-
fection in the United States. All cases except 1 were in
residents of long-term care facilities. In these patients,
SARS-CoV-2 infected epithelium of the upper and lower
airways with diffuse alveolar damage as the predominant
pulmonary pathology. SARS-CoV-2 was detectable by
immunohistochemistry and electron microscopy in con-
ducting airways, pneumocytes, alveolar macrophages,
and a hilar lymph node but was not identified in other
extrapulmonary tissues. Respiratory viral co-infections
were identified in 3 cases; 3 cases had evidence of bac-
terial co-infection.

he ongoing global pandemic of coronavirus dis-

ease (COVID-19), caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), was
identified in Wuhan, Hubei Province, China, and has
spread rapidly around the world (1,2). As of May
18, 2020, World Health Organization official data re-
ported 4,628,903 confirmed cases and 312,009 deaths
(2). On January 20, 2020, the Centers for Disease Con-
trol and Prevention (CDC) confirmed a case in the

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (R.B. Martines, J.M. Ritter, E. Matkovic,
J. Gary, B.C. Bollweg, C.S. Goldsmith, L. Silva-Flannery,

J.N. Seixas, S. Reagan-Steiner, T. Uyeki, A. Denison,

J. Bhatnagar, W.-J. Shieh, S.R. Zaki); Synergy America Inc.,
Atlanta (H. Bullock).

DOI: https://doi.org/10.3201/eid2609.202095

Emerging Infectious Diseases * www.cdc.gov/eid *Vol. 26, No. 9, September 2020

United States; since then, all 50 US states, District of
Columbia, Guam, Puerto Rico, Northern Mariana Is-
lands, and US Virgin Islands have confirmed cases of
COVID-19 (2-4).

Coronaviruses are enveloped, positive-strand-
ed RNA viruses that infect many animals; human-
adapted viruses likely are introduced through zoo-
notic transmission from animal reservoirs (5,6). Most
known human coronaviruses are associated with
mild upper respiratory illness. SARS-CoV-2 belongs
to the group of betacoronaviruses that includes severe
acute respiratory syndrome coronavirus (SARS-CoV)
and Middle East respiratory syndrome coronavirus
(MERS-CoV), which can infect the lower respiratory
tract and cause a severe and fatal respiratory syn-
drome in humans (7). SARS-CoV-2 has >79.6% simi-
larity in genetic sequence to SARS-CoV (5).

SARS-CoV-2 is highly transmissible among hu-
mans; fatality rates for COVID-19 vary and are higher
among the elderly and persons with underlying condi-
tions or immunosuppression (8,9). The current knowl-
edge about COVID-19 pathogenesis and pathology in
fatalities is based on a small number of described cas-
es and extrapolations from what is known about other
similar coronaviruses, such as SARS-CoV and MERS-
CoV (10-18). Pathologic evaluation and determination
of virus distribution and cellular localization within
tissues is crucial to elucidating the pathogenesis of
these fatal infections and can help guide development
of therapeutic and preventive countermeasures. We
report on the histopathologic features and detection of
virus in tissues by immunohistochemistry (IHC) and
electron microscopy (EM) from 8 confirmed fatal cases
of COVID-19 in the United States.

These authors contributed equally to this article.
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Materials and Methods

Study Patients and Data Collection

As part of the public health response to COVID-19,
the CDC Infectious Diseases Pathology Branch (Di-
vision of High-Consequence Pathogens and Pathol-
ogy, National Center for Emerging and Zoonotic
Infectious Diseases) was consulted on autopsies of
8 patients with laboratory evidence of SARS-CoV-2
by reverse transcription PCR (RT-PCR) on respira-
tory swab specimens collected either before or after
death. We reviewed available medical records and
preliminary autopsy reports for information regard-
ing demographics, symptom history, underlying
conditions, infectious disease testing, imaging study
findings, treatment and advanced supportive care
received, and date of death. This investigation was
reviewed in accordance with CDC’s human subjects
review procedures and was determined to not meet
the definition of research.

Histopathology and Immunohistochemistry

We performed routine hematoxylin-eosin stains for
histopathologic evaluation. We conducted an IHC
assay for SARS-CoV-2 using a rabbit polyclonal an-
tibody raised against SARS-CoV nucleocapsid (No-
vus Biologicals, https:/ /www.novusbio.com) (19) at
1:100 dilution and a Mach 4 Universal AP Polymer
Kit (Biocare Medical, https://biocare.net) with Per-
manent Red Chromogen (Cell Marque/Millipore Sig-
ma, https://www.cellmarque.com). We pretreated
the slides with heat-induced epitope retrieval with
a citrate-based buffer (Biocare Medical). We ran ap-
propriate negative controls in parallel, using normal
rabbit serum in place of the primary antibody. We
validated cross reactivity of the anti-SARS-CoV an-
tibody with SARS-CoV-2 by testing controls created
from SARS-CoV-2-infected Vero cells embedded
with normal human tissues; we used this control as
the positive control for subsequent IHC assays. The
SARS-CoV nucleocapsid antibody did not cross-react
with influenza A(H1N1) virus, influenza B virus, re-
spiratory syncytial virus, parainfluenza virus type 3,
human coronavirus (HCoV) 229E, or MERS-CoV in
PCR-confirmed tissue samples. For cases with bron-
chopneumonia, we performed IHC testing for bacte-
rial agents using a mouse monoclonal antibody raised
against Streptococcus pneumoniae but known to also
detect other Streptococcus spp. and a rabbit polyclonal
anti-Klebsiella pneumoniae antibody (both from Ther-
mo Fisher, https://www.thermofisher.com) known
to also detect other gram-negative bacteria (Escherich-
ia coli, Haemophilus influenzae, and Pseudomonas spp.).
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For double-stained assays, we used Envision G/2
Double Stain System, Rabbit/Mouse (DAB Perma-
nent Red) from Agilent Technologies (https://www.
agilent.com). We used antibodies against CD163 (Lei-
ca Biosystems, https://www.leicabiosystems.com)
or surfactant apoprotein A (Dako, https://www.
agilent.com), followed by the anti-SARS-CoV nucleo-
capsid antibody (Novus Biologicals). We performed
all assays according to the manufacturer’s guide-
lines. We used SARS-CoV-2-infected Vero cells as a
positive control and used non-COVID-19 cases and
normal rabbit serum in place of primary antibody as
negative controls.

Electron Microscopy

We obtained upper airway and lung tissue specimens
from formalin-fixed samples, cut them into cubes,
rinsed them with 0.1 mmol/L phosphate buffer, post-
fixed them with 2.5% glutaraldehyde, and rinsed them
in phosphate buffer. In addition, we removed tissue
samples from areas corresponding to positive SARS-
CoV-2 immunostaining from paraffin blocks with a
2-mm punch or from 4-um sections on glass slides; we
deparaffinized the samples in xylene and rehydrated.
We processed tissues for transmission EM as described
previously (20). We immersed the sections embedded
in epoxy resin in boiling water, removed them from the
slides with a razor blade, and cut out the areas of inter-
est and glued them onto a blank EM block. We stained
EM sections with uranyl acetate and lead citrate and
examined them on a Thermo Fisher/FEI Tecnai Spirit
or Tecnai BioTwin electron microscope.

RT-PCR

We extracted nucleic acids from formalin-fixed par-
affin-embedded (FFPE) tissues and assessed them by
a conventional RT-PCR specifically targeting the nu-
cleocapsid gene of SARS-CoV-2 (J. Bhatnagar, unpub.
data) and real-time RT-PCR/PCR targeting other
respiratory pathogens, including influenza viruses,
respiratory syncytial virus, human parainfluenza
viruses, and Streptococcus pneumoniae, as described
previously (21,22). The SARS-CoV-2 nucleocapsid as-
say detects SARS-CoV-2 and SARS-CoV but does not
amplify MERS-CoV and other common human coro-
naviruses, including alphacoronavirus (HCoV-NL63)
and betacoronavirus (HCoV-HKU1).

Results
Clinical Data

Of the 8 case-patients, 7 were residents of a long-
term care facility (LTCF) in Washington state (Table
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1) (23,24). Seven (87.5%) were White, non-Hispanic.
The median age of the 8 case-patients was 73.5 years;
2 were <65 years of age. The median number of days
from illness onset until death was 12.5 (range 6-15).
Common signs and symptoms reported included
fever (75%), cough (62.5%), and shortness of breath
(62.5%). All patients had abnormal findings on chest
radiographs. Case-patients were all hospitalized for
a median of 3.5 days. Six (75%) patients received
mechanical ventilation; 2 received comfort care. Un-
derlying medical conditions were identified in all
case-patients; hypertension (75%), chronic kidney
disease (75%), cardiovascular disease (75%), obesity
(62.5%), and diabetes (50%) were the most frequent
conditions reported.

Histopathology, Immunohistochemistry, and

Electron Microscopy

Histopathologic findings and results of testing per-
formed on FFPE tissues showed mild to moderate
tracheobronchitis was consistently present and char-
acterized by mononuclear inflammation, with epithe-
lial denudation and submucosal congestion (Table
2; Figure 1, panels A, B). The predominant lung pa-
thology was diffuse alveolar damage (DAD); acute
phases, organizing phases, or both were present in 7
(87.5%) of 8 patients. Desquamation of pneumocytes
and the presence of hyaline membranes, alveolar
edema and fibrin deposits, type II pneumocyte hy-
perplasia, and alveolar infiltrates, including increased
alveolar macrophages, were seen (Figure 1, panels C,
D). Squamous metaplasia and atypical pneumocytes
were present in 3 case-patients, and rare multinucle-
ated cells were present in 1 case-patient (patient no. 1)
(Figure 1, panel E); no definitive viral inclusions were
seen. One case-patient without DAD (patient no. 7)
had diffuse bronchopneumonia with filling of alve-
olar spaces by mixed inflammation with abundant
neutrophils (Figure 1, panel F). Three additional case-
patients had focal bronchopneumonia and increased
pulmonary intravascular leukocytes. Hemosiderin-
laden macrophages (4/8), hemorrhage (4/8), mucus
aspiration (3/8), emphysema (2/8), and microthrom-
bi (1/8) were seen (Figure 2). Anthracosis, common in
elderly persons as a result of chronic carbon accumu-
lation, was present in the lungs and pulmonary hilar
lymph nodes in all cases. In 6 cases, lymph nodes also
showed sinus histiocytosis and hemophagocytosis in
subcapsular sinuses. Notable pathologic findings in
extrapulmonary tissues included evidence of chronic
renal disease (5/8), acute renal tubular injury (3/8),
hepatic steatosis (4/8) and cirrhosis (1/8), and focal
myocardial fibrosis (3/8) (Figure 2). No myocarditis
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or myocardial necrosis and no notable histopatho-
logic changes in the intestine were seen in any case.
Brain tissues were not available for histopathologic
evaluation or testing.

We detected SARS-CoV-2 by IHC in the upper
airways in 4/8 (50%) case-patients and in the lungs in
7/8 (92%) case-patients. We observed immunostain-
ing of viral antigens in upper airway and bronchio-
lar epithelium, submucosal gland epithelium, and
in type I and type II pneumocytes, alveolar macro-
phages, and hyaline membranes in the lung (Figure
3, panels A-C, F). Upper airways and lung tissues

Table 1. Selected demographic and clinical characteristics of 8
case-patients with fatal severe acute respiratory syndrome
coronavirus 2 infection

Characteristic No. (%)
Sex
M 4 (50)
F 4 (50)
Age group, y
<65 2 (25)
>65 6 (25)
Race/ethnicity
White, non-Hispanic 7 (87.5)
Hispanic 1(12.5)
Clinical symptoms
Fever 6 (75)
Cough 5(62.5)
Shortness of breath 5 (62.5)
Malaise 2 (25)
Myalgias 1(12.5)
Diarrhea 1(12.5)
Underlying health conditions
>1 condition 8 (100)
Hypertension 6 (75)
Chronic kidney disease* 6 (75)
Cardiovascular diseaset 6 (75)
Obesity+ 5 (62.5)
Diabetes mellitus 4 (50)
Chronic lung disease§ 2 (25)
Immunocompromised conditionq 3(37.5)
Neurologic disorders 1(12.5)
Other chronic diseases# 6 (75)
Radiographic findings
Bilateral interstitial infiltrate or opacities 8 (100)
Pleural effusion 2 (25)
Clinical course
Median days from iliness onset to death (range) 12.5 (6-15)
Median days of hospitalization (range) 3.5 (1-8)
Mechanical ventilation** 6 (75)

*Chronic kidney disease requiring treatment with hemodialysis was
reported in 2 case-patients.

TNumber of cases includes patients with history of coronary artery
disease, congestive heart failure, valvular heart disease, and/or
cerebrovascular accident.

$Obesity includes reported BMI >30 or mention of obesity or morbid
obesity in the submitted medical records. Two patients had morbid obesity
listed in the submitted medical records.

§Chronic obstructive pulmonary disease was the only reported underlying
condition with chronic lung disease.

This includes persons immunosuppressed by solid organ transplant,
corticosteroid therapy, or immunosuppressive medication.

#Includes any of the following: hyperlipidemia, thyroid disease,
rheumatologic disorder, and obstructive sleep apnea.

**Two patients were transitioned to comfort care and were not intubated.
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Table 2. Histopathologic features and severe acute respiratory syndrome coronavirus 2 detection in respiratory tissues from 8

coronavirus disease fatalities*

Patient no. 1 2 3 4 5 6 7 8
Minimum symptom 13 10 5 13 16 11 12 7
duration, d
Tracheobronchitis ++ + + + + + ++ +
DAD, acute + + ++ ++ - — — 4+
DAD, organizing +++ + ++ ++ + + - +++
Sqguamous metaplasia + — — + — _ _ +
Atypical pneumocytes +++ - - + - — - +
Interstitial pneumonitis + - - + - ++ - +
Bronchopneumonia - - + + + - +++ -
Intravascular - - + + + - - -
leukocytosis
Anthracosis + + + ++ ++ ++ + ++
Other lung pathology - HLM  Hemorrhage, HLM, MA HLM, MA  Hemorrhage, Hemorrhage, Hemorrhage,
emphysema, corpora HLM, emphysema
MA amylacea microthrombi
SARS-CoV-2 |HC, - - - - ** * * *
upper airway
SARS-CoV-2 IHC, lung — + +++ +++ +++ + ++ ++
Electron microscopy, NA NA + + + + NA NA
viral particles
Other agents detected  Influenza - - Streptococcus PI-3 Streptococcus PI-3 Streptococcus
B spp. spp. spp.

*DAD, diffuse alveolar damage; HLM, hemosiderin-laden macrophages; IHC, immunohistochemistry; MA, mucus aspiration; NA, not available; PI,
parainfluenza; — , not present or negative; +, mild; ++, moderate; +++, extensive.

from all 8 case-patients were positive by SARS-CoV-2
RT-PCR. Double staining with surfactant showed
colocalization of SARS-CoV-2 antigen with type II
pneumocytes (Figure 3, panel D); double staining
with CD-163 showed viral antigen colocalization with
macrophages (Figure 3, panel E). We also found viral
immunostaining in scattered macrophages in the hi-
lar lymph node from 1 severely immunosuppressed
patient with a history of solid-organ transplant (Fig-
ure 3, panel G). We did not detect SARS-CoV-2 by
IHC in heart, liver, kidney, spleen, or intestine from
any patient.

Six (75%) of 8 case-patients had either viral or bac-
terial co-infections, but not both, identified by IHC,
PCR, or both in addition to SARS-CoV-2. Respiratory
viral PCR testing detected parainfluenza virus type
3 coinfection in upper airway and lung tissue in 2/8
(25%) case-patients and influenza B virus coinfection
in upper airway in 1 case-patient. Three (75%) of the
4 case-patients with SARS-CoV-2 and bronchopneu-
monia had immunostaining for Strepfococcus spp.
Two of these patients had nonpneumococcal Strepto-
coccus spp. confirmed by PCR testing.

EM examination of respiratory tissues showed
virions with prominent surface projections (spikes)
characteristic of the family Coronaviridae. In the lung,
extracellular virions free in the alveolar space were,
on average, 105 nm in diameter, including surface
projections (Figure 4, panel A). In upper airways,
virions were seen extracellularly among the cilia and
within the cytoplasm of respiratory epithelial cells
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(Figure 4, panel B; Figure 5). Intracellular virions in
type II pneumocytes (Figure 4, panels C, D) and in
cytoplasmic vesicles or phagosomes of alveolar mac-
rophages (Figure 4, panel E) were, on average, 75 nm
in diameter and lacked prominent spikes. Viral parti-
cles were also found associated with fibrin or hyaline
membranes within alveolar spaces (Figure 4, panel F).

Discussion

The clinical distinction between SARS-CoV-2 and
other respiratory viral infections is difficult because
there are overlapping clinical features characterized
by febrile illness with cough that lasts for several days
before progressing to acute pneumonia. In addition,
persons with SARS-CoV-2 and other respiratory viral
infections may have atypical or minimal symptoms
(25-27). Besides respiratory failure, particularly in
patients with severe disease, fatigue, myalgia or ar-
thralgia, chills, hepatic and renal dysfunction, lym-
phocytopenia, leukopenia, thrombocytopenia, and
elevated inflammatory biomarkers have been de-
scribed (5,28,29).

Histopathologic lesions attributed directly to the
virus in these cases were limited to respiratory tis-
sues; the predominant finding was DAD, with vari-
ous levels of progression and severity. We saw no
clear correlation of the pathologic phase of DAD to
known symptom duration, which could be the result
of underrecognition of early symptoms in elderly
residents of LTCFs and underestimation of illness
duration. Together, the histopathologic, IHC, and
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Figure 1. Pulmonary
histopathology in fatal
coronavirus disease cases
caused by severe acute
respiratory syndrome
coronavirus 2 infection.

A) Patient no. 5: tracheitis
characterized by moderate
mononuclear inflammation
within the submucosa (original
magnification x10). B) Patient
no. 3: extensive denudation of
tracheal epithelium; submucosal
congestion, mild edema, and
mononuclear inflammation
(original magnification x10).

C) Patient no. 4: exudative
phase of diffuse alveolar
damage characterized by
abundant hyaline membranes
lining alveolar spaces (arrow)
(original magnification x20). D)
Patient no. 8: proliferative phase
of diffuse alveolar damage
characterized by proliferation

of type Il pneumocytes (arrow)
(original magnification x20).

E) Patient no. 1: atypical
pneumocytes with enlarged

and multiple nuclei, and
expanded cytoplasm in a case
with proliferative DAD (original
maghnification x40). F) Patient no.
7: bronchopneumonia with filling
of alveolar spaces by neutrophils
and patchy hemorrhage (arrow)
(original magnification x10).

EM findings in this report provide insight into SARS-
CoV-2 pathogenesis. IHC testing, including double
staining with surfactant, and EM confirmed viral
tropism for pulmonary II pneumocytes. The ultra-
structural observations are consistent with previous
reports of SARS-CoV infection, with the exception
that neither double-membrane vesicles nor nucleo-
capsid inclusions were detected (15,20). Viral antigen
was also seen in respiratory epithelium of conducting
airways (trachea, bronchi, and bronchioles) and oc-
casionally in alveolar macrophages; infection of these
cell types may be key in viral replication and traffick-
ing. The respiratory epithelium is one of the first cell
types encountered by inhaled virus; SARS-CoV-2 an-
tigens were detected by IHC in ciliated epithelial cells
from 50% of these case-patients and up to 16 days

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 26, No. 9, September 2020

after known symptom onset. Ultrastructural analysis
showed numerous extracellular viral particles along
the ciliated surface and within ciliated columnar
epithelial cells. These findings corroborate reports
of high viral loads in the upper respiratory tract and
support the potential for persons infected with SARS-
CoV-2 to readily transmit the virus, with prolonged
and continued viral shedding in severe cases (30,31).

Overall pathologic features in these 8 COVID-19
deaths were similar to those seen in SARS-CoV and
MERS-CoV infections, and in available COVID-19
reports (10-15,18,20,32). However, the amount of
viral antigen detected by IHC in lung tissue from
these cases is more than what we have seen in SARS
and MERS (16,18) cases submitted to our labora-
tory, and its extensive detection in epithelial cells of
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the upper respiratory tract is unique among these
highly pathogenic coronaviruses (33). In addition to
direct viral effects on tissues, the immune response to
viral infection likely plays a major role in determin-
ing clinical outcome, and acute decline in COVID-19
patients has been linked to an immune-mediated cy-
tokine storm (34). Preliminary evaluation of immune
cell populations in the respiratory tissues from these
8 cases revealed abundant T lymphocytes in the up-
per airways and lung parenchyma, with B lympho-
cytes in smaller numbers and predominating in areas
of lymphoid aggregates (data not shown). Further
investigation into the roles of these cell populations
in COVID-19 is needed. In 6 of the 8 case-patients,
sinus histiocytosis and hemophagocytosis were seen
in hilar lymph nodes. However, SARS-CoV-2 anti-
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gens were detected by IHC in hilar lymph node mac-
rophages from only 1 immunosuppressed patient.
Lymph nodes are key sites for immune recognition
and elimination of respiratory pathogens. Elucidating
the immune response to, and the effects of immuno-
suppression on, SARS-CoV-2 infection is therefore of
fundamental importance.

SARS-CoV-2 uses the angiotensin-converting en-
zyme 2 (ACE2) receptor to facilitate viral entry into
target cells. ACE2 is expressed in multiple tissues
throughout the body, including type Il pneumocytes,
myocardial cells, cholangiocytes, enterocytes, and
oral mucosal epithelium (5,35,36). However, among
these patients, SARS-CoV-2 antigens were not de-
tected in extrapulmonary tissues besides hilar lymph
node, and pathologic findings in other tissues were

Figure 2. Histopathologic
findings associated with
underlying conditions in fatal
coronavirus disease. A) Patient
no. 2: lung, hemosiderin-laden
macrophages (brown pigment,
bottom left), and anthracosis
(black pigment, top right) in a
patient with congestive heart
failure (original magnification
x20). B) Patient no. 3: lung,
emphysema in a patient with
chronic obstructive pulmonary
disease (original magnification
x5). C) Patient no. 7: lung,
pulmonary microthrombosis
(arrow) (original magnification
x20). D) Patient no. 2: kidney,
extensive glomerulosclerosis
in a patient with renal disease
(original magnification x10). E)
Patient no. 3: liver, steatosis in
a patient with morbid obesity
(original magnification x20). F)
Patient no. 2: heart, myocardial
fibrosis and mild cardiomyocyte
hypertrophy in a patient

with cardiomegaly (original
magnification x5).
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Figure 3. Immunostaining

of severe acute respiratory
syndrome coronavirus 2 in
pulmonary tissues from fatal
coronavirus disease cases.

A) Patient no. 5: scattered
immunostaining of tracheal
epithelial cells (original
magnification x40). B) Patient no.
5: higher magnification shows
immunostaining of ciliated cells
(original magnification x63). C)
Patient no. 8: immunostaining of
desquamated type | pneumocyte
in an alveolar lumen (original
magnification x63). D) Patient
no. 4: colocalization of SARS-
CoV-2 viral antigen (red) with
type Il pneumocyte stained

by surfactant (brown; arrow)
(original magnification x63).

E) Patient no. 4: colocalization
of SARS-CoV-2 viral antigen
(red) with macrophages stained
by CD163 (brown; arrows);

virus immunostaining within

type Il pneumocytes is also
seen (arrowheads) (original
magnification x40). F) Patient no.
4: extensive immunostaining of
hyaline membranes in a region
of exudative DAD (original
magnification x20). G) Patient
no. 3: scattered immunostaining
within macrophage in hilar lymph
node; anthracosis is also present
(original magnification x63).

attributable to other underlying concurrent condi-
tions. Some of the underlying conditions in these
case-patients (e.g., hypertension, COPD) are associat-
ed with upregulation of ACE2 receptors; possible cor-
relation of these conditions with COVID-19 severity
warrants further exploration (5,28,37). COVID-19 car-
diomyopathy and acute cardiac death during clinical
resolution of pulmonary disease have been described
(24,38). However, we did not observe any evidence of
myocarditis or myocardial necrosis in the tissues of
the 8 case-patients we examined. Reports have been
made of coagulation abnormalities and pulmonary
vascular perfusion issues without DAD in some CO-
VID-19 patients (39,40), and we saw microthrombi in
the lung from 1 case-patient who lacked DAD but had
severe bacterial bronchopneumonia. These various
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and potentially severe cardiovascular complications
of COVID-19 warrant further investigation into the
specific mechanisms of SARS-CoV-2-induced cardio-
vascular injury, homeostatic derangement, or both.
Clinical studies have reported elevated liver en-
zymes in patients with COVID-19 (28,29). The lack of
viral detection by IHC in the liver in this investiga-
tion suggests that for these case-patients, abnormal
biomarkers of hepatic injury may not be the result of
direct viral infection of hepatocytes. Gastrointestinal
symptoms are not typically a prominent feature of
COVID-19 but have been reported, and SARS-CoV-2
has been detected in fecal samples (41-43). However,
no histopathologic findings or SARS-CoV-2 antigens
were detected in gastrointestinal tissues, and diar-
rhea was reported for only 1 of these case-patients.
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We identified viral co-infections in upper respi-
ratory tract tissues from 3 case-patients, including
2 with parainfluenza virus 3 and 1 with influenza B
virus, but the contribution of these co-infections to
pulmonary disease and fatal outcomes is unknown.
Although we identified streptococcal lower respira-
tory infections in 3 case-patients, none were caused

2012

by Streptococcus pneumoniae, and there was no strict
correlation of these infections with mechanical ven-
tilation among these case-patients. Because 7 of 8
case-patients discussed in this report were residents
of a LTCF, their exposures and risks for viral and bac-
terial co-infections may be different from those for
other patients. Few community-acquired bacterial

Figure 4. Ultrastructural features
of severe acute respiratory
syndrome coronavirus 2 lung
infection in fatal coronavirus
disease. A) Top: alveolar space
containing extracellular virions
(arrows) with prominent surface
projections. Bottom: cluster of
virions in the alveolar space.
Scale bars indicate 200 nm.

B) Extracellular virions (arrow)
associated with ciliated cells

of the upper airway. Scale bar
indicates 200 nm. C) Membrane-
bound vacuoles (arrows)
containing viral particles within
the cytoplasm of an infected
type Il pneumocyte; surfactant
(lamellated material) indicted

by arrowheads. Scale bar
indicates 1 um. D) Membrane-
bound vacuole (double-headed
arrow in panel C) containing
virus particles (arrows) with the
characteristic black dots that
are cross-sections through the
viral nucleocapsid. Arrowheads
indicate vacuolar membrane.
Scale bar indicates 200 nm.

E) Viral particles (arrow) within
a phagosome of an alveolar
macrophage. Scale bar: 200 nm.
F) Viral particles within a portion
of a hyaline membrane. Scale
bar indicates 800 nm. Inset:
Higher magnification of virus
particles indicated by arrow;
scale bar indicates 200 nm.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 26, No. 9, September 2020
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Figure 5. Ultrastructural features
of severe acute respiratory
syndrome coronavirus 2 infection
within the upper airway of a fatal
coronavirus disease case from
formalin-fixed paraffin-embedded
(FFPE) tissue. Viral particles
associated with the cilia of ciliated
cells (A, C, and D) and the
cytoplasm of respiratory epithelial
cells (B) in the upper airway are
indicted by arrows. Images in
panels A and C were obtained
from FFPE tissue removed from
a paraffin block using a 2-mm
biopsy punch. Images in panels
B and D were collected from a 3
um section of FFPE tissue affixed
to a glass slide. Viral particles
visualized in FFPE samples were
smaller than those observed from
fresh tissue; extracellular viral
particles in fresh tissue samples
were 105 nm in diameter and
those from FFPE tissues were

75 nm in diameter. Scale bars
indicate 1 um (panel A), 800 nm
(panel B), and 200 nm (panels C

and D).

infections have been reported in critically ill patients
with COVID-19, but co-infections are not frequently
reported with SARS and MERS (17,32,44). Co-infec-
tions may play a key role in increasing susceptibility
to, and illness from, SARS-CoV-2 infection in a LTCF
setting. Further investigation into this association,
and characterization of the etiologic agents most com-
monly involved, is warranted and may contribute to
improved overall management of COVID-19 disease.

This report describes the specific cellular and
extracellular localization of SARS-CoV-2 in respira-
tory tissues, without any IHC evidence of the virus
in other tissues. Although detection of SARS-CoV-2
RNA in blood or serum has been reported (34,41),
we did not find evidence of systemic virus dissemi-
nation in these case-patients. Our findings high-
light the importance of underlying conditions and
pulmonary co-infections in COVID-19; these factors
may potentially delay or confound diagnosis and
contribute to adverse outcomes.

A limitation of this study is that 7 of 8 cases were
from a single skilled nursing facility; findings may

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 26, No. 9, September 2020

therefore not be representative of community-ac-
quired SARS-CoV-2 infections. However, nosocomial
transmission of viruses often parallels community
outbreaks, and understanding disease transmission
in healthcare settings is crucial (25,45). None of these
case-patients had diagnoses of acute cardiac injury,
myocarditis, or cardiomyopathy, so understanding
the pathogenesis of cardiac injury with SARS-CoV-2
infection requires additional investigations in fatal
cases with evidence of cardiac injury.

No clinical or histopathologic features are spe-
cific to SARS-CoV-2 infection. Demonstrating SARS-
CoV-2 directly in lung tissue, when taken in context
with any other pathology present, is critical to as-
sessing its contribution to mortality. Herein, we
establish the utility of IHC as a diagnostic modal-
ity for SARS-CoV-2 in FFPE tissues by localizing
viral antigens in respiratory tissues from RT-PCR
confirmed cases. This diagnostic method is particu-
larly valuable for FFPE specimens from cases in
which antemortem or postmortem respiratory swab
testing for SARS-CoV-2 was not performed. We also
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demonstrate virus identification in tissues by EM
using various tissue sources (formalin-fixed wet tis-
sue, FFPE blocks, and stained slides). Identification
of SARS-CoV-2 cellular tropisms in the respiratory
tract represents a crucial step forward in understand-
ing the pathogenesis of SARS-CoV-2 infection and
provides some insights relevant to the development
of targeted therapeutic and preventive measures to
combat COVID-19.
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Encephalopathy and Encephalitis
Associated with Cerebrospinal
Fluid Cytokine Alterations
and Coronavirus Disease,
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There are few detailed investigations of neurologic
complications in severe acute respiratory syndrome
coronavirus 2 infection. We describe 3 patients with
laboratory-confirmed coronavirus disease who had en-
cephalopathy and encephalitis develop. Neuroimaging
showed nonenhancing unilateral, bilateral, and midline
changes not readily attributable to vascular causes. All 3
patients had increased cerebrospinal fluid (CSF) levels
of anti-S1 IgM. One patient who died also had increased
levels of anti-envelope protein IgM. CSF analysis also
showed markedly increased levels of interleukin (IL)-6,
IL-8, and IL-10, but severe acute respiratory syndrome
coronavirus 2 was not identified in any CSF sample.
These changes provide evidence of CSF periinfectious/
postinfectious inflammatory changes during coronavirus
disease with neurologic complications.

he pandemic caused by severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) has led
to >1.5 million infections in the United States (30%
of global cases) and >90,000 deaths as of May 20,
2020 (1). Coronavirus disease (COVID-19, the clini-
cal syndrome associated with SARS-Cov-2) is most
commonly characterized by respiratory illness and
viral pneumonia with fever, cough, and shortness of
breath, and progression to acute respiratory distress
syndrome in severe cases (2).

Although neurologic complications have been
noted in previous human coronavirus infections (3-
5), there are few in-depth investigations for neurolog-
ic syndromes associated with SARS-CoV-2 infection
(6). This deficiency can result from the need to reduce

Author affiliation: Emory University School of Medicine, Atlanta,
Georgia, USA

DOI: https://doi.org/10.3201/eid2609.202122

2016

unnecessary staff exposure and difficulties in estab-
lishing preillness neurologic status without regular
family visitors. It is known that neurons and glia ex-
press the putative SARS-CoV-2 receptor angiotensin
converting enzyme 2 (7), and that the related coro-
navirus SARS-CoV (responsible for the 2003 SARS
outbreak) can inoculate the mouse olfactory bulb (8).
If SARS-CoV-2 can enter the central nervous system
(CNS) directly or through hematogenous spread, ce-
rebrospinal fluid (CSF) changes, including viral RNA,
IgM, or cytokine levels, might support CNS infec-
tion as a cause for neurologic symptoms. We report
clinical, blood, neuroimaging, and CSF findings for
3 patients with laboratory-confirmed COVID-19 and
a range of neurologic outcomes (neuro-COVID). We
also show the presence of SARS-CoV-2 antibodies in
the blood and CSF of these patients, consistent with
CNS penetration of disease.

Methods

We describe the clinical, laboratory and radiologic
findings for 3 patients with respiratory failure and
neurologic complications caused by COVID-19. This
case series was reviewed and exempted from Emory
Institutional Review Board approval. Medical re-
cords were reviewed by 4 of the coauthors (K.B., A.A.,
M.E.M., and W.T.H.).

CSF Serologic Analysis, Cytokines, and

Molecular Testing

We assessed CSF IgM by using an in-house ELISA
against SARS-CoV-2 S1 or envelope (E) protein. This
ELISA was modified from an in-house blood-based

1These authors contributed equally to this article.
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ELISA with 90% sensitivity and 89% specificity for
confirmed COVID-19 against 78 pre-2020 controls. CSF
was serially diluted from 1:2 to 1:16, and CSF from 1
case-patient who had HIV infection (hospitalized dur-
ing March 2020) and from 3 pre-2020 healthy subjects
(9) were included for comparison. We measured levels
of plasma IgG against the receptor-binding domain of
S1 by using a commercial ELISA (GenScript, https://
www.genscript.com) at a 1:16 dilution.

We analyzed CSF inflammatory proteins (Milli-
poreSigma, https://www.emdmillipore.com) by us-
ing a Luminex-200 platform and a modified manufac-
turer’s protocol as described (9). These proteins include
interleukin (IL)-1a, IL-1f, IL-2, IL-4, IL-6, IL-7, IL-§,
IL-9, 1IL-10, IL12-p40, IL12-p70, interferon-gamma-in-
duced protein 10 (IP-10), monocyte chemoattractant
protein 1 (MCP-1/CCL2), macrophage-derived che-
mokine (MDC/CCL22), fractalkine (CX3CL1), and tu-
mor necrosis factor a (TNF-a).

We performed molecular testing for SARS-CoV-2
by using real-time quantitative reverse transcription
PCR (qRT-PCR). We extracted total nucleic acid from
120 pL of CSF from each person by using the EZ1 Vi-
rus Mini Kit version 2.0 and the EZ1 Advanced XL In-
strument (QIAGEN, https://www.qiagen.com) after
lysis with AVL lysis buffer (QIAGEN). We performed
a 1-step qRT-PCR by using 2019-nCoV_N1 or 2019-
nCoV_N2 combined Primer/Probe Mix (Integrated
DNA Technologies, Inc., https://www.idtdna.com)
in a Roche LightCycler 480 II (https://lifescience.
roche.com), an endogenous control, and an in vitro
transcribed full-length RNA of known titer (Integrat-
ed DNA Technologies, Inc.) as a positive control. We
followed the same procedure for influenza A virus
except using a primer/ probe mixture (10) and a mito-
chondrial cytochrome oxidase subunit 2 DNA endog-
enous control (11). We tested all samples in duplicate.

Results

Clinical, Radiologic, and Laboratory Assessment

Patient 1, a 31-year-old African-American woman
who had sickle cell disease (SCD) and was receiving
dabigatran for a recent pulmonary embolus, came to
a community hospital after 5 days of progressive dys-
pnea. An initial chest radiograph showed a right lower
lobe infiltrate, and she was given a blood transfusion
and antimicrobial drugs for presumed SCD crisis and
pneumonia. Her breathing became more labored, and
a repeat chest radiograph showed worsening bilat-
eral infiltrates. A nasopharyngeal swab specimen was
positive for SARS-CoV-2 and influenza A virus (nega-
tive for influenza B virus). She was empirically given
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hydroxychloroquine (400 mg daily) and peramivir
(100 mg daily), but acute kidney injury and progres-
sive hypoxemic respiratory failure developed. She was
intubated and transferred to our institution on day 11.
Her paralysis and sedation were discontinued on day
13 after improved oxygenation, but she remained co-
matose with absent brainstem reflexes on day 15.

Brain magnetic resonance imaging (MRI) showed
nonenhancing cerebral edema and diffusion weighted
imaging abnormalities predominantly involving the
right cerebral hemisphere, as well as brain herniation
(Figure 1). An occlusive thrombus was identified in the
right internal carotid artery, and edema was also identi-
fied in the cervical spinal cord. The overall appearance
was most consistent with encephalitis and myelitis, with
superimposed hypoxic ischemic changes. CSF showed
high opening pressure of 30 cm of water, 115 nucleated
cells/mL, 7,374 erythrocytes/mL, an increased protein
level (>200 mg/dL), and a glucose level within a stan-
dard range (Table). Her nucleated cell count remained
strongly increased even after correction for the trau-
matic tap (=1 nucleated cell/700 erythrocytes). Given
a grave prognosis, the family withdrew life-sustaining
care and the patient died on day 16.

Patient 2, a 34-year-old African-American man
who had hypertension, showed development of fever,
shortness of breath, and cough. Computed tomog-
raphy of the chest showed bilateral, diffuse ground
glass infiltrates. A nasopharyngeal swab specimen
obtained on day 1 showed SARS-CoV-2. He was
given a 6-day course of hydroxychloroquine, but hy-
poxic respiratory failure developed, which required
intubation, followed by encephalopathy with myoc-
lonus on day 9. His neurologic examination showed
profound encephalopathy, absent corneal and gag
reflexes, multifocal myoclonus involving both arms,
and absent withdrawal to painful stimuli. Electroen-
cephalography showed diffuse slowing with a sug-
gestion that the myoclonus was seizure-related. Brain
MRI on day 15 showed a nonenhancing hyperintense
lesion within the splenium of the corpus callosum
on fluid-attenuated inversion recovery and diffusion
weighted imaging sequences (Figure 1). CSF showed
high opening pressure of 48 cm H,O, no pleocytosis,
27 erythrocytes/mL, a mildly increased protein level,
and glucose level within the reference range.

Patient 3, a 64-year-old African-American man
who had hypertension, showed development of cough,
dyspnea, and fever with multifocal, patchy, ground
glass opacities on chest computed tomography and
a nasopharyngeal swab specimen positive for SARS-
CoV-2. His symptoms progressed to hypoxic respira-
tory failure requiring intubation, and his multifocal

2017
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myoclonus began soon after starting to take hydroxy-
chloroquine. His neurologic examination showed pro-
found encephalopathy, absent oculocephalic reflex,
multifocal myoclonus affecting bilateral arms and
legs, absent withdrawal to pain, and diminished deep
tendon reflexes. The resolution of his myoclonus co-
incided with fentanyl cessation, but it is not clear that
the 2 symptoms were related. A motion-degraded
brain MRI showed an equivocal nonenhancing area of
fluid-attenuated inversion recovery abnormality in the
right temporal lobe. CSF obtained on hospital day 11
showed a normal opening pressure; levels of nucleated
cells, erythrocytes, and protein within reference ranges;
and an increased glucose level (Table). His mentation
began to improve on day 13, and he was subsequently
discharged without major neurologic sequelae.

Serologic Analysis of Plasma and CSF
Plasma anti-S1 receptor-binding domain IgG levels
were increased for all 3 patients, consistent with se-
vere COVID-19 (T. Ozturk et al., unpub. data). An in-
direct ELISA for plasma showed an increased level of
anti-S1 IgM for patients 1 (1:512) and 2 (1:256), a highly
increased level of anti-S1 IgM for patient 3 (1:2,048);
an increased level of anti-E IgM for patients 1 and 2
(1:128), and a standard level of anti-E IgM for patient 3.
An indirect ELISA for CSF showed markedly in-
creased levels of IgM for SARS-CoV-2 S1 (Figure 2,
panel A) and E (Figure 2, panel B) proteins for the most
severely ill patient 1, and mildly elevated levels of IgM
for S1 only for patients 2 and 3. The number of CSF
erythrocytes in patient 1 suggested plasma contamina-
tion at an approximate dilution of 1:1,000, which still

Figure 1. Magnetic resonance imaging findings for 3 patients with coronavirus disease who had neurologic complications, Atlanta,
Georgia, USA, 2020. A-D) Patient 1 had right cerebral hemispheric restricted diffusion (diffusion weighted imaging in panel A)

and cerebral edema (fluid-attenuated inversion recovery [FLAIR] in panel B) affecting gray matter and deep gray nuclei, without
enhancement (panel C), and spinal edema (panel D). E, F) Patient 2 had a splenium lesion (diffusion weighted imaging in panel E
and FLAIR recovery in panel F that was nonenhancing). Arrows indicate lesions in the splenium. G) Patient 3 had an equivocal fluid-
attenuated inversion recovery FLAIR abnormality in the right temporal lobe.

2018
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Table. Characteristics of 3 patients with coronavirus disease and neurologic complications, Atlanta, Georgia, USA, 2020*

Encephalopathy/Encephalitis and Coronavirus Disease

Characteristic Patient 1 Patient 2 Patient 3
Neurologic findings

Encephalopathy Coma Moderate Mild

Brainstem reflexes affected All Corneal gag Oculocephalic

Myoclonus None Arms All limbs

Withdrawal to pain Absent Absent Absent
CSF findings, reference value

Appearance, clear Cloudy Clear Clear

Opening pressure, 10—20 cm H,0O 30 48 12
Nucleated cells

Total, 0-5/uL 115 1 0

% Neutrophils, 0%—-6% 51 75 0

% Lymphocytes, 40%-80% 10 25 0

% Macrophages 15%—45% 39 0 0
Erythrocytes, 0/uL 3,426 29 7
Glucose, 40-70, mg/dL 40 111 88
Protein, 15-45, mg/dL >200 37 21

*CSF, cerebrospinal fluid.

placed these CSF IgM levels higher than those for pa-
tients 2 and 3.

Inflammatory Protein Analysis for CSF

CSF from patients 1 and 3 underwent detailed inflam-
matory protein profiling as described (9,12,13). When
we compared historical and present control subjects
who had normal cognition (no viral illness) (13), we
found that patients with COVID-19 and neurologic
symptoms had increased CSF levels of IL-6, IL-8,
IL-10, IP-10, and TNF-a (Figure 2, panel C). Levels
of IL-8, IL-10, IP-10, and TNF-a were also available
for subjects who had HIV-associated neurocognitive
disorders (12). Increased levels of IL-8 and IL-10 ap-
peared to be unique for neurologic complications of
SARS-CoV-2, and increased levels of IP-10 and TNF-a
were common features between neurologic complica-
tions of SARS-CoV-2 and HIV.

Viral Analysis of CSF

We used a real-time RT-PCR to test for SARS-CoV-2
and influenza A virus (tested because patient 1
showed a co-infection). Results were negative for
all patients.

Discussion

We report 3 patients who had severe COVID-19 and
showed development of various neurologic symptoms
and findings in a US hospital. All patients had more
severe symptoms affecting cortical and brainstem
functions at the peak of their neurologic illnesses than
a recent series of 7 case-patients with milder illness
in France (6). All 3 patients were also co-incidentally
given a short course of empiric hydroxychloroquine,
although there was no temporal correlation between
the medication and their neurologic manifestation.
Similar to the case-series in France, we did not isolate

SARS-CoV-2 RNA from CSF, although such viral RNA
has been inconsistently identified in other cases (14).
However, increased levels of CSF anti-S1 IgM and al-
tered levels of CSF cytokines are consistent with di-
rect CNS involvement by SARS-CoV-2. Because MRI
changes seen in these patients could be caused by
hypercoagulability (15) or metabolic encephalopathy
(16), we propose that CSF investigation can improve
the distinction between neurologic involvement of
SARS-CoV-2 (or neuro-COVID) and neurologic symp-
toms caused by other COVID-related causes.

In health and many noninflammatory neurologic
disorders, the intact blood-brain barrier prevents ma-
jor central translocation by plasma immunoglobulins
or cells that secrete them (17). Increased levels of CSF
antibodies can thus result from disrupted blood-brain
barrier, regulated migration of peripheral antibody-
secreting cells into the CNS, or de novo antibody syn-
thesis within the CNS. The relatively normal protein
levels in patients 2 and 3 would argue against an un-
equivocal blood-brain barrier disruption. The lack of
clear correlation between plasma and CSF titers pro-
vides some support for an active CNS process. The
failure to detect CSF SARS-CoV-2 RNA does not di-
minish the likelihood of direct CNS infection because
it is only recovered from blood in 1% of the actively
infected cases (18), and increased levels CSF IgM are
also more commonly found as evidence for CNS in-
fection than viral recovery in other encephalitides,
including those for infection with Japanese encepha-
litis virus (19), dengue virus (20), human parvovirus 4
(21), and rabies virus (22). At the same time, undetect-
able CSF RNA raises the possibility that mechanisms
other than direct brain infection might account for the
observed MRI and clinical changes. These changes in-
clude peri-infectious inflammation (mediated by an-
tibodies, complement, or both) (5,23), vasculopathy,
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Figure 2. Cerebrospinal fluid (A and B) and inflammatory protein (C) analyses for patients with coronavirus disease and neurologic
complications, Atlanta, Georgia, USA, 2020. Compared with healthy controls and patients who had HIV-associated neurocognitive
disorder, CSF levels of anti-S1 IgM were high in patient 1, and moderately high in patients 2 and 3. In contrast, levels of CSF anti-E IgM
were high only for patient 1 and within references ranges for patients 2 and 3. CSF inflammatory analysis showed increased levels of
IL-8 and IL-10 more unique to neuro-COVID, and increased levels of IP-10 and TNF- in neuro-COVID and HIV-neuro. Circles indicate
patients whose interleukin levels were tested and used as controls (healthy, HIV). Horizontal bars indicate average values. COVID-
neuro, coronavirus disease—associated neurologic complications; HIV-neuro, HIV-associated neurocognitive disorder; IL, interleukin;

IP, interferon-y—induced protein; OD, optical density, ND, not determined; neuro-COVID, neurologic complications associated with

coronavirus disease; TNF, tumor necrosis factor.

and altered neurotransmission. Until definitive neu-
ropathologic studies or effective antiviral therapies
are possible, infectious and peri-infectious etiologies
need to be examined for neuro-COVID.

Increased levels of CSF multiple cytokines in
these neuro-COVID patients are consistent with earli-
er reports of cytokine analysis of blood (24; M. Wood-
ruff et al., unpub. data). We additionally identified
changes shared (and not shared) by SARS-CoV-2 and
HIV. Factors associated with increased levels of CSF
IL-10 in patients infected with HIV should be investi-
gated in future neuro-COVID studies, and increased
levels of CSF IL-8 might uniquely provide useful in-
formation on the pathophysiology of CNS. We did
not include plasma cytokine levels because their lev-
els are much more influenced by demographic factors
than their CSF counterparts (W.T. Hu et al., unpub.
data). A larger cohort is necessary to better distin-
guish between CSF and plasma cytokine alterations,
and including patients without confounding disease

2020

(e.g., SCD in patient 1) or standard MRI results can
also determine the relative roles of noninfectious/in-
flammatory causes of encephalopathy, including hy-
poxia or hypercoagulability (25,26). Nevertheless, we
demonstrated in these case-patients that SARS-CoV-2
antibodies are detectable in the CSF for patients with
neurologic complications and are associated with
selective CSF cytokine alterations. Future investiga-
tions should align neurologic outcomes with CSF in-
fectious and immunologic profiles, such that an evi-
dence-based treatment algorithm can be determined
for preventing and treating neuro-COVID-19.

R.E.S. is supported in part by the Emory Center for AIDS
Research (National Institutes of Health [NIH] grant
P30AI050409 and NIH grant ROIMH116695); W.T.H. is
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and RO1AG066203; and S.C.A. is supported in part by
NIH/National Institute of Allergy and Infectious Diseases
grant K23 AI34182.
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Nine new human invasive infections caused by the kerati-
nophilic fungi Nannizziopsis obscura have been reported
in France since 2004. The patients had variable clinical
manifestations, had frequent dissemination, were mainly
T-cell immunocompromised, and all originated from sub-
Saharan West Africa. Before collection of the isolates,
the etiologies of these infections were often misidenti-
fied, underscoring the extent of microscopic and cultural
polymorphisms. All isolates but 1 had low MICs for the 8
antifungal drugs tested. When treated, patients received
mainly azole therapy. Two of 7 patients with a known out-
come died. We performed multilocus sequence analysis
of N. obscura clinical strains and several strains of Nan-
nizziopsis spp. isolated from reptiles. The human strains
were clearly differentiated from the animal strains. N. ob-
scura might be endemic to West Africa and responsible
for undetected infections, which might become reactivat-
ed when immunosuppression occurs. N. obscura infec-
tion is probably underestimated because only sequenc-
ing enables proper identification.

Nannizziopsis spp. are described as keratinophilic
ascomycetous fungi that cause dermal infections
with frequently fatal outcomes in various reptiles
(e.g., lizards, geckos, chameleons, iguanas, snakes,
and crocodiles), mainly in captivity (1,2). Nannizzi-
opsis spp. belong to the order of Onygenales and the
recently described family of Nannizziopsidaceae (1). In
humans, invasive Nannizziopsis spp. infection seems
rare; only 5 cases have been reported to date (1,3-7).
Such an observation suggests an actual rarity, a recent
emergence because of modification in the ecoepide-
miology (e.g., new populations at risk [8]), or previ-
ous underdiagnoses or misdiagnoses because of a
lack of definite identification.

We describe 9 human cases of invasive fungal infec-
tion with N. obscura species complex identified in France
during 2004-2020 (Table 1, https://wwwnc.cdc.gov/
EID/article/26/9/20-0276-T1.htm), along with the ini-
tial identification from the 5 reporting hospitals. Isolates
were sent to France’s National Reference Center for
Invasive Mycoses and Antifungals, where a polypha-
sic identification combining phenotypic features and

Nannizziopsis obscura Species Complex, France

molecular data was performed. Seven of the 9 cases
were diagnosed after 2016.

The Patients

Patient 1 was 49-year-old HIV-positive man from
Mali who was hospitalized for a liver abscess dis-
covered in August 2004 during a stay in Mali. He
was afebrile but had advanced AIDS (zero CD4 cell/
mm?®). A liver needle aspiration showed hyphae
with arthroconidia. The first identified colonies were
Trichosporon spp., based on a positive urease test and
presence of arthroconidia. The patient was given
liposomal amphotericin B and metronidazole. After
15 days, the patient returned to Mali for personal
reasons; no follow-up was possible. At that time, the
organism had been identified as Chrysosporium spp.

Patient 2 was a 50-year-old man who came from
Mali to undergo heart transplantation in January 2009
after 9 months of hospitalization for cardiac insuffi-
ciency. After transplantation, the patient had cyto-
megalovirus reactivation and multivisceral failure.
One month later, he had onset of bacterial mediastini-
tis. He was surgically treated and received wide-spec-
trum antibiotics but no antifungals. The immunosup-
pressive therapy consisted of prednisone (15 mg/d)
and ciclosporine. A serum sample was negative for
Aspergillus galactomannan. Two months later (just 2
days before the death of the patient), a blood culture
was positive, and the isolate was identified as Geotri-
chum spp. or Chrysosporium spp.

Patient 3 was a 58-year-old woman with diabe-
tes who was from Mali but had been living in France
for 30 years. In 2017, she reported a 2-week history of
asthenia and chest pain without fever. She had renal
transplantation in 2016 and was receiving tacrolimus,
mycophenolate, and prednisone (5 mg/d). A comput-
ed tomography (CT) scan revealed an irregular lung
nodule (14 mm in diameter). She received amoxicillin/
clavulanic acid. Three months later, she had an abscess
of the left thigh and multiple nodular skin lesions on
both legs. A new CT scan showed an enlargement of
the pulmonary nodule. Direct examination of the skin
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and lung biopsies revealed septate and vesiculous
hyphae, and the culture resembled Trichophyton spp.,
which was eventually confirmed as N. obscura upon
sequencing. Serum B-D-glucan was strongly positive
(>500 pg/mL, positivity threshold >80 pg/ml), and
serum Aspergillus galactomannan antigen was repeat-
edly negative. A whole-body positron emission to-
mography (PET)-CT scan showed multiple clinically
latent hypermetabolic lesions (in the nasal septum, left
breast, and mediastinal nodes). Voriconazole was ini-
tiated, then switched to posaconazole after N. obscura
identification. The dose of tacrolimus was reduced,
and mycophenolate mofetil was replaced by azathio-
prine. At 6 months, a new PET-CT scan showed a
residual hypermetabolic pulmonary lesion. Posacon-
azole was stopped after 8 months. No relapse had oc-
curred as of 1 year later.

Patient 4 was a 62-year-old man from Guinea
who had been living in France for 12 years (recent trip
to Guinea occurred =1 year before). He was hospital-
ized in July 2017 for several suppurated lesions on the
right fibula (Figure 1, panel A) that were unrespon-
sive to amoxicillin/clavulanic acid treatment. He had
undergone renal transplantation in 2009 for hyper-
tensive nephropathy and received mycophenolate
mofetil, tacrolimus, and prednisone (5 mg/d). A CT

scan confirmed tissue infiltration with small abscesses
but showed no sign of bone involvement. Large-scale
debridement was performed, and direct examination
of infected tissues showed regular septate hyphae
and arthroconidia (Figure 1, panel B). Yeast-like fungi
appeared on Sabouraud-chloramphenicol-gentamy-
cin slants. Microscopic examination showed arthro-
conidia, and the urease test was positive, suggesting
the presence of Trichosporon spp. A whole-body PET-
CT scan revealed asymptomatic hypermetabolic le-
sions in the contralateral leg and lung micronodules.
Voriconazole was started when trichosporonosis was
suspected and switched to posaconazole with the
identification of N. obscura. Serum P-D-glucan was
strongly positive (>500 pg/mL), whereas Aspergillus
galactomannan antigen detection was negative. At 6
months, a PET-CT scan showed residual hyperme-
tabolism around the right ankle. Onychomycosis of
the right toe was noted, and a specimen was taken.
Direct examination showed hyphae, but the culture
was negative. Posaconazole was maintained for 2
years, with tacrolimus and prednisone (5 mg/d). A
new PET-CT scan showed no hypermetabolic lesion.

Patient 5 was a 69-year-old woman from Guinea-
Bissau who had been living in France for 10 years (her
most recent trip to Guinea-Bissau occurred in 2016).

Figure 1. Features of Nannizziopsis obscura infections in patients from West Africa, France 2004—2020. A) Ulcerative lesions.
B) Septate hyphae and arthroconidia on a calcofluor white direct examination (original magnification x200). C) Macroscopic aspect on
Sabouraud dextrose agar at 7 days. D) Septate conidiophore bearing clavate and sessile conidia. E) Undulate hyphae. F) Barrel-shaped

arthroconidia. Scale bars indicate 10 um.
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She was admitted for the investigation of lung le-
sions. She had been treated for advanced mantle cell
lymphoma in 2017, resulting in complete remission.
In June 2018, a thoracic CT scan showed lymphade-
nopathy, lung nodules, and condensations treated
with intravenous antibiotics and rituximab. In Sep-
tember 2018, disseminated nodular hyperchromic
skin lesions appeared, and skin biopsies showed large
septate hyphae with arthroconidia. A combination
of voriconazole and liposomal amphotericin B was
started for probable invasive mold infection. White
mold colonies were observed after 5 days culture, and
a presumptive identification of Trichophyton spp. was
made. Terbinafine was added but was exchanged for
voriconazole and liposomal amphotericin B when N.
obscura was identified. Thirty days after admission,
magnetic resonance imaging of the central nervous
system showed diffuse, embolic-looking ischemia.
Viral PCRs were negative in cerebrospinal fluid. Se-
rum P-D-glucan was strongly positive (>500 pg/mL),
and serum galactomannan was negative. Liver biop-
sy confirmed adult T-cell lymphoma or leukemia as-
sociated with human T-cell lymphotropic virus type
1 positivity. The patient died 3 weeks after admission
despite intensive care and antifungal treatment.

Patient 6 was a 27-year-old woman from Guinea
who was breast-feeding. She had been living in France
since September 2017 and was seen at a tuberculosis
control center in October 2018. A chest radiograph
showed a mediastinal mass, which was confirmed by
a chest CT scan. The mass (7 x 5 x 5 cm) invaded the
left upper lobe, and thickening of the anterior arch
of the second left rib was observed. She had no no-
table medical history. Pathologic examination of the
surgically resected mediastinal mass showed hyphae
inside an inflammatory and fibrous reaction invading
the thymus, the brachiocephalic veins, the left upper
lobe, and the chest wall. Serum p-D-glucan was posi-
tive (306 pg/mL). A first presumptive identification
on culture was of Trichophyton spp. Posaconazole was
started, then switched with voriconazole when N. ob-
scura was identified. A reduction in mass size (from
71 x 39 mm to 62 x 36 mm) was observed on a CT
scan after 7 months of treatment. The investigations
of Card9 and Stat1 mutations, 2 genes known to be re-
sponsible for higher susceptibility to invasive fungal
infections (9), showed wild type genotypes. Follow-
up after that point was not possible.

Patient 7 was a 38-year-old man from Mali who
was hospitalized for visual disturbance, retroorbital
pain, and vomiting in September 2018. He had been
living in France since 1990, making regular visits to
relatives in Mali. He had undergone a renal transplant
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in 2015 and was receiving mycophenolate mofetil, ta-
crolimus, and prednisone (5 mg/d). He had experi-
enced an acute rejection in March 2018, which was
treated by high-dose methylprednisone. A brain CT
scan showed hypodense lesions with mass effect.
Results of magnetic resonance imaging without in-
jection supported the diagnosis of glioblastoma. A
cerebral biopsy showed numerous branched hyphae.
Candida spp. infection was suspected, and liposomal
amphotericin B (5 mg/d) was started in combination
with fluconazole IV (200 mg/ d). The treatment result-
ed in an improvement of the visual disturbance, and
a new magnetic resonance imaging result confirmed
the reduction of the mass effect. Culture results were
positive, and the final identification made was Nan-
nizziopsis spp. Serum P-D-glucan was strongly posi-
tive (>500 pg/mL), and serum galactomannan was
negative. On October 9, fluconazole was switched
for voriconazole, and the liposomal amphotericin B
was maintained. Meanwhile, the patient experienced
a chronic rejection of the graft, and hemodialysis
was restarted on November 23. He was alive as of 12
months later.

Patient 8 was a 79-year-old man from Mali who
had been living in France since 1963 (his most recent
trip to Mali occurred in 2016). In August 2019, he
sought care for an ulcerative lesion of the fifth right
finger that had been evolving for several months. He
had undergone a renal transplant in 2014 and was re-
ceiving mycophenolate mofetil, tacrolimus, and pred-
nisone (5 mg/d). A pulmonary nodule was observed
in 2017 and was only surveyed. Because of a recent
increase in size (from 9 to 13 cm in diameter), a PET-
CT scan was performed in April 2019 and showed
multiple hypermetabolic pulmonary, abdominal, and
muscular (left thigh) nodules. The pulmonary nodule
was surgically removed in June 2019, and a necrotic
abscess with hyphae was observed by the pathologist
(no culture was performed). The evolution was indo-
lent, although the patient had lost 10 kg in 6 months.
In August 2019, a skin biopsy showed hyphae, and
the culture was identified as N. obscura upon se-
quencing. Serum P-D-glucan was positive (255 pg/
mL), and serum galactomannan was negative. Itra-
conazole was started in August 2019. The patient had
been seen in July 2018 because of the same ulcerative
lesion of his right hand. A swab specimen yielded a
mold colony identified as Trichophyton rubrum, which
was considered not clinically relevant. The identifi-
cation of the stored isolate yielded N. obscura, which
confirmed that the infection had been ongoing for >1
year. The patient was well as of 4 months after start-
ing azole therapy.

2025



SYNOPSIS

Patient 9 was a 65-year-old man from Mali who
had been living in France for >20 years. In Decem-
ber 2019, he sought care for a mass in front of the left
clavicle that had appeared 6 months earlier during a
stay in Bamako, Mali. The patient had undergone a
renal transplant in 2018 and was receiving cyclospo-
rine, tacrolimus, and prednisone (5 mg/d). A CT scan
showed bone lysis of the clavicle with a subcutaneous
abscess. A biopsy was performed, and the patholo-
gist reported inflammation with hyphae. Spontane-
ous fistula occurred, yielding pus. Nannizziopsis sp.
was identified in the culture. A PET-CT showed hy-
permetabolism of the left clavicle, and the presternal
region extended to the manubrium along with hyper-
metabolism of a pulmonary nodule of the lingula. Se-
rum [-D-glucan results were positive (>520 pg/mL).
Treatment with voriconazole was started and a reap-
praisal scheduled after 12 weeks.

Materials and Methods

Morphologic Identification and Antifungal-
Susceptibility Testing

Ten clinical isolates (2 isolates for patient 8) were
checked for purity and subsequently subcultured
on potato dextrose agar (PDA) (BD Diagnostic Sys-
tems, https://www.bd.com) and malt extract agar
(MEA) 2% (Oxoid, http://www.oxoid.com) for 15
days at 30°C, 37°C, and 40°C to study fungal growth
and sporulation. The type strain of N. obscura (isolate
no. UAMHS5875) was analyzed in parallel. Micro-
scopic characteristics were examined on 5- to 7-day-
old MEA slide cultures incubated at 30°C. Antifun-
gal-susceptibility profiles were screened according
to a slightly modified European Committee on An-
timicrobial Susceptibility Testing procedure (10). All
antifungal drugs were purchased from Alsachim
(https:/ /www.alsachim.com).

Molecular Characterization and Phylogenetic Analysis

We performed DNA extraction and amplified frag-
ments of the internal transcribed region (ITS), the D1-
D2 region of the large subunit (LSU) ribosomal DNA,
and the actin gene (11) (Appendix, https://wwwnc.
cdc.gov/EID/article/26/9/20-0276-Appl.pdf). We
conducted a preliminary similarity searching using
BLASTn (https:/ /blast.ncbi.nlm.nih.gov) against cu-
rated fungal reference databases. We conducted mul-
tiple sequence alignments and single-gene phyloge-
nies in MEGAY7 (12). In addition to the clinical isolates
and the type strain of N. obscura, we incorporated
the corresponding sequences of N. draconii, N. chla-
mydospora, N. quarroi, N. vriesii, and N. arthrosporioides
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that are published in GenBank (Appendix). N. homi-
nis was not included because of the lack of LSU and
actin sequences in the public databases. Phylogenetic
analysis was done with a neighbor-joining method
by using MEGA7 and with the maximume-likelihood
method by using PhyML 3.0 (13) subjected to smart
model selection at the NGPhylogeny integrative web
service (https:/ /ngphylogeny.fr) (14).

Ethics Considerations

We obtained approval from the Commission Natio-
nale de I'Informatique et des Libertés, the national da-
ta-protection agency in France (approval no. 903395).
This step ensured that the patients” data were kept
anonymous according to national regulations.

Results

Morphology

All clinical strains and the type strain grew well on
PDA at 30°C and 37°C. No growth was observed at
40°C. Cultures on PDA and MEA at 30°C were white
with low aerial mycelium and a velvety to powdery
texture, rarely zonate, or heaped and with a yellow-
ish coloring on the reverse (Figure 1, panel C). In gen-
eral, microscopic observations showed the typical, al-
though nonspecific, features of the genus Nannizziopsis
(e.g., hyaline, septate, smooth-walled hyphae). All iso-
lates produced sessile conidia and arthroconidia, and
some produced short hyphal branches in a wavelike
motion (undulate hyphae) (Figure 1, panels D-F) (5).

Antifungal Susceptibility Testing

The MICs or minimal effective concentrations (MECs)
of all 8 antifungals were low except for 1 strain. Me-
dian MICs were 0.25 mg/L (range 0.06-1 mg/L) for
amphotericin B, 0.125 mg/L (range 0.014-4 mg/L)
for itraconazole, 0.06 mg/L (range 0.03-2 mg/L)
for voriconazole, 0.06 mg/L (range 0.014-2 mg/L)
for posaconazole, 0.125 mg/L (range 0.06-2 mg/L)
for isavuconazole, and 0.06 mg/L (range 0.014-0.5
mg/L) for terbinafine. Median MEC was 0.5 mg/L
(range 0.25-1 mg/L) for caspofungin and 0.015 mg/L
(range 0.015-0.06 mg/L) for micafungin.

Molecular Characterization and Phylogenetic Analyses
Similarity comparisons in public databases showed
that all isolates belong to the genus Nannizziopsis and
had percentage identity ranges of 96.0%-99.8% (475
bp length) for LSU, 88.0%-99.0% (>700 bp length) for
ITS, and 85.0%-98.7% (>500 bp length) for actin genes.
N. guarroi (GenBank accession no. MH874904) had
the highest number of hits for LSU, whereas N. vriesii
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(accession no. HF547893) had the highest number of
hits for the actin gene. For ITS, the highest-scoring hits
corresponded to a Nannizziopsiaceae strain (GenBank
accession no. MF688808; 99%), followed by Nannizzi-
opsis spp. (GenBank accession no. KY771169; 98.7%).

Multiple alignments for ITS2, LSU, and actin
regions consisted of 283, 476, and 572 positions, of
which 33 (11.6%), 31 (6.5%), and 128 (22.4%) were
variable, respectively. The topologies observed on
individual gene trees were very similar to those
observed on a combined tree. The combined LSU-
actin-1TS2 dataset of 1,331 positions had 192 (14.4%)
of variable nucleotides.

The multilocus phylogenetic analysis revealed 2
main well-supported clades: 1 grouping all the clini-
cal isolates, including the type strain of N. obscura and
the named N. obscura species complex clade, and an
additional clade assembling the 3 reptile Nannizziop-
sis species isolated from Iquana iguana (N. guarroi) and
from bearded dragons, Pogona vitticeps (N. draconii, N.
chlamydospora). N. vriesii and N. arthrosporioides were
separated from the rest of the isolates and from each
another (Figure 2).

Discussion

We describe 9 new cases of proven invasive infection
with the N. obscura species complex in France. The
most frequent clinical localizations were subcutane-
ous tissues (6 patients) and lung nodules (6 patients)
(Table 1). Eight of the 9 patients had T-cell immuno-
suppression associated mainly with the prevention

Figure 2. Maximum-likelihood
tree obtained from combined
large subunit ribosomal DNA,
actin, and internal transcribed
spacer 2 sequence data obtained
from genomic analysis of
Nannizziopsis obscura isolates
from 9 patients from West
Africa, France, 2004-2020,

and reference sequences.
Neighbor-joining bootstrap
values or maximum-likelihood
values are indicated on the
branches. Support branch values
<70% are not shown. Culture
collection numbers appear next
to sequences retrieved from
GenBank, and type strains

are indicated by a “T” after the
species name. Patients from
whom clinical isolates analyzed
in this study were obtained are
shown as P1-P9. The 2 isolates

Nannizziopsis obscura Species Complex, France

of solid organ rejection. The constant feature was the
sub-Saharan origin of all patients. The infecting agent
was initially misidentified as Geotrichum spp., Tricho-
sporon spp., and Trichophyton spp. in the 5 different
participating hospitals (Table 1). Confusion of Nan-
nizziopsis spp. with Geotrichum spp. (3,5), Trichosporon
spp., or Trichophyton spp (5) are also common in the
literature (Table 2, https://wwwnc.cdc.gov/EID/
article/26/9/20-0276-T2.htm). The most common
finding upon direct examination at the microbiologic
laboratories was the presence of nonspecific hyphae.
On culture, Nannizziopsis spp. do not exhibit specific
features (yeast-like or woolly aspect). Some charac-
teristics of Nannizziopsis spp. are even shared with
dermatophytes (e.g., cycloheximide tolerance and
aleurioconidia). Dermatophytes can be involved in
aggressive skin diseases, especially after renal trans-
plantation (15). Moreover, empiric azole treatment
might control the infection without a definite diag-
nosis. Because multilocus sequencing of the pathogen
is often restricted to unusual localizations or thera-
peutic failures, a clear knowledge of the spectrum of
Nannizziopsis spp. infections is lacking, which can ex-
plain, at least in part, the rarity of the cases reported.

The initial diagnosis also can be confused by the
considerable diversity of the clinical manifestations.
Some infections appeared as subacute; others were
relatively indolent during periods of months or years.
Records for these 9 patient show that the underlying
diseases are also diverse, although dominated by
HIV infection before 2006 (3 patients) and solid organ

from patient 8 were morphologically and molecularly identical. Sequences marked with asterisks (*) refer to strains published by
Nourrisson et al. (6). Scale bar indicates nucleotide substitutions per character.
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transplantation (8 patients) after 2006; the most fre-
quent clinical localizations were subcutaneous tissues
(8 patients) and lung (7 patients) (Tables 1, 2). For
some patients, the infection manifested as dissemi-
nated disease with brain abscess, lung nodules, or
positive blood culture (Tables 1, 2). The association of
serum [3-D-glucan positivity and galactomannan neg-
ativity (7 and 6 patients tested in the 9-patient series,
respectively) seems a useful adjunct, albeit unspecific.
As a consequence, the suspicion of Nannizziopsis spp.
infection cannot rely on a specific clinical manifesta-
tion and requires a tissue biopsy.

Our molecular study places all 10 N. obscura iso-
lates (including 2 recovered from patient 8) into a
well-supported phylogenetic lineage, separate from
reptile isolates (Figure 2). Recent taxonomic revi-
sions for the former Chrysosporium anamorph of N.
vriesii complex resulted in the assignment of several
species within the genus Nannizziopsis or within the
2 new genera of Paranannizziopsis and Ophiodiomyces
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(1,5). So far, only 2 species (N. obscura and N. homi-
nis) have been definitely implicated in human pathol-
ogy (3,5). The species N. infrequens was determined
not to be responsible for an invasive infection and
was disregarded by clinicians (16). Thus, N. hominis
was reported in 3 patients before 2000, and N. obscu-
ra was reported in 4 patients after 2005 (5) and in 9
cases since then. N. infrequens and N. hominis exhibit
good growth at 35°C, in contrast to the Nannizziopsis
species implicated in reptile infections (5). Although
our study clearly differentiates the human N. obscura
isolates from our case series from the reptile isolates,
the modest branch support value for the N. obscura
clade (0.71 by maximum-likelihood method) suggests
the possibility of potential new species. More taxa
and additional gene sequences should be studied to
investigate this hypothesis.

The issue of the portal of entry remains unclear.
Subcutaneous nodules, ulcerative skin lesions, or
both are frequently noted (e.g., in patients 2, 3, 4, 5,

Figure 3. Geographic distribution
of 13 patients infected by
Nannizziopsis obscura in West
Africa. The different colors
represent the number of cases
in each country: red for 7 cases,
orange for 2 cases, and green
for only 1 reported case. The
diameter of the circle indicated
for each country is proportional
to the number of cases reported.
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8, and 9) (Table 1) and could have been the initial site
of infection. Skin can be suspected because Nannizzi-
opsis species are keratinophilic and cause extensive
dermatitis with erosions and subsequent invasion of
the subcutaneous structures in reptiles (1,2). When
specifically investigated in this case series (i.e., pa-
tients 3 and 4) (Table 1), no Nannizziopsis organisms
were recovered from skin or nail samples, even when
patients had dermatomycoses or onyxis. On the other
hand, the frequency of dissemination suggests inha-
lation as a possible route, with subcutaneous nodules
as tissue localizations other than lung as a conse-
quence of blood dissemination. Therefore, the infec-
tion scenario described for reptiles might not apply
to humans.

We cannot provide firm recommendations for
antifungal treatment because of the low number of
patients in our study. The MICs show no intrinsic
antifungal resistance. Azole therapy appears to be
the first option, but the choice between posacon-
azole or voriconazole depends on the pharmacoki-
netics of each drug and its interactions with other
medications. Decrease of immunosuppressive
therapy might also contribute to improvement, and
surgery can be a major part of treatment for some
abscesses. However, as for many invasive fungal
diseases, the final prognosis depends on that of the
underlying disease.

The main epidemiologic observation is the geo-
graphic origin of the patients. All came from sub-
Saharan West Africa or Africa when national origin
was reported (Tables 1, 2; Figure 3). The preferred mi-
gration routes explained by historical reasons—The
Gambia to England route (7) and Mali, Senegal, and
Guinea to France route —observed in our case-series
and in the literature (6), might have introduced bias.
However, France and England also have immigrants
from other parts of Africa, and Nannizziopsis spp.
infections are described only in patients from semi-
arid countries. For the previously reported patients
from Nigeria (4,5), the exact origin was not reported,
but Nigeria also covers semiarid tropical zones. In
patients for whom the information was known, the
delay between the last trip to Africa and the onset of
symptoms varied between 2 months and 3 years (Ta-
ble 1). Patients could carry latent forms of the fungus
and have onset of an opportunistic infection when
their immunity fails, as described for other fungi,
such as Cryptococcus neoformans (17) and Histoplasma
spp. or other endemic mycoses (18).

These 9 new cases and the previously reported
cases (1,3-7) highlight the difficulties in identifying
the N. obscura species complex. These fungal infections
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are likely underdiagnosed because of features shared
with more common species, such as Trichophyton spp.
or Trichosporon spp. Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry should ac-
celerate the process of identifying organisms and up-
dating public databases, such as the online mass spec-
trometry platform (https://msi.happy-dev.fr), which
now includes a N. obscura profile. Up to now, these
deep infections seemed to involve T-cell immunosup-
pressed patients with frequent dissemination or multi-
focus localizations. These molds are probably endemic
in sub-Saharan Africa, but their precise geographic
repartition and natural ecology remain to be estab-
lished. Environmental studies would be necessary to
further investigate the natural ecology of these molds,
as has been done recently for the emerging Emergomy-
ces africanus (19).
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Saprochaete clavata Outbreak
Infecting Cancer Center
through Dishwasher

Estelle Menu, Alexis Criscuolo, Marie Desnos-Ollivier, Carole Cassagne, Evelyne D’Incan,
Sabine Furst, Stéphane Ranque, Pierre Berger, Francoise Dromer

Saprochaete clavata is a pathogenic yeast responsible
for rare outbreaks involving immunocompromised pa-
tients, especially those with hematologic malignancies.
During February 2016-December 2017, we diagnosed
S. clavata infections in 9 patients (8 with fungemia), in-
cluding 3 within 1 month, at a cancer center in Marseille,
France. The patients (median age 58 years), 4 of 9 of
whom had acute myeloid leukemia, were hospitalized
in 3 different wards. Ten environmental samples, includ-
ing from 2 dishwashers and 4 pitchers, grew S. clavata,
but no contaminated food was discovered. The outbreak
ended after contaminated utensils and appliances were
discarded. Whole-genome sequencing analysis demon-
strated that all clinical and environmental isolates be-
longed to the same phylogenetic clade, which was un-
related to clades from previous S. clavata outbreaks in
France. We identified a dishwasher with a deficient heat-
ing system as the vector of contamination.

Saprochaete clavata (previously Geotrichum clavatum)
is a rare emerging pathogen, an ascomycetous
yeast-producing arthroconidia that causes invasive
fungal infections in immunocompromised patients.
The species has mainly been reported in Europe, of-
ten associated with sporadic cases or small outbreaks
(1,2). Unlike Magnusiomyces capitatus (3,4), which has
been associated with dairy products, S. clavata has
rarely been isolated from environmental samples
(5,6). Patients most at risk for infections from Geot-
richum spp. have hematologic diseases with severe
neutropenia (7) and are undergoing chemotherapy,
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mainly with cytarabine (1) or caspofungin (8). They
often have central venous catheters (9).

In recent years, S. clavata fungemia outbreaks
associated with high mortality rates in vulnerable
patients with malignancies have been described
throughout Europe, mainly in France (1), Italy (2,10),
Czechia (11), and Spain (12). No source of contamina-
tion was identified in any of these outbreaks despite
thorough investigation.

During February 2016-December 2017, the Paoli-
Calmettes Institute, a cancer center in Marseille, France,
was faced with an outbreak of S. clavata infections in-
volving 9 patients hospitalized in 3 different wards,
suggesting a common source of contamination. We de-
scribe the findings of an outbreak investigation that re-
covered S. clavata in different environmental samples,
including from a dishwasher in the central kitchen and
another, available to patients and their families, in the
stem-cell transplant ward. Whole-genome sequencing
(WGS) confirmed that the environmental and clinical
isolates from patients belonged to the same phyloge-
netic clade. Handwashing, avoiding direct skin con-
tact, checking air quality, and sterilizing food are rou-
tine practice to prevent contamination in hematology
wards; however, examining dishwashers for contami-
nation and operability may not be done routinely. Our
findings should prompt adding dishwasher inspec-
tions to guidelines for preventing infection.

Materials and Methods

Case Definition Criteria

We defined S. clavata infection by obtaining >1 posi-
tive results for S. clavata blood culture from a usually
sterile body site or from a bronchoalveolar lavage or
tracheal aspirate of the respiratory tract. Infection was
also confirmed by observing pleural fluid in a patient
with pleural effusion or lung infection.
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Mycologic Investigation

We collected a rectal swab specimen from all patients
hospitalized in the stem-cell transplant unit during
December 20-30, 2017. In addition, during December
22, 2017-January 19, 2018, we collected 95 environ-
mental samples from food (powdered milk, a pea-
sized amount from each package of cheese); tap wa-
ter in 2 patients’ room and water used for the coffee
machine in 1 kitchen (500 pL); air filters; food-contact
surfaces; non-food-contact surfaces in the rooms
of infected patients; various kitchenware (vacuum
flasks, cutlery); tables and chairs in the ward’s kitch-
en; and microwaves, refrigerators, and dishwashers,
including the dishwasher in the ward’s central kitch-
en. For the dishwashers, we sampled inner surfaces,
door seals, and the water outlet.

We used Sigma Transwab MW176S MWE medi-
cal wire sterile dry cotton swabs (Sigma Transwab,
https://www.mwe.co.uk) for sampling as wide
an area as possible. We discharged swabs in liquid
Amies medium, then streak-plated the samples on
Sabouraud dextrose agar plates supplemented with
gentamicin and chloramphenicol (Bio-Rad, https://
www.bio-rad.com) and BBL CHROMagar Candida
plate (BD, https:/ /www.bd.com). We identified spe-
cies using Bruker Biotyper version MBT 3.1 matrix-
assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry (Bruker, https://
www.bruker.com) and nucleotide sequence analysis
of the internal transcribed spacer (ITS) regions of the
rRNA gene, as described elsewhere (13). The ITS se-
quences of the isolates were compared to those of
the S. clavata type strain CBS425.71 (GenBank acces-
sion no. KF984489) isolated in Baltimore, Maryland,
USA, in 1971.

All the strains we recovered from environmental
and clinical samples and identified as S. clavata were
stored at -20°C in cryotubes with bead tune Cryosys-
teme Protect (Dutscher, https:/ /www.dutscher.com).
After subculturing all of the samples on Sabouraud
agar slant (Bio-Rad), we sent them to the French Na-
tional Reference Center for Invasive Mycoses and An-
tifungals (Institut Pasteur, Paris, France) for further
characterization and comparison with selected clini-
cal isolates collected through the nationwide surveil-
lance program (Appendix Table, https://wwwnc.
cdc.gov/EID/article/26/9/20-0341-Appl.pdf).

WGS

After checking purity on chromogenic medium,
we extracted DNA using a NucleoMag Plant kit
(Macherey-Nagel, https://www.mn-net.com) in a
KingFisher Flex system (Thermo Fisher Scientific,
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https:/ /www .thermofisher.com). We sequenced
whole genomes from each selected isolate (17 clinical
and 10 environmental isolates) at the Mutualized Plat-
form for Microbiology (Institut Pasteur, Paris, France)
using a NextSeq 500 sequencer (Illumina, https://
www.illumina.com). We constructed libraries using
Nextera XT technology (Illlumina) and sequenced ge-
nomes using a 2 X 150 nt paired-end run strategy. We
preprocessed all reads with AlienTrimmer version
0.4.0 (https://bioweb.pasteur.fr/ packages/pack@
AlienTrimmer@0.4.0) to remove exogenous or low-
quality bases, leading to a mean of 8.47M paired-end
reads per sample (=140 X sequencing depth, mean).
We deposited FASTQ files for all isolates from Mar-
seille at the European Nucleotide Archive BioProject
(accession no. PRJEB36345).

Phylogenetic Analysis

For phylogenetic comparison, we used WGS data
from 10 isolates studied during an outbreak described
by Vaux et al. (BioProject accession no. ERP003645)
(1); all reads from the BioProject ERP003645 isolates
were preprocessed as described in previous sections.
(The patients from whom the cultures were isolated
correspond to patients 11-20 in the Appendix Table.)
These reads included 5 isolates from epidemic clade
A (CNRMA12.494, CNRMA12.559, CNRMA12.637,
CNRMA12.667, CNRMA12.647) and 5 from epi-
demic clade B (CNRMAS8.1167, CNRMA11.1183,
CNRMA12.304, CNRMA12.615, CNRMA12.634).
Overall, we studied a total of 38 isolates: 10 from Bio-
Project ERP003645; 26 clinical and environmental iso-
lates recovered in Marseille during the outbreak or its
investigation, plus 1 clinical isolate, CNRMA15.181,
recovered in 2015 in the same hospital in Marseille;
and the S. clavata strain (CBS425.71).

For each preprocessed read sample, we per-
formed short read mapping against the genome se-
quence of S. clavata clade A isolate CNRMA12.647
(GenBank accession no. CBXB000000000.1) using
minimap2 version 2.17-r941 (14). We then inferred a
pseudogenome following 4 rules: 1) we considered
only aligned reads and sequenced bases associated
with a Phred score >20; 2) we replaced each posi-
tion with the character states observed in >80% of
the aligned residues at that position; 3) we replaced
every position covered by <10 aligned reads with
the unknown character state “?”; and 4) we replaced
all polymorphic positions located within strand-bi-
ased (set as <5 aligned reads on >1 strand) or over-
covered regions (set as >200%) with the character
state “X.” Finally, after pooling all pseudogenome
sequences into a unique matrix of aligned nucleotide
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characters, we discarded each position containing
>10% undefined character states (?, -, X, or N), re-
sulting in 12,053,164 characters (including 261 vari-
able characters), which we used to infer a maximum
likelihood phylogenetic tree using IQ-TREE (http://
www.igtree.org) (15). To approximate the number
of single-nucleotide polymorphisms (SNPs) shared
by each branch of the phylogenetic tree, each branch
length was multiplied by the total number of ana-
lyzed characters (i.e., 12,053,164) and the result was
rounded to the closest integer.

Growth Temperature Testing

We analyzed the ability of 3 isolates of S. clavata
(CBS425.71 typestrain, CNRMA15.100, CNRMA14.292)
and 3 isolates of M. capitatus (CBS162.80 type strain,
CNRMA17.803, CNRMA17.775) to grow at high

S. clavata in Cancer Center through Dishwasher

temperatures after 48 and 72 h of incubation. We sub-
cultured isolates on Sabouraud agar medium at 30°C
for 48h, then plated suspensions containing 10°, 10% 10,
and 1 colony-forming units in 5 pL of sterile distilled
water on Sabouraud agar plates and incubated sam-
ples of each concentration at 30°C, 35°C, 37°C, 40°C,
45°C, and 48°C.

Results

Characteristics of the Patients

In December 2017, S. clavata infections were diag-
nosed in 3 patients (numbers 7-9 in the Table) with-
in 3 weeks of admission to the Paoli-Calmettes In-
stitute. This timing suggested a common source of
contamination, even though the patients were hospi-
talized in 2 different wards, the stem-cell transplant

Table. Characteristics of patients with a culture positive for Saprochaete clavata in Marseille, France, February 2016—December 2017*

Patient no.
Characteristic 1 2 3 4 5 6 7 8 9
Age,y 58 38 45 66 57 68 65 56 68
Sex M F M F M M F M M
Hospitalization ward H H T ICU T H T T H
Immune status
Underlying disease Lymphoma  AML MDS  Lymphoma CLL AML ALL AML AML
Lymphocyte count, G/L <0.1 0.1 5.6 0.2 0.1 0.1 0.8 0.1 0.1
Severe neutropenia, <500 /mm? Yes Yes No Yes Yes Yes Yes Yes Yes
Duration of neutropenia at 6 51 0 4 36 27 0 21 21
time of positive culture, d
BMT Yes No BMT Yes No BMT Yes No BMT Yes Yes Yes
Days from BMT to first positive 9 90 75 61 3 >90
culture
Clinical signs at the time of positive culture
Fever, temperature >38°C Yes Yes Yes Yes NA Yes NA Yes Yes
Digestive symptoms Yes Yes NA NA NA NA Yes Yes Yes
Diarrhea Yes NA NA NA NA Yes Yes
Constipation NA Yes NA NA NA NA NA Yes
Pulmonary symptoms NA Yes Yes NA NA NA Yes NA Yes
Skin lesions NA NA NA Yes Yes NA Yes NA NA
Positive culture results
Date of first positive culture 2016 2017 2017 2017 2017 2017 2017 2017 2017
Feb 3 Jan16 Jan 18 Feb 26 Aprl7 Jun29 Dec5 Decl0 Dec?29
Days after admission 16 51 6 14 80 27 68 20 21
No. positive samples 1 1 2 7 5 9 1 10 5
Blood 1 1 None 5 4 9 1 9 5
Respiratory tract None None 2 2 1 None None None None
Stool, rectal swab None None None None None None None 1 None
Outcome
Death within 90 d No Yes Yes Yes No Yes Yes No No
Days after first positive culture DNA 12 57 7 DNA 4 6 DNA DNA
Treatment
Venous access Yes Yes Yes Yes Yes Yes Yes Yes Yes
Echinocandins Micafungin NP NP NP NP NP Caspo NP NP
Azoles NP PCz NP NP VCz PCz VCz VCZz VCZ,
PCz
Cytarabine Yes Yes NP NP Yes Yes Yes Yes
Ibrutinib NP NP NP Yes
Apheresis platelet concentrates NP Yes NP NP Yes Yes Yes Yes Yes

*ALL, acute lymphoblastic leukemia; ANL, acute myeloid leukemia; BMT, bone marrow transplant; Caspo, caspofungin; CLL, chronic lymphocytic
leukemia; DNA, does not apply; H, hematology; ICU, intensive care unit; MDS, myelodysplastic syndromes; NA, not available; NP, not prescribed; PCZ,

posaconazole; T, stem-cell transplant; VCZ, voriconazole.
tBronchoalveolar lavage, tracheal aspirate.
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Figure 1. Timeline of outbreak for 9 cases of infection with Saprochaete clavata identified in a single center at the Institut Paoli-
Calmettes, Marseille, France, February 2016—December 2017. The patients were hospitalized in 3 wards: the hematology unit (orange
bar sections), the stem cell transplant unit (blue bar sections), and the intensive care unit (gray bar sections). Numbers 1-9 correspond

to patient numbers in the Table.

and hematology units. A retrospective review of
laboratory files revealed that S. clavata infection had
been diagnosed in 6 additional patients during Feb-
ruary 2016-July 2017 (Table; Figure 1), bringing the
total identified to 9 patients. The 6 patients found
retrospectively had been hospitalized in 3 different
wards, the stem-cell transplant, hematology, and
intensive care units. The median age of the 9 patients
was 58 years (range 38-68 years); 6 (67%) were male.
All of the patients had central venous catheters; 4
(44%) were treated for acute myeloid leukemia and
6 (67%) had cytarabine chemotherapy. Of the 41
samples testing positive for S. clavata, 35 (85%) were
blood cultures; fungemia was detected in 8 (89%) of
9 patients on the basis of a mean of 4 (range 1-9)
blood samples positive for S. clavata. In 5 patients,
results were positive only for the blood samples. Re-
sults from rectal swab cultures were positive only
for patient 8 (Table). Of note, 5 patients had diges-
tive symptoms. The 90-day case fatality rate was
55% (5/9); median survival time for those 5 patients
was 7 days after the first positive culture.

Mycological and Environmental Investigation

Among the 95 environmental samples, 75 were
sterile, and 10 tested positive for fungi other than
S. clavata (Penicillium rubens, Lecytophora sp., As-
pergillus creber, Alternaria citri, Trichoderma viride,
Exophiala dermatidis, Alternaria alternata, Candida
lusitaniae, Candida parapsilosis, Scopulariopsis cinerea,
and Geotrichum capitatum). Of the 10 S. clavata-posi-
tive samples, we collected 6 from the kitchen in the
stem-cell transplant ward: 4 samples from the dish-
washer (water outlet, interior surfaces, and door
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seal) and 2 samples from vacuum flasks, 1 each
used for coffee and milk. Two of those samples had
additional fungi species: milk recovered in 2015 in
a patient pitcher lid in the hematologic ward con-
taminated with C. lusitaniae and a coffee pitcher lid
from the stem cell transplant ward contaminated
with C. lusitaniae and C. parapsilosis. In the stem cell
transplant ward, only a sample from a table surface
in patient 8’s room tested positive for S. clavata. In
the hematology ward, we collected S. clavata-posi-
tive samples from the coffee and milk pitcher lids
but found no contamination of the dishwasher. In
the central kitchen dishwasher, samples from the
prewash area (Figure 2), where water is sprayed
to loosen food particles on the dishes, tested posi-
tive for S. clavata. Finally, samples from 2 different
cheeses, proposed as possible vectors at the time of
the outbreak, tested negative.

Study of Growth Temperature

The isolates of S. clavata and M. capitatus tested ex-
hibited similar growth at various temperatures. No
growth was detected at >48°C.

WGS

Bioinformatic analysis of the WGS data yielded a ro-
bust phylogenetic classification for 38 isolates (Figure
3). The 5 isolates belonging to clade A and the 5 iso-
lates from clade B (isolation years 2008-2012) clus-
tered in 2 distinct clades, as described elsewhere (1).
All of the isolates collected in Marseille after February
2016 clustered into a third new monophyletic clade,
referred to as clade C, and had an estimated <10 SNP
difference. Multiple isolates recovered from patients
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2,5, 8, and 9 exhibited <1 SNP mean difference. Iso-
lates from both environmental and clinical samples
clustered in clade C, suggesting a clonal outbreak
with a probable common source. The CNRMA15.181
isolate, which was recovered at the same center in
January 2015, clustered in neither clade C nor in any
other previously identified clade.

Interventions and Control Measures

We discarded and replaced all S. clavata-contaminated
fomites and the ward’s dishwasher as soon as contami-
nation was determined. Even if the water temperature
could have achieved >60°C, the dishwasher was dis-
carded because of incomplete drain cycles, seals in poor
condition, and overall aging. We discarded the old vac-
uum flasks and replaced them with simpler models in
which the entire device is accessible to washing (Figure
4). In addition, we instituted mandatory guidelines for
thorough cleaning and washing after each use.

Discussion

Small outbreaks and sporadic cases of invasive in-
fections due to Geotrichum spp. have been reported
mostly, but not exclusively, in Europe. As in this out-
break, patients infected by M. capitatus and S. clavata
often share a common clinical background of severe
hematologic malignancy and neutropenia. M. capi-
tatus (previously known as G. capitatum) is the most
common reported involving patients in hematology
wards (4,16); S. clavata infections are less often report-
ed but occur as sporadic cases or small outbreaks that
are usually (2,10,11), but not always (1), monocentric.
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No study of S. clavata outbreaks has so far suc-
ceeded in identifying the contamination source (10).
Contaminated milk jugs have been identified as the
source of outbreaks from M. capitatus (17), and sev-
eral reports have noted the role of food as a potential
source of outbreaks of Geotrichum spp. (17,18). How-
ever, because of the lack of accurate databases, earlier
reports relied on the association of arthroconidia with
lack of urease activity to identify Geotrichum spp.,
and others misidentified S. clavata as M. capitatus (19).
Therefore, it is possible that cheese and milk that were
reported in the literature (5,17) to be positive with Ge-
otrichum spp. could actually have been contaminated
by S. clavata. However, to our knowledge, no report
has associated S. clavata with cheese production (20).

Previously, we discovered that some yeast
strains recovered from dishwashers were S. clavata
and not M. capitatus as initially reported (1,6), which
might reinforce ingestion as a possible route of S. cla-
vata infection. This finding influenced our decision to
sample dishwashers and the jugs and vacuum flasks
used to deliver food to patients in the hematology
and stem cell transplant wards at the cancer center.
Recovering S. clavata from the dishwashers and jugs
was the first step in explaining this monocentric out-
break, because the contaminated utensils from the
hematology ward had been washed in those dish-
washers. Another possible factor in the dishwash-
er’s involvement in spreading infection might have
been the nonremovable lids on the jugs, which could
have prevented the dishwasher from completely
removing food residues. In a laboratory setting,

Figure 2. Schematic of
dishwasher implicated in
outbreak of Saprochaete clavata
at the Institut Paoli-Calmettes,
Marseille, France, February
2016—-December 2017. A)
Prewash area; B) wash area;

C) rinse area; D) drying area.

1, pump; 2, prewash and

wash trays; 3, filters; 4, rinse
water heater; 5, wash arm;

6, wash heat resistor. Blue
arrows indicate cool air flow;

red arrows indicate hot air

flow. (Figure modified from
https://energieplus-lesite.be/
techniques/cuisine-collective6/
laverie-vaisselle/lave-vaisselle-
description [cited 2020 May 20].)

2035



SYNOPSIS

S. clavata has been shown to not survive temperatures
>48°C or contact with fungicidal sprays (M. Desnos-
Ollivier, unpub. data). Therefore, it is possible that
the temperature cycle of the dishwasher, normally
capable of reaching temperatures >60°C, may have
been dysregulated or the procedure or the deter-
gent used to decontaminate dishes and utensils may
have been insufficient. We did not assess these pos-
sibilities, but discarding the contaminated fomites
and the old dishwasher seemed to control the out-
break. The dishwasher in the central kitchen was
also contaminated, but only in the prewash area, rul-
ing out its involvement in the spread of the fungus.
Nevertheless, it was decontaminated as a precau-
tion. Finally, we did not uncover any food source for
the S. clavata infection, possibly because the initial

contamination had occurred almost 2 years earlier
or because we did not test the correct food samples.

The temporal association of S. clavata in the en-
vironment with the outbreak offered only a potential
link; genetic relatedness needed to be demonstrated.
WGS is being used increasingly to investigate out-
breaks, especially when genotyping methods are not
readily available, such as for rare species. In 2012, fol-
lowing the discovery of a clade, A, as the source of a
multicenter outbreak of S. clavata infections in France,
we designed a real-time PCR so we could rapidly dis-
tinguish isolates belonging to clade A or to another
clade, B (NRCMA, unpub. data). Since the isolates
recovered in Marseille belonged to neither of those
clades, we used WGS to study strain relatedness. All
of the isolates recovered in Marseille after early 2016,

Figure 3. Phylogenetic tree of 38 Saprochaete clavata isolates, including isolates from outbreak of Saprochaete clavata at the

Institut Paoli-Calmettes, Marseille, France, February 2016—-December 2017. The unrooted maximum-likelihood tree was inferred from
12,053,164 nt characters with evolutionary model HKY (Hasegawa, Kishino, and Yano, 1985) + FO (base frequencies optimized by ML)
+ | (proportion of invariable sites optimized by ML). Thick branches are supported by >70% bootstrap supports (500 replicates). The
approximated number of single-nucleotide polymorphisms is indicated below each branch. Blue indicates clinical isolates; gray indicates
nonclinical isolates. Patient numbers correspond to those in the Table; clades A, B, and C are indicated at the right. Scale bar indicates

single-nucleotide polymorphisms.
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Figure 4. Vacuum flask styles used before and after outbreak of Saprochaete clavata at the Institut Paoli-Calmettes, Marseille, France,
February 2016—December 2017. A) Old seal; B) old vacuum flask; C) new seal; D) new vacuum flask. The newer model is fully

accessible to washing.

including environmental isolates, clustered together
into a novel clade, C, different from the previously
identified clades. Identifying a unique clade suggested
a common source for the contamination, which was
restricted to this cancer center in Marseille. Of note, a
single case diagnosed in the cancer center in 2015 did
not belong to clades A, B, or C and was thus consid-
ered a sporadic case.

Our investigation found that a dishwasher made
available to patients in the kitchen of the stem cell
transplant ward had been the vector of contamina-
tion. The fact that patient 4 had been hospitalized in
neither the stem cell transplant ward nor the hema-
tology ward before being infected leaves open the
hypothesis that contaminated food, of an unknown
source, could have contaminated utensils and then
the dishwashers, which became vectors of S. clavata
for other patients. This transmission scheme is sup-
portable using our findings: the contaminated milk
or coffee pitchers were used in both hematology and
stem cell transplant units; environmental and clinical
isolates clustered within the same clade; and the out-
break ended after we removed the pitchers, replaced
the contaminated and potentially dysfunctional dish-
washer in the stem cell transplant ward, and disin-
fected the dishwasher in the central kitchen.

Our findings suggest that food-related house-
hold appliances, such as dishwashers, can be anthro-
pophilic ecologic niches for S. clavata and other life-
threatening fungi. Combined with the trend toward
providing patients a low-bacterial diet rather than a
sterile diet (21), this possibility increases the potential
for contaminated food. Therefore, routine procedures
to protect severely ill patients from airborne or con-
tact contamination should include regular microbio-
logic sampling, dishwasher testing and maintenance,
and controlling the supply and distribution of food.

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 26, No. 9, September 2020

In general, these findings stress the need for continu-
ous extensive vigilance in hospital settings.
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Q fever osteoarticular infection in children is an underesti-
mated disease. We report 3 cases of Q fever osteomyeli-
tis in children and review all cases reported in the literature
through March 2018. A high index of suspicion is encouraged
in cases of an unusual manifestation, prolonged course, re-
lapsing symptoms, nonresolving or slowly resolving osteomy-
elitis, culture-negative osteomyelitis, or bone histopathology
demonstrating granulomatous changes. Urban residence or
lack of direct exposure to animals does not rule out infection.
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Diagnosis usually requires use of newer diagnostic modali-
ties. Optimal antimicrobial therapy has not been well estab-
lished; some case-patients may improve spontaneously or
during treatment with a B-lactam. The etiology of treatment
failure and relapse is not well understood, and tools for fol-
low-up are lacking. Clinicians should be aware of these infec-
tions in children to guide optimal treatment, including choice
of antimicrobial drugs, duration of therapy, and methods of
monitoring response to treatment.

1These authors contributed equally to the study and article.
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lular bacterium Coxiella burnetii. Persistent focal-
zed Q fever infection in adults mainly manifests as
endocarditis or as an endovascular infection. Cases
of osteoarticular infection (OAI) have been scantly
reported in the literature, rarely in children (1,2). Dis-
ease severity varies, similar to the clinical variations
reported in adult patients (1).

C. burnetii infections are endemic to Israel. Be-
cause diagnosis requires a high level of suspicion, an
increase in diagnoses over time may be partly related
to physician awareness of the disease rather than true
higher incidence (3). An observational study of 2,434
cases of C. burnetii infection in France (4) reported 58
pediatric cases, among which 22 (38%) were OAIs.
This large study described the clinical characteristics
of Q fever, the less common manifestations of Q fever
such as lymphadenitis and lymphoma, and identified
risk factors and screening tools predicting complica-
tions and death.

Because C. burnetii bacteria do not grow in stan-
dard laboratory cultures, serology is the first-line
diagnostic method for C. burnetii infection. Phase 1I
antibodies are predominant during primary infection
and Phase I antibodies in persistent infection. Cutoffs
of titers considered positive are debated and vary in
different countries (5,6). Immunofluorescence assay
(IFA) remains the preferred serology test because of
its simplicity and accuracy. Complement fixation test
(CFT) is more widely used despite its lower sensitivity
(1,2,5). Immunohistochemistry and quantitative PCR
of C. burnetii-infected tissues are also available (5,6).

Diagnosis may be aided by clinical criteria. One
definite criterion, 2 major criteria, or 1 major and 3 mi-
nor criteria are needed for definitive diagnosis of per-
sistent Q fever. Definite criteria include a positive result
on culture, PCR, or immunochemistry of bone, synovi-
al biopsy, or joint aspirate. Major criteria include posi-
tive blood culture or PCR, phase I IgG antibodies >800,
evidence of bone or joint involvement by computed to-
mography scan, ultrasonography, magnetic resonance
imaging (MRI), or abnormal positron emission tomog-
raphy scan or indium leukocyte scan. Minor criteria in-
clude phase I IgG titer of 400-800 mg/dL, temperature
>38°C, and mono- or polyarthralgia. These last diag-
nostic criteria have been proposed to enable diagnosis
of C. burnetii persistent infection in cases in which titers
are below the serologic cutoff (5). Other studies use a
higher serology cutoff of phase I IgG >1,024 (6).

Optimal antimicrobial treatment for chronic Q
fever OAI has not been well established. Pediatric
treatment recommendations in Q fever OAI are based
on treatment of Q fever endocarditis in adults (7). We

Qfever is a zoonotic disease caused by the intracel-
i
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describe 3 cases of Q fever osteomyelitis in children in
Israel and a review of the related literature.

Case 1

A previously healthy 3-year-old boy was admitted for
care with a limp of his right leg and swelling of his right
ankle that began 3 weeks before admission. He had no
history of trauma and had no fever or other systemic
signs of infection. Results of complete blood count
(CBC), C-reactive protein (CRP), and radiographic stud-
ies at admission were normal. MRI was performed and
showed a lytic lesion in the talus bone, suspected to be
a malignant space-occupying lesion (Figure 1). Open-
bone biopsy was thus performed. Pathology revealed an
acute inflammatory process with neutrophil and lym-
phocyte predominance, giant cells, and an epithelioid
granuloma without necrosis, suggesting an infectious
process (Figure 1). A swab sample from the tissue was
found to be sterile despite the lack of previous antimi-
crobial therapy. Fungal and mycobacterial PCR results
from the paraffin-embedded specimen were negative.
Repeated physical examinations revealed signs of cellu-
litis around the surgical wound with no other systemic
manifestations. The patient was treated with a first-gen-
eration cephalosporin for 6 weeks, and his clinical signs
and symptoms were resolved completely.

Six months after his discharge, the child experi-
enced swelling and mild cellulitis around his right
ankle with no other symptoms. Synovial fluid from
the ankle was sampled; bacterial, fungal, and myco-
bacterial cultures were all negative. The patient then
recovered without any treatment. At 1 year after his
initial admission, the patient experienced cellulitis at
the same site. He was in good general health with no

Figure 1. Bone biopsy specimen for a 3-year-old boy (case 1)
with Q fever osteoarticular infection, Israel. Hematoxylin and eosin
stain shows an acute inflammatory process with neutrophil and
lymphocyte predominance. Small arrows indicate giant cells and
epithelioid granuloma without necrosis. Bar indicates the diameter
of a giant granuloma.
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systemic signs of infection. Fluid aspirated from the
right ankle, identified as pus, was cultured and ana-
lyzed using 165rRNA PCR. Antimicrobial therapy with
a first-generation cephalosporin was reinitiated, with
good clinical response. Later in the treatment period,
PCR results were found to be positive for C. burnetii;
a positive PCR result is a definite criterion (5,8). IFA
confirmed the diagnosis with high titer for phase I IgG,
1:6,400. Transthoracic echocardiography performed 1
month after diagnosis showed no valve involvement.

In light of clinical and radiological evidence of
chronic osteomyelitis along with laboratory evidence
(positive 165r RNA PCR and positive serologic results
for C. burnetii), the patient was treated for persistent
focalized Q fever. Treatment regimen included cipro-
floxacin and rifampin for 12 months; full clinical and
complete radiological resolution resulted.

Six years after his first infection, after being as-
ymptomatic for 4 years, the patient again experienced
pain and tenderness of the contralateral (left) foot
and ankle without fever or systemic signs. Results of
laboratory studies were unremarkable, but MRI of
the ankle showed a Brodie’s abscess of the distal tibia
and sonography of the ankle showed a small amount
of fluid. Results of testing for 165rRNA from syno-
vial fluid was negative. IFA revealed high titers for
phase I IgG, 1:3,200. On the basis of the patient’s his-
tory, clinical signs, and serology, treatment was begun
with doxycycline, hydroxychloroquine, and rifampin.
Shortly after treatment was started, the patient report-
ed a new elbow pain. MRI study of the right elbow
showed synovitis of the elbow and Brodie’s abscess of
the distal humerus. Based on the presumed diagnosis
of Q fever multifocal recurrent osteomyelitis, triple
antibiotic treatment was continued, and substantial
improvement was seen by 4 months later. MRI study
at the end of treatment revealed complete resolution of
all pathological findings. Nearly 12 months after com-
pleting his treatment, the patient was asymptomatic.

Case 2

A previously healthy 2-year-old boy experienced
limping for >3 weeks and had a recurrent low-grade
fever in the week before admission. He had no his-
tory of trauma, exposure to animals, or ingestion of
unpasteurized dairy products. At the time of admis-
sion, a physical examination noted obvious limping
on his left leg but no localized tenderness or focal
inflammatory signs. Results of CBC, CRP, and ra-
diographic imaging of his lower limbs were unre-
markable. Nuclear imaging (Technetium bone scan)
demonstrated an increased signal in the talus of his
left ankle (Figure 2, panel A). MRI study of the left
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ankle showed an intramedullary lesion of the talus
compatible with an abscess (Figure 2, panels B, C, D).
Empiric treatment with intravenous first-generation
cephalosporin was initiated. After 2 weeks of thera-
py, the patient was only mildly improved. Bone bi-
opsy was not performed because the location of the
lesion was unreachable; serology for C. burnetii was
performed, considering the prolonged symptoms and
suboptimal response to therapy. After 6 weeks of an-
timicrobial therapy, although the patient no longer
had symptoms or signs of infection, the C. burnetii se-
rology result was unexpectedly positive: phase I IFA
IgG titer was 1:200.

Confirmatory serology performed 2 weeks later
showed a phase I IFA IgG titer of 1:800. At that time,
the patient remained asymptomatic. A repeated MRI
of the ankle showed the same lesion with no major
changes. Results of a transthoracic echocardiogram,
performed 3 months after initial care because of con-
cern for possible endocarditis, were unremarkable.
Considering the chronic course of Q fever OAI and
the risk for relapse or progression to other mani-
festations, combined therapy of rifampin and trim-
ethoprim/sulfamethoxazole (TMP/SMX) was ini-
tiated. The patient completed 1 year of treatment,
throughout which he continued to be asymptomatic.
MRI 12 months after treatment showed complete res-
olution of the primary talar lesion. Phase I [FA IgG
titer at the end of treatment was 1:200.

Case 3

A previously healthy 3-year-old boy experienced
swelling and tenderness over his left foot and cal-
caneus for 6 months before his admission. His body
temperature was normal over that period, and he had
no systemic signs of infection. Two falls and mild
bruises of the same leg were reported around the time
his symptoms began. The patient lived in a rural area
and was exposed to livestock. Results of CBC, CRP,
erythrocyte sedimentation rate (ESR), and radio-
graphic studies conducted at the time of admission
were unremarkable. MRI demonstrated synovitis of
the small joints of the midfoot (Figure 3). The patient
underwent fine-needle aspiration of the ankle, which
was technically difficult. Synovial fluid from this as-
piration was sterile despite no previous antimicrobial
therapy; results of 165rRNA and specific PCR for C.
burnetii were negative.

Serology for Q fever was positive with high titer
of phase I IgG, 1:1600, and of phase II, 1:1600, in IFA.
Transthoracic echocardiography performed 1 month
later showed no cardiac valve involvement. On the ba-
sis of the suggestive clinical signs, potential exposure
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Figure 2. Imaging of the left ankle for a 2-year-old boy (case 2) with Q fever osteoarticular infection, Israel. A) A nuclear bone scan
showing uptake in the talus (arrow). B-D) Magnetic resonance imaging sagittal T1 (B), sagittal T1 fat saturation + contrast (C), and
sagittal short-Tl inversion recovery (D) showing a lesion (white arrows) in the posterior aspect of the talus, noted to be an intramedullary
Brodie’s abscess in evolution, surrounded by intramedullary edema and accompanied by fluid in the joint.

to farm animals, and positive serology for C. burnetii,
the patient was treated with rifampin and TMP/SMX
for Q fever OAI. Repeated serology showed increas-
ing titers: IgG phase Il up to 6,400, and IgG phase I up
to 3,200. Despite 8 months of antimicrobial treatment,
the patient remained symptomatic with debilitating
pain. MRI performed at that time revealed synovi-
tis and osteomyelitis with intramedullary abscesses
in the small bones of the midfoot, not amenable for
drainage. Twelve months into his antimicrobial thera-
py, his health had improved overall, with decreasing
pain and decreasing IgG phase I titers.

Literature Review
A review of the literature revealed 8 articles describ-
ing 29 pediatric cases of OAI caused by C. burnetii (9-
16) (Appendix Table, https:/ /wwwnc.cdc.gov/EID/
article/26/9/19-1360-App1l.xlsx). One of the 3 cases
we describe was also described briefly in a published
case series (16). Of the 31 total patients described, 24
(77.41%) were male; 29 (93.54%) were <10 years of
age. All were previously healthy except for 1 patient
who had acute lymphoblastic leukemia. Exposure to
livestock or household animals was reported in most
cases. Only 5 of 10 patients in Israel, including 2 of
our 3 case-patients, led urban lifestyles (9-16).

Clinical manifestations were subtle or occult for
20 (65%) patients. In cases in which laboratory tests
were reported, CBC and CRP results were mostly
within reference ranges. ESR values, considered su-
perior to other acute-phase reactants for assessment
of chronic infections, were not reported for most cases
of Q fever OAI

In cases in which biopsies were performed, his-
tology was consistent with inflammation and non-
caseating granulomas. Results of bone or synovial
biopsy and joint aspirate cultures were always nega-
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tive; results for 16-S rRNA gene PCR for C. burnetii
were positive in most of the joint aspirate cultures. In
16 (52%) cases, bone lesions were surgically debrided.

Most patients received combined therapy for
6-36 months. One case-patient was treated for a limit-
ed duration of 6 weeks with good initial response, but
no data regarding long-term recovery were available.
Three patients received no antimicrobial therapy, but
they all underwent surgical debridement. Evidence of
relapse was noted in 1 of those patients; data were un-
available for the other 2 patients because the follow-
up period for those was brief.

In 18/31 cases (58%), the disease was multifocal,
and in most cases a relapsing-remitting course was
observed regardless of appropriate antimicrobial
treatment. Eleven (35%) of 31 children had >1 recur-
rence; others had no reported recurrence. The obser-
vation of no recurrence may be biased; some cases
were published shortly after completion of the pa-
tients” course of antimicrobial treatment, which pre-
cluded a substantial follow-up period (9-16). In cases
in which serology was monitored during and after
treatment, serology remained unchanged or even in-
creased during follow-up, which can be explained by
the unreliable role of serology as a test of cure in this
disease (9-16).

Discussion

We describe 3 cases of definite C. burnetii OAI in chil-
dren and provide a review of the literature for these
cases. Diagnosis for these 3 patients was defined by
the prolonged clinical symptoms associated with mi-
crobiological evidence. Major criteria including clini-
cal evidence of OAI, bone or joint involvement visible
on MRI, and diagnostic serologic titer were found in
all 3 cases. The first case also had a positive C. burnetii
PCR as a definite criterion (5,8).
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Our review of the published cases with chronic Q
fever OAI sheds additional light on this often underdi-
agnosed and easily missed infectious disease. A high
index of suspicion is encouraged in cases of an unusu-
al case manifestation, a chronic or subacute course, re-
lapsing symptoms and signs, nonresolving or slowly
resolving osteomyelitis, culture-negative osteomyeli-
tis, exposure history to farm animals, or bone histol-
ogy demonstrating granulomatous changes (7). Some
cases improve spontaneously or during treatment
with a B-lactam, which is not active against C. burnetii,
and have no obvious rural contact, making diagnosis
more challenging. Optimal antimicrobial therapy for
chronic Q fever OAI has not been well established.

Current treatment recommendations are based
on case series, retrospective cohort studies, and in
vitro data. In the 3 cases we describe, the choice of
treatment was based on recent literature and the
safety and availability of the suggested drugs for
the specific patient. The patient in case 1 was treated
with ciprofloxacin and rifampin. Doxycycline thera-
py is considered ill-advised in children <8 years of
age because of its side effects of teeth staining and
weakening of enamel, especially in prolonged treat-
ment. Of note, the US Centers for Disease Control
and Prevention (CDC) in 2013 recommended the of
use of doxycycline at a dose of 2.2 mg/kg twice per
day for 2 weeks in children <8 years of age for the
treatment of acute and chronic Q fever in United
States (17). However, Q fever OAI requires a much
longer treatment period with doxycycline, with a

Q Fever Osteoarticular Infection in Children

higher likelihood and potential for long-term ad-
verse effects. Doxycycline is not approved in Israel
for chronic use in children <8 years of age. Hydroxy-
choloroquine was not available in a liquid form and
required special pharmacy preparation which could
interfere with treatment continuity.

We diagnosed OAI in the other 2 case-patients
shortly after the recurrence of osteomyelitis in case-pa-
tient 1. Considering the recurrence occurred while this
patient was under treatment with ciprofloxacin and ri-
fampin, we considered treatment failure using this reg-
imen and therefore chose rifampin and TMP/SMX for
the other 2 patients. TMP/SMX has been used in com-
bination with doxycycline, ciprofloxacin, or rifampin
according to reports available at that time (11,12).

The standard treatment of Q fever-persistent fo-
calized infection in adult patients is hydroxychloro-
quine and doxycycline; this regimen leads to fewer
recurrences. Minimal treatment duration in persistent
infections is 18 months; we have no evidence to deter-
mine the duration of doxycycline and hydroxychlo-
roquine therapy (8,18,19). The effectiveness of this
therapy is likely to result from the alkalizing effect of
chloroquine and its derivative, the hydroxyl, on lyso-
somal compartments, thus enabling improved doxy-
cycline activity (20).

For children <8 years old, treatment with TMP/
SMX or rifampin is preferred because of the risk for
dental staining with prolonged tetracycline therapy
(7). In vitro studies showed complete susceptibility to
rifampin, TMP/SMX, and tetracyclines; heterogenous

Figure 3. Imaging of the left ankle for a 3-year-old boy (case 3) with Q fever osteoarticular infection, Israel. A) Computed tomography
imaging, coronal view, shows a lytic lesion in the talus (black arrow). B, C) Magnetic resonance imaging sagittal T1 (B) and sagittal T1
fat saturation + contrast (C) demonstrate a lesion in the posterior aspect of the talus (white arrows), determined to be an intramedullary

abscess (Brodie’s abscess) surrounded by edema.
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susceptibility to fluoroquinolones and erythromycin;
and a little inhibitory growth effect of -lactam an-
timicrobial drugs (21). Studies show no consensus
regarding optimal treatment duration of Q fever
OALl in children. Minimum treatment duration was 6
months in most of the cases reviewed. Appropriate
drug therapy did not necessarily prevent recurrences;
in 16 (53%) cases, patients required surgical interven-
tion despite adequate antimicrobial therapy (9-16). In
addition to antimicrobial and surgical treatment, im-
munomodulatory agents including interferon gamma
were found to be effective in vitro and in some case
reports of chronic Q fever (10,22).

The etiology of treatment failure and relapse in Q
fever OAI is not well understood. We were not able
to conclude which treatment regimen was associated
with the lowest recurrence rate; the same treatment
regimens led to cure in some cases and treatment fail-
ure or relapse in others. We observed clinical recur-
rence and increasing antibody titers despite extended
combined antimicrobial drug therapy (23).

Whether recurrence is related to reduced drug
levels is unknown. In most cases, drug levels in blood
or hair samples was not considered. In our institu-
tion, these tests were not routinely available. Doxycy-
cline hair level assay testing to determine long-term
compliance was deemed unnecessary because most
of our patients were too young for treatment with
doxycycline. No documentation of compliance was
described; however, in our 3 cases, parents reported
orange-stained urine during follow-up visits, indicat-
ing good compliance for rifampin. Our physicians
had also evaluated parents administering medica-
tions as caring, dedicated, and reliable. Another fac-
tor that may explain the nonnegligible rate of recur-
rence is the dormancy of the intracellular bacterium.
These dormant infectious particles turn to metaboli-
cally active in response to acidification of the endo-
some and are associated with the development of the
parasitephorous vacuoles that allow the organism to
replicate repeatedly (24,25).

Tools for follow-up are lacking. Acute-phase
reactants were absent or only mildly elevated in in
17/20 (85%) cases, in which laboratory data were
documented. Radiographic resolution is not expect-
ed over a period of several weeks. Serology may not
change throughout the first years following clinical
cure (2,5,7). We did not user newer imaging tools
such as the 18F FDG-PET/CT described in recent
studies (4,5,26) for follow-up in our cases.

Insummary, pediatricOAIwith prolonged course
or inadequate response to empiric treatment should
raise the suspicion of unusual pathogens such as
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C. burnetii. Further studies are needed to guide op-
timal treatment of Q fever OAI, including choice of
antimicrobial drugs, duration of therapy, and meth-
ods of monitoring response to treatment. Diagnosis
of Q fever OAI requires increased awareness and
use of newer diagnostic modalities, and urban resi-
dence or lack of direct exposure to animals does not
rule out infection, especially in countries in which Q
fever is endemic.
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Web-Based Interactive Tool to
Identify Facilities at Risk of
Receiving Patients with
Multidrug-Resistant Organisms

Rany Octaria, Allison Chan, Hannah Wolford, Rose Devasia, Troy D. Moon,
Yuwei Zhu, Rachel B. Slayton, Marion A. Kainer

To identify facilities at risk of receiving patients colonized
or infected with multidrug-resistant organisms (MDROs),
we developed an interactive web-based interface for vi-
sualization of patient-sharing networks among healthcare
facilities in Tennessee, USA. Using hospital discharge
data and the Centers for Medicare and Medicaid Ser-
vices’ claims and Minimum Data Set, we constructed
networks among hospitals and skilled nursing facilities.
Networks included direct and indirect transfers, which ac-
counted for <365 days in the community outside of facility
admissions. Authorized users can visualize a facility of
interest and tailor visualizations by year, network dataset,
length of time in the community, and minimum number of
transfers. The interface visualizes the facility of interest
with its connected facilities that receive or send patients,
the number of interfacility transfers, and facilities at risk
of receiving transfers from the facility of interest. This tool
will help other health departments enhance their MDRO
outbreak responses.

ntimicrobial resistance (AMR) is an urgent pub-

lic health threat causing an estimated 2,868,700
infections and 35,900 deaths each year in the United
States (1). Multidrug-resistant organisms (MDROs), in-
cluding carbapenem-resistant Enterobacteriaceae (CRE),
methicillin-resistant Staphylococcus aureus (MRSA),
and organisms related to antimicrobial drug use and
resistance, such as Clostridioides difficile, often are the
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causative agents in healthcare-associated infections
(1,2). Studies show that these pathogens can colonize
patients for extended periods of time (3). One study
found that 38% of patients colonized with CRE were
still colonized even a year after discharge from a facil-
ity (4); such patients can serve as reservoirs for MDROs
in the community or in healthcare facilities.

Previous healthcare exposure is a known risk fac-
tor for MDRO infections (5,6). Older adults, patients
with underlying medical conditions, and residents
of long-term care facilities (LTCFs) are more likely
to have multiple healthcare exposures, making them
more likely to develop infections (7). Movement of
patients across healthcare facilities can serve as a
means of spreading MDROs across a community and
introducing new pathogens into a region. Interfacility
patient sharing has been associated with higher inci-
dence of both CRE and C. difficile infections (5,8).

A mathematical modeling study found that facil-
ity-level infection prevention measures alone are in-
sufficient to prevent transmissions (9). A coordinated
approach to contain MDROs among interconnected
healthcare facilities and public health reduced acqui-
sition by 74% in a small network model over 5 years
and 55% in a large network over 15 years (9). Begin-
ning in 2017, the Centers for Disease Control and
Prevention (CDC) issued guidance for state and local
health departments and healthcare facilities to contain
novel MDROs (10). The guidance classifies organisms
into 3 tiers based on public health threat and outlines
the recommended containment approach, which in-
cludes a coordinated approach among healthcare fa-
cilities, public health, and laboratories (10).

Despite numerous research publications on the
role patient-sharing networks play in elucidating
MDRO transmission, few address the application of
these networks in public health practice. We used
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patient-sharing networks to design tailored strategies
to help public health contain the spread of MDROs.
We developed an interactive tool to visualize net-
works of patient sharing among hospitals and skilled
nursing facilities (SNFs) in the state of Tennessee. Our
tool enabled the Tennessee Department of Health
(TDH) to identify facilities at risk of receiving patients
suspected to be colonized with AMR pathogens.

Methods

Patient Matching

We constructed interfacility patient-sharing networks
from the Tennessee Hospital Discharge Data System
(HDDS) inpatient admissions, and Centers for Medi-
care and Medicaid Services (CMS) claims and Mini-
mum Data Set (MDS; https://www.cms.gov). The
HDDS dataset included all inpatient admissions to
Tennessee acute-care hospitals (ACHSs) licensed by
TDH; admission to LTCFs and Department of Veter-
ans Affairs hospitals were not captured in this datas-
et. We used HDDS data to summarize patient-sharing
data among Tennessee facilities, including ACHs crit-
ical access hospitals (CAH), long-term acute-care hos-
pitals (LTACH), and inpatient rehabilitation facilities
(IRFs) from January 2014-December 2017.

We linked admissions of each patient in the
HDDS dataset with a multilevel matching process by
using patient identifiers. First, we linked consecutive
admissions for <365 days by matching the combina-
tion of date of birth, sex, and Social Security number
(SSN). In this step, we considered admissions of the
same person to be those that matched for date of
birth, sex, and first and last name, even if the SSN was
missing or had a 1-digit difference. Subsequently, we
linked admissions that did not generate matches in
the first step by matching the combination of date of
birth, sex, and full name, even with >2-digit differ-
ences in the SSN. To protect patient privacy, patient-
level admission data used for matching were saved in
secured hard-drives that were connected to the com-
puter only when generating facility-level data.

The CMS dataset included claims data and data
from the MDS, which captured all inpatient admis-
sions of CMS fee-for-service beneficiaries to Tennes-
see hospitals and SNFs. We used MDS admission
and discharge assessments to identify all visits of
Medicare beneficiaries to SNFs, a type of LTCF that
is not as intensive as hospital but offers more inten-
sive medical and nursing services, such as subacute
care (11). We combined MDS visits with CMS claims
data that included admissions in all types of hospi-
tals in the HDDS to create a more complete dataset of

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 26, No. 9, September 2020
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visits for Medicare beneficiaries. We linked admis-
sions in MDS to patients by matching the CMS ben-
eficiary identification number. We aggregated facili-
ties by using the facilities” CMS certification number,
which is different than facility aggregation in the
HDDS dataset. The CDC modeling unit conducted
aggregation by using the secure environment of the
CMS Virtual Research Data Center before sharing the
facility-level aggregate data to TDH.

Network Construction

Because of differences in aggregation, we constructed
the CMS and HDDS networks separately. The CMS
dataset aggregated facilities based on their CMS certi-
fication number, but HDDS aggregated based on the
assigned Tennessee state licensing registration.

From each data source, we constructed 2 types of
networks that connected healthcare facilities through
uninterrupted patient sharing (UPS) and total patient
sharing (TPS) (12). UPS, or direct transfers, connect a
pair of facilities when a patient is discharged from 1
facility and admitted directly to another facility with-
in 1 day. We accounted for patients who spent time
in the community between healthcare admissions
through the TPS network, which connects a pair of fa-
cilities through direct and indirect transfers. An indi-
rect transfer occurs when a patient is discharged from
1 facility and readmitted to another facility within
2-365 days. The number of days between consecutive
admissions was calculated by subtracting the next ad-
mission date and the current discharge date. We con-
structed subnetworks from the overall TPS network
for 30 and 365 days in the community.

In our visualizations, each healthcare facility is
represented by a node. A pair of nodes is connected
by a line, also known as an edge in network analy-
sis, weighted by the number of 1-way patient shares
between pairs of facilities. For example, a patient dis-
charged from a facility on September 30, 2015 and ad-
mitted to another on September 29, 2016, represents
1 indirect transfer. A patient can be represented by
multiple edges in the same network. For example, if
hospital A discharged Mr. X on January 30 and hos-
pital B admitted Mr. X 2 weeks later, the TPS network
graph would represent this connection as an edge
with a weight of 1 going from node A to node B. If
Mr. X is then admitted to SNF C 2 months later, this
indirect transfer will be represented only as another
edge from node B to C, but not A to C.

Network Analysis

We used an ego network design for the tool; this type
of social network consists of a focal node (ego) and the
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nodes to which it is connected, directly or indirectly. In
our tool, the facility of interest in each web session acts
as the ego facility. We defined the following centrality
measures for each ego facility by calendar year and by
type of network: in-degree, out-degree, weighted in-
degree, and weighted out-degree. We defined in-de-
gree as the total number of facilities that sent transfers
to a given facility and out-degree as the total number
of facilities that received transfers from a given facil-
ity (12). We defined weighted in-degree as the total
number of patient transfers sent to a given facility and
weighted out-degree as the total number of patient
transfers sent from a given facility (8). We used the
Fruchterman-Reingold force-directed graph drawing
algorithm to assign the relative positions of each facil-
ity in the network graph (13). We accounted for several
characteristics of the healthcare facility, including the
type of facility and the Emergency Medical Services
(EMS) region in which the facility is located (Figure 1).
Tennessee EMS regions represent the referral patterns
of the EMS services and hospitals, and the coordinat-
ing areas for emergency preparedness activities, which
TDH uses to aggregate MDRO surveillance data.
At-risk facilities targeted in public health contain-
ment efforts can vary based on the circumstances of
each outbreak. For our purposes, we defined at-risk
facilities as downstream facilities that historically
were identified to have received patients from the ego
facility. At-risk facilities also were classified as the fa-
cilities receiving the most historical transfers from the
ego facility if there were >10 downstream facilities.
To evaluate the long-term stability of these identified
at-risk facilities in the HDDS network, we evaluated
the top downstream facilities of 5 randomly selected
ego facilities across different EMS regions from 2014~
2017. For each ego facility, we compared the 5 down-
stream facilities receiving the most transfers between
pairs of consecutive years to quantify the aggregate
percent change in the top 5 downstream facilities.

Web-Based Application

We developed a password-protected web-based ap-
plication using Shiny (R Studio Inc., https://www.
rstudio.com) to enable public health personnel to
access network visualizations and transfer statis-
tics easily. Approved usernames and passwords are
managed internally by TDH Healthcare Associated
Infections and Antimicrobial Resistance (HAI/AR)
program. Authorized users can access the Shiny web
application to visualize the network of a facility of
interest (ego) through a user-friendly interface at the
website, https://tnhealthhai.shinyapps.io/ patient-
sharing (Figure 2). The ego facility is the facility of
interest that serves as the center of the visualized net-
work for the current online session. Users can select
from menus to tailor the displayed plot based on the
data source, HDDS or MDS; year; length of interim
time in the community; and the ego facility.

In the network plot, the node color represents
Tennessee EMS regions, node size represents num-
ber of beds, and node shape represents facility type.
The thickness of the edge is weighted on the number
of 1-way transfers, including multiple transfers of 1
patient, between a facility pair. When users place the
cursor over a node, the tooltip function displays the
facility name, facility type, and number of beds. A
slider widget enables users to set the lower threshold
of 1-way transfers between each pair of facilities dis-
played for the session (Figure 2).

The Shiny application has 2 display tabs, plot and
transfer statistics. The plot tab displays a visualiza-
tion of the ego-network and all facilities that shared
patients with the ego facility (Figure 3). When users
hover the cursor over an edge, the application dis-
plays the number of 1-way transfers. Users can inter-
act by applying filters for region or facility of interest,
and by dragging the position of different nodes.

The transfer statistics tab displays facility-
level characteristics and facilities most at risk to

Figure 1. Emergency Medical Services (EMS) regions in Tennessee, USA: 1) Northeast; 2) East; 3) Southeast; 4) Upper Cumberland;
5) Mid-Cumberland; 6) South Central; 7) West; and 8) Memphis-Delta. The 8 EMS regions represent the referral patterns for EMS
services and hospitals and for coordination for emergency preparedness activities. The Tennessee Department of Health uses EMS
regions to aggregate multidrug-resistant organisms surveillance data. Stars indicate metropolitan areas within EMS regions.
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Figure 2. Screenshot of the initial user interface and network graph visualization tab of the web-based application developed to identify
healthcare facilities at risk of receiving patients with multidrug-resistant organisms. The application was designed using Shiny (R Studio Inc.,
https://www.rstudio.com). The network graph is visualized by using a force-directed layout. Black node in the center indicates the facility of
interest (ego facility). Tennessee EMS regions are represented by the node color for connected facilities and is represented by the color of the
node border for the ego facility. Users can change visualizations interactively during real-time use. EMS, Emergency Medical Services.

receive transfers from the ego facility (Figure 4). It
also lists the ego facility’s type, city, EMS region,
number of licensed beds, and centrality measures
and displays a table of facilities at risk to receive
transfers from the ego facility. The list defaults
to a descending order of facilities by the number
transfers from the ego facility. Users can filter or
sort the table display based on facility name, facil-
ity type, number of beds, county, and EMS region.
A download button allows users to import the table
as comma-separated values, or as Microsoft Excel
(https:/ /www.microsoft.com) or portable docu-
ment format (PDF) files.

Software

Data cleaning and person-matching were completed
in SAS 9.4 (SAS Institute, Cary, NC, USA). We con-
ducted network analyses by using the Statnet and
network visualization by using visNetwork packages,
both in Rstudio version 3.5.2 (R Studio Inc.) (14,15).
As described previously, we developed the interac-
tive web-based network visualization application by
using Shiny. We uploaded de-identified facility-level
datasets to the shinyapps.io server hosted on Amazon
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Web Services (Amazon, https://aws.amazon.com)
infrastructure in the United States. These datasets
had facility-level patient transfer statistics and char-
acteristics, including licensed facility names, number
of beds, facility type, and city and county of address.

Ethics Considerations

The patient-sharing network project was exempted
from the institutional review boards (IRBs) at CDC
(IRB no. 032416JO), TDH (IRB no. 923990-1), and
Vanderbilt University (IRB no. 161676). This work
was conducted under a data use agreement between
CDC and CMS. CDC’s Human Research Protection
Office determined this project was exempt from regu-
lations governing the protection of human subjects in
research under 45 CFR 46.101(b).

Results

The Shiny web application includes facility-level pa-
tient sharing data from the 2014-2017 HDDS dataset
and Medicare datasets from 2014 and 2016. Both data
sources had 3 networks for each transfer interval: di-
rect, 30, and 365 days. The 2017 HDDS network in-
cluded a total of 146 hospitals of 4 types; 116 ACH, 13
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Figure 3. Varying user-tailored ego network visualizations in the web-based interactive tool to identify facilities at risk of receiving
patients with multidrug-resistant organisms. Panels demonstrate options for visualizations for a large academic hospital from the HDDS
and Centers for Medicare and Medicaid claims and MDS. Real-time use of the application enables users to tailor visualizations by
facility, patient transfer threshold, and type of network. Black node in the center indicates the facility of interest (ego facility). The EMS
region is represented by the node color for connected facilities and is represented by the color of the node border for the ego facility.
Displays shown use the HDDS dataset (A—C) and MDS dataset (D—F). Panels A and D demonstrate a total patient sharing network;

B and E demonstrate an uninterrupted patient sharing network; C and F are examples of alterations in patient threshold transfers and
displays facilities that have >50 patient transfers to or with the ego facility. EMS, Emergency Medical Services; MDS, minimum dataset;

HDDS, Tennessee Hospital Discharge Data System.

CAH, 9 IRF, and 8 LTACH. In 2017, the HDDS data-
set recorded 886,277 inpatient hospitalizations repre-
senting 494,153 patients. Among patients discharged
from Tennessee hospitals in 2017, a total of 29.5%
(145,953) were readmitted to another Tennessee hos-
pital within 365 days. The median interval of time in
the community was 46 (IQR 11-109) days; 13.8% of
patients who were readmitted to a different hospital
were directly transferred.

The 2016 CMS dataset reported 381,627 stays to
465 Tennessee facilities representing 196,528 unique
patients. These 465 facilities included 91 ACHs, 16
CAH, 10 LTACHs, 10 IRFs, 322 SNFs, 1 children’s
hospital, and 15 psychiatric hospitals, as classified
by the CMS certification numbers. Among all admis-
sions to a Tennessee facility, 82.9% (316,368) of pa-
tients had a previous healthcare admission within 365
days; 29.9% of those readmissions were a direct trans-
fer from a healthcare facility. The median interval of
time in the community was 11 (IQR 0-108) days. Our
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downstream facility analysis showed that among the
5 randomly selected facilities, 84% (range 80%-88%)
of the facilities in the top 5 from the prior year were
in the top 5 again in the succeeding year (Appen-
dix, https://wwwnc.cdc.gov/EID/article/26/9/19-
1691-Appl.xlsx).

Discussion

TDH has used this interactive tool to improve state-
wide awareness of the importance of interfacility
connectedness, particularly during outbreaks and
for containment responses of novel MDROs. We de-
signed the tool as a web-based application for real-
time, easy access with internet browsers from com-
puter desktops or handheld devices. This flexibility
ensures public health staff can access the application
to identify at-risk facilities in a variety of settings,
such as when in the field performing point preva-
lence surveys or during routine office work. The ap-
plication has helped epidemiologists and infection
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preventionists prioritize communication during
public health containment responses.

We have demonstrated that a facility’s ego net-
work can accurately predict the facilities patients
visit after discharge from the index facility during an
outbreak (6). The TDH HAI/AR team used the ap-
plication during a particular multifacility outbreak
that had evidence of MDRO interfacility and intra-
facility transmission. The tool allowed us to identify
facilities that frequently received patients from the 2
ego facilities involved in the outbreak. TDH alerted
these downstream facilities, which led them to con-
sider admission screening for incoming patients from
the 2 ego facilities. TDH plans to continue to use this
tool during similar outbreaks. Facility transmission
warrants public health action to alert downstream fa-
cilities to consider admission screening or enhanced
contact precautions for patients admitted from the
ego facility.

In addition, the TDH HAI/ AR team introduced
and demonstrated the use of this application to infec-
tion preventionists at hospitals and nursing homes

Tool to Identify Facilities at Risk of MDROs

through a variety of webinars and in-person pre-
sentations across the state. TDH received requests
from facility infection preventionists for line lists of
downstream facilities because they were planning
containment efforts and wanted to understand which
facilities receive the most patients from their facilities.
TDH did not provide hospital infection prevention-
ists access to the application but fulfilled requests by
emailing exported line lists as Excel documents. In-
formation on downstream facilities can help inform
which facilities to target for relationship development
and likely will assist with communication during pa-
tient transfers.

The TDH HAI/ AR team performs targeted infec-
tion control assessments as part of a MDRO preven-
tion strategy. These assessments, conducted by TDH
infection preventionists, are nonregulatory, consulta-
tive, on-site healthcare facility visits to identify gaps
in infection prevention specific to a targeted pathogen
or area of concern. Our web-based Shiny application
was and will continue to be used to identify highly
connected facilities in each EMS region and across the

Figure 4. Screenshot of the transfer statistics tab of the web-based interactive tool to identify facilities at risk of receiving patients with
multidrug-resistant organisms. This function displays facility characteristics and downstream facilities that are most likely to receive
transfers from the ego facility. The second tab of the application’s user interface includes 2 tables. The top table displays detailed social
network and facility characteristics for the ego facility. The bottom table displays the facilities at highest risk to receive patients from

the ego facility, which are downstream facilities. The table defaults to sort the number of patient transfers in descending order. Users
can interactively choose a column to sort and filter this table, which can be used to identify facilities at risk during outbreaks or regional
detection of a novel organism. Hospital names have been de-identified for privacy.
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state. Prior studies found a correlation between the
incidence of MDROs in a healthcare facility and the
facility level of connectedness, measured by weighted
in-degree and out-degree (6,8). Identification of high-
ly connected facilities is valuable because it enables
us to perform preemptive targeted infection control
assessments before the introduction and spread of
MDROs. Public health staff can assist by ensuring ad-
equate infection prevention practices are in place at
highly connected facilities where a potential for cata-
lyzing interfacility transmission exists.

Our patient-sharing network has several
strengths. Access to the hospital discharge data and
granular patient identifiers enabled us to conduct
person matching with high-level identifiers. We were
able to use a robust method to match patients from
populations with any insurance coverage for state-
wide data in HDDS. Moreover, the use of 2 comple-
mentary datasets established a highly inclusive pic-
ture of a facility’s ego network. With both the HDDS
and CMS datasets, ACHs, CAHs, IRFs, LTACHs, and
SNFs could be included in our analyses each time
an ego facility is evaluated. Previously published
patient-sharing network analyses were constructed
by using partial data that included only direct pa-
tient transfers; a subset of patient population, such
as CMS beneficiaries; hospitals; or county-level data
(6,8,12,16).

The inclusion of SNFs was critical for analysis
because LTCFs are a key component to a hospital’s
patient sharing network (17). Although not all types
of LTCFs were included our network, the inclusion of
SNFs represent the facilities carrying a considerable
burden of MDRO infections. Point prevalence analy-
sis of MDS data found that MDRO infections were
found in 4.2% of nursing home residents in the Unit-
ed States (18). Colonization with MDROs were found
to be more common among nursing home residents
(19,20). Smaller cohort studies showed gram-negative
bacteria was found in 39% of nursing home residents
and MRSA was found in 42% (19,21). Thus, commu-
nication with LTCFs is crucial for outbreak manage-
ment and prevention activities.

An additional strength of the application is its
built-in flexibility, which allows the user to tailor the
colonization period for specific organisms. The inclu-
sion of 365 days as the longest transfer period for in-
direct transfers reflects the documented colonization
period of CRE in the community (22), but users can
change this parameter to account for MDROs with
shorter colonization periods. The application also can
display facilities connected only through direct trans-
fers or through 30-day indirect transfers, which might
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reflect the colonization period of different MDROs
more closely.

One limitation is the construction of 2 separate
networks with the HDDS and CMS datasets. Ideally,
the tool would include 1 large network with all facili-
ties, but the construction of separate HDDS and CMS
networks was required because of the differences in
facility aggregation. Although both networks include
ACHs, the unique number varies in each because of
the difference in aggregation. Aggregating facility-
level transfer data together might result in loss of in-
formation about some granular patient-sharing pat-
terns in HDDS. One CMS certification number from
the datasets can represent a group of tertiary hospitals
within the same organization, creating a challenge to
merge these data with the HDDS database. More re-
cent CMS datasets include ZIP code information and
the CMS certification number. We hope to use this ad-
ditional datapoint in future analyses while exploring
facility aggregation and standardization strategies for
our databases.

We will continue to develop and improve the ap-
plication with the addition of upstream facilities. We
will update the network data and facility characteris-
tics for the application annually with the most recent
HDDS and CMS data. We also plan to develop mod-
els to outline the risk for transmissions based on their
relative position in the network. We are working to
merge the HDDS and CMS network data by standard-
izing facility identifications for a unified patient shar-
ing network that provides a more complete picture of
the patient population. Finally, we plan to expand the
availability of this web-based platform to other public
health departments by developing a feature to allow
for external data uploads so health department staff
can visualize their regional patient transfer networks.
Access to information on patient-sharing networks
would assist public health departments in mitigating
MDRO transmission in their jurisdictions.

The findings and conclusions in this report are those of the
authors and do not necessarily represent the official
position of the Centers for Disease Control and Prevention
or the Tennessee Department of Health.
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Isolation, Sequence, Infectivity,
and Replication Kinetics of
Severe Acute Respiratory
Syndrome Coronavirus 2

Arinjay Banerjee, Jalees A. Nasir,! Patrick Budylowski,! Lily Yip, Patryk Aftanas,
Natasha Christie, Ayoob Ghalami, Kaushal Baid, Amogelang R. Raphenya,
Jeremy A. Hirota, Matthew S. Miller, Allison J. McGeer, Mario Ostrowski,
Robert A. Kozak, Andrew G. McArthur, Karen Mossman, Samira Mubareka

Since its emergence in Wuhan, China, in December
2019, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has infected ~6 million persons world-
wide. As SARS-CoV-2 spreads across the planet, we
explored the range of human cells that can be infected
by this virus. We isolated SARS-CoV-2 from 2 infected
patients in Toronto, Canada; determined the genomic
sequences; and identified single-nucleotide changes in
representative populations of our virus stocks. We also
tested a wide range of human immune cells for produc-
tive infection with SARS-CoV-2. We confirm that human
primary peripheral blood mononuclear cells are not per-
missive for SARS-CoV-2. As SARS-CoV-2 continues to
spread globally, it is essential to monitor single-nucleo-
tide polymorphisms in the virus and to continue to iso-
late circulating viruses to determine viral genotype and
phenotype by using in vitro and in vivo infection models.

evere acute respiratory syndrome coronavirus

2 (SARS-CoV-2) emerged in December 2019 in
Wuhan, China (I1). SARS-CoV-2 has since spread
to =185 countries and infected ~6 million persons,
among whom =380,000 have died (2). On January
23, 2020, a case of coronavirus disease (COVID-19)
was detected in Toronto, Canada (3); since then, mul-
tiple cases have been identified across Canada. As
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SARS-CoV-2 spreads globally, the virus is likely to
adapt and evolve. It is critical to isolate SARS-CoV-2
viruses to characterize their ability to infect and repli-
cate in multiple human cell types and to determine if
the virus is evolving in its ability to infect human cells
and cause severe disease. Isolating the virus also pro-
vides the opportunity to share the virus with other re-
searchers for development and testing of diagnostics,
drugs, and vaccines.

We isolated SARS-CoV-2 from 2 patients with
COVID-19 and determined the genomic sequence
of each isolate (SARS-CoV-2/SB2 and SARS-CoV-2/
SB3-TYAGNC). In addition, we studied the replica-
tion kinetics of SARS-CoV-2/SB3-TYAGNC in hu-
man fibroblast, epithelial, and immune cells.

Methods

Cells

We maintained Vero E6 cells (African green monkey
cells; American Type Culture Collection [ATCC],
https:/ /www.atcc.org) in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS) (Sigma-Aldrich, https:/ /www.sig-
maaldrich.com) and 1x r-glutamine and penicillin/
streptomycin (Pen/Strep; Corning, https://ca.vwr.
com). Calu-3 cells (human lung adenocarcinoma
derived; ATCC) were cultured as previously men-
tioned (4), as were THF cells (human telomerase life-
extended cells) (5). THP-1 cells (monocytes; ATCC)
were cultured in RPMI medium (Gibco Laborato-
ries, https://www.thermofisher.com) supplement-
ed with 10% FBS, 2mM L-glutamine, 1x penicillin/

1These authors contributed equally to this article.
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streptomycin, and 0.05 mM B-mercaptoethanol. THP-
1 cells (monocytes and differentiated macrophages
and dendritic cells) were differentiated into macro-
phages by using 50 ng/mL lymphocyte/granulo-
cyte/macrophage-colony stimulating factor (LGM-
CSF; R&D Systems, https://www.rndsystems.com)
plus 50 ng/mL macrophage-colony stimulating fac-
tor (R&D Systems) and into dendritic cells by using
50 ng/mL granulocyte/macrophage-colony stimulat-
ing factor (GM-CSF; R&D Systems) plus 500 U/mL
interleukin-4 (BioLegend, https://www.biolegend.
com). We purified peripheral blood mononuclear
cells (PBMCs) from 2 healthy donors (OM8066 and
OMB8067) into CD4+, CD8+, CD19+, monocytes, and
other cells (CD4-, CD8-, CD19-) by using a CD4+
selection kit that uses immunomagnetic negative se-
lection, a CD8+ selection kit, a phycoerythrin-posi-
tive selection kit, and a monocyte-negative selection
kit, all by STEMCELL Technologies (https://www.
stemcell.com; Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/26/9/20-1495-Appl.pdf). We
resuspended CD4+, CD8+, CD19+ and CD4-, CDS8-,
CD19- cells in R-10 media (RPMI + 2 mM L-glutamine
+10% FBS + penicillin/streptomycin) plus 20 U/mL
interleukin-2. Primary monocytes were resuspended
in R-10 media. This work was approved by the Sun-
nybrook Research Institute Research Ethics Board
(149-1994) and the Research Ethics Boards of St. Mi-
chael’s Hospital and the University of Toronto (REB
20-044; for PBMCs).

Isolation and Quantification

We seeded Vero E6 cells at a concentration of 3 x 10°
cells/well in a 6-well plate. The next day, we col-
lected 200 pL of mid-turbinate swab samples from 2
COVID-19 patients, mixed it with 200 uL. of DMEM
containing 16 ng/mL TPCK-treated trypsin and inoc-
ulated the cells. After 1 h, the inoculum was replaced
with DMEM containing 2% FBS and 6 pg/mL TPCK-
treated trypsin. We observed the cells daily under a
light microscope. Supernatant from the cells was used
to determine virus titers (50% tissue culture infectious
dose [TCID,]/mL) according to the Spearman and
Karber method (6,7) as outlined previously (8).

Quantitative Real-Time PCR

To detect SARS-CoV-2 in cell culture supernatant,
we removed 140 pL of supernatant and performed
detection of viral nucleic acids by reverse transcrip-
tion PCR (RT-PCR), following an adaptation of the
Corman et al. protocol (9). In brief, we extracted vi-
ral RNA from infected cells by using a QlAamp vi-
ral RNA kit (QIAGEN, https://www.qiagen.com)
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according to the manufacturer’s instructions. The
RT-PCR reactions were conducted by using Luna
Universal gPCR Master Mix (New England Biolabs,
https:/ /www.neb.ca) according to the manufac-
turer’s instructions. Two separate gene targets were
used for detection, the 5" untranslated region (UTR)
and the envelope (E) gene. Primers and probes used
were 5' UTR forward GTTGCAGCCGATCATCAGC,
5 UTR reverse GACAAGGCTCTCCATCTTACC,
and 5 UTR probe FAM-CGGTCACACCCGGAC-
GAAACCTAG-BHQ-1; and E-gene forward CAG-
GTACGTTAATAGTTAATAGCGT, E-gene reverse
ATATTGCAGCAGTACGCACACA, and E-gene
probe CAL Fluor Orange 560-ACACTAGCCATCCT-
TACTGCGCTTCG-BHQ-1. The cycling conditions
were 1 cycle of denaturation at 60°C for 10 min, then
95°C for 2 min, followed by 44 amplification cycles
at 95°C for 10 s and 60°C for 15 s. Analysis was per-
formed by using Rotor-Gene Q software (QIAGEN)
to determine cycle threshold (C).

Electron Microscopy

Samples were fixed in 10% neutral buffered formalin
(Sigma-Aldrich), for 1 h. Pellets were washed with 0.1
M phosphate buffer (pH 7.0) and postfixed with 1%
osmium tetroxide in 0.1 M phosphate buffer (pH 7.0)
for 1 h. Pellets were washed with distilled water and
en-bloc stained with 2% uranyl acetate in distilled wa-
ter for 2 h. Pellets were washed with distilled water
and dehydrated in a series of ethanol concentrations.
Pellets were infiltrated with Araldite Embed 812 resin
(VWR, https:/ /us.vwr.com) and cured at 65°C for 48
h. Resin blocks were trimmed, polished, and 9 nm
thin sections were ultramicrotomed (Leica Reichert
Ultracut E, https://www.leica-microsystems.com)
and mounted on transmission electron microscopy
grids. Thin sections were stained with 5% uranyl ac-
etate and 5% lead citrate. Sections were imaged by us-
ing transmission electron microscopy (Talos L120C;
ThermoFisher Scientific, https:/ /www.thermofisher.
com) and an LaB6 (lanthanum hexaboride) filament
at 120 kV. We scanned 10 fields per cell type, each at a
different magnification level: 2,600x, 8,500x%, 17,500x,
and 36,000x.

Immunofluorescence

To detect SARS-CoV-2 proteins in Vero E6 and CD4+
T lymphocytes, we infected cells with SARS-CoV-2
at a 0.1 multiplicity of infection (MOI) for 24 h. Af-
ter 24 h, we fixed the cells in 10% neutral buffered
formalin (Sigma-Aldrich). After fixation, cells were
permeabilized and blocked as previously described
(10). Cells were stained in suspension by using a
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previously described protocol (10). For primary anti-
body staining, we used a combination of 6.6 pg/mL
rabbit anti-SARS-CoV-2 N (BioVision, https:/ /www.
biovision.com) plus 10 pg/mL recombinant human
anti-SARS-CoV-2 spike S1 (GenScript, https:/ /www.
genscript.com) and 1:100 diluted serum from a recov-
ered COVID-19 patient (OM8073) (Figure 1, panels A,
B). To confirm SARS-CoV-2 staining in CD4+ T cells,
we used 10 pg/mL recombinant human SARS-CoV-2
spike S1 antibody as primary staining antibody (Gen-
Script) alone (Figure 1, panel C). For secondary an-
tibodies, we used 1 pg/mL mouse anti-human FITC

(BioLegend) and 4 pg/mL goat anti-rabbit Alexa
Fluor 488 (abcam, https://www.abcam.com). After
staining, cells were spun at 500 x ¢ for 5 min in a 96-
well plate. The cells were observed under an EVOS
FL digital microscope (VWR).

Flow Cytometry

To prepare cells for flow cytometry, we washed 100
uL (400,000 cells) of primary CD4+, CD8+, and CD19+
cells and monocytes with 1 mL of phosphate-buffered
saline (PBS) and spun the cells at 500 g for 5 min.
The cells were resuspended in 100 pL of Live/Dead

Figure 1. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) protein detection in infected Vero E6 and CD4+ T cells. To
detect SARS-CoV-2 protein expression, we infected Vero E6 and CD4+ T cells with SARS-CoV-2 at a multiplicity of infection of 0.1 for
24 h. We immunostained these cells and observed them by using fluorescent microscopy. A) SARS-CoV-2-infected and immunostained
Vero EG6 cells. B) SARS-CoV-2—infected and immunostained CD4+ T cells. For panels A and B, cells were stained by using an antibody
cocktail consisting of SARS-CoV-2 S1 antibody, SARS-CoV-2 N antibody, and diluted serum from a recovered coronavirus disease
patient. C) SARS-CoV-2 infected CD4+ T cells immunostained with SARS-CoV-2 S1 antibody (anti-S). Scale bars indicate 400 pm;

original magnification x10.
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Violet stain (ThermoFisher Scientific) according to the
manufacturer’s recommendation and diluted 1:1,000
in PBS. Cells were incubated at 4°C for 30 min. Next,
cells were washed with 1 mL of fluorescence-activat-
ed cell sorting buffer (in-house reagent) and spun at
500 x g for 5 min. Cells were then stained with 100
pL of their respective stains (aCD4-FITC, aCD8-FITC,
aCD19-FITC, aCD14-APC; BioLegend) at a concen-
tration of 1 pg/mL for 30 min at 4°C. After staining,
the cells were washed with 1 mL of fluorescence-ac-
tivated cell sorting buffer and spun at 500 x g for 5
min. Extra aliquots of cells were left unstained and
also spun at 500 x g for 5 min. The pellets were resus-
pended in 100 pL of 1% paraformaldehyde (Thermo-
Fisher Scientific) and analyzed. Samples were run on
the BD LSRFortessa X-20 (BD, https://www.bdbio-
sciences.com). To exclude debris and dead cells, we
stained the cells with Live/Dead Violet stain, which
stains dead cells brightly. Cells were then analyzed
on a flow cytometer, and brightly stained cells were
excluded. The remaining cells were then analyzed for
the expression of their respective cell surface markers
to assess purity.

Sequencing and Phylogenetic Relationship
RNA was extracted from the supernatant of Vero
E6 cells after 1 passage by using the QIAamp Viral
RNA Mini kit (QIAGEN) without addition of carrier
RNA. We synthesized double-stranded DNA for se-
quencing library preparation by using the Liverpool
SARS-CoV-2 amplification protocol (11). Two 100-pM
primer pools were prepared by combining primer
pairs in an alternating fashion to prevent amplifica-
tion of overlapping regions in a single reaction. In a
PCR tube, we added 1 pL. Random Primer Mix (Pro-
toScript Il First Strand cDNA Synthesis Kit; New Eng-
land Biolabs) to 7 uL extracted RNA and denatured it
on a SimpliAmp Thermal Cycler (ThermoFisher Sci-
entific) at 65°C for 5 min and then incubated it on ice.
We then added 10 puL 2X ProtoScript II Reaction Mix
and 2 pL 10X ProtoScript II Enzyme Mix to the dena-
tured sample and performed cDNA synthesis under
the following conditions: 25°C for 5 min, 48°C for 15
min, and 80°C for 5 min. After cONA synthesis, in a
new PCR tube we combined 2.5 nL. cDNA with 12.5
uL Q5 High-Fidelity 2X Master Mix (New England
Biolabs), 8.8 uL nuclease-free water (ThermoFisher
Scientific), and 1.125 pL of 100 uM primer pool 1 or 2.
PCR cycling was then performed as follows: 98°C for
30 s, followed by 40 cycles of 98°C for 15 s and 65°C
for 5 min.

All PCRs were purified by using RNAClean XP
(Beckman Coulter, https://www.beckmancoulter.
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com) at a 1.8x bead-to-amplicon ratio and eluted in 30
uL of RNase-free water (AmericanBio, https:/ /www.
americanbio.com). We quantified 2 puL of amplified
material by using a Qubit 1X dsDNA assay (Ther-
moFisher Scientific) according to the manufacturer’s
instructions. [llumina sequencing libraries were pre-
pared by using a Nextera DNA Flex Library Prep Kit
and Nextera DNA CD Indexes (Illumina, https://
www.illumina.com) according to the manufacturer’s
instructions. Paired-end 150-bp sequencing was per-
formed for each library on a MiniSeq with a 300-cycle
mid-output reagent kit (Illumina), multiplexed with
targeted sampling of ~40,000 clusters per library. Se-
quencing reads from pools 1 and 2 were combined
(as R1 and R2), amplification primer sequences were
removed by using Cutadapt version 1.18 (12), and
[llumina adaptor sequences were removed and low-
quality sequences trimmed or removed by using
Trimmomatic (version 0.36) (13). Final sequence qual-
ity and confirmation of adaptor/primer trimming
were confirmed by using FASTQC version 0.11.5 (14).
SARS-CoV-2 genome sequences were assembled by
using UniCycler version 0.4.8 (default settings, ex-
cept for conservative mode) (15) and assembly sta-
tistics were generated by QUAST (version 5.0.2) (16).
Sequencing depth and completeness of coverage of
the assembled genomes was additionally assessed
by using Bowtie2 version 2.3.4.1 (17) alignment of
the sequencing reads against the assembled con-
tigs, and statistics were generated by ngsCAT (ver-
sion 0.1) (18). Sequence variation in the assembled
genomes was assessed by comparing sequences in
BLASTN  (http:/ /blast.ncbi.nlm.nih.gov//Blast.cgi)
with SARS-CoV-2 genomes available in GenBank as
well as BreSeq version 0.35.0 (19) analysis relative to
GenBank entry MN908947.3 (first genome sequence
reported from the original outbreak in Wuhan). We
constructed a phylogenetic tree (Appendix Figure 2)
by using maximum-likelihood based on a multiple
sequence alignment and RAXxXML-HPC BlackBox with
the general time-reversible plus gamma plus invari-
ate sites model for among-site rate variation (20).

Results

For virus isolation, we inoculated Vero E6 cells with
aliquots of mid-turbinate swab samples and moni-
tored the cells for cytopathic effects (CPE) daily. Rela-
tive to mock-inoculated cells, cells inoculated with
both samples (SARS-CoV-2/SB2 and SARS-CoV-2/
SB3-TYAGNC) displayed extensive CPE 72 h after
infection (Figure 2, panel A). We collected 200 pL of
cell culture supernatant and re-infected a fresh layer
of Vero E6 cells. After 24 hours, both wells containing
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cells that were reinoculated displayed extensive CPE
(Figure 2, panel B). We extracted viral RNA from the
supernatant and confirmed the presence of SARS-
CoV-2 by using a diagnostic quantitative real-time
PCR (Figure 2, panel C). We also confirmed the pres-
ence of coronavirus-like particles in infected Vero E6
cells by electron microscopy (Figure 2, panel D).

Next, we performed genome sequencing of both
isolates, generating genome sequences with 7,500-
8,000-fold coverage and ~94% completeness, with
only =260 bp and ~200 bp at the 5" and 3' termini un-
determined (Table; Appendix Figure 2). SARS-CoV-2/
SB2 and SARS-CoV-2/SB3-TYAGNC shared synony-
mous and nonsynonymous substitutions with those

Figure 2. Isolating severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from patients with coronavirus disease (COVID-19). A)
Vero E6 cells were mock inoculated or inoculated with midturbinate clinical specimens from COVID-19 patients. Cells were incubated for 72
h and observed for cytopathic effect (CPE) under a light microscope. Original magnification x10. B) To determine if supernatant from Vero
E6 cells that were mock inoculated or inoculated with clinical specimens contained replication competent virus, we reinoculated a fresh
monolayer of Vero E6 cells and observed cells under a light microscope for CPE after 24 h. Original magnification x10. C) Quantitative
real-time PCR was used to detect SARS-CoV-2 5-UTR and E gene in RNA extracted from supernatant that was collected from Vero E6
cells that were mock infected or infected with clinical specimens from COVID-19 patients for 72 h. D) Electron micrograph of Vero E6 cells
that were reinfected for 48 h with supernatant that was collected from Vero E6 cells infected with clinical specimens. Original magnification
x36,000. Inset, zoomed and cropped from the original electron micrograph, shows coronavirus-like particles. M, mock specimen; specimen
1, SARS-CoV-2/SB2; specimen 2, SARS-CoV-2/SB3-TYAGNC. E, envelope; UTR, untranslated region.
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Table. Sequencing read and genome assembly statistics used in study of isolation, sequence, infectivity, and replication kinetics of

SARS-CoV-2*

Metric or mutation

SARS-CoV-2/SB2

SARS-CoV-2/SB3_TYAGNC

Number of paired reads 730,137 bp 690,167 bp
Reads from SARS-CoV-2 94.0% 94.4%
Number of assembly contigs 1 1
Assembly N50 29,494 bp 29,369 bp
Average depth of coverage of reads 7940.0-fold 7550.1-fold
Total assembly length 29,494 bp 29,369 bp
SARS-CoV-2 assembly completeness 98.6% 98.2%
Unresolved 5" sequence 262 bp 272 bp
Unresolved 3' sequence 200 bp 205 bp
Pos. 884 (orflab polyprotein) R207C (CGT—>TIGT)
Pos. 1397 (orf1ab polyprotein) V378l (GTAATA) V378l (GTA>ATA)
Pos. 2832 (orf1ab polyprotein) K856R (AAG—AGG)
Pos. 3040 (orflab polyprotein) Y925Y (TAC—TAT)
Pos. 8327 (or1ab polyprotein) 18.1% of reads suggest L2688F
(CTT>TITT)
Pos. 8653 (orf1ab polyprotein) M27961 (ATG—>ATT)
Pos. 10353 (orf1ab polyprotein) 5.6% of reads suggest K3363T
(AAG—ACG)
Pos. 11074 (orflab polyprotein) 10.2% of reads suggest +TTT and a
deletion between positions 10809 and
13203
Pos. 11083 (orf1ab polyprotein) L3606F (TTGHTTT) L3606F (TTGHTTT)

Pos. 25413 (orf3a protein)

36.7% of reads suggest 171 (ATC—HATT)

Pos. 28688 (nucleocapsid phosphoprotein)

L139L (TTG—>CTG)

L139L (TTGCTG)

*Predicted mutations are relative to the MN908947.3 SARS-CoV-2 genome (29,903 bp). Mutations within codons are underlined. All mutations were
predicted by 100% of sequencing reads mapping to that position, unless otherwise noted. None of the mutations with support from <100% of sequencing
reads appeared in the final assembled genome consensus sequences. Substitutions in boldface have been observed in direct sequencing of patient
isolates (S. Mubareka, A.G.McArthur, unpub. data). orflab, open reading frame 1ab; pos., position; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.

independently observed in direct sequencing of clini-
cal isolates (Table; S. Mubareka and A.G. McArthur,
unpub. data). SARS-CoV-2/SB2 also contained a non-
synonymous substitution at position 2832 (K856R
in open reading frame [ORF] lab polyprotein) and 3
regions with mutations or a deletion supported by a
minority of sequencing reads, but SARS-CoV-2/SB3-
TYAGNC had only an additional synonymous substi-
tution in ORF1ab polyprotein (Y925Y) plus a minority
of sequencing reads supporting another synonymous
substitution in the ORF3a protein (Table). Furthermore,
maximume-likelihood phylogenetic analysis including
>1,900 SARS-CoV-2 isolates from GISAID (https://
www.gisaid.org) placed both SARS-CoV-2/SB2 and
SARS-CoV-2/SB3-TYAGNC within a clade of isolates
from patients around the globe but with evidence of
travel history associated with the COVID-19 outbreak
in Iran (Appendix Figure 2). As such, SARS-CoV-2/
SB3-TYAGNC was used for subsequent studies as
the best representative of a clinical viral isolate. Raw
sequencing reads for each isolate are available in the
National Center for Biotechnology Information under
BioProject PRINA624792. Only sequencing reads that
aligned by Bowtie2 to the MN908947.3 SARS-CoV-2
genome were included in the deposited sequence files.

To determine the replication kinetics of SARS-
CoV-2 in human structural and immune cells, we
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infected Calu-3 cells, THF cells, Vero E6 cells (African
green monkey kidney epithelial), THP-1 cells, and
primary PBMCs from healthy human donors (CD4+,
CD8+, CD19+, monocytes, and other PBMCs; Appen-
dix Figure 1) with an MOI of 0.01. We monitored virus
replication in the cell lines for 72 h (Figure 3). We also
determined virus replication in PBMCs from healthy
donors for 48 h (Figure 3). SARS-CoV-2 propagated
to high titers in Vero E6 and Calu-3 cells (Figure 3).
SARS-CoV-2 did not replicate efficiently in THF cells
(Figure 3). Of note, human immune cell lines and pri-
mary PBMCs from healthy donors did not support
SARS-CoV-2 replication (Figure 3).

To further support virus replication data, we im-
aged infected human epithelial, fibroblast, and im-
mune cells by using electron microscopy after 48 h
of infection with SARS-CoV-2 at an MOI of 0.01 (Fig-
ure 4). We scanned 10 different fields per cell type,
each using 4 different magnifications —2,600x, 8,500x,
17,500%, and 36,000x —to determine if the cell popu-
lations contained virus-like particles. Virus-like par-
ticles were detected in 7/10 fields in Vero E6 cells and
8/10 fields in Calu-3 cells (Figure 4, panels A, B). We
also detected virus-like particles in 2/10 fields in pri-
mary CD4+ T cells (Figure 4, panel C). We did not
observe any virus-like particles in other human im-
mune cells that were experimentally infected with

2059



RESEARCH

SARS-CoV-2 (Figure 4, panels D-J]). To determine if
virus-like particles can be detected in Vero E6 cells
and PBMCs at earlier time points, we infected these
cell populations with SARS-CoV-2 at an MOI of 0.01
and imaged the cells with electron microscopy at 6
h and 12 h after infection (Appendix Figures 3, 4).
We observed virus-like particles in 9/10 fields at 6 h
after infection and 10/10 fields at 12 h after infection
in Vero E6 cells (Appendix Figure 3, panel A, Figure
4, panel A). We also observed virus-like particles in
1/10 fields at 6 h and 1/10 fields at 12 h after infec-
tion in CD4+ T cells (Appendix Figure 3, panel B,
and Figure 4, panel B). None of the other infected
PBMC populations contained detectable virus-like
particles (Appendix Figure 3, panels C-F, and Fig-
ure 4, panels C-F).

To confirm SARS-CoV-2 infection and protein
expression in CD4+ T cells, we infected Vero E6 and
CD4+ T cells with SARS-CoV-2 at an MOI of 0.1 for 24
h. We immunostained these cells and observed them
by using fluorescent microscopy. To enhance our abil-
ity to detect SARS-CoV-2 proteins in these cells, we
immunostained the cells by using a cocktail of anti-
bodies that included SARS-CoV-2 S1 antibody, SARS-
CoV-2 N antibody, and diluted serum from a recov-
ered COVID-19 patient (Figure 1, panels A and B). We
were able to detect SARS-CoV-2 infected Vero E6 and
CD4+ T cells by using this antibody cocktail (Figure

1, panels A, B). Furthermore, to confirm SARS-CoV-2
infection of CD4+ T cells by using a single antibody,
we immunostained infected CD4+ T cells with anti-
SARS-CoV-2 S1 antibody and were able to detect in-
fected cells in the population (Figure 1, panel C).

Discussion

We report the isolation of 2 replication competent
SARS-CoV-2 virus samples from COVID-19 patients
in Canada. We used TPCK-treated trypsin to facili-
tate virus isolation from clinical specimens (Figure
2, panel A). Exogenous trypsin activates SARS-CoV
spike proteins more efficiently and facilitates cellu-
lar entry (21). Exogenous trypsin treatment also en-
hances infectivity of other zoonotic batborne coro-
naviruses (22). Furthermore, TPCK-treated trypsin
has been used to successfully isolate SARS-CoV-2
in China (1). In our study, subsequent infection
and virus replication did not require any additional
TPCK-treated trypsin (Figure 2, panel B). The pres-
ence of CPE alone does not indicate successful isola-
tion of a coronavirus. Mid-turbinate samples from
adults with acute respiratory distress may often
contain other microbes, including viruses (23). Thus,
to identify our cell culture isolates, we sequenced
them to confirm that they were reflective of the
SARS-CoV-2 infecting patients worldwide, select-
ing SARS-CoV-2/SB3-TYAGNC for experimental

Figure 3. Replication of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in human structural and immune cells. To
identify human cells that support SARS-CoV-2 replication, we infected human cell lines and primary cells at a multiplicity of infection
of 0.01 (n = 2 independent experiments; supernatant from each experiment was titrated in triplicate). We infected Vero E6 cells as a
control. THF (human telomerase life-extended cells) and Calu-3 cells (human lung adenocarcinoma-derived) cells represent human
structural cells. THP-1 is a monocyte cell line that was used to derive macrophages and dendritic cells. PBMCs from 2 healthy human
donors were used to generate CD4+, CD8+, CD19+, monocytes, and other (CD4—, CD8—, CD19-) cell populations. Supernatant from
infected cells was collected at various times and titrated on Vero E6 cells to determine virus titers (TCID,,). PBMC, peripheral blood

mononuclear cell; TCID,, 50% tissue culture infectious dose.
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Figure 4. Electron micrographs of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected cells. To detect
coronavirus-like particles in experimentally infected human structural and immune cells, we infected a range of cells with SARS-CoV-2
at a multiplicity of infection of 0.01 for 48 h. The cells were fixed, processed, and imaged by using a transmission electron microscope
(10 fields/cell type). A representative image of each cell type is shown. Virus-like particles are indicated by red arrows. A) Vero E6 cells.
B) Calu-3 cells. C) CD4+ PBMCs. D) CD8+ PBMCs. E) CD19+ PBMCs. F) Monocytes from PBMCs. G) Other cells from PBMCs (CD4—,
CD8—, CD19- cell populations). H) THP-1 monocyte. |) THP-1-derived macrophage. J) THP-1-derived dendritic cell. PBMC, peripheral

blood mononuclear cell. Scale bars indicate 200 nm.

investigation because this isolate produced fewer
minority sequencing reads (Table).

SARS-CoV caused the 2003-2004 outbreak of se-
vere acute respiratory syndrome. SARS-CoV can in-
fect structural (24) and immune cell lines (25) from
humans in vitro. To identify cell types that can sup-
port productive infection of SARS-CoV-2, we infect-
ed a range of human cell populations with SARS-
CoV-2/SB3-TYAGNC. Both Vero E6 and Calu-3 cells
supported SARS-CoV-2 replication to high titers
(Figure 3), as reported in other recent studies (26,27).
Previously, SARS-CoV was also shown to replicate
efficiently in Vero E6 cells (24). Vero E6 cells are im-
munodeficient, with deficiencies in innate antiviral
interferon signaling, which makes them ideal can-
didates for virus isolation (28). However, to enable
studies on SARS-CoV-2-host interactions, it is impor-
tant to identify human lung epithelial cells with intact
immune responses that can support SARS-CoV-2 rep-
lication. We and others have previously shown that
SARS-CoV and Middle East respiratory syndrome
coronavirus (MERS-CoV) replicate efficiently in Calu-
3 cells (8,29,30). In addition, SARS-CoV-induced and
MERS-CoV-induced immune responses have been
studied in Calu-3 cells (30,31). The ability to infect
Calu-3 cells with SARS-CoV-2 (Figure 3) will facilitate
in vitro studies of virus-host interactions using SARS-
CoV-2. Other commonly used human lung cells, such
as A549, do not support efficient replication of SARS-
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CoV-2 (26). Furthermore, hTERT (human telomerase
reverse transcriptase) THF cells also did not support
virus replication (Figure 3).

Previous studies have shown that human immune
cells, such as THP-1 cells, are susceptible to SARS-CoV
infection (25). In our study, human immune cell pop-
ulations, including THP-1-derived cell lines and pri-
mary cells (PBMCs) did not support productive SARS-
CoV-2 replication (Figure 3). Although primary CD4+
T cells did not support productive virus replication,
we observed virus-like particles in these cells by elec-
tron microscopy (Figure 4, panel C). We also detected
SARS-CoV-2 proteins in infected CD4+ T cells by us-
ing fluorescent microscopy (Figure 1, panels B, C). This
finding is consistent with that recently reported by
Wang et al. when they demonstrated that SARS-CoV-2
and pseudotyped viruses could enter human T-cell
lines (MT-2) (32). Those authors also noted that SARS-
CoV-2 replication was abortive in MT-2 cells. SARS-
CoV-2 transcript levels in infected MT-2 cells increased
at 6 h after infection but remained steady at later time
points, indicating a lack of virus replication in these
cells (32). This finding is similar to abortive replication
observed in MERS-CoV-infected T lymphocytes (33).
However, the study by Wang et al. did not quantify
virus titers in the supernatant from infected cells. In
our study, we could not detect any replication-compe-
tent virus in the supernatant that was collected from
SARS-CoV-2-infected CD4+ T cells (Figure 3). Human

2061



RESEARCH

immune cells lack expression of angiotensin-convert-
ing enzyme 2 (34) (https:/ /www.proteinatlas.org), the
functional receptor of SARS-CoV-2 (1,35). Emerging
data indicate that there could be other receptors, such
as CD147, that may facilitate cellular entry of SARS-
CoV-2 (K. Wang et al., unpub. data, https://www.
biorxiv.org/content/10.1101/2020.03.14.988345v1).
Additional studies are needed to determine the full
breadth of cellular receptors and coreceptors that may
facilitate entry of SARS-CoV-2. Thus, although it is in-
triguing that CD4+ T cells may be susceptible to SARS-
CoV-2, our data show that these cells are not permis-
sive to SARS-CoV-2 replication in vitro. More studies
are required to fully identify the effects of SARS-CoV-2
entry in CD4+ T lymphocytes.

In conclusion, we report that although a human
lung cell line supported replication of SARS-CoV-2,
the virus did not propagate in any of the tested im-
mune cell lines or primary human immune cells. Al-
though we did not observe a productive infection in
CD4+ primary T lymphocytes, we observed virus-like
particles in these cells by electron microscopy. Thus,
SARS-CoV-2 can enter CD4+ primary T lymphocytes
but is unable to replicate efficiently. Our data shed
light on a wider range of human cells that may or
may not be permissive for SARS-CoV-2 replication,
and our study strongly suggests that the human im-
mune cells tested do not support a productive infec-
tion with SARS-CoV-2.
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Evaluation of World Health
Organization—Recommended
Hand Hygiene Formulations

Miranda Suchomel, Maren Eggers, Steffen Maier, Axel Kramer, Stephanie J. Dancer, Didier Pittet

As a result of the coronavirus disease pandemic, com-
mercial hand hygiene products have become scarce and
World Health Organization (WHO) alcohol-based hand
rub formulations containing ethanol or isopropanol are
being produced for hospitals worldwide. Neither WHO
formulation meets European Norm 12791, the basis for
approval as a surgical hand preparation, nor satisfies Eu-
ropean Norm 1500, the basis for approval as a hygienic
hand rub. We evaluated the efficacy of modified formu-
lations with alcohol concentrations in mass instead of
volume percentage and glycerol concentrations of 0.5%
instead of 1.45%. Both modified formulations met stan-
dard requirements for a 3-minute surgical hand prepara-
tion, the usual duration of surgical hand treatment in most
hospitals in Europe. Contrary to the originally proposed
WHO hand rub formulations, both modified formulations
are appropriate for surgical hand preparation after 3 min-
utes when alcohol concentrations of 80% wt/wt ethanol
or 75% wt/wt isopropanol along with reduced glycerol
concentration (0.5%) are used.

ecause commercial products are hardly or no

longer available due to the coronavirus disease
(COVID-19) pandemic, alcohol-based hand rub for-
mulations for hygienic and surgical hand treatment
published by the World Health Organization (WHO)
in 2009 (1) for local production in developing coun-
tries are now being produced for use in hospitals
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worldwide. As shown previously (2), neither the
formulation based on ethanol 80% vol/vol (WHO I)
nor that based on isopropanol 75% vol/vol (WHO
II), meets the efficacy requirements of the European
Norm (EN) 12791 (3), which must be fulfilled to ob-
tain approval as a surgical hand preparation in Eu-
rope. Each WHO-recommended formulation is also
insufficient for hygienic hand antisepsis when 3 mL
is applied for 30 seconds (4) according to the test
method described in EN 1500 (5). The requirements
can be met only if the volume is doubled (6 mL) and
exposure is extended to 60 seconds (4). But sufficient
efficacy has been achieved by using modified WHO
formulations with an increased alcohol concentration
of 80% wt/wt ethanol or 75% wt/wt isopropanol at 3
mL for 30 seconds (4).

On the basis of those results, we modified both
WHO formulations by increasing their alcohol con-
centrations through changing their volume percent-
ages into weight percentages and by prolonging the
duration of application from 3 to 5 minutes. These
modifications have been shown to render the imme-
diate effects of both formulations noninferior to the
reference of EN 12791, but this improvement was not
observed for the so-called 3-hour effect (i.e., 3 hours
after hand antisepsis) (6). Because the high glycerol
concentration (1.45% vol/vol) of the original formu-
lations has been shown to exert a negative influence
on the 3-hour efficacy of alcohols (7), we performed
further studies by reducing the glycerol content of the
WHO formulations by 50%. By increasing the alcohol
concentration by ~5% and reducing glycerol concen-
trations to 0.725%, both modified WHO formulations
meet the efficacy requirements of EN 12791 when
used for 5 minutes (8). Although both new formula-
tions were successfully tested for a 5-minute appli-
cation, our suggestions for improving efficacy were
not accepted by the WHO because the common dura-
tion for surgical hand preparation in most hospitals
is 3 minutes. Furthermore, no information on dermal
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tolerability and healthcare workers’ acceptance of
these modified formulations was available.

In 2019, Menegueti et al (9) showed that a modi-
fied WHO I formulation containing only 0.5% glycerol
led to better ratings of skin tolerance than the original
WHO formulation containing 1.45% or a modification
containing 0.75% glycerol. Because all such alterna-
tive formulations require testing for not only dermal
tolerability but also for bactericidal performance, we
investigated the efficacy of these modified WHO for-
mulations (mass instead of volume percentage etha-
nol or isopropanol and 0.5% instead of 1.45% glyc-
erol) according to EN 12791 (3), with an application
duration of 3 minutes, as commonly used in surgical
theaters in Europe.

Materials and Methods

We used 2 formulations in this study. WHO I modi-
fied comprised ethanol (for analysis; Merck KGaA,
https:/ /www.emdgroup.com) 80% wt/wt, hydrogen
peroxide (for analysis; Merck) 0.125% vol/vol, and
glycerol (for analysis; Merck) 0.5% vol/vol. WHO II
modified comprised isopropanol (for analysis; Mer-
ck) 75% wt/wt, hydrogen peroxide 0.125% vol/vol,
and glycerol 0.5% vol/vol. For the reference alcohol
of EN 12791, we used N-propanol (for analysis; Mer-
ck) 60% (vol/vol) without additions (3).

We recruited 24 volunteers from the Institute for
Hygiene and Applied Immunology, Medical Univer-
sity of Vienna (Vienna, Austria), to participate in the
study. Exclusion criteria were age <18 years and skin
breaks on hands (e.g., cuts, abrasions or other skin
disorders). Nails were short and clean and volunteers
agreed to not use any antibacterial soap or other an-
tibacterial substance during the trial, starting from 1
week before testing. Volunteers were also asked to
not use any hand rub or hand cream on trial days.
All volunteers provided written informed consent.
The study protocol was approved by the institutional
ethics committee of the Medical University of Vienna
(ethical vote no. 2092/2019).

Culture media were as described in EN 12791 (3).
For sampling and dilution fluids, we used tryptic soy
broth (CASO broth; Merck). For counting plates, we
used tryptic soy agar (CASO agar; Merck). Neutral-
izing agents were not necessary for any of the tested
modified WHO formulations because even dilution
in pure broth without supplement in previous valida-
tion tests has been shown to neutralize any antimicro-
bial effect (4).

We compared the efficacy of the modified WHO
formulations with that of the standardized reference
surgical hand treatment described in EN 12791. We
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used a Latin-square design with 3 groups, each with
8 randomly allocated volunteers, and as many experi-
mental runs as there were formulations, including the
reference. In every run, we tested all hand treatment
procedures concurrently. At the end of the third test
run, every volunteer had used each formulation once.
We spaced test runs apart by 1 week to allow rever-
sion of normal skin flora.

We used the test method described in EN 12791
(3). In brief, after a preparatory hand wash for 1 min-
ute with 5 mL of 20% nonmedicated soap applied onto
wet hands to remove transient bacterial flora and any
other soil, participants rinsed their hands under run-
ning tap water and dried them with soft paper tow-
els. Pretreatment values were established by rubbing
and kneading the fingertips, including the thumbs, of
both hands for 1 minute at the base of a petri dish (di-
ameter 9 cm) containing 10 mL of sampling fluid, one
for each hand. Subsequently, surgical hand antisepsis
was performed according to the standardized hand
rub procedure of EN 12791 by applying and rubbing
as many 3-mL portions of the study formulations (i.e.,
WHO I modified, WHO II modified, or reference)
onto both hands up to the wrists as necessary to keep
the hands wet for 3 minutes.

According to EN 12791, the efficacy of a preop-
erative hand procedure is determined immediately
and 3 hours after hand antisepsis. Thus, to assess the
posttreatment values of a formulation, we sampled
one randomly selected hand as described for the pre-
treatment values immediately after hand antisepsis
(immediate effect). The other hand was gloved and
sampled 3 hours later to assess the 3-hour effect. We
performed quantitative surface cultures from all sam-
pling fluids and dilutions on tryptic soy agar, incu-
bated counting plates for a total of 48 hours at 36°C £
1°, and counted colony-forming units.

For statistical analyses, we expressed all colony
counts per mL of sampling fluid as decadic loga-
rithms. From the intra-individual differences be-
tween log, pretreatment minus log,, posttreatment
values, we calculated individual log, reduction fac-
tors separately for immediate and 3-hour effects. We
tested pretreatment values of study formulations and
the reference formulation for significant differences
by means of the Friedman analysis of variance with an
agreed significance level of p = 0.05. Subsequently, we
tested the differences between the log,  reduction fac-
tors from each study formulation and the appropriate
values of the reference for significance by a nonpara-
metric noninferiority test according to Hodges-Lehm-
ann. We rejected inferiority of a study formulation
and assumed noninferiority if the Hodges-Lehmann
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upper 97.5% confidence limits for the differences in
log, , bacterial reductions between study formulations
and reference treatment were smaller than the agreed
inferiority margin of 0.75 log,, (immediate effect) or
0.85 log,, (3-hour effect). We set the level of signifi-
cance at p = 0.025 (1-sided). Furthermore, we used the
Wilcoxon matched-pairs, signed-ranks test to test for
a suspected sustained effect at p = 0.01 (1-sided) if —
as concluded from a higher mean log,, reduction—a
study formulation was suspected to be more effica-
cious than the reference antisepsis procedure 3 hours
after antisepsis.

Results

We observed no significant differences between the
means of the log,  pretreatment bacterial counts for
the immediate and 3-hour efficacy tests. Hence, the
baseline for each study formulation can be consid-
ered equivalent.

Overall, immediate effects were comparable to
that of the reference alcohol of EN 12791; typical mag-
nitude was mean log,, reductions of >2.00 (Table).
Each modified formulation was even more effective
than the reference alcohol immediately after hand
antisepsis. Each modified formulation also met the
3-hour efficacy requirements of EN 12791. The mean
log,, bacterial reduction of the formulation based on
isopropanol was greater by 0.15 log, , than that of the
reference alcohol, but this difference was not signifi-
cant (p = 0.01 by Wilcoxon matched-pairs signed-
ranks test), so sustained efficacy cannot be confirmed.

Discussion

The COVID-19 pandemic has led to scarcity of com-
mercial hand antisepsis agents, and healthcare insti-
tutions worldwide are seeking alternatives. Since the
end of February 2020, pharmacies in Europe have
been producing the WHO-recommended formula-
tions either for sale or as donations for personal use
by the general population or use in healthcare set-
tings. Use of hygienic hand preparations made with
the original WHO-recommended formulations might
be justifiable to prevent infection or transmission of

pathogens outside patient care. However, to be ap-
proved in Europe, preparations for hygienic hand
antisepsis used in healthcare facilities must meet the
bactericidal efficacy requirements of EN 1500 (5) un-
der practical use conditions. Both WHO-recommend-
ed formulations failed the EN 1500 requirements with
use of 3 mL for 30 seconds, the common duration of
application in hospitals in Europe (4). Sufficient bac-
tericidal efficacy could be achieved with the original
WHO-recommended formulation with 6 mL in 60
seconds or with 3 mL in 30 seconds when modified
formulations with increased alcohol concentrations of
80% wt/wt ethanol or 75% wt/wt isopropanol were
used (4). In general, a shortening of the necessary ex-
posure time may help medical personnel comply with
hand hygiene standards. A recent study (A. Kratzel
et al., unpub. data, https://www.biorxiv.org/conte
nt/10.1101/2020.03.10.986711v1) showed that severe
acute respiratory coronavirus 2 can be inactivated
within 30 seconds by both WHO-recommended for-
mulations but also by modifications as proposed by
us in 2013 (8) or used by Allegranzi et al. (10) in a
before-after intervention cohort study.

The use of WHO-recommended formulations in
hospitals, including for surgical hand preparation, is
paramount despite the lack of commercial agents. In
Europe, before a product is allowed to be used for sur-
gical hand preparation, its efficacy must be evaluated
in the laboratory on the hands of volunteers accord-
ing to EN 12791 (3), the most stringent available in
vivo test method for efficacy testing. This testing en-
sures that results are generated under controlled con-
ditions but also under as near as possible practical in
vivo conditions. The bacterial reduction is measured
directly after hand antisepsis on one hand (immedi-
ate effect) and after 3 hours on the other (gloved) hand
(3-hour effect). According to the requirements of the
norm, a formulation shall not be significantly less ef-
ficacious than a reference procedure at both times (i.e.,
immediately and 3 hours after application). The 2009
WHO guideline reported that WHO I did not pass EN
12791 under 2 laboratory testing conditions and WHO
IT under 1 of 2 laboratory testing conditions (1). Even

Table. Immediate and 3-hour effects after 3-minute application of modified WHO formulations compared with 3-minute applications of
reference surgical hand antiseptic treatment according to European Norm 12791

Immediate effect

3-hour effect

Mean logio Hodges-Lehmann upper Mean logio Hodges-Lehmann upper
Formulation reduction 97.5% confidence limit} reduction 97.5% confidence limitt
WHO | modified with ethanol 2.99+1.03 0.03 n.i. 1.95+0.97 0.55 n.i.
WHO II modified with isopropanol 2.95+1.03 0.23 n.i. 2.17+1-48 0.47 n.i.
Reference 2.64 +£0.93 Not applicable 2.02+1.06 Not applicable

*n = 24 study participants. n.i., noninferior versus reference; WHO, World Health Organization.

TWith an agreed inferiority margin of 0.75 logo.
TWith an agreed inferiority margin of 0.85 logio.
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prolonging the duration of application to 5 minutes,
the longest duration allowed by EN 12791, did not
achieve a favorable outcome for the original WHO for-
mulations (2,6). Increasing the alcohol concentration
of both formulations by =5% (by changing to weight
percentage concentrations) rendered the immediate ef-
fect of the 2 formulations noninferior to the reference;
unfortunately, the 3-hour effect was still significantly
less effective than the reference alcohol (6). The reason
for these results was attributed to the high concentra-
tion of glycerol (1.45% vol/vol). Although the 3-hour
effects of each formulation with reduced glycerol con-
tent (0.725%) were rendered noninferior to the refer-
ence, glycerol-free preparations were even more ef-
fective than reference EN 12791. We have been able to
show how the WHO formulations can be improved to
meet the European standards; however, our proposals
have not yet been endorsed. One of the arguments giv-
en was the lack of data on acceptance and tolerability
for the modified formulations. Another argument was
the necessary application duration of 5 minutes for
surgical hand preparation, which does not correspond
with common practice.

Frequent use of alcohol-based hand rubs can
cause skin dryness unless emollients or humec-
tants such as glycerol are added to the formulation.
A recent study (9) evaluated the skin tolerability of

Figure. Comparison of the immediate and 3-hour effects of the
WHO-recommended (WHO | and WHO Il) and modified (WHO |
modified and WHO |l modified) formulations among 24 volunteers
after a 3-minute surgical hand preparation according to European
Norm 12791 (3). WHO I: ethanol 80% vol/vol + glycerol 1.45% vol/
vol + hydrogen peroxide 0.125% vol/vol. WHO II: isopropanol 75%
volivol + glycerol 1.45% vol/vol + hydrogen peroxide 0.125% vol/
vol. WHO | modified: ethanol 80% wt/wt + glycerol 0.5% vol/vol +
hydrogen peroxide 0.125% vol/vol. WHO Il modified: isopropanol
75% wt/wt + glycerol 0.5% vol/vol + hydrogen peroxide 0.125%
vol/vol. WHO, World Health Organization.
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healthcare workers to the original WHO formulation
containing 1.45% glycerol against 3 other concentra-
tions (0%, 0.5%, and 0.75%) of glycerol in a tropical
climate healthcare setting. Dermal application of glyc-
erol, a trihydroxy alcohol, increases the endogenous
delivery of glycerol with improvement of stratum cor-
neum hydration, skin barrier function, and mechani-
cal properties. It also inhibits stratum corneum lipid
phase transition, protection against irritating stimuli,
and enhancement of desmosomal degradation (11).
A modified WHO formulation containing only 0.5%
glycerol leads to better ratings of skin tolerance than
the original formulation and may therefore offer the
best balance between skin tolerance and antimicro-
bial efficacy. In addition, it is useful to have the same
alcohol-based hand rub formulation in the surgical
setting and in other medical settings, especially if
products are scarce. Because glycerol availability is
also critical during the current pandemic, lowering
the glycerol concentration might improve availability
of these alcohol-based formulations in areas with lim-
ited supplies, such as developing countries.

In this study, we were able to show, once again,
that the effect on the resident skin flora of the original
WHO formulations can be improved if the concentra-
tion of the alcohols is increased by using weight in-
stead of volume percentage. In addition, by further
reducing the glycerol content from 1.45% to 0.725%
or to 0.50%, the 3-hour effects of each formulation can
be improved to such an extent that the requirement
of the European test standard is already ensured af-
ter 3 minutes of application. Although the criteria for
use as a product regulated by the US Food and Drug
Administration differ from the EN requirements,
these results could also be of interest to US health-
care providers. Reductions achieved with the modi-
fied formulations were >1 log, ; step higher than those
achieved with the original WHO-recommended for-
mulations when applied for 3 minutes for both im-
mediate and 3-hour effects (Figure).

On the basis of these results and considering the
current situation, we believe that the original WHO
formulations should be urgently reconsidered. We
therefore recommend a modification of the WHO 1
formulation with 80% wt/wt ethanol, 0.125% vol/vol
hydrogen peroxide, and 0.50% vol/vol glycerol and
a modification of the WHO II formulation with 75%
wt/wt isopropanol, 0.125% vol/vol hydrogen perox-
ide, and 0.50% vol/vol glycerol.
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Retrospective Description of
Pregnant Women Infected with
Severe Acute Respiratory
Syndrome Coronavirus 2, France
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Few data are available on the management of preg-
nant women infected with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). We conduct-
ed a retrospective study of 100 pregnant women with
SARS-CoV-2 infection in 4 obstetric units in the Paris
metropolitan area of France during March 12—April 13,
2020. Among patients, 52 (52%) were hospitalized, 10
(10%) in intensive care units (ICUs). Women with higher
body mass indexes (BMls; median 30.7 kg/m?) were
more likely to be hospitalized in ICUs than other women
(median BMI 26.2 kg/m?). Women hospitalized in ICUs
had lower lymphocyte count at diagnosis (median 0.77
x 10° cells/L) than women not hospitalized in ICUs (me-
dian lymphocyte count 1.15 x 10° cells/L). All women
requiring oxygen >5 L/min were intubated. Clinical and
laboratory evaluation of SARS-CoV-2-positive pregnant
women at the time of diagnosis can identify patients at
risk for ICU hospitalization.

ecent literature from China, Italy, and the United
States suggests that pregnant women are not at
higher risk for severe forms of coronavirus disease
(COVID-19) from infection with severe acute respira-
tory syndrome (SARS) coronavirus 2 (SARS-CoV-2),
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contrary to what has been reported with SARS and
MERS (1-3). Nevertheless, 3%-35% of infected preg-
nant women were hospitalized in intensive care units
(ICUs) (2,4-7) and respiratory and hematology anom-
alies were described, just as in the nonpregnant in-
fected population (8). In the third trimester, and espe-
cially after 37 weeks’ gestation, the fetal prognosis is
driven by maternal clinical tolerance and by whether
a cesarean delivery is required. Few cases of vertical
transmission have been published (6-9), and no data
are available on the risk factors for such transmis-
sion. However, between 24 and 32 weeks’ gestation,
the risk for premature birth and the need to reduce
its effects on neonatal outcome by giving steroids
and magnesium sulfate to the mother complicate de-
cision-making. Little published data are available on
the management of SARS-CoV-2-infected pregnant
women (10). We describe the experience of 4 tertiary
referral obstetric units in managing such cases in the
Paris metropolitan area of France.

Materials and Methods

Study Design and Population

We conducted a retrospective multicenter review
of the medical records of all pregnant women with
SARS-CoV-2 from March 12-April 13, 2020, in 4 ter-
tiary referral obstetric units in the Paris metropoli-
tan area. Hospitals included in the study were An-
toine Bécleére, Clamart; Bicétre Hospital, Le Kremlin
Bicétre; Louis-Mourier, Colombes; and Centre Hos-
pitalier Sud Francilien, Evry. Allwomenin the second
and third trimester of pregnancy (>14 weeks’ gesta-
tion) had real-time reverse transcription PCR (RT-
PCR) testing of respiratory tract samples to detect
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SARS-CoV-2. Gestational age was calculated ac-
cording to crown-rump length measurement at the
first-trimester scan. Because of the moderate sensi-
tivity of RT-PCR (11-13), patients with negative re-
sults also had computed tomography imaging of the
chest, which was considered positive when meeting
conventional criteria for SARS-CoV-2 infection (14).
Patients were considered cured >10 days after the
positive diagnosis and without clinical signs for 48
h, or 14 days from the beginning of the disease with
only benign signs without hospitalization.

We retrospectively allocated women to sub-
groups according to location for further care after
first assessment. The outpatient follow-up group
was defined as infected pregnant women who could

2070

return home after assessment in the emergency
department. Close outpatient follow-up was un-
dertaken and included a daily call from an ob-
stetrician/gynecologist. In the case of suspected
worsening, such as fever, dyspnea, or tachycardia,
or obstetric concern, women were asked to return
to the hospital for further assessment and hospital-
ized, if needed. The conventional hospitalization
group was defined as women immediately hospi-
talized after SARS-CoV-2 diagnosis because close
medical supervision or noninvasive oxygen ther-
apy with flow rates <3 L/min, was needed. The
ICU hospitalization group was defined as women
hospitalized in ICUs because of clinical worsen-
ing, including respiratory distress or increased

Figure. Flowchart of study data
showing status and medical
referral in a cohort of pregnant
women with SARS-CoV-2
infection, France. CT, computed
tomography; RT-PCR, reverse
transcription PCR; SARS-
CoV-2, severe acute respiratory
syndrome coronavirus 2.
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oxygen requirement, and the need for continuous
medical supervision, noninvasive high-flow oxygen
delivery, or invasive mechanical ventilation.

Sample Collection

Laboratory samples were obtained for RT-PCR and
prepared as follows. Nasopharyngeal swabs were
obtained following US Centers for Disease Control
and Prevention guidelines (15). Swabs were placed in
Virocult viral transport media (Sigma, https:/ /www.
sigmaaldrich.com). All specimens were kept at 4°C
and tested within 24 hours.

RT-PCR

Viral RNA was extracted from 200 pL of clinical sam-
ples with the NucliSENS easyMag kit (BioMérieux,
https:/ /www .biomerieux.com) and eluted in 100 pL.
The RealStar SARS-CoV-2 RT-PCR Kit 1.0 (Altona
Diagnostics GmbH, https://www.altona-diagnos-
tics.com) targeting the E gene, specific for lineage B-
betacoronavirus, and the S gene, specific for SARS-
CoV-2, was used, according to the manufacturer’s
recommendations. The assay includes a heterologous
amplification system as an internal positive control
to identify possible RT-PCR inhibition and to con-
firm the integrity of the reagents of the kit. Thermal
cycling was performed at 55°C for 20 min for reverse

Table 1. Baseline characteristics at diagnosis for pregnant
women infected with sever acute respiratory syndrome 2,
France*

Maternal and obstetric characteristics Value
Total patients 100
Median age, y (IQR) 33.7 (29-36.7)
Median gravidity (IQR) 3(1.8-4)
Median parity (IQR) 1(0-3)

Median BMI, kg/m? (IQR)
Preexisting conditions

27.0 (23.5-30.6)

Diabetes mellitus 7(7)
Chronic high blood pressure 6 (6)
Tobacco use 2(2)
Asthma 9(9)
Median gestational age at diagnosis, wk (IQR) 31.3 (25.6-35.6)
14-24 18 (18)
25-32 41 (41)
33-37 20 (20)
>37 20 (20)
Early postpartum 1(1)
Signs and symptoms
Fever 62 (62)
Cough 80 (80)
Dyspnea 30 (30)
Myalgia 26 (26)
Anosmia 16 (16)
Sore throat 9(9)
Diarrhea or vomiting 10 (10)
Rash 0

Other signs 13 (13)
*Values are no. (%) except as indicated. BMI, body mass index; IQR,
interquartile range.
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transcription, followed by 95°C for 2 min, and then 45
cycles of 95°C for 15 s, 55°C for 45 s, and 72°C for 15 s
with an Applied Biosystems ViiA7 instrument (Ther-
moFisher Scientific, https://www.thermofisher.
com). A cycle threshold <40 was considered positive
for SARS-CoV-2 RNA.

Data Collection and Statistical Analysis

We retrospectively collected clinical, laboratory,
and imaging data on mothers and newborns from
medical records. We performed statistical analyses
by using GraphPad Prism version 8.0.0 (GraphPad
Software, https://www.graphpad.com). We used a
2-tailed Mann-Whitney U test for statistical analy-
sis of continuous variables and Fisher exact test
for statistical analysis of categorical variables. We
expressed continuous variables as median with in-
terquartile range (IQR) and categorical variables as
number (percentage). We considered p<0.05 statisti-
cally significant.

This study was approved by the institutional
review board of the French College of Obstetricians
and Gynecologists (approval no. CEROG OBS-2020-
0402). All data were de-identified to ensure patient
privacy and confidentiality.

Results

Maternal Characteristics and Signs and

Symptoms at Diagnosis

During March 12-April 13, 2020, a total of 240 wom-
en were tested for SARS-CoV-2 infection during
pregnancy or the early postpartum period because
of relevant symptoms (Figure). Among them, 100
(42%) were considered infected; 99 (41%) had a posi-
tive RT-PCR, and 1 woman with a negative RT-PCR
test was considered positive because computed to-
mography imaging of the chest was compatible with
SARS-CoV-2 infection. The median age of the infect-
ed women was 33.7 years (range 29-36.7 years); 81
(81%) were tested after 24 weeks’ gestation, and 18
(18%) were tested between 14 and 24 weeks’ gesta-
tion. One asymptomatic patient was tested 2 days
postpartum because of an isolated increase in acti-
vated partial thromboplastin time (aPPT; ratio 1.40),
but signs of primary coagulopathy or consumption
were not noted, and the patient’s platelet count was
154 x 10°/L, prothrombin time ratio was 100%, and
fibrinogen activity was 5.5 g/L.

A few patients had underlying conditions, in-
cluding 9 (9%) with asthma, 7 (7%) with diabetes
mellitus, and 6 (6%) with chronic high blood pres-
sure. Median body mass index (BMI) was 27.0 kg/m?
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Table 2. Maternal and obstetric characteristics according to medical referral for pregnant women with severe acute respiratory

syndrome 2 infection, France*

Characteristics Non-ICU hospitalization, n = 90 ICU hospitalization, n = 10 p value
Median age, y (IQR) 33.2 (29.1-36.7) 33.6 (28.3-34.3) 0.89
Median BMI, kg/m? (IQR) 26.2 (23-29.7) 30.7 (29.8-33.1) 0.003
Underlying conditions, no. (%)
Diabetes mellitus 7 (8) 0 1
Chronic high blood pressure 5 (6) 1(10) 0.48
Tobacco use 2(2) 0 1
Asthma 7(8) 2 (20) 0.22
Median gestational age at diagnosis, wks (IQR) 31.3 (25-35.6) 28.5 (26.9-34.2) 0.78

*ICU, intensive care unit; IQR, interquartile range

(IQR 23.5-30.6 kg/m?). At diagnosis, all but 1 woman
experienced symptoms compatible with SARS-CoV-2
infection; 80 (80%) had cough, 62 (62%) had fever, 30
(30%) had dyspnea, 26 (26%) had myalgia, 16 (16%)
had anosmia, and 10 (10%) had gastrointestinal
symptoms. None reported rash (Table 1).

After a first evaluation, 58 (58 %) of the infected
women were eligible for close outpatient follow-
up; 10 (17%) were hospitalized during later follow-
up. Forty-two (42%) women were immediately
hospitalized, 8 (19%) in ICUs and 34 (80.9%) in
conventional wards. Later, 2 women were switched
from conventional hospitalization to the ICU be-
cause of increased respiratory symptoms. Among
all patients, 32 (32%) required oxygen therapy.
At the end of the study period, 48 (48%) patients
received outpatient follow-up only, and 52 (52%)
were hospitalized, 42 in conventional wards and 10
in ICUs.

We found that women with a high BMI (30.7
kg/m? [IQR 29.8-33.1 kg/m?]) were more likely to
be hospitalized in ICUs than women with lower
BMIs (26.2 kg/m? [IQR 23-29.7 kg/m?]; p = 0.003).
We noted no statistically significant difference in
maternal age, gravidity, parity, gestational age at
diagnosis, or preexisting medical conditions among

patients admitted to ICUs (Table 2). We performed a
similar comparison between women with outpatient
follow-up (BMI 26.2 kg/m? [IQR 22.9-29.9 kg/m?])
and women who required hospitalization (BMI 30.7
kg/m? [IQR 24.5-30.9 kg/m?]). We noted BMI also
was the only maternal baseline characteristic with a
statistically significant difference (p = 0.003) between
the 2 groups (Appendix Table 1, https:/ /wwnc.cdc.
gov/EID/article/26/9/20-2144-Appl.pdf). No ma-
ternal thromboembolic event was noted during the
study period.

Laboratory Parameters at SARS-CoV-2 Diagnosis

We analyzed laboratory parameters at diagnosis for
maternal medical care (Table 3). Lymphocyte count
at diagnosis was lower in women hospitalized in
ICUs (0.77 x 10° cells/L [IQR 0.7-1x 10° cells/L])
than in women in the conventional hospitalization
or outpatient follow-up groups (1.15 x 10° cells/L
[IQR 0.9-1.6 x 10° cells/L]; p = 0.01). Moreover,
the proportion of women with lymphocytopenia at
diagnosis also was much higher in the ICU group
(89%) than in the rest of the cohort (36%; p = 0.008).
Hemoglobin count at diagnosis was lower in women
who needed hospitalization in ICUs (9.8 g/dL [IQR
9.3-11.3 g/dL]) than in the rest of the cohort (11.4 g/

Table 3. Laboratory parameters at diagnosis according to medical referral for pregnant women with severe acute respiratory syndrome

2 infection, France*

Non-ICU hospitalization, n = 90

ICU hospitalization, n = 10

Laboratory findings Median (IQR) No. (%) Median (IQR) No. (%) p value
Hemoglobin, g/dL 11.4 (10.5-12.2) 64 (66.7) 9.8 (9.3-11.3) 9 (90) 0.02
Platelet count, x 10%/L 230 (162-273) 63 (70.0) 205 (164-271) 9 (90) 0.98
Leukocyte count, x 10° cells/L 7.2 (5.4-8.9) 63 (70.0) 6.6 (6.1-7.2) 9 (90) 0.68
Lymphocyte count, x 10° cells/L 1.15 (0.9-1.6) 58 (64.4) 0.77 (0.7-1) 9 (90) 0.01
Lymphocytopenia, <1.00 x 10° cells/L NA 21/58 (36.2)T NA 8/9 (88.9)t 0.008
Prothrombin time, % 100 (99-100) 53 (58.9) 100 (100-100) 7 (70) 0.61
aPPT, ratio 1.06 (1-1.2) 52 (57.8) 1.12 (1-1.4) 7 (70) 0.16
Prolonged aPPT ratio (>1.20) NA 13/53 (24.5)t NA 3/7 (43)t 0.38
Fibrinogen activity, g/L 4.8 (4-5.8) 45 (50.0) 5.1 (4.5-5.5) 6 (60) 0.73
AST, U/L 25 (20-35) 48 (53.3) 30 (22-59) 8 (80) 0.38
ALT, U/L 17 (11-32) 49 (54.4) 19 (12-48) 8 (80) 0.46
C-reactive protein, mg/L 23 (9-42) 53 (58.9) 27 (22-108) 8 (80) 0.15
Creatinine, umol/L 47 (41-57) 45 (50.0) 50 (38-55) 7 (70) 0.94

*ALT, alanine aminotransferase; aPPT, activated partial thromboplastin time; AST, aspartate aminotransferase; ICU, intensive care unit; IQR, interquartile

range; NA, not applicable.
tPer available results.
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dL [IQR10.5-12.2 g/dL]; p = 0.02). We did not detect
any statistically significant differences between the 3
groups for white cell count, prothrombin time, aPPT,
fibrinogen activity, alanine aminotransferase, aspar-
tate aminotransferase, C-reactive protein, or creati-
nine. We performed a similar comparison between
women with outpatient follow-up and women who
required hospitalization and found no statistically
significant between-group differences in any labo-
ratory parameter (Appendix Table 2). We assessed
laboratory parameters at diagnosis and oxygen
therapy requirements and noted that women with
lymphocytopenia and prolonged aPPT at diagnosis
were more likely to need an oxygen therapy (Appen-
dix Table 3). Similarly, we noted lower lymphocyte
counts, increased aPPT ratios, and increased C-reac-
tive protein levels for women who required oxygen
therapy than for the others.

Table 4. Obstetric and neonatal outcomes for 100 pregnant
women with severe acute respiratory syndrome 2 infection,
France*

Obstetric outcomes Value
Ongoing pregnancies 67 (67.0)
Stillbirths or miscarriages 0
Deliveries 33 (33.0)
Median days between SARS-CoV-2 3(1-9)
diagnosis and delivery (IQR)
Delivery mode
Vaginal 17 (51.5)
Spontaneous labor 9 (52.9)
Induced labor, reason 8 (47.1)
Respiratory degradation 4 (50.0)
Preeclampsia 1(12.5)
Intrahepatic cholestasis 1(12.5)
Reduced fetal movements 1(12.5)
Premature rupture of membranes 1(12.5)
Caesarean delivery, reason 16 (48.5)
Respiratory distress 12 (36.4)
Major coagulopathy 1(6.3)
Severe preeclampsia 1(6.3)
Non-reassuring fetal heart rate 1(6.3)
Definitive cervicoisthmic cerclage 1(6.3)
Gestational age at birth, wk, median (IQR) 37.9 (35-40.1)
>37 20 (60.6)
32-36 13 (39.4)
24-31 7(21.2)
Twin pregnancies 3(3.0)
Neonatest 36

Birthweight z-score, g, median (IQR)
<10th percentile

0.15 (-0.75 0 0.64)
1(3)

Apgar score <7

1 min 8 (22)
5 min 4 (11)
10 min 1(3)

Umbilical arterial pH, median (IQR)

7.26 (7.24-7.29)

Neonatal intubation 6 (17)
NICU hospitalization 10 (28)
Neonatal death 0

Neonate SARS-CoV-2—positive

1(3)

*Values are no. (%) except where indicated. IQR, interquartile range;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

133 women gave birth, including 3 sets of twins.
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Obstetric and Neonatal Outcomes

At the end of the study period, 33 women (33%) had
delivered 36 neonates, including 3 twin deliveries.
Median gestational age of neonates was 37.9 weeks
(IQR 35-40.1 weeks) (Table 4). Deliveries in SARS-
CoV-2-infected women represented 2.4% of the 1,362
deliveries in the 4 hospitals. Preterm births, those at
<37 weeks’ gestation, represented 39% of the whole
cohort; the median interval between SARS-CoV-2 di-
agnosis and delivery was 3 days (IQR 1-9 days). No
stillbirths or miscarriages occurred among the study
population. Among deliveries, 16 (48%) were cesar-
ean deliveries, 13 (36%) of which were because of
SARS-CoV-2 infection, 12 because of maternal respi-
ratory distress, and 1 because of major coagulopathy.
All women who delivered before 32 weeks’ gestation
were given antenatal magnesium sulfate therapy. All
but 1 of the women who delivered before 34 weeks’
gestation were given antenatal corticosteroid therapy
(2 doses of betamethasone 12 mg given intramuscu-
larly 24 hours apart).

Only 1 neonate had a birthweight below the 10th
percentile; 10 were hospitalized in the neonatal ICU
(NICU) because of prematurity. No neonatal acido-
sis was noted; median umbilical arterial pH was 7.26
(IQR 7.24-7.29), even for most severe maternal cases.

All the neonates were tested for SARS-CoV-2
infection. Only 1 neonate tested positive for SARS-
CoV-2; his mother had no severe clinical symptoms
but experienced cough and fever at 35 weeks” gesta-
tion. At admission, her laboratory workup showed
mild thrombocytopenia and prolonged aPPT. Her
symptoms improved rapidly during early postpar-
tum. The infant did not require oxygen, but results
of RT-PCR testing on nasopharyngeal secretions were
positive. He did not show signs of respiratory illness.

Among 3 twin pregnancies, the mother’s SARS-
CoV-2 diagnosis was made between 31.4 and 35.4
weeks’ gestation; 1 of the mothers was severely obese
(BMI 49 kg/m?). At the time of diagnosis, 1 patient
had severe lymphocytopenia (0.35 x 10° cells/L) and
another had prolonged aPTT (ratio 1.22). Two women
were hospitalized because of dyspnea; both had ce-
sarean deliveries, at 31.7 and 35.4 weeks’ gestation,
due to increased respiratory complications, but nei-
ther was admitted to the ICU. The third had a vagi-
nal delivery at 37 weeks’ gestation. One pair of twins
was hospitalized in the NICU because of prematurity.
Neonatal acidosis was not observed in any cases.

Pregnant Women in ICUs

At the end of the study period, 10 (10%) patients
had been admitted to ICUs: 7 during prenatal period
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Table 5. Maternal outcomes of 10 pregnant women admitted to the intensive unit with severe acute respiratory syndrome coronavirus

2, France*
Time, h
GA, wk, d From O, >5 From
BMI, Underlying At At L/min to intubation Intubation, ICU Drug
ID Age,y kg/m? conditions diagnosis intubation intubation  to delivery d stay, d regimens Complications
1 30.9f 35.8 NA 28,5 29,0 15.5 0 10 12 Lopinavir NA
2 26.51 29.9 NA 38,1 POD 2 7 NA 15 16 Hydroxy  Surgical site
infection
3 2491 257 Asthma 28,5 30, 1 10 0 11 13 Lopinavir  latrogenic
pancreatitis
4 32.6t 4138 Hyper- 26,0 26,1 10.5 7 36 38 Lopinavir  Refractory
tension hypoxemia
5 33.6 308 NA 26,6 27,6 5.5 0 2 3 NA
6 394 31.3 Hashimoto 40,5 POD 8 25 NA 4 5 NA NA
thyroiditis
7 33.1f 305 NA 23,5 23,5 1 Ongoing 13 14 Hydroxy latrogenic
pregnancy transient
hepatitis
8 33.4 29.7 NA 28, 2 NA NA NA NA 3 NA NA
9 26.1 337 Asthma 36,0 POD 1 24 NA 1 2 NA NA
10 421t 293 NA 26,6 27,2 160 0 13 14 NA NA

*BMI, body mass index; GA, gestational age; Hydroxy, hydroxychloroquine; ID, patient identification; NA, not applicable; POD, postoperative day.
TPatients who experienced acute respiratory distress syndrome before intubation.

(median gestational age at admission 27.9 weeks
[IQR 27.2-28.8 weeks]) and 3 during early postpar-
tum, <3 days postpartum (Table 5). Among patients
admitted to ICUs, 9 (90%) required intubation after
oxygen requirements reached >5 L/min; the mean
interval between increased oxygen need and intuba-
tion was 28.7 hours (SD + 49.9 h). Six patients had
acute respiratory distress syndrome (ARDS); 5 were
treated with drug regimen, 3 with lopinavir, and 2
with hydroxychloroquine; 1 was placed in the prone
position for ARDS. The average length of stay in the
ICU was 9.1 + 5.7 days.

Among women hospitalized in ICUs, 8 had cesar-
ean deliveries because of rapid respiratory worsen-
ing: 5 before 32 weeks’ gestation, 1 between 32 and
37 weeks’ gestation, and 2 after 37 weeks’ gestation

(Table 6). During their ICU stays, 3 women had com-
plications: 1 had surgical site infection after cesarean
delivery, 1 had iatrogenic pancreatitis attributed to
lopinavir with Balthazar grade C, and 1 had iatro-
genic and transient hepatitis attributed to hydroxy-
chloroquine. No maternal deaths were noted. Among
neonates delivered in this group, no acidosis or birth-
weight below the 10th percentile were noted. Five ne-
onates were hospitalized in NICUs because of prema-
turity; 1 died at 7 days of age because of prematurity
and bacterial sepsis (Tables 5, 6). Two women left the
ICU with ongoing pregnancies.

Discussion
We report detailed experience managing 100 pa-
tients infected with SARS-CoV-2 in tertiary referral

Table 6. Obstetric and neonatal outcomes for pregnant women admitted to an intensive care unit with severe acute respiratory

syndrome coronavirus 2, France*

Prenatal
Prenatal magnesium  Time from 5-min
corticosteroid, sulfate, GA, diagnosisto  Mode of GA at Birthweight, g Apgar Umbilical Neonatal
ID GA, wk, dt wk, dt delivery, d delivery  birth, wk, d (z-score) score arterial pH intubation NICU
1 NA 29 2 Cesarean 29 1,400 (1.10) 7 7.26 Y Y
2 NA NA 8 Cesarean 39,1 3,290 (0.06) 10 7.21 N N
3 30, 1 30+1 11 Cesarean 30, 2 1,500 (0.75) 8 7.25 Y Y
4 26,4 26+4 7 Cesarean 27,1 1,010 (0.82) 1 7.28 Y Y
5 26,1 26,4 7 Cesarean 27,6 890 (-0.83) 3 7.24 Y Y
6 NA NA 1 Cesarean 40, 6 3,570 (0.18) 3 ND N N
7 NA 23,5 Ongoing NA NA NA NA NA NA NA
pregnancy
8 NA 29,4 Ongoing NA NA NA NA NA NA NA
pregnancy
9 NA NA 1 Cesarean 36,1 2,940 (0.49) 10 ND N N
10 26, 6 27,1 3 Cesarean 27,2 1,065 (1.12) 10 7.27 Y Y

*All neonates tested negative for SARS-CoV-2. GA, gestational age; NA, not applicable; ND, not done; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.
TAt time of drug administration.
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obstetric units during the COVID-19 pandemic in
France. Nearly half (48/100) received close outpa-
tient follow-up without any clinically significant
events. The other 52 were hospitalized for monitor-
ing or oxygen therapy, including 10 (10%) who had
critical infections and required hospitalization in
ICUs. Lymphocytopenia, anemia, and need for oxy-
gen flow >5 L/min at the time of diagnosis seem to
be associated with a critical infection.

The management of pregnant women with SARS-
CoV-2 is a particularly critical issue in tertiary refer-
ral obstetric units. In our cohort, 52% of patients were
hospitalized and 9% required invasive ventilation.
The rate of severe and critical forms of COVID-19 re-
ported among this group is higher than previously
reported (5,6,17-21), which can be explained by the
general admissions to tertiary referral obstetric units.
Tertiary obstetric units accept women with high-risk
pregnancies and referrals from other maternity hos-
pitals that lack technical platforms needed to support
them. The 4 centers in our study offer adult and neo-
natal resuscitation, enabling optimal maternal man-
agement. Clinicians must weigh the continuation of
the pregnancy against all the risks associated with
premature birth that can lead to neonatal death. Hav-
ing an adult ICU in the same facility as the maternity
ward makes it possible to continue the pregnancy un-
der conditions that seem acceptable.

Maternal and fetal clinical assessment at the time
of diagnosis is essential for appropriate medical refer-
ral. Systematic laboratory tests, including hemoglo-
bin level, blood count, hemostasis, and inflammatory
evaluation, at the time of SARS-CoV-2 diagnosis in
pregnant women could help to determine the level
of risk for progression to an unfavorable form. Lym-
phocytopenia, increased C-reactive protein, and in-
creased aPPT have an unfavorable prognostic value
that could lead to an increased risk for severe COV-
ID-19 forms in nonpregnant adults (22-25). Our study
underlines the need to consider the lymphocyte count
in the choice of medical approach; when counts are
acceptable, outpatient management can be safely con-
sidered. However, close telemonitoring is required.
In our cohort, 17% of patients followed up on an out-
patient basis subsequently required hospitalization.

During early pregnancy (<32 weeks’ gestation),
clinicians tried to continue the pregnancy because of
the neonatal risks associated with premature birth.
ICU hospitalization alone was not a criterion for de-
livery. However, analysis of our cohort data shows
that in all pregnant women, a need for increasing oxy-
gen flow rate to >5 L/min was a signal for invasive
ventilation. All but 1 patient on invasive ventilation
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required cesarean delivery due to ventilatory instabil-
ity. Antenatal corticosteroid therapy before 34 weeks’
gestation and a neuroprotective course of magnesium
sulfate before 32 weeks’ gestation appears to be safe
and appropriate when oxygen requirements increase.
An average interval of >24 hours between the in-
crease in oxygen flow rate to >5 L/min and invasive
ventilation enables the administration of >1 of 2 rec-
ommended doses of corticosteroids and a complete
course of magnesium sulfate.

Our study reports clinical and laboratory data at
the time of diagnosis used to identify prognostic fac-
tors associated with an adverse outcome in pregnant
women infected with SARS-CoV-2. Our findings can
help clinicians around the world combat the pandemic.

Our study has several limitations. First, although
we wanted to identify prognostic factors associated
with adverse outcomes, our sample size of patients
admitted to the ICU was too small to perform a robust
multivariate analysis; our results are purely descrip-
tive and not predictive. Second, our study used clini-
cal and laboratory data only at the time of diagnosis,
and we did not evaluate the effect of subsequent lab-
oratory and clinical features. Finally, our study was
retrospective and had missing data values.

Among our cohort, preterm births (<37 weeks’
gestation) accounted for 39% of all deliveries and
the cesarean delivery rate was 48%. However, the
preterm birth and cesarean delivery rates we report
could be lower once all the women with SARS-CoV-2
infections have given birth and full information be-
comes available.

Specific information on pregnant women receiv-
ing care for COVID-19 is still lacking, and literature
from China reports low infection rates in this popula-
tion. Tertiary referral obstetric units with a maternal
ICU play a major role in the management of symp-
tomatic pregnant women. In addition to maternal
respiratory symptoms, neonatal conditions related
to spontaneous or induced prematurity in relation
to SARS-CoV-2 infection must be considered. In our
study, careful clinical and laboratory evaluation at the
time of diagnosis enabled safe outpatient monitoring
for almost half of the pregnant women. Further inves-
tigations are required to assess the true risks associ-
ated with SARS-CoV-2 infection during pregnancy.
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Heterogeneity of Dengue
lliness in Community-Based
Prospective Study, lquitos, Peru
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Measuring heterogeneity of dengue illness is necessary
to define suitable endpoints in dengue vaccine and ther-
apeutic trials and will help clarify behavioral responses
to illness. To quantify heterogeneity in dengue illness, in-
cluding milder cases, we developed the Dengue lliness
Perceptions Response (IPR) survey, which captured de-
tailed symptom data, including intensity, duration, and
character, and change in routine activities caused by
illness. During 2016-2019, we collected IPR data daily
during the acute phase of illness for 79 persons with
a positive reverse transcription PCR result for dengue
virus RNA. Most participants had mild ambulatory dis-
ease. However, we measured substantial heterogeneity
in illness experience, symptom duration, and maximum
reported intensity of individual symptoms. Symptom in-
tensity was a more valuable predicter of major activity
change during dengue illness than symptom presence
or absence alone. These data suggest that the IPR mea-
sures clinically useful heterogeneity in dengue illness
experience and its relation to altered human behavior.

Dengue classically presents as an acute febrile ill-
ness lasting ~5 days and accompanied by head-
ache, musculoskeletal pain, and rash (I). A minority
of infected persons show development of plasma
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leakage syndrome, intravascular volume loss, or
major bleeding, which can lead to shock and death
(2). There are 4 serotypes of dengue (DENV), and
persons show development of long-lasting immu-
nity to the specific serotype after infection. Cross-
reactive immunity provides short-term protection
against other serotypes. However, under some cir-
cumstances, previous infection with a different se-
rotype increases the risk for severe disease (3). The
World Health Organization (WHO) classification
of dengue focuses on distinguishing between mild
cases (classic dengue) and persons with or at risk for
major adverse outcomes or death (severe disease)
(4-6). Moreover, most literature describing the clini-
cal manifestations of dengue evaluates the health-
care-seeking population whose symptoms are likely
to be more severe. DENV infections associated with
milder illness have not been subjected to similar sys-
tematic analysis or characterization.

Although the focus on severe disease is an obvi-
ous priority, there is value to characterizing the sub-
jective illness experience in persons who have milder
disease. As dengue vaccine development evolves,
one of the challenges will be to accurately measure
the effect of vaccination on the severity of illness.
Measuring the rates of severe disease in vaccine tri-
als is an insensitive approach and addresses only the
small fraction of cases meeting these criteria, leaving
open the possibility that vaccinated persons not meet-
ing the criteria for severe disease had a meaningfully
different disease experience than unvaccinated per-
sons. Behavioral responses and reactions to illness
depend on the illness experience of a person and will
determine whether they attend work or school, self-
medicate, seek medical attention, and move around
their neighborhood, potentially infecting mosquitoes
at other sites (7). Quantifying these relationships will
help identify the human factors essential for virus
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transmission, guide the design of improved con-
trol strategies, assist policy makers in assessing the
burden of dengue illness and healthcare needs, and
guide allocation of resources.

As part of a larger epidemiologic study we devel-
oped the dengue Illness Perceptions Response (IPR)
survey to gather data to characterize the dengue ill-
ness experience of a person, including the range and
intensity of symptoms, and to measure the response
of a person to their illness. We outline the develop-
ment and application of the IPR, and to illustrate its
potential value, we describe and quantify the hetero-
geneity of dengue illness and its associations with be-
havior changes.

Methods

Ethics

The study protocol was approved by the Naval Medi-
cal Research Unit No. 6 (NAMRU-6) Institutional
Review Board (IRB) (protocol #NAMRU6.2014.0028)
in compliance with all applicable federal regulations
governing the protection of human subjects. IRB rely-
ing agreements were established between NAMRU-6,
the University of California Davis, Tulane University,
Emory University, and the University of California,
San Diego. The protocol was reviewed and approved
by the Loreto Regional Health Department, which
oversees health research in Iquitos.

Field Site

We conducted the study in an established research
unit in the Amazonian city of Iquitos, Peru (7-9).
Based in the department of Loreto, Iquitos has a
population of =~400,000 and mostly relies on tour-
ism and extractive industries (8,10). More than half
of the population of Loreto depend on government
health insurance, which is available for persons liv-
ing in poverty (11). Dengue is endemic to Iquitos, and
1 serotype typically dominates at any one time; all 4
DENV serotypes have circulated in Iquitos over the
past 3 decades (8). The force of infection for DENV
in Iquitos was calculated to vary from 0 to 0.33 infec-
tions/susceptible person/year during 1999-2010 (12).
In March 2016, Zika virus was detected in Iquitos,
and its transmission dominated for 1.5 years (13).
Since 2017, the Asian-American strain of DENV-2 has
been the dominant circulating serotype (A.C. Morri-
son, unpub. data).

Development of IPR Survey

On the basis of the experience of our team in col-
lecting dengue symptom data and the available

2078

literature, we developed a focus group guide used
to facilitate 6 mixed-sex focus groups to assess how
persons who had recently had dengue illness (or an
adult family member of a child who was infected)
described the experience, including the range, du-
ration, and precise location of symptoms; ways to
describe the severity of the symptoms; and word
choices related to the symptoms. Focus group par-
ticipants (n = 52) were persons who had laboratory-
confirmed dengue (positive result on DENV reverse
transcription PCR [RT-PCR]) during the previous 3
months and who were recruited by ongoing com-
munity or clinic-based febrile illness surveillance.
Using the range of symptoms and descriptions elic-
ited through the focus groups, the research team
developed a first version of the IPR, which was re-
viewed by collaborating experts and 3 local clini-
cians experienced in managing dengue to ensure
its medical relevance. These data informed the IPR
development, helping to define the symptoms to be
included and descriptive terms used for symptoms
and determine how to measure symptom intensity
(there was almost unanimous support for scales us-
ing facial expressions to grade intensity).

The IPR survey that was implemented collect-
ed data on 36 symptoms; depending on the specific
symptom, these data included presence, duration,
intensity, character, frequency and location of symp-
toms (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/26/9/19-1472-Appl.pdf). We learned
about descriptive terms for various symptoms: mus-
culoskeletal pain was most commonly described as
“beaten up,” affecting the whole body. Headaches
were most commonly described as a “generalized
pressure.” Abdominal pain was most commonly
described as “cramping” and most frequently lo-
cated in the epigastrium. The survey also asked to
what extent symptoms had affected daily activities:
no change, minor change, or major change. The IPR
was then piloted on 54 persons: 7 children <10 years
of age, 10 persons 10-20 years of age, and 37 per-
sons >20 years of age. Feedback from this pilot test-
ing was used to guide final modifications of the sur-
vey; data from these persons are not included in the
main analyses.

Study Design

The study followed a contact-cluster design. Persons
positive for serum DENV RNA by RT-PCR (index case-
participants) were identified through community- or
clinic-based febrile illness surveillance (7,14). At the
time of blood collection, we administered a retrospec-
tive movement survey to the index case-participants
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to identify locations visited in the previous 15 days.
As soon as the initial PCR result was available, usually
the next weekday, persons (contacts) from the home
of the index case-participants and any residential loca-
tions visited by the index case-participants were then
invited to provide a blood sample, regardless of the
presence of symptoms; we tested consenting persons
for serum DENV RNA by using RT-PCR. The proto-
col enabled requesting follow-up samples from PCR-
negative contacts at intervals of no less than 2 days;
we tested a median of 2 (interquartile range 2-3) blood
samples from contacts by using PCR.

Index case-participants and any contacts with
positive RT-PCR results (15) for DENV RNA were
invited to respond to a series of surveys relating to
symptoms (IPR), movements throughout the city,
health related qualify of life, and illness-related ex-
penditures. The IPR survey was applied daily (where
possible), starting from the day of the positive RT-
PCR result until there were no reported symptoms
for 2 days, and then again 30 days later. Inclusion
criteria for the study were an age >5 years, DENV
viremia documented by RT-PCR, and willingness to
provide informed consent or assent for persons 5-17
years of age.

Data Analysis and Statement

We used CommCare (https:/ /www.dimagi.com), an
open-source software platform, to develop a digital
version of the IPR, which we administered by using
handheld tablets (16). Survey data were uploaded to
CommCare secure server where it could be reviewed
by senior project members for discrepancies and cor-
rected if necessary. We forwarded data to a Post-
greSQL database (https://www.postgresql.org) and
directly accessed this database and analyzed the data
by using R version 3.5.1 (17). We categorized symp-
toms into the following clinically defined groups:
constitutional, fever, headache, musculoskeletal, ab-
dominal, cutaneous, respiratory, bleeding, and other
(Appendix Table 2). The final dataset included the
first 14 days of illness for each participant, indicating
for these days symptom intensities from 0 (absence) to
10 (most intense). The survey solicited the maximum
symptom intensity experienced between the day of
collection and either the day the symptom started (in
the first IPR) or the previous survey (in subsequent
IPRs). Intensities recorded in the first IPR were as-
signed to the first date that the specific symptom was
reported and any gaps in intensity data were imputed
with linear interpolation. For days after the final sur-
vey, intensities and frequencies of symptoms were
assumed to be 0. From this dataset we calculated the
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duration of illness and of specific symptoms, and the
proportion of symptoms that were reported on each
day of illness. Suspected dengue was defined follow-
ing the 2009 WHO guidelines as fever and >2 of the
following symptoms: headache, retroorbital pain,
nausea/vomiting, muscle/joint pains, and rash (4).

We performed a correlation analysis of symptom
intensities, excluding imputed intensity values, by
using the cor function in the stats package in R with
use argument as pairwise.complete.observations and
method argument as spearman to generate a correla-
tion matrix and then plotted a heatmap and dendro-
gram derived from the correlation matrix by using
the pheatmap function in the pheatmap package (18).
To compare index and contact cases, we first com-
pared the mean number of reported symptoms by us-
ing a 2-sided Student t-test, and then compared the
proportions of persons reporting specific symptoms
by using the Fisher exact test. Because there were 36
comparisons, we applied a Bonferroni correction to
the a value.

To explore the relationship between major activ-
ity change and individual symptom intensity, we per-
formed logistic regression by using the glm function
in the stats package in R, designating major activity
change (present or absent) as the dependent variable
and symptom intensity, age, and sex as independent
variables. To evaluate the benefit of collecting inten-
sity data versus only symptom presence and absence,
we performed 2 logistic regression models for each
symptom by using major activity change as the re-
sponse variable and either symptom intensity or bi-
nary symptom presence as the explanatory variable.
We used the difference in the model Akaike Infor-
mation Criteria (A-AIC) as a means to compare the
2 models, with a positive AIC favoring the use of in-
tensity over presence or absence. All data and R code
used for this analysis are available (https://github.
com/hammoire/dengue_ipr).

Results

We enrolled 79 persons who completed a total of 429
IPR surveys (median 5 surveys/person) (Table 1). A
total of 55 persons were enrolled through febrile ill-
ness surveillance (index case-participants), 42 through
community-based surveillance, and 13 through clinic-
based surveillance. The remaining 24 persons were en-
rolled through cluster investigations (contact case-par-
ticipants); these case-participants were identified from
the total of 408 contacts tested (72% of the 567 eligible
contacts). Index and contact case-participants were
similar in age and sex. The first survey was completed
a median of 3 days after the onset of symptoms (range
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Table 1. Baseline characteristics of participants tested for heterogeneity of dengue illness in community-based prospective study,

Iquitos, Peru*

Characteristic Total Index Contact
No. participants 79 55 24
No. surveys 429 309 120
Sex, no. (%)

M 38 (48) 27 (49) 11 (46)

F 41 (52) 28 (51) 13 (54)
Median age, y (IQR) 17 (12-27.5) 17 (14-26) 14.5 (9.5-31)
Day at diagnosis (IQR) 3 (2-4) 4 (3-5) 2 (1-3)
Serotype, %

DENV-2 76 (96) 53 (96) 23 (96)

DENV-3 34) 2(4) 1(4)
WHO suspected denguet (%) 67 (85) 51 (93) 16 (67)
Warning signs, no. (%) 20 (25) 18 (33) 2(8)
Hospitalized, no. (%) 7(9) 6 (11) 1(4)

*DENV, dengue virus; IQR, interquartile range; WHO, World Health Organization.
1Persons who met the 2009 WHO criteria for suspected dengue (see Methods).

-1 to 8 days). A total of 75% of participants completed
the follow-up survey at a median of 36 days after the
onset of symptoms (range 21-82 days). Seven (9%) par-
ticipants were hospitalized during the course of their
acute infection (Table 1).

Frequency and Duration of Symptoms

We summarized the overall frequency (Appendix
Figure 1) and duration (Appendix Figure 2) of symp-
toms. The frequency of individual symptoms did
not differ by sex or age group (younger vs. older
than 18 years of age). All symptoms occurred more
frequently in index case-participants than in contact
case-participants, with the exception of vaginal bleed-
ing. These differences were only significant for bad

taste and chills (p<0.01 with Bonferroni correction)
(Appendix Table 3).

Participants reported a mean symptom duration
of 7.37 days. One person (a contact case-participant)
experienced no symptoms. A total of 5 persons expe-
rienced >1 symptoms between the follow-up visit and
the last form in the acute phase of illness, including
nausea (2), malaise (2), headache (1), congestion (1),
itching (1), and fainting (1).

Timing and Characterization of Symptoms

We report the timing of each of 13 symptoms for
which duration data were collected (Figure 1). Mal-
aise preceded other symptoms by 1 day in a substan-
tial fraction of cases and was still reported by >30% of

Figure 1. Timing of 13 key dengue symptoms for participants tested for heterogeneity of dengue illness in community-based prospective
study, lquitos, Peru. The x-axis represents day of illness and y-axis individual symptoms. Numbers in tiles indicate total number of
persons with a symptom on that day. A total of 79 persons infected with dengue virus participated in surveys.
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Figure 2. Histograms of maximum reported symptom intensities for participants tested for heterogeneity of dengue illness in community-
based prospective study, Iquitos, Peru. Persons who did not report symptoms were excluded. Colors in histograms correspond to
symptom groups defined in Appendix Figure 1 https://wwwnc.cdc.gov/eid/article/26/9/19-1472-App1.pdf. Values for each panel are no.
(%) of participants who reported the specific symptom at any time during their iliness. A) malaise, 78 (98.7); B) weakness, 76 (96.2); C)
fever, 74 (93.7); D) chills, 65 (82.3); E) headache, 72 (91.1); F) retroorbital pain, 54 (68.4); G) body pain, 61 (77.2); H) bone pain, 51
(64.6); 1) muscle pain, 57 (72.2); J) joint pain, 45 (57.0); K) abdominal pain, 47 (59.5); L) sore throat, 21 (26.6).

persons at day 7. Fever, headache, and pain (body/
muscle/bone/joint) were most frequently reported
on days 1-3, whereas abdominal pain was most fre-
quently reported on days 3-5 (Figure 1).

We found substantial heterogeneity in reported
maximum intensity per symptom by participants.
We compiled the distribution of the maximum in-
tensity reported by each person during the illness
period for 12 key symptoms on a 10-point scale (Fig-
ure 2). Symptoms with the highest median values
for maximum intensity (excluding those that did not
report the symptom at all) were malaise and fever
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(8), body pain, headache, muscle pain, and weak-
ness (7) (Figure 2).

We report the trajectories of symptom intensity
over the course of the illness for 6 symptoms (Figure
3); if the symptom was absent, an intensity of 0 was
assigned. For the study population as a whole, the in-
tensity of individual symptoms followed a similar tim-
ing as the presence or absence of each symptom. How-
ever, there was substantial variation in the trajectories
of symptom intensity by participant (Figure 3).

We report correlations between the intensities of
individual symptoms and the hierarchical clustering
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dendrogram of symptom intensities (Figure 4). Pair-
wise correlations ranged from 0.12 (sore throat vs.
weakness) to 0.81 (body pain vs. muscle pain). Symp-
tom intensity scores clustered into distinct groups
(i.e., constitutional [malaise and weakness], fever/
chills, headache/retroorbital pain, and musculoskele-
tal [body, muscle, bone, and joint pains]). Abdominal
pain and sore throat did not cluster with other symp-
toms in this analysis.

Symptom Intensity and Activity Change
A total of 48 (61%) participants reported a major
change in their daily activities on >1 days, 25 par-
ticipants (32%) reported a minor change in daily
activities, and only 6 participants (8%) reported no
change in daily activities during their illness. On
the basis of logistic regression models analyzing
major activity change as a function of individual
symptom intensities, corrected for age and sex,
weakness had the strongest association with major
activity change (odds ratio 1.48, 95% CI 1.36-1.63),
followed by malaise (odds ratio 1.36, 95% CI 1.25-
1.48) (Table 2).

To assess the added value of measuring symp-
tom intensity versus only symptom absence or

presence, we compared logistic regression mod-
els that used major activity change as the depen-
dent variable (compared with minor or no activity
change as reference) and either the presence of a
symptom or the symptom intensity as the indepen-
dent variable. The difference in the model (A-AIC)
was used to compare the 2 models, in which a posi-
tive A-AIC would favor the use of symptom inten-
sity over presence/absence alone. Symptoms with
the greatest positive A-AIC were malaise (A-AIC
42.1), weakness (A-AIC 35.8), and fever (A-AIC
20.8) (Table 2). These data indicate that symptom
intensity is more valuable than symptom presence
or absence alone as a predictor of major activity
change during DENV infection.

Discussion

Symptoms reported most frequently by study par-
ticipants were consistent with classical descriptions
of dengue illness, other cohort studies, and WHO
guidelines, as well as the key symptoms reported by
participants in our focus groups (19-22), although
a large fraction of participants reported less typical
gastrointestinal or respiratory symptoms. Partici-
pants enrolled as contact case-participants reported

Figure 3. Symptom intensities (scale 0—10) for 6 symptoms over the first 14 days of illness (0—13) for participants tested for
heterogeneity of dengue iliness in community-based prospective study, lquitos, Peru. A) Malaise; B) weakness; C) fever; D) headache;
E) body pain; F) abdominal pain. Box plots indicate trends for the study population as a whole. Dark horizontal lines indicate median,
upper limit of box indicates 75th percentile, lower limit of box indicates 25th percentile, upper whisker extends to the largest value <1.5
times the interquartile range; and lower whisker extends to the smallest value >1.5 times the interquartile range. Black dots indicate
individual scores. Colored lines indicate trajectories for a random sample of 10 individual participants.
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Figure 4. Correlations of intensities of individual symptoms (379 surveys, 79 participants) and hierarchical clustering for participants
tested for heterogeneity of dengue iliness in community-based prospective study, Iquitos, Peru. Tile colors indicate strength of
correlations. The height at which symptoms are linked in the dendrogram indicates how strongly they are related (lower height indicates

a closer link).

fewer symptoms, similar to the findings in cluster
investigations performed in Thailand (23). Some
of these persons might otherwise not have sought
medical attention. Only 1 (contact case-participant)
person reported no symptoms. This finding con-
flicts with evidence suggesting that only 12%-25%
of DENV infections are apparent (24,25). However,
it is likely that administering the IPR survey encour-
aged reporting of symptoms that would not have
been recalled in the context of a retrospective ques-
tionnaire, possibly explaining the relatively high

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 26, No. 9, September 2020

symptomatic to asymptomatic ratio in our sample.
We only collected data for persons who had a posi-
tive RT-PCR result (persons with only immunologic
evidence of seroconversion to DENV were not in-
cluded). This limitation has been associated with a
higher frequency of symptoms (23).

Although most persons had mild dengue ill-
ness, our data demonstrate a range of intensity
levels for individual symptoms. The IPR survey
also enabled us to identify symptom groups with-
in which daily intensities were highly correlated
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(r >0.70): constitutional (malaise and weakness),
fever (fever and chills), headache (headache and
retroorbital pain), and musculoskeletal pain (body,
muscle, bone, and joint pain).

Abdominal pain was reported by 59% of partici-
pants, but only 13% reported severe abdominal pain
(intensity >6). Abdominal pain followed a somewhat
different time course from and showed substantially
lower correlation with the symptom groups listed
above. This finding is consistent with a distinct physi-
ologic mechanism for abdominal pain. It also sup-
ports guidelines classifying severe abdominal pain as
a warning sign, although few of our participants had
evidence of plasma leakage or severe bleeding.

Although our study population consisted pri-
marily of persons with mild dengue illness, partici-
pants still reported a substantial impact of illness on
daily activities. Use of intensity scores for the major
symptoms substantially improved the assessment of
the effects of illness on daily activities when com-
pared with use of symptom presence/absence alone.
Therefore, the ability of the IPR survey to capture
this aspect of heterogeneity in nonhospitalized per-
sons with dengue could help improve assessment of
either beneficial or detrimental effects of interven-
tions, as proposed by Thomas et al. (26). Moreover,
the causes of specific symptoms in dengue remain
poorly defined (19); instruments such as the IPR sur-
vey could potentially be used to explore these un-
derlying mechanisms.

Recently, a group of experts proposed a data col-
lection tool to capture the overall experience of a per-
son with dengue based on how their symptoms affect
general wellness and functionality (26). The Dengue
Illness Index (DII) records the presence or absence of
symptoms daily. Our IPR survey has similarities to
the DII, but a major difference is that the IPR solicited
the assessment of the intensity of key symptoms of a
participant. Our data suggest that persons are able to
provide such an assessment and that intensity data
add information relevant to the overall assessment of
illness impact.

Thomas et al. (26) proposed a strategy for tabu-
lating the DII to yield a single illness score. We did
not assign weights a priori for the different symp-
tom intensities. Our data showing high correlations
within symptom groups suggests that each symptom
should not be given equal weight. We are exploring
approaches to express the symptom severity data
to a single or small number of the most informative
parameters (e.g., principal component analysis). Re-
gardless of the specific approach used to score den-
gue symptom severity, it will be essential to define the
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relationships of severity score to other external mea-
sures of illness impact. In addition to data on change
in daily activities, described here, persons also pro-
vided data on movement (14) and on a health-related
quality of life survey, which we are incorporating into
future analyses.

Our findings should be interpreted in light of
several additional limitations. The IPR survey was
administered to participants by research staff using
a tablet-based application. Some choices in the de-
sign of the tablet-based survey addressed operation-
al needs or preferences of the research team. These
considerations created some unanticipated chal-
lenges and required minor modifications to the tool
during the course of our study. For example, as a re-
sult of delays in receiving RT-PCR results or missed
follow-up assessments, it was difficult to accurately
assign a start and end date of some symptoms for
some persons. Imputation of missing data introduc-
es error into our dataset that is difficult to quantify.
Our sample size is relatively small and homogenous
in host and viral populations. Our study was focused
on evaluation of persons with acute DENV infection
and did not include participants with nondengue fe-
brile illnesses for comparison. Persons who partici-
pated in the focus groups or the main study are not
representative of the overall population of Iquitos
(e.g., greater time availability or willingness to en-
gage with medical personnel). That said, the instru-
ment development process, which engaged partici-
pants recently given a diagnosis of DENV infection
and clinical experts who reviewed the literature, re-
sulted in a tool that assessed a wide range of symp-
toms and potential behavioral responses, which we
believe could be applied in other settings, although

Table 2. Effect of symptom intensity on reporting of major activity
change for participants tested for heterogeneity of dengue illness
in community-based prospective study, Iquitos, Peru

Symptom Odds ratio (95% CI)* A-AICT
Malaise 1.36 (1.25-1.48) 42.1
Weakness 1.48 (1.36-1.63) 35.8
Fever 1.28 (1.19-1.38) 20.8
Abdominal 1.34 (1.22-1.48) 9.9
Body pain 1.32 (1.22-1.43) 9.1
Headache 1.27 (1.17-1.37) 9.0
Chills 1.31 (1.21-1.43) 3.3
Muscle pain 1.25(1.15-1.35) 2.7
Joint pain 1.23 (1.13-1.34) -0.0
Retroorbital pain 1.11 (1.03-1.2) -0.1
Sore throat 1.02 (0.87-1.18) -0.5
Bone pain 1.24 (1.15-1.36) -1.4

*Shown is the increase in odds of reporting a major activity change when
symptom intensity is increased by 1 point for each of the 12 symptoms.
TA-AIC, difference in Akaike Information Criteria between models by using
binary symptom presence versus symptom intensity (0-10) as a predictor
of major activity change. A positive A-AIC favors the use of intensity over
presence of symptom alone.
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piloting the tool before use elsewhere is advisable.
Febrile illness surveillance was limited to selected
neighborhoods, and contacts were identified on the
basis of social proximity. Given the long-standing
interactions of the research team with the local pop-
ulation and the demographics of study participants,
we do not expect these considerations to have intro-
duced major bias in our results.

Our data support the feasibility and rationale
of efforts to quantify dengue illness in future nat-
ural history and intervention studies. Our experi-
ence should be useful to guide development of
reliable and validated tools for this purpose. We
anticipate that the IPR survey could be adapted to
other formats, including self-administration by re-
search subjects, and to other languages, but these
efforts would require modifications and further
validation. Further studies are needed to test our
results across other populations, to assign appro-
priate weights to individual symptom scores, and
to correlate with other biologic and epidemiologic
measures of disease impact.
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Association of Biosecurity
and Hygiene Practices with
Environmental Contamination
with Influenza A Viruses in Live
Bird Markets, Bangladesh

Sukanta Chowdhury, Eduardo Azziz-Baumgartner, James C. Kile, Md. A. Hoque,
Mohammed Z. Rahman, Md. E. Hossain, Probir K. Ghosh, Syed S.U. Ahmed,
Erin D. Kennedy, Katharine Sturm-Ramirez, Emily S. Gurley

In Bangladesh, live bird market environments are fre-
quently contaminated with avian influenza viruses. Shop-
level biosecurity practices might increase risk for envi-
ronmental contamination. We sought to determine which
shop-level biosecurity practices were associated with
environmental contamination. We surveyed 800 poultry
shops to describe biosecurity practices and collect envi-
ronmental samples. Samples from 205 (26%) shops were
positive for influenza A viral RNA, 108 (14%) for H9, and
60 (8%) for H5. Shops that slaughtered poultry, kept poul-
try overnight, remained open without rest days, had un-
even muddy floors, held poultry on the floor, and housed
sick and healthy poultry together were more frequently
positive for influenza A viruses. Reported monthly clean-
ing seemed protective, but disinfection practices were
not otherwise associated with influenza A virus detection.
Slaughtering, keeping poultry overnight, weekly rest days,
infrastructure, and disinfection practices could be targets
for interventions to reduce environmental contamination.

Highly pathogenic avian influenza A(H5N1) virus
causes outbreaks in poultry and sporadic infec-
tions in humans globally (1,2). H5N1 virus is endem-
ic to poultry in several countries in Southeast Asia,
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including Bangladesh, and causes major economic
loss, as well as human illness and death (1,3-5). Dur-
ing 2007-2018, Bangladesh reported >550 highly
pathogenic avian influenza outbreaks in poultry, 90%
of which were reported from commercial poultry
farms (2). Since 2008, eight human H5N1 cases, in-
cluding 1 death, have been reported in Bangladesh; 3
of these cases were in live bird market (LBM) workers
presumably exposed to infected poultry in the LBM
(1). Vietnam, Thailand, Indonesia, Hong Kong, Chi-
na, and Cambodia have also reported human cases of
H5N1 infection with a history of poultry exposure in
LBMs, suggesting that LBMs can facilitate spread of
H5NT1 infection among poultry and from poultry to
humans (6,7).

Bangladesh has a large number of LBMs in urban
areas in which multiple poultry species from backyard
and commercial farms are housed together for sale;
several studies detected highly pathogenic and low
pathogenicity avian influenza viruses (AlVs) in LBM
poultry and the environment (8-13). An LBM-based
surveillance detected AIVs in waterfowl (4%) and
environmental samples from poultry markets (29%).
During 2007-2012, many subtypes, including H5N1,
H5N2, H7N9, and HIN2, were identified in waterfowl
and environmental samples (14). In 1 study, 9 (2%) of
450 LBM workers from 12 LBMs across Bangladesh
had antibodies against H5SN1 virus (15). Such findings
suggest that environmental contamination with AIVs
occurs in Bangladesh and that poultry workers are
at risk for contracting AlIVs from infected poultry in
LBMs and their contaminated environment.

Affected countries have introduced interven-
tions to reduce the spread of AIVs in LBMs, including
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temporary or permanent LBM closure, banning over-
night poultry storage, and mandatory rest day(s), as
well as daily cleaning of surfaces to reduce environ-
mental contamination (16-22). Temporary, weekly
1-day closures at live poultry markets in Guangzhou,
China, was implemented for effective disinfection in
response to the H7N9 outbreaks during 2013-2014
(23). However, market-level interventions have not
been effective in reducing environmental contami-
nation in Bangladesh. The infrastructure and daily
activities of individual poultry shops within markets
are heterogeneous (9). Because individual poultry
shops have their own infrastructure and biosecurity
controls, shop-level analyses might be useful in de-
veloping and designing effective interventions. Our
study aimed to assess the shop-level prevalence of
influenza A virus contamination among LBM shops

2088

across Bangladesh and to identify biosecurity and hy-
giene practices that are associated with risk for and
protection from influenza A virus contamination.

Methods

Bangladesh has 10 metropolitan areas where large
numbers of LBMs are located. We conducted a cross-
sectional study in all 10 areas (Figure 1).

Selection of LBMs and Poultry Shops

We determined that we needed 800 poultry shops to
detect >1% prevalence of AIV with 95% confidence
and 0.7% precision. Initially, the field team visited
each metropolitan area to identify all LBMs and count
the number of individually owned poultry shops
in each market. After visiting all the cities, we pre-
pared a list of LBMs with >10 poultry shops for each

Figure 1. Locations of LBMs, 10
metropolitan areas, Bangladesh, March
2015. LBM, live bird market.

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 26, No. 9, September 2020



metropolitan area. We then selected 80 LBMs from 10
metropolitan areas by using a proportionate random
sampling technique. Finally, we enrolled 10 shops in
each LBM by using a random number generator.

Biosecurity Measures and Other Practices

During March 2015, the field team visited each select-
ed shop to interview poultry shop owners or workers
and collect information about shop characteristics,
poultry transactions, and biosecurity and hygiene
practices. On the basis of previously identified risk
factors and recommended biosecurity and hygiene
practices, we hypothesized that cleaning, disinfection,
overnight poultry storage, a weekly rest day, practice
of poultry slaughtering within shops, type of floor,
poultry holding areas, presence of waterfowl, poultry
density, number of poultry species, source of poul-
try, and the separation of sick poultry from healthy
poultry could be associated with the detection of AIV
in the poultry shop environment (Appendix 1, https://
wwwnc.cdc.gov/EID/article/26/9/19-1029-App1.
pdf) (11,17,19,21,22,24-28). In a questionnaire (Appen-
dix 2, https:/ /wwwnc.cdc.gov/EID/ article/26/9/19-
1029-App2.pdf), we defined cleaning as “cleaning of
poultry holding areas with water and/or broom,” and
we defined disinfection as “cleaning of poultry holding
areas with a disinfectant.” We asked owners whether
they cleaned poultry holding areas daily, weekly,
monthly, or did not clean within the past month. We
asked whether they disinfected poultry holding areas
weekly, monthly, or did not disinfect within the last
month. The field team also collected some market-
level information by interviewing members of the
market committee.

Sample Collection

From each selected shop, we collected 8-10 swab
specimens of poultry droppings, cages, feed, drink-
ing water, slaughtering surfaces and utensils, slaugh-
tering by-products, offal, shop floors, or waste bins.
We pooled the 8-10 samples from each shop and
tested them as a single sample. Some shops had no
slaughtering facilities within their premises. From
these shops, we collected swab specimens from other
sources, including poultry droppings, cages, feed,
and drinking water. We collected 1 pooled sample
from each of 800 selected shops during March 2015
because highly pathogenic avian influenza (H5NT1)
activity typically peaks during January-March (29).

Laboratory Testing
We used a real-time reverse transcription PCR detec-
tion kit for typing and subtyping influenza viruses
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and fluorescent TagMan probes at the icddr,b (30).
Primers and probes specific for the matrix gene were
used to detect influenza A viruses. To identify HS5,
H7, and H9 subtypes in influenza A virus-positive
samples, we used H5, H7, and H9 hemagglutinin
gene-specific primers and probes (30).

Observations

On the basis of laboratory testing results, we identified
all influenza A /H5-positive shops and an equal num-
ber of influenza A virus-negative shops by using a ran-
dom number generator and a list of influenza A virus-
negative shops. Field staff observed each selected shop
for a 3-hour period during April 2015. Staff observed
cleaning and disinfection activities of selected poultry
shops during surprise visits at times when cleaning ac-
tivities were scheduled. Field staffs were blinded to the
laboratory test results of selected shops.

Statistical Analysis

We summarized characteristics of poultry shops,
including infrastructure and biosecurity and hy-
giene measures, by using descriptive analyses. We
estimated the presence of environmental contamina-
tion with influenza A viruses in shops and 95% Cls.
Initially, we constructed a conceptual framework to
identify causal association and confounders as de-
scribed (31) (Figure 2). We then performed univari-
ate analyses to estimate odds ratios (ORs). Exposure
variables associated with outcomes with p <0.2 in
univariate analysis and confounder variables from
the conceptual framework were selected for multi-
variate analyses. We used backward stepwise selec-
tion of variables with a significance level of 0.05 to
construct models. We then used mixed-effect logistic
regression multivariate models, accounting for clus-
tering by metropolitan area and market, to estimate
adjusted ORs (aORs). We assessed collinearity by
calculating the variance inflation factor for indepen-
dent variables used in the regression models (32).
Weekly cleaning was highly correlated with daily
cleaning practices; therefore, we removed weekly
cleaning from the model during multivariate analy-
ses. We calculated model x* and R? (the coefficient of
determination) to measure goodness-of-fit for mul-
tivariate regression model. We performed all sta-
tistical analyses by using Stata version 13 software
(StataCorp LLC, https:/ /www.stata.com).

Ethics

Field staff obtained written consent from shop owners
or poultry workers for data and sample collection from
their shops. The icddr,b Research Review Committee
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Figure 2. Conceptual framework for shop-level environmental contamination with avian influenza viruses in live bird markets,

Bangladesh, March 2015.

and Ethical Review Committee reviewed and approved
the study protocol (protocol no. PR-15012).

Results
We identified 104 LBMs that had >10 poultry shops.
Among these LBMs, we selected 800 shops in 80 LBMs
for sample and data collection (Table 1). The average
number of poultry shops in each market was 20 (SD
10.5, range 10-55). Most (77%) poultry shops were
retail and sold live poultry directly to consumers.
The average size of each poultry shop was 9 m?, and
the average duration of trade per day was 14 hours.
Chickens were the predominant poultry species sold
at LBMs, and 91% of shops had a >1 poultry species
the day of our visit (Table 2). A total of 6% of shops
sold waterfowl only, and 4% sold chickens and ducks.
Poultry shopkeepers housed poultry in differ-
ent types of settings, including wire cages, bamboo
cages, and on the floor. Most (80%) poultry shops
had uneven floor surfaces, partially made with
tiles/concrete and mud. Poultry shop owners col-
lected poultry from different sources, including
wholesale markets, intermediaries, and directly
from poultry farms. Most (86%) poultry shops
slaughtered poultry on premises. Cleaning and
disinfecting practices varied among poultry shops:
468 shops (59%) reported cleaning poultry holding
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areas daily, 185 (23%) reported using a disinfectant
once a week, 592 (74%) reported frequently work-
ing throughout the week (i.e., not following the
recommended weekly day of rest), and 654 shops
(82%) reported keeping unsold poultry after the
end of each business day.

Laboratory Results for Environmental Specimens
Environmental specimens from 205 (26%, 95% CI
23%-29%) shops were positive for influenza A viral
RNA; 108 (14%, 95% CI 11%-16%) were positive for
the H9 subtype and 60 (8%, 95% CI 6%-9%) were
positive for the H5 subtype (Table 1). An additional
37 (5%, 95% CI 3%-6%) influenza A-positive shops
had samples that were not subtypeable with H5, H7,
and H9 primers. Samples from 29 (4%) shops were
confirmed for both H5 and H9 subtypes. No samples
were positive for H7 (95% CI 0%-0.5%). Shops in all
10 cities had at >1 sample positive for influenza A
viral RNA, and 7 cities (70%) had shops positive for
the H5 subtype. Among the 80 LBMs, >1 shop from
74 markets (93%) was positive for influenza A viral
RNA, and >1 shop from 35 markets (44%) was posi-
tive for influenza A/H5 RNA. Environmental sam-
ples from 6 LBMs (3 from Chittagong, 1 from Dhaka,
1 from Khulna, and 1 from Comilla) were negative for
influenza A viral RNA.
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Table 1. Influenza A and avian influenza virus contamination of live bird market shops, by metropolitan area, Bangladesh, March 2015

No. live bird markets Total no. No. (%) shops positive  No. (%) shops positive No. (%) shops positive

Metropolitan cities investigated shops tested for influenza A for influenza A/H5 for influenza A/H9
Dhaka 40 400 116 (29) 46 (12) 52 (13)
Chittagong 14 140 15 (12) 3(2) 7 (5)
Gazipur 5 50 14 (28) 1(2) 9 (18)
Sylhet 5 50 25 (50) 2(4) 21 (42)
Comilla 4 40 5(13) 0 3(8)
Rajshahi 3 30 7 (23) 1(3) 4 (13)
Khulna 3 30 3 (10) 0 2(7)
Narayanganj 3 30 10 (33) 4 (13) 5(17)
Barisal 2 20 5 (25) 0 3 (15)
Rangpur 1 10 5 (50) 3 (30) 2 (20)

Total 80 800 205 (26) 60 (8) 108 (14)

Observational Findings

We conducted observations in 60 influenza A/H5
virus-positive and 60 influenza A virus-negative
shops. We did not find any major differences in
cleaning and disinfection practices between influ-
enza A/HS5 virus-positive and influenza A virus-
negative shops. Surveyors observed cleanings in
85% of influenza A/H5 virus-positive shops and
86% of influenza A virus-negative shops. Among
these shops, only 2% of influenza A/H5 virus-
positive shops performed disinfection by using
washing powder or another recognized disinfec-
tant, whereas 3% of influenza A virus-negative
shops performed disinfection during our period
of observation.

Associations between Shop-Level Biosecurity, Hy-
giene, and AIV Environmental Surface Contamination
with Influenza A Viruses

We showed by using univariate analyses that
poultry shops that kept poultry on the floor (OR
3.86, 95% C: 1-15.07; p = 0.05), slaughtered poul-
try within the shop (OR 1.7, 95% CI 1.08-2.67; p =
0.02), had unsold poultry after the end of the busi-
ness day (OR 2.29, 95% CI 1.44-3.63; p<0.01), did
not rest 1 day a week (OR 1.34, 95% CI 1.14-1.58;
p = 0.01), kept sick and healthy appearing poultry
together (OR 1.25, 95% CI 1-1.58; p = 0.05), and had
uneven floor surfaces (partly made with tiles/con-
crete and mud) (OR 4.01, 95% CI 2.53-6.36; p<0.01)
were more likely to be positive for influenza A vi-
ral RNA in environmental samples compared with
shops that did not have these characteristics (Table

3). Poultry shops that reportedly cleaned poultry
holding areas either daily (OR 0.41, 95% CI 0.27-
0.62; p<0.01), weekly (OR 0.37, 95% CI 0.18-0.73;
p<0.01), or monthly (OR 0.2, 95% CI 0.08-0.49;
p<0.01), and had weekly disinfection (OR 0.81,
95% CI 0.61-1.07; p = 0.14) seemed less likely to be
positive for influenza A viral RNA compared with
shops that did not.

In the final multivariate analysis model, we
showed that poultry shops that slaughtered poul-
try within the shop (aOR 1.87,95% C11.11-3.14; p =
0.01), had unsold poultry after the end of the busi-
ness day (aOR 2.35, 95% CI 1.4-3.93; p<0.01), did
not rest 1 day a week (aOR 1.35, 95% CI 1.12-1.63;
p<0.01), had uneven floor surfaces (partly made
with tiles/concrete and mud) (aOR 3.64, 95% CI
2.32-5.71; p<0.01), held poultry on the floor (aOR
3.95, 95% CI 1.27-12.23; p = 0.01), and kept sick
and healthy appearing poultry together (aOR 1.31,
95% CI1.06-1.62; p = 0.01) were significantly more
likely to be positive for influenza A viruses com-
pared with shops that did not report these char-
acteristics (Table 3). Reported monthly cleaning
was protective (aOR 0.47, 95% CI 0.28-0.8; p<0.01),
but disinfecting practices of poultry holding areas
was still not significantly associated with influ-
enza A virus detection in the multivariate model
(p = 0.85). The final model selected seemed to fit
data well (x276.29, df 11, p<0.001, and R? 0.596). No
market-level factors, including central cleaning and
disinfection practices, were significantly associated
with influenza A virus detection in the multivariate
model (Appendix 1).

Table 2. Daily poultry trade at 800 live bird market shops selected for the study, by poultry species, Bangladesh, March 2015

Mean no. poultry/day (range)

Poultry sold No. (%) shops Stocked/day Sold/day Leftover/day
Only chicken 722 (90) 210 (20-3,760) 159 (10-3,760) 52 (0-1,650)
Only waterfowl 3(1) 130 (50-290) 108 (32-252) 22 (10-38)
Only pigeon 5(1) 90 (50-150) 41 (5-80) 49 (30-70)
Two poultry species 57 (7) 267 (20-1333) 185 (10-850) 83 (5-895)
More than 2 poultry species 13 (2) 522 (48-3,000) 296 (33-1,075) 227 (10-1,925)
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Discussion

Evaluation of existing biosecurity and hygiene prac-
tices is necessary to develop and design interventions
to reduce the spread of AlIVs in LBMs. Our study
provides a detailed depiction of the daily operation
of poultry shops and current biosecurity and hygiene
practices in selected LBMs of Bangladesh. We identi-
fied certain biosecurity and hygiene practices associ-
ated with environmental contamination with AlVs:
slaughtering poultry within shops, having unsold
poultry after the end of the business day, skipping

rest days, uneven floor surfaces, holding poultry on
the floor, and keeping sick and healthy appearing
poultry together.

Our study determined that most shops did not
implement biosecurity practices, which have re-
duced AIV in other countries. For example, biose-
curity and hygiene practices, including weekly rest
days, depopulation, and cleaning with disinfectant,
reduced the risk for AIV detection in poultry and
environmental specimens in China (28). The preva-
lence of H7N9 virus in environmental specimens

Table 3. Shop-level biosecurity practices and environmental contamination with 800 influenza A viruses in 10 metropolitan areas,

Bangladesh, March 2015*

No. (%) shops

No. (%) positive for influenza Adjusted OR
Variable shops A viruses, n = 205 OR (95% CI) p value (95% Cht p valuet
Poultry species
Single 731 (91) 184 (25) Referent NA
Multiple 69 (9) 21 (30) 1.45 (0.9-2.32) 0.12
Presence of waterfowl
No 752 (94) 190 (25) Referent NA
Yes 48 (6) 15 (31) 1.68 (0.86-3.32) 0.13
Poultry holding areas
Only wire cage 281 (35) 55 (20) Referent NA Referent NA
Only bamboo cage 153 (19) 53 (35) 2.12 (0.85-5.28) 0.1 2.24 (0.87-5.77) 0.09
Only floor 24 (3) 9 (38) 3.86 (1-15.07) 0.05 3.95(1.27-12.23) 0.01
Mixed 342 (43) 88 (26) 1.72 (0.96-3.09) 0.06 1.71 (0.96-3.04) 0.06
Cleaning poultry holding areas
No cleaning in past month 26 (3) 12 (46) Referent NA Referent NA
Monthly 68 (9) 10 (14) 0.2 (0.08-0.49) <0.01 0.47 (0.28-0.8) <0.01
Weeklyt 238 (30) 57 (24) 0.37 (0.18-0.73) <0.01 NA NA
Daily 468 (59) 126 (27) 0.41 (0.27-0.62) <0.01  1.09 (0.91-1.31) 0.31
Disinfecting poultry holding areas
No disinfection in past month 577 (72) 150 (26) Referent NA
Monthly 38 (5) 10 (26) 1.1 (0.53-2.25) 0.79
Weekly 185 (23) 45 (24) 0.81 (0.61-1.07) 0.14
Slaughtering poultry within shop
No 115 (14) 18 (16) Referent NA Referent NA
Yes 685 (86) 187 (27) 1.7 (1.08-2.67) 0.02  1.87 (1.11-3.14) 0.01
Presence of unsold poultry after the end of business day
No poultry left 146 (18) 19 (13) Referent NA Referent NA
Presence of unsold poultry 654 (82) 186 (28) 2.29 (1.44-3.63) <0.01 2.35 (1.4-3.93) <0.01
Weekly rest day
Yes 208 (26) 51 (25) Referent NA Referent NA
No 592 (74) 154 (26) 1.34 (1.14-1.58) <0.01 1.35(1.12-1.63)  <0.01
Source of poultry
Poultry farm 49 (6) 12 (24) Referent NA
Intermediaries 54 (7) 10 (19) 0.85 (0.27-2.64) 0.78
Wholesale market 525 (66) 143 (27) 1.05 (0.51-2.16) 0.88
Multiple sources 172 (21) 40 (23) 0.94 (0.35-2.49) 0.9
Separation of sick poultry from healthy flocks
Yes 357 (45) 85 (24) Referent NA Referent NA
No 443 (55) 120 (27) 1.25 (1-1.58) 0.05 1.31 (1.06-1.62) 0.01
Type of shop floor
Tiles/concrete 244 (31) 32 (13) Referent NA Referent NA
Dirt/mud 33 (4) 8 (24) 3.61 (1.7-7.67) <0.01 3.2 (1.46-7.09) <0.01
Mixed 523 (65) 165 (32) 4.01 (2.53-6.36) <0.01  3.64(2.32-5.71) <0.01
Poultry density/mm?
<32 568 (71) 147 (26) Referent NA
>33 232 (29) 58 (25) 0.89 (0.68-1.15) 0.39

*Variables for geographic location of metropolitan areas and live bird markets were adjusted to account for clustering effects in univariate and multivariate

analysis. NA, not applicable; OR, odds ratio.

TOnly statistically significant relationships are shown for adjusted OR (95% CI) data and corresponding p values.
$The weekly cleaning variable was removed from the multivariate model because of collinearity. Model fit: model %? 76.29, p<0.001, df 11; adjusted

generalized R? 0.596.
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from LBMs in China decreased after the closure of
live poultry markets (33). Daily waste removal was
found to be protective in Indonesia (17). In the Unit-
ed States, environmental contamination decreased
after implementing routine cleaning and disinfec-
tion (19,22). Although monthly cleaning was found
to be protective in reducing environmental contami-
nation with AIVs in this study, most shops in Ban-
gladesh do not disinfect, and their current biosecu-
rity practices do not seem to prevent environmental
contamination. Moreover, most of the studied shops
had rough dirt and mud floors that are less suitable
for proper cleaning and disinfection, indicating poor
market infrastructure.

Globally, countries reporting human cases of AIV
also have LBMs contaminated with AIVs. AIV con-
tamination of LBM environments increases the risk
for infection and amplification of the virus in virus-
free birds. In addition, if the AIV is zoonotic, as are
H7N9, H5N1, and H5N6 viruses, increased viremia
in birds increases the risk for human exposure and
infection. For example, in Vietnam, AIVs were de-
tected in 3.2% of poultry specimens collected from
LBMs; in Egypt, H5N1 virus was detected in poultry
in 12.4% of LBMs; in China, H7N9 virus was detect-
ed in 10% of environmental specimens from LBMs;
in Indonesia, AIVs were detected in 47% of environ-
mental specimens from LBMs; in Thailand, H5N1 vi-
rus was detected in 3.1% of market poultry; and in
Bangladesh, AIVs were detected in 23% of poultry
specimens (10,17,33-35). In our study, >90% of the
LBMs were positive for influenza A viruses, and 44 %
were specifically positive for AIV H5 RNA. Detec-
tion of AIV RNA in environmental samples indicates
that market poultry were infected with AIVs near the
time of sample collection and might excrete, secrete,
or contaminate surfaces and humans through their
carcasses, feathers, and offal. Our study findings also
confirmed the presence of 2 subtypes (H5 and H9) of
AlV, which might lead to genetic reassortment and
evolution of new AIV strains in poultry of public
health concern (29).

Epidemiologic studies have described the ef-
fectiveness of weekly or monthly rest days in re-
ducing environmental contamination of LBMs with
AlV (21,24). The number of human cases of infection
with H7N9 virus has been observed to be reduced
after permanent or temporary closure of LBMs and
the culling of poultry (24,25,33,36). The government
of Bangladesh imposed an order in 2012 to practice
weekly rest days for cleaning and disinfecting LBMs
within Dhaka (37). Nevertheless, 1 study found 74%
of poultry shop owners did not practice weekly rest
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days, which might increase the risk for environmen-
tal contamination. A weekly rest day should be en-
forced by the government to decrease the risk for AIV
circulation in LBMs.

Unsold poultry can play a major role in maintain-
ing virus circulation in markets (25). Unsold infected
poultry can infect incoming poultry, promoting fur-
ther transmission of influenza viruses in susceptible
birds. Banning overnight poultry storage in China
reduced HIN2 virus isolation in chickens (84%) (24).
In our study, most (82%) poultry shops reported that
they stored poultry overnight in their shops to sell
the next day. A previous study from Bangladesh also
found that 73% of poultry shops kept poultry in their
stalls for >1 day (38).

Slaughtering by-products, such as blood and of-
fal, of AlV-infected poultry provide the most likely
opportunity for environmental contamination and
subsequent human exposure to high loads of virus.
In Indonesia, slaughtering poultry within market
premises was a risk factor for environmental con-
tamination (17,26). H7N9 virus was detected in swab
samples collected from surfaces of chopping boards
in China (33). Persons from China and Bangladesh
prefer to purchase live chickens that are slaughtered
in the market at the time of purchase (9,36). A study
suggested introducing central slaughtering of all
live poultry in the LBM to control the risk posed of
AlVs (39). In Bangladesh, most poultry shops, includ-
ing those in this study, sold and slaughtered poultry
within their shop (9). This practice might increase
the risk for AIV contamination and perpetuate the
exposure of poultry to AIV in LBMs. Although our
study did not assess AIV transmission within LBMs,
we cannot rule out the risk for AIV transmission to
humans through slaughtering of infected poultry. We
recommend introducing centralized slaughter facili-
ties in LBMs to decrease the spread of AIV.

LBMs in Bangladesh are larger (ranging from 10
to 55 poultry shops) than those in Hong Kong, where
the number of poultry shops in each LBM was 3-24
(21). Maintaining effective biosecurity and hygiene
measures might be more difficult in larger LBMs that
had poor infrastructure. The infrastructures of LBMs
in city areas were quite similar. However, the preva-
lence of H5 and H9 subtypes varied between cities
and might naturally differ in virus ecology by farm
or geographic site. The infrastructure of our studied
poultry shops within LBMs was often rudimentary:
most were fully enclosed by walls, but most had
rough muddy floors, unsystematic poultry holding
areas, poor waste disposal systems, and unconfined
slaughtering facilities. Urban markets have more
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poultry shops than rural markets. Urban LBMs usu-
ally are open every day, whereas rural LBMs are open
once or twice per week. Bangladesh should consider
investing in poultry shop infrastructure improve-
ments and biosecurity practices, particularly in city
areas, to better control environmental contamination
with AIVs.

In China, poultry trading networks linked with
LBMs were strongly associated with a higher prev-
alence of H7N9 virus among poultry and risk for
H7ND9 transmission to humans (36). Movement of in-
fected poultry between markets has a major role in
the spread of AIVs from 1 market to another (17,40).
Poultry market supply chains in urban areas of Ban-
gladesh are complex, collecting poultry from differ-
ent sources, including directly from farms, intermedi-
aries, or wholesale markets. These complex networks
might promote a high number of contacts between
infected and susceptible marketed birds and, there-
fore, increase AIV transmission potential within the
trade networks.

This cross-sectional study design might have lim-
ited interpretation of some of the results. Although
ALV circulation and amplification at LBMs are contin-
uous processes influenced by time-dependent param-
eters, such as time to last cleaning before sampling
and time to last poultry introduction/mixing before
sampling, we only examined environmental contami-
nation for AIVs at 1 point in time and did not explore
time from last cleaning or disinfection. No additional
laboratory tests were performed to characterize viral
load and viability of AIVs detected because of lim-
ited funding. Therefore, it is unclear if the AIVs de-
tected during the study were infectious to humans.
The information we collected from poultry shop own-
ers and workers about biosecurity might have been
affected by social desirability bias, which might have
underestimated the prevalence of practices that place
shop at risk for contamination with AIVs.

In conclusion, our study identified risky practic-
es, hygiene, and infrastructure in Bangladesh LBMs
associated with an increased likelihood of shop con-
tamination with AIVs. Improvement of these biose-
curity practices, such as removing poultry at the end
of the day, observing weekly rest days, introducing
centralized slaughter facilities, and regular cleaning
and disinfection, might help to prevent AIV con-
tamination. LBM infrastructure, including floors,
poultry holding areas, waste disposal systems, and
slaughtering facilities, also need improvement. Po-
tential valuable shop-level interventions to address
these deficiencies in biosecurity practices might in-
clude training for poultry shop owners and poultry
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workers about effective biosecurity practices to reduce
AlV contamination and the risk AIV poses to humans
in Bangladesh.
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Costs Associated with
Nontuberculous Mycobacteria
Infection, Ontario,
Canada, 2001—-2012

Lauren C. Ramsay, Emily Shing, John Wang, Theodore K. Marras,
Jeffrey C. Kwong, Sarah K. Brode, Frances B. Jamieson, Beate Sander

To determine incidence-based healthcare costs attribut-
able to nontuberculous mycobacterial (NTM) pulmonary
disease (PD) and NTM pulmonary isolation (PI), from
the healthcare payer perspective, we conducted a pop-
ulation-based matched cohort study in Ontario, Canada.
We established cohorts of patients with incident NTM-
PD and NTM-PI during 2001-2012 by using individually
linked laboratory data and health administrative data,
matched to unexposed persons from the general popula-
tion. To estimate attributable costs for acute and long-
term illness, we used a phase-of-care approach. Costs
were stratified by age, sex, and healthcare resource, and
reported in 2018 Canadian dollars (CAD) and US dollars
(USD), standardized to 10 days. Costs were highest dur-
ing the before-death phase (NTM-PD CAD $1,352 [USD
$1,044]; NTM-PI CAD $731 [USD $565]). The cumulative
mean attributable 1-year costs were CAD $14,953 (USD
$11,541) for NTM-PD and CAD $8,729 (USD $6,737) for
NTM-PI. Costs for patients with NTM-PD and NTM-PI
were higher than those for unexposed persons.

ulmonary disease (PD) caused by nontuberculous
mycobacteria (NTM) is an emerging public health
threat (1). As identification of persons with NTM-PD
increases (2,3), information about the economic bur-
den of NTM-PD can help decision makers set funding
priorities. NTM-PD accounts for most NTM infections
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and poses particular challenges (4). One challenge is
that NTM-PD often occurs in patients with preexist-
ing conditions such as cystic fibrosis, lung cancer, and
chronic obstructive pulmonary disease (5,6); these
conditions affect the spectrum and severity of signs
and symptoms (7). Treatment of NTM-PD is complex,
typically involving use of >3 antimicrobial agents for
>18 months (5). Eradication of the organism is chal-
lenging; a recent meta-analysis demonstrated a suc-
cess rate of 60% for eradication of Mycobacterium avium
complex PD (MAC-PD) (8). Furthermore, recurrence
after completed treatment for MAC-PD is extremely
common; recurrence rates are 30% at 14 months (9)
and ~50% at 4 years (10). During 1998-2010, the prev-
alence of NTM-PD in Ontario, Canada, increased; the
5-year prevalence increased from 29.3 (1998-2002) to
41.3 (2003-2007) cases/ 100,000 persons (2).

The costs of NTM-PD in Canada are not well es-
tablished; to the best of our knowledge, no studies
have used population-based data to estimate asso-
ciated costs. One study conducted in a tertiary care
center in Toronto, Ontario, estimated the median
monthly cost per NTM-PD patient to be approximate-
ly CAD $500; most of the costs were associated with
medications (11). Although informative, that study
considered only 1 clinic and did not account for po-
tential long-term costs. Our objective with this study
was to determine the costs associated with NTM-PD
and with pulmonary isolation of NTM from patients
without disease (NTM-PI), from the healthcare payer
perspective, in Ontario, Canada, during 2001-2012.

Methods
Study Design and Participants
We conducted a population-based matched cohort

study to examine attributable costs of NTM-PD and
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NTM-PI from the healthcare payer perspective (On-
tario Ministry of Health and Long-Term Care, To-
ronto, ON, Canada). Costs were identified by using
provincial health administration data, including phy-
sician services, emergency department data, hospi-
talizations, prescription medications (for those >65
years of age), population data (e.g., census informa-
tion and death records), and special collections (e.g.,
specific disease registries) (12). These data can be in-
dividually linked by using unique encoded identifi-
ers at ICES (formerly the Institute for Clinical Evalu-
ative Sciences), an independent, nonprofit research
institute in Ontario, whose legal status under Ontario
health information privacy law allows it to collect and
analyze healthcare and demographic data without
consent for health system evaluation and improve-
ment (12). Descriptions of key ICES databases are de-
scribed in more detail elsewhere (13-15). Our study
was approved by the ethics review boards of Public
Health Ontario and the University Health Network.
All data analyses were conducted by using SAS ver-
sion 9.4 (SAS Institute, https:/ /www.sas.com).

We identified incident cases of NTM by using
laboratory data from Public Health Ontario (https://
www.publichealthontario.ca) for 2001-2012. NTM-
PD was defined by the microbiological criteria of the
American Thoracic Society/Infectious Diseases So-
ciety of America (ATS/IDSA) diagnostic guidelines:
NTM isolation from >2 sputum samples (isolation of
the same species within 2 years) or >1 positive sam-
ple from bronchoalveolar lavage or pleural fluid (5).
NTM-PI was defined by NTM isolation from only 1
sputum sample. Persons were excluded if age, sex,
or birth date data were not available; if they did not
live in Ontario on the index date; if they were >100
years of age on the index date (i.e., the beginning of
healthcare resource utilization related to NTM); if
laboratory-confirmed M. gordonae had been isolated
from them; or if laboratory-confirmed NTM had been
isolated from them in the 3 years before the accrual
period (January 1, 1998-December 31, 2000).

Because dates of disease onset were unknown,
we adjusted index dates by using joinpoint (https://
surveillance.cancer.gov/joinpoint) analysis on the
cost curve (where a change in costs indicates change
in healthcare use) and clinical judgement to estimate
an onset of 30 days before laboratory confirmation of
NTM. In the 30 days before laboratory confirmation,
clinical judgement reconciled the increasing costs with
the expectation of physician visits, possible hospital-
izations, and a large number of clinical investigations.

Matched unexposed persons (who never had
NTM-PD or NTM-PI) were drawn from the general
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population in the Registered Persons Database
(https:/ /datadictionary.ices.on.ca/ Applications/
DataDictionary/Library.aspx?Library=RPDB). ~ We
matched unexposed and exposed persons at a ratio
of 3:1 by using a combination of hard-matching and
propensity score matching without replacement (Ta-
bles 1, 2). We used a logistic regression model that
regressed exposure status to calculate the propensity
score based on the following covariates: rurality (us-
ing the Rurality Index of Ontario [16]), neighborhood
income quintile, and underlying conditions 2 years
before index date (using the Johns Hopkins Adjusted
Clinical Groups System [17]). Persons were hard-
matched by age, sex, and index date as well as within
0.2 SDs of the logit of the propensity score (18). To
examine the effect of NTM-PD and NTM-PI on costs
before death, we rematched each exposed person
who died during the observation period (2001-2012)
with 3 unexposed persons from the general popula-
tion who also died during the same period, by using
covariates assessed 180 days before death (Table 1).

Outcomes

We evaluated deaths (10-day, 30-day, 90-day, 1-year),
acute hospital admissions (within 5 and 30 days of
index date), and hospital lengths of stay. We calcu-
lated costs by using person-level costing methods
established by ICES (14). This method uses admin-
istrative data to calculate long-term costs of incident
cases from an index date to a defined point in time
(death or the end of an observation window). In this
method, costs are inflated by using the healthcare-
specific Consumer Price Index reported by Statistics
Canada (14). The publicly funded healthcare service
categories included were acute inpatient hospitaliza-
tions, emergency visits, same-day surgeries and other
ambulatory treatments, inpatient rehabilitation, com-
plex continuing care, long-term care, inpatient men-
tal health, physician services, home care, eligible pre-
scription medications, and devices (14).

Cost Analyses

We calculated all costs in 2015 Canadian dollars
(CAD) and present results in 2018 CAD and US dol-
lars (USD). Costs were inflated from 2015 CAD by us-
ing the healthcare-specific Consumer Price Index (19)
and converted to 2018 USD (1 CAD = 0.77 USD) (20).
Using phase-of-care methods, we estimated NTM-
PD- and NTM-Pl-attributable healthcare costs for
acute and long-term illness. We defined 3 phases
(acute, continuing, and subsequent) by using join-
point analysis (21) and clinical judgment. Clinical
judgment supported the results of joinpoint analysis
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Table 1. Variables used for matching persons exposed to nontuberculous mycobacteria to unexposed persons in study of costs
associated with nontuberculous mycobacteria infection, Ontario, Canada, 2001-2012*

Variable Index date Death date
Baseline covariates—hard-matching
Index date +30d NA
Death date NA +90d
Age t1ly 5y
Sex Exact Exact

Propensity score variable
Rurality Index of Ontariot
Neighborhood income quintile
Collapsed aggregated diagnosis groupst

180 d before death
180 d before death

At index date
At index date
2 y before index date

*Persons were hard-matched with regard to age, sex, and index date as well as within 0.2 SDs of the logit of the propensity score. To examine the effect
of nontuberculous mycobacteria on costs before death, exposed persons who died during the observation period were rematched with 3 unexposed
persons from the general population who also died during the same period, by use of covariates assessed 180 days before. NA, not applicable.

TThe Rurality Index of Ontario is a weighted function of community population/density, travel time to nearest basic referral center, and travel time to
nearest advanced referral center (https://content.oma.org//wp-content/uploads/2008rio-fulltechnicalpaper.pdf).

FThe Johns Hopkins ACG system (https://www.hopkinsacg.org) groups comorbid diagnoses into clinical groups considering illness recurrence, severity,

and resource use intensity.

with consideration of typical patterns of physician
visits, clinical investigations, treatment initiation, and
illness duration. We divided the acute care (phase
1) into 2 parts: initial and subsequent. The remain-
ing phases were continuing care (phase 2) and before
death (phase 3). Phase 1 was estimated to last 150 days

from the index date; the first 60 days were defined as
initial care and the remaining 90 days as subsequent
care. Phase 2 started 70 days before death. Observation
time was divided into phases in order of final, initial,
and subsequent care; the remaining observation time
was allocated to continuing care. For example, if a

Table 2. Baseline characteristics of exposed and unexposed persons after matching for NTM-PD and NTM-PI cohorts in study of costs
associated with nontuberculous mycobacteria infection, Ontario, Canada, 2001-2012*

Characteristic Exposed persons Unexposed persons Standardized difference
NTM-PD
No. persons 7,243 21,729
Mean age, y 66.1 66.1 0
Mean propensity score 6.6 6.6 0.01
Mean CADG score 5.5 5.5 0.02
Sex
M 493 49.3 0
F 50.7 50.7 0
Income quintile
1 26.8 24.2 0.06
2 21.3 21.0 0.01
3 18.1 17.7 0.01
4 16.7 18.0 0.03
5 17.2 19.1 0.05
Rurality
Not rural 96.2 94.6 0.08
Rural 3.8 5.4 0.08
NTM-PI
No. persons 8,393 25,179
Mean age, y 61.0 61.0 0
Mean propensity score 6.7 6.7 0.01
Mean CADG score 5.1 51 0.02
Sex
M 51.1 51.1 0
F 48.9 48.9 0
Income quintile
1 31.0 28.9 0.05
2 23.3 22.1 0.03
3 16.9 17.2 0.01
4 15.1 16.3 0.03
5 13.8 15.5 0.05
Rurality
Not rural 97.2 95.8 0.07
Rural 2.9 4.2 0.07

*Data are percentages unless otherwise indicated. CADG, collapsed aggregated diagnosis groups; NTM-PD, nontuberculous mycobacteria pulmonary

disease; NTM-PI, nontuberculous mycobacteria pulmonary isolation.
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person was observed for 400 days, the last 70 days
were assigned to the before-death phase and the first
150 days to initial (60 days) and subsequent (90 days)
care, cumulatively representing phase 1; the remaining
180 days were allocated to the continuing care phase.

We calculated phase-specific attributable costs
as the mean difference between matched pairs, and
we used bootstrapping to calculate the 95% CI of the
mean difference (22). Costs were measured as 10-day
intervals throughout the observation period. We also
considered attributable costs by persons’ age cat-
egory, sex, and healthcare spending category. We de-
termined attributable mean 1-year costs by applying
10-day survival probabilities from the first year after
diagnosis to the mean 10-day phase-specific costs, as
we described.

Sensitivity Analysis

We conducted a sensitivity analysis by removing
persons identified in the Ontario Cancer Registry
(https:/ /datadictionary.ices.on.ca/ Applications/
DataDictionary/ Library.aspx?Library=OCR) and
the Canadian Cystic Fibrosis Data Registry (https://
datadictionary.ices.on.ca/ Applications/DataDiction-
ary/Library.aspx?Library=CFDR) as having any his-
tory of lung cancer or cystic fibrosis because of pos-
sible differences in expected complications and costs
associated with these conditions. We performed cost

analysis for the matched cohort without these per-
sons and by using the same methods we described.

Results

Study Cohort

During 2001-2012, a total of 7,384 NTM-PD cases and
8,580 NTM-PI cases were identified and linked to ad-
ministrative data (Table 3). The mean (+ SD) age of
NTM-PD patients was 66.1 (+ 15.6) years and of NTM-
PI patients was 61.1 (£ 18.3) years. Of the NTM-PD
patients, 3,732 (50.5%) were female, 316 (4.3%) lived
in rural areas, and the mean collapsed aggregated di-
agnosis groups score was 5.5 (£ 2.1). Of the NTM-PI
patients, 4,158 (48.5%) were female, 285 (3.3%) lived
in rural areas, and the mean collapsed aggregated di-
agnosis groups score was 5.1 (+ 2.2).

Of the NTM-PD patients, 272 (3.7%) were ad-
mitted to a hospital within 5 days of the index date
and 3,839 (52.0%) were admitted within 30 days. The
mean (£ SD) length of hospital stay was 11.1 (£ 20.5)
days for those admitted within 5 days and 10.7 (+ 24.0)
days for those admitted within 30 days. For these pa-
tients, the 90-day all-cause mortality rate was 6.0% (n
= 444) and the 1-year rate was 13.9% (n = 1,024).

Of the NTM-PI patients, 241 (2.8%) were admit-
ted to the hospital within 5 days and 2,294 (26.7%)
within 30 days; mean (+ SD) length of stay was 10.6

Table 3. Baseline characteristics of patients with confirmed nontuberculous mycobacterial pulmonary disease and pulmonary isolation

of nontuberculous mycobacteria, Ontario, Canada, 2001-2012*

Characteristic NTM-PD NTM-PI
Infected persons 7,384 (100) 8,580 (100)
Age category at index, y
<5 <6 (<0.1) <6 (<0.1)
5-24 <123 (<1.7) <296 (<3.4)
25-44 633 (8.6) 1,466 (17.1)
45-54 799 (10.8) 1,201 (14.0)
55-64 1,272 (17.2) 1,398 (16.3)
65-74 1,953 (26.5) 1,834 (21.4)
75-84 2,078 (28.1) 1,775 (20.7)
>85 526 (7.1) 610 (7.1)
Sex
F 3,732 (50.5) 4,158 (48.5)
M 3,652 (49.5) 4,422 (51.5)
Rural residence
No 7,065 (95.7) 8,289 (96.7)
Yes 316 (4.3) 285 (3.3)
CADG distribution, score
Mean + SD 548 +2.1 508 £2.2
Median 6 5
Income quintile
1 (lowest) 1,985 (27.0) 2,671 (31.3)
2 1,562 (21.2) 1,978 (23.2)
3 1,325 (18.0) 1,435 (16.8)
4 1,224 (16.6) 1,287 (15.1)
5 (highest) 1,260 (17.1) 1,165 (13.6)
Died 2,821 (38.2) 2,381 (27.8)

*Units are no. (%) unless otherwise indicated. CADG, collapsed aggregated diagnosis group.

2100

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 26, No. 9, September 2020



(£ 22.9) days for those admitted within 5 days and
14.0 (28.5) days for those admitted within 30 days. For
these patients, the 90-day all-cause mortality rate was
3.4% (n =294) and the 1-year rate was 8.6% (n = 738).

We matched 7,243 (98.1%) of NTM-PD and 8,393
(97.8%) of NTM-PI patients to unexposed persons. All
standardized differences were <0.1, indicating good
balance (Table 2). We matched 3,116 (98.8%) of NTM-
PD and 2,616 (97.8%) of NTM-PI patients who died
and found that standardized differences were <0.1 for
both groups.

Cost Analysis

For NTM-PD and NTM-P], the mean attributable costs
over the first 3 phases declined to the lowest cost dur-
ing the continuous care phase (CAD $236 [USD $182],
95% CI CAD $199-$272 [USD $154-$210] for NTM-
PD; CAD $133 [USD $103], 95% CI CAD $111-$154
[USD $85-$119] for NTM-PI). Costs then increased
to the highest costs in the before-death phase (CAD
$1,352 [USD $1,044], 95% CI CAD $1,104-$1,601 [USD
$852-$1,236] for NTM-PD; CAD $731 [USD $565], 95%
CI $506-$958 [USD $390-$739] for NTM-PI) (Table 4).
For NTM-PD and NTM-PI, hospitalizations account-
ed for the largest proportion of costs across all phases.
In the initial infection phase, 67.9% (CAD $663 [USD
$512]) of NTM-PD costs and 65.5% (CAD $415 [USD
$320]) of NTM-PI costs were for hospitalization.

For NTM-PD and NTM-PI patients, mean at-
tributable hospitalization costs were highest be-
fore death (NTM-PD CAD $1,265 [USD $976], 95%
CI CAD $1,033-$1,498 [USD $797-$1,156]; NTM-PI
CAD $737 [USD $569], 95% CI CAD $524-$949 [USD
$404-$732]) and second highest during the initial in-
fection phase (NTM-PD CAD $663 [USD $512], 95%
CI CAD $603-$723 [USD $465-$558]; NTM-PI CAD
$415 [USD $321], 95% CI CAD $382-$450 [USD $294-
$347]). Physician service costs were greatest during
the initial infection stage, costing an average of CAD
$187 (USD $144), 95% CI CAD $177-$196 (USD $137-
$151) more than uninfected persons for NTM-PD and
CAD $119 (USD $92), 95% CI CAD $114-$125 (USD
$88-$97) more than uninfected persons for NTM-PI.

For NTM-PD patients, costs were greatest during
the before-death phase and the initial infection phase
(Figure 1). The highest costs before death were found
for patients in the <25 years age group (CAD $7,952
[USD $6,138], 95% CI CAD $3,840-$19,744 [USD
-$2,963 to $15,238]; n=7) and declined in each subse-
quent age group; the lowest costs before death were
found for patients >85 years of age (CAD $762 [USD
$588], 95% CI CAD $379-$1,145 [USD $293-$883]; n
= 778). Similarly, the highest costs before death for
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NTM-PI patients were for those <25 years of age
(CAD $16,303 [USD $12,583], 95% CI CAD $16,161-
$16,446 [USD $12,473-$12,692], n<6); however, the
lowest attributable costs were for those 25-44 years
of age (CAD $261 [USD $202], 95% CI CAD -$2,519
to $3,041 [USD -$1,944 to $2,347]; n = 57), followed by
declining costs in each of the subsequent age catego-
ries: 45-64 years (n = 351), 65-84 years (n = 1,440), and
>85 years (n = 822) (Figure 2).

Overall, mean attributable costs were higher for
male than for female NTM-PD patients in all phases
except before death, when attributable costs were
higher for female than male patients (Figure 3). In
the before-death phase, NTM-PD female and male at-
tributable costs were CAD $1,316 (USD $1,016), 95%
CI CAD $925-$1,709 (USD $714-$1,319) for female
patients and CAD $1,166 (USD $900), 95% CI CAD
$826-$1,505 (USD $638-$1,162) for male patients. For
NTM-PI patients during all phases, mean attributable
costs were higher for male than for female patients
(Figure 4). The mean attributable cumulative 1-year
costs adjusted for survival were CAD $14,953 (USD
$11,541) per NTM-PD patient and CAD $8,729 (USD
$6,737) per NTM-PI patient.

Sensitivity Analysis

After removing from analysis persons with a history
of lung cancer or cystic fibrosis, we matched 6,461
NTM-PD and 7,887 NTM-PI patients to unexposed
persons. For NTM-PD, total mean attributable 10-day
costs per patient were CAD $951 (USD $734), 95% CI
CAD $875-$1,027 (USD $675-$792) for initial infec-
tion; CAD $428 (USD $330), 95% CI CAD $370-$485
(USD $286-$374) for subsequent care; CAD $190 (USD
$146), 95% CI CAD $153-$227 (USD $118-$175) for
continuous care; and CAD $1,479 (USD $1,141), 95%
CI CAD $1,176-$1,780 (USD $908-$1,374) for before-
death phases (Table 5). For the same phases, the to-
tal mean attributable costs for NTM-PI patients were
CAD $614 (USD $474), 95% CI CAD $570-$659 (USD
$440-$508); CAD $220 (USD $170), 95% CI CAD $189-
$253 (USD $146-$195); CAD $108 (USD $83), 95% CI
CAD $85-$130 (USD $66-$100); and CAD $850 (USD
$656), 95% CI CAD $589-$1,110 (USD $455-$857).
For NTM-PD patients, the attributable costs in the
sensitivity analysis were significantly lower during
the subsequent care and continuous care phases. For
NTM-PI patients, the costs were significantly lower
during the continuous care phase only.

Discussion

In this study, we found higher attributable healthcare
costs to be associated with persons with NTM-PD or
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NTM-PI compared with persons without NTM. The death phases; overall costs were markedly lower dur-
highest costs were associated with hospitalizations, ing the subsequent care and continuous care phases.
particularly during the initial infection and before- Hospital admissions within 30 days of index date were

Table 4. Ten-day mean attributable costs by phase for nontuberculous mycobacterial pulmonary disease and nontuberculous
mycobacterial pulmonary isolation, Ontario, 2001-2012*

Cost, CAD
Exposed persons Unexposed persons

Spending category (no. patients)
Nontuberculous mycobacterial pulmonary disease
Initial infection (6,906)
Total 1,209 232

Attributable (95% CI)

977 (905-1,048)

Hospitalization 724 61 663 (603-723)
Emergency department 35 6 29 (27-31)
Drugs 60 37 23 (19-26)
Physicians 232 45 187 (177-196)
Other 158 83 75 (62-88)
Subsequent care (6,906)
Total 713 218 494 (438-549)
Hospitalization 360 55 305 (258-352)
Emergency department 12 6 6 (5-7)
Drugs 67 37 30 (26-34)
Physicians 114 41 73 (68-79)
Other 160 80 80 (65-95)
Continuous care (6,489)
Total 530 294 236 (199-272)
Hospitalization 196 75 120 (92-149)
Emergency department 13 8 5 (4-6)
Drugs 73 43 29 (26-33)
Physicians 77 45 33 (30-36)
Other 171 123 48 (34-61)
Before-death (2,835)
Total 5,300 3,947 1,352 (1,104-1,601)
Hospitalization 3,757 2,492 1,265 (1,032-1,497)
Emergency department 111 108 2 (-2to 6)
Drugs 110 105 5 (-3 to 14)
Physicians 573 417 156 (130-182)
Other 749 825 —76 (-128 to —24)
Nontuberculous mycobacterial pulmonary isolation
Initial infection (8,171)
Total 822 189 633 (591-676)
Hospitalization 464 49 415 (381-449)
Emergency department 32 5 27 (25-29)
Drugs 48 30 18 (15-20)
Physicians 158 38 120 (114-125)
Other 121 67 54 (42-67)
Subsequent care (8,171)
Total 436 183 253 (222-284)
Hospitalization 178 45 133 (109-156)
Emergency department 11 5 6 (5-7)
Drugs 51 30 21 (17-24)
Physicians 80 37 43 (40-47)
Other 117 67 50 (39-62)
Continuous care (7,860)
Total 387 253 133 (111-154)
Hospitalization 122 64 57 (42-72)
Emergency department 11 7 4 (3-5)
Drugs 57 36 22 (19-25)
Physicians 60 40 20 (18-22)
Other 136 106 29 (19-40)
Before death (2,374)
Total 4,532 3,800 731 (506-958)
Hospitalization 3,088 2,351 736 (524-949)
Emergency department 124 108 17 (12-22)
Drugs 108 101 7 (-1to 15)
Physicians 474 412 62 (40-83)
Other 738 827 —90 (146 to —34)

*Costs presented in 2018 Canadian dollars (CAD). In 2018, $1 CAD = $0.77 US dollars.
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Figure 1. Ten-day mean
attributable costs for
nontuberculous mycobacterial
pulmonary disease patients
by phase, stratified by age,
Ontario, Canada, 2001-2012.
Number of patients per
category: initial infection,
6,906; subsequent care, 6,906;
continuous care, 6,489; before
death, 2,835.

more common among NTM-PD (52%) than NTM-PI
(27%) patients. Incident cases in Ontario during our
observation period were an average of 225 cases of
NTM-PD and 191 cases of NTM-PI. On the basis of
the cumulative 1-year costs, this finding would trans-
late into an estimated total annual healthcare cost of
CAD $3,369,765 (USD $2,600,730) for NTM-PD and
CAD $1,667,863 (USD $1,287,229) for NTM-PL

For all phases, 10-day mean attributable costs
were higher for patients with NTM-PD than for those
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with NTM-PI. However, healthcare costs were sig-
nificantly higher for patients with NTM-PI than for
persons without NTM infection. Although 1 positive
sputum sample may be clinically insignificant for
some persons, for others it might represent the single
isolation of a chronically present organism. It is there-
fore possible that some persons with NTM-PI had
true disease, which may explain the higher healthcare
costs. Alternatively, the higher healthcare costs may
relate to a non-NTM lung condition that prompted

Figure 2. Ten-day mean
attributable costs for
nontuberculous mycobacterial
pulmonary isolation patients by
phase, stratified by age, Ontario,
Canada, 2001-2012. Number
of patients per category: initial
infection, 8,171; subsequent
care, 8,171; continuous care,
7,860; before death, 2,374.
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Figure 3. Ten-day mean attributable costs for nontuberculous
mycobacterial pulmonary disease patients by phase, stratified
by sex, Ontario, Canada, 2001-2012. Number of patients

per category: initial infection, 6,906; subsequent care, 6,906;
continuous care, 6,489; before death, 2,835. Error bars indicate
95% Cls.

specimen collection for culture, whereby the positive
NTM culture was a nonsignificant bystander. Unfor-
tunately, we do not have data on negative cultures to
explore this further.

Overall, mean attributable costs for some phases
were somewhat lower in the sensitivity analysis after
we removed from analysis persons with a history of
lung cancer or cystic fibrosis, which may result from
expected increased costs for patients with related
conditions. The lack of larger differences in attribut-
able costs between these analyses may be explained
by effective matching that used comorbidity scores
that may have already accounted for these conditions
in the cohort used for the primary analysis.

This study has limitations. Secondary use of
health administrative data are prone to errors that
could result in misclassification bias. Regarding the
diagnosis of NTM-PD, we assumed that all patients
who fulfilled the microbiological criteria of the ATS/
IDSA guidelines truly had cases of NTM-PD. This as-
sumption is highly accurate (positive predictive value
70%-100%), but some patients are invariably incor-
rectly classified as having NTM-PD (23-26). However,
the finding that attributable healthcare costs for pa-
tients with NTM-PI were comparably high supports
the finding of high costs associated with pulmonary
NTM infection. In addition, the retrospective use of
administrative data is limited by the variables that are
available. Because this research was conducted from
the healthcare payer perspective, the results capture
only direct healthcare costs of NTM-PD and NTM-
PI, not societal or indirect costs, which includes not
capturing all medication costs associated with NTM

2104

because these costs are captured only for those with
publicly funded medication coverage (i.e., adults >65
years of age and those receiving social assistance).

This study was strengthened by using both
hard-matching and propensity score matching to re-
duce bias between unexposed and exposed persons.
By matching on major covariates, we reduced the
potential confounding by these covariates, allowing
for a more robust estimate of NTM-PD and NTM-PI
attributable costs. This study was further strength-
ened by using Ontario health administrative data,
which contain extensive data on Ontario population
healthcare use. Ontario is the most populous prov-
ince in Canada (=40% of the population) and is fairly
representative of the population of Canada (27). In
addition, the Public Health Ontario laboratory pro-
cesses #95% of NTM isolates for the province (28),
providing almost complete capture of microbiologi-
cally defined incident NTM-PD and NTM-PI cases
in Ontario.

Previous studies have estimated the economic
costs of NTM-PD in Canada and elsewhere. One
group focused on the direct costs of NTM without as-
sessing total healthcare costs. A retrospective study
of 91 patients with NTM-PD treated at a clinic in On-
tario reported that CAD $500/ month was associated
with NTM treatment, including costs of medications
and their administration, physicians’ fees, and diag-
nostic tests (11). That study, however, was unable to
study all healthcare costs and was limited to 1 clinic,
introducing substantial bias. One study in the United
States estimated the cost of antibiotic treatment (but
excluded costs of administration) for NTM-PD pa-
tients during 2004-2005 and found that among 27 eli-
gible patients, the median monthly treatment cost was

Figure 4. Ten-day mean attributable costs for nontuberculous
mycobacterial pulmonary isolation patients by phase, stratified
by sex, Ontario, Canada, 2001-2012. Number of patients

per category: initial infection, 8,171; subsequent care, 8,171;
continuous care, 7,860; before death, 2,374. Error bars indicate
95% Cls.
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Table 5. Sensitivity analysis 10-day mean attributable costs by phase for nontuberculous mycobacterial pulmonary disease and
nontuberculous mycobacterial pulmonary isolation, Ontario, Canada, 2001-2012*

Cost, CAD

Phase (no. patients)

Exposed persons

Unexposed persons Attributable (95% CI)

Nontuberculous mycobacterial pulmonary disease
Mean cost by phase

Initial infection (6,187) 1,189 238 951 (875-1,027)
Subsequent care (6,187) 653 227 428 (370-485)
Continuous care (5,907) 493 304 190 (153-227)
Before death (2,204) 5,662 4,183 1,479 (1,176-1,781)
Nontuberculous mycobacterial pulmonary isolation
Mean cost by phase

Initial infection (7,693) 807 193 614 (570-659)
Subsequent care (7,693) 412 192 220 (189-253)
Continuous care (7,471) 370 261 108 (85-130)
Before death (1,963) 4,692 3,843 850 (589-1,110)

*Analysis excluded persons with a history of lung cancer or cystic fibrosis. CAD, 2018 Canadian dollars. In 2018, $1 CAD in 2018 = $0.77 US dollars.

USD $481 (29). Comparing the results of this study to
the results from our analysis is difficult because not all
medication costs are captured in Ontario’s health ad-
ministrative data and because of differences in costs
associated with healthcare systems in Canada and the
United States. Another study conducted in the United
States, which sought to estimate the direct costs of in-
vestigating and managing NTM-PD, used Medicare
beneficiary data and costs from the literature to de-
termine that medication costs made up most of NTM
direct healthcare costs (30). Another study of direct
NTM costs focused on patients with refractory MAC-
PD. That study used a physician survey method and
found that in Canada, average annual direct medical
costs were CAD $16,200 and also presented data for
Germany, France, and the United Kingdom (costs
9,700-17,900 Euros) (31). Although clear that the costs
associated with refractory MAC-PD were high, the
biased population (refractory disease) makes com-
parison with our study results difficult. Furthermore,
the above-mentioned studies ignored total healthcare
costs, which are undoubtedly influenced by the ef-
fects of NTM-PD on other diseases.

A second group of studies included all healthcare
costs associated with NTM-PD. In a study performed
in a managed care population in the United States,
total healthcare costs for NTM-PD patients exceeded
those for controls by USD $44,070 in the first year after
diagnosis and $19,124 in the second (index date) (32).
Limitations of that study included the lack of phase-
of-illness modeling and the use of hard-matching by
age and sex and statistical adjustment for underlying
conditions. The results of propensity score matched
analyses led to attenuation of the differences, which
were still substantial. The comparison between the
sampling of a US population enrolled in certain man-
aged care programs and a population-based On-
tario sample is difficult, but both studies identified
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a substantial increase in cost among patients with
pulmonary NTM. A study in Germany investigated
total healthcare costs among patients with incident
NTM-PD compared with controls matched by age,
sex, and Charlson Comorbidity Index category, iden-
tifying patients from a large and likely representative
national-level database (33). Studied costs were in-
curred within the 3 years after NTM diagnosis; mean
total healthcare expenditures for NTM-PD patients
were ~4 times those of controls (39,599 vs. 10,006 Eu-
ros) (33). The comparison was limited by probable
inadequate matching, in that Charlson Comorbidity
Index category probably provides relatively coarse
discrimination among patients with varying levels of
illness severity.

The qualitative results of our study may be
transferable to jurisdictions with similar healthcare
systems (i.e., publicly funded) and with similar pop-
ulation health profiles, but the magnitude of cost as-
sociated with NTM undoubtedly varies according to
system-specific costs. NTM-PD and NTM-PI are re-
sponsible for substantial economic burden in Ontario.
These results can be used in future economic evalua-
tions to inform policy making on prevention, screen-
ing, and treatment options.

This study was funded by Public Health Ontario through
the Project Initiation Fund. This study was supported

by ICES, which is funded by an annual grant from

the Ontario Ministry of Health and Long-Term Care
(MOHLTC). Parts of this material are based on data and
information compiled and provided by: the MOHLTC,
Canadian Institute for Health Information (CIHI), Cystic
Fibrosis Canada, and by Cancer Care Ontario (CCO). The
analyses, conclusions, opinions and statements expressed
herein are solely those of the authors and do not reflect
those of the funding or data sources; no endorsement is
intended or should be inferred.
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No Change in Risk for Antibiotic-
Resistant Salmonellosis from Beef,
United States, 2002-2010

Solenne Costard,! Jane G. Pouzou,' Keith E. Belk, Paul S. Morley, John W. Schmidt,
Tommy L. Wheeler, Terrance M. Arthur, Francisco J. Zagmutt'

Restricting antibiotic use in food production animals is a
target for reducing antimicrobial drug—resistant infections
in humans. We used US surveillance data to estimate the
probability of antibiotic-resistant nontyphoidal salmonel-
losis per meal made with beef during 2002—2010. Apply-
ing data for nontyphoidal Salmonella in raised-without-
antibiotics cattle, we tested the effect of removing antibi-
otic use from all beef cattle production. We found an aver-
age of 1.2 (95% credible interval 0.6—4.2) antibiotic-resis-
tant nontyphoidal salmonellosis cases per 1 million beef
meals made with beef initially contaminated with antibiot-
ic-resistant nontyphoidal Salmonella at slaughter or retail
and 0.031 (95% credible interval 0.00018—0.14) cases per
1 million meals irrespective of beef contamination status.
Neither outcome showed sustained change except for in-
creases in 2003 and 2009 (>98% confidence) when larger
or more outbreaks occurred. Switching all beef production
to a raised-without-antibiotics system may not have a sig-
nificant effect on antibiotic-resistant nontyphoidal salmo-
nellosis (94.3% confidence).

Increased antimicrobial resistance (AMR), or antibi-
otic resistance, has resulted in initiatives to reduce
the use of antibiotics in food production animals (1,2),
but quantification of the public health effects of de-
creasing antibiotic use in livestock remains limited
(3,4). Reduction of antibiotic use in livestock can low-
er resistance prevalence (i.e., proportion of pathogens
with resistance) in animals (4), but some studies show
that pathogen prevalence may be higher in livestock
raised without antibiotics (5). Because transmission
of foodborne pathogens is proportional to the preva-
lence of pathogens in the food source (6), quantifying
the change in human antibiotic-resistant foodborne
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illnesses resulting from reduced antibiotic use in live-
stock is vital.

In the United States, the most common bacterial
cause of foodborne illness is nontyphoidal Salmonella
(NTS), which leads to >1 million foodborne illnesses and
20,000 hospitalizations per year (7). Antibiotic-resistant
NTS is among the top 18 AMR threats in the United
States (8), causing 100,000 infections annually. The Cen-
ters for Disease Control and Prevention National An-
timicrobial Resistance Monitoring System (NARMS)
tracks resistance to 25 antibiotics in patient samples pos-
itive for isolates such as NTS (9), including the clinically
relevant antibiotics ciprofloxacin and ceftriaxone.

Multiple assessments of human AMR risk from
meats have been performed (10-14). However, most fo-
cused on only 1 class of antibiotic (10,11), had limited or
no longitudinal data (14), or were not based on nation-
wide surveillance at the animal source (11). Quantitative
assessments of AMR risk with a more comprehensive
resistance definition (15), such as resistance to any class,
or to >3 classes, that use representative, longitudinal
data, are critical to defining the risks and benefits from
policy with regard to antibiotic use in livestock (3). Sur-
veillance studies of antibiotic use and AMR in humans
and livestock can be used to generate estimates of risk
based on empirical data and can show the results of
long-term conditions or systematic changes over time.

Our objective with this study was to use beef
as a model to quantify trends in the longitudinal
relationship between human NTS infections and
antibiotic-resistant NTS in meats. We also used the
estimates to predict change in antibiotic-resistant
salmonellosis resulting from hypothetical scenarios
of antibiotic restriction in beef cattle.

Methods
We developed a stochastic model to quantify the risk
for antibiotic-resistant nontyphoidal salmonellosis

"These authors contributed equally to this article.
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per meal made with beef during 2002-2010. Our
model follows the method of previously published
AMR risk assessments (6,16) but uniquely address-
es temporal changes and relies solely on nation-
wide surveillance data (Appendix Table 1, https://
wwwnc.cde.gov/EID/article/26/9/19-0922-App1.
pdf).We used this model for 3 objectives: 1) estimate
the risk for antibiotic-resistant nontyphoidal salmo-
nellosis per meal made with beef, using the yearly
cases of illnesses (Ill ) and the number of meals
made with beef that year (Meal ) (Figure 1); 2) eval-
uate change over time in all model outcomes; and 3)
assess the effect that potential future restrictions on
antibiotic use in beef cattle would have on antibiotic-
resistant nontyphoidal salmonellosis disease burden
(Appendix).

Risk for Antibiotic-Resistant Nontyphoidal
Salmonellosis Attributable to Beef

Annual Incidence of Beef-Attributable Antibiotic-Resistant
Nontyphoidal Salmonellosis (/ll Incidence) per

100,000 Persons

We obtained the annual total nontyphoidal salmo-
nellosis cases in the United States for 1998-2015 from
FoodNet (https:/ /www.cdc.gov/foodnet), an active
foodborne disease surveillance system, after adjust-
ing for the proportion of the US population included
in FoodNet surveillance sites. To correct for under-
diagnosis and restrict case estimates to domestically
acquired foodborne cases, we also included adjust-
ment factors constant for the study period. By us-
ing annual food attribution estimates derived from
the National Outbreak Reporting System (NORS;
https:/ /www.cdc.gov/nors/index.html), cases of
nontyphoidal salmonellosis were further restricted
to foodborne cases attributed to ground beef and
intact beef. To ensure that the resistance fraction is
specific to nontyphoidal salmonellosis attributed
to consumption of beef, we estimated the fraction
of beef-attributed nontyphoidal salmonellosis cas-
es with AMR by matching cases in the Centers for
Disease Control and Prevention data collected from
clinical patient samples as part of NARMS (17) with
beef-attributable outbreak data from NORS by using
sample metadata, (Appendix Table 1). We calculated
incidence of Ill by using the population of the Unit-
ed States in the relevant year.

Annual Meals Prepared with Beef Initially Contaminated with
Antibiotic-Resistant NTS (Meals, )

We calculated the number of beef meals con-
sumed annually in the United States by using beef
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Antibiotic-Resistant Salmonellosis from Beef

disappearance data from the US Department of Ag-
riculture (USDA) (18) and the mean grams of beef
consumed per beef meal from the National Health
and Nutrition Examination Survey (19). We esti-
mated the prevalence of NTS in beef by using USDA
Food Safety and Inspection Service surveillance
data, and we derived the fraction of isolates with
AMR from USDA NARMS and US Food and Drug
Administration NARMS data (9). Meals,_were strati-
fied by beef cut (ground beef data for 2002-2015 vs.
intact beef for 1998-2010). By using Meals, , we as-
sumed that the beef used to prepare a meal was ini-
tially contaminated (as measured at the slaughter
plant or retail) with the pathogen. This assumption
does not necessarily mean that the actual meal con-
sumed was contaminated because safe cooking and
handling practices would reduce or completely inac-
tivate the bacterial load.

Risk for Antibiotic-Resistant Nontyphoidal

Salmonellosis per Beef Meal

Dividing Ill by Meals _ resulted in the probabil-
ity of antibiotic-resistant nontyphoidal salmonello-
sis per meal made with beef initially contaminated
with antibiotic-resistant NTS (P, ). Also, by using all
meals in the denominator, we calculated the prob-
ability of antibiotic-resistant nontyphoidal salmo-
nellosis per meal made with beef, regardless of con-
tamination status (P, ) (Figure 1). We report both
risk outcomes per 1 million meals, on a per-year
basis (P, and P ) and as the mean of each for all
years combined (P ill,overall and P meal,ovcmll)' We repeat-
ed the analyses for NTS with multidrug resistance
(NTS,,,;) (i-e., resistance to >3 antimicrobial classes)
and for clinically relevant resistance (NTS_.;), also
known as resistance of concern (i.e., resistance to >5
drugs or quinolones [ciprofloxacin] or third-genera-
tion cephalosporins [ceftriaxone]) ().

Testing for Temporal Changes

To identify the confidence of a consistent increase (or
decrease) in each outcome over the study period, we
used Mann-Kendall trend test bootstrapping (20). In
addition, we used numerical integration to compute
the confidence in pairwise year-to-year Bayesian pos-
terior differences (21) and the difference between the
mean of each outcome in the last years of the study
period versus the remaining previous years. Unlike
the Mann-Kendall tests, the year-to-year test identi-
fied short-term changes, and the comparison of the
first versus the last 5 years of the study period pro-
vided an assessment of nonlinear changes during the
study period.

2109



RESEARCH

Scenario Analysis: Effects of Hypothetical Antibiotic
Restriction in Beef Production

Relationship between Antibiotic Use and

Antibiotic-Resistant NTS in Beef

To model the relationship between antibiotic use
and antibiotic-resistant NTS, we used nationwide
data (C.P. Fossler, USDA, pers. comm., 2018 Jul 16)
from the National Animal Health Monitoring Sys-
tem feedlot survey (22). The feedlot survey is based
on a nationwide representative sample of farms and
thus captures the effect of long-term and current an-
tibiotic practices on AMR. In the survey, individual
fecal pats from raised-without-antibiotics cattle and
conventionally raised cattle were collected to esti-
mate the prevalence of NTS isolates and the fraction
of these with AMR. These 2 parameters were com-
bined to measure the overall prevalence of antibiot-
ic-resistant NTS in raised-without-antibiotics cattle
and conventionally raised cattle and to derive the
relative risk (RR) of antibiotic-resistant NTS preva-
lence in raised-without-antibiotics versus conven-
tionally raised cattle.

Prediction of Changes in Beef-Attributable Antibiotic-
Resistant Nontyphoidal Salmonellosis
We constructed 2 scenarios to evaluate Il changes
from hypothetical antibiotic restriction in beef pro-
duction. We assumed no changes in slaughtering,
processing, consumer habits, and food preparation.

For scenario 1, we estimated the change in anti-
biotic-resistant nontyphoidal salmonellosis if all beef
production were switched to raised-without-antibiot-
ics by using the annual estimated Il for 2002-2010
and the RR of antibiotic-resistant NTS prevalence
in raised-without-antibiotics versus conventionally
raised cattle. By doing so, we assumed that the an-
imal-level prevalence of antibiotic-resistant NTS is
proportional (but not equal to) its prevalence in meals
prepared with beef and that RR has a direct linear ef-
fect on the change in Il . This relationship is docu-
mented for food pathogens (6,23), including NTS (24),
so here we assumed that it extends to antibiotic-resis-
tant isolates.

To relax this assumption, for scenario 2, we em-
pirically estimated the relationship between antibiotic-
resistant NTS prevalence in beef and Il via Poisson

Beef-attributable antibiotic-resistant nontyphoidal salmonellosis incidence

[ Yearly number of nontyphoidal salmonellosis cases }
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