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Impact of Human Papillomavirus
Vaccination, Rwanda and Bhutan

lacopo Baussano, Felix Sayinzoga, Ugyen Tshomo, Vanessa Tenet, Alex Vorsters, Daniélle A.M. Heideman,
Tarik Gheit, Massimo Tommasino, Marie Chantal Umulisa, Silvia Franceschi, Gary M. Clifford

Rwanda and Bhutan, 2 low- and middle-income countries,
implemented primarily school-based national human pap-
illomavirus (HPV) vaccination in 2011 (Rwanda) and 2010
(Bhutan). We estimated vaccination effectiveness through
urine-based HPV prevalence surveys in schools in 2013—
2014 and 2017. In Rwanda, 912 participants from base-
line surveys and 1,087 from repeat surveys were included,
and in Bhutan, 973 participants from baseline surveys and
909 from repeat surveys were included. The overall effec-
tiveness against vaccine-targeted HPV types (i.e., HPV-
6/11/16/18) was 78% (95% CI 51%-90%) in Rwanda, and
88% (6%—99%) in Bhutan and against other a-9 types
was 58% (21-78) in Rwanda and 63% (27-82) in Bhu-
tan. No effect against other HPV types was detectable.
Prevalence of vaccine-targeted HPV types decreased sig-
nificantly, as well as that of other a-9 types, suggesting
cross-protection. These findings provide direct evidence
from low- and middle-income countries of the marked ef-
fectiveness of high-coverage school-based, national HPV
vaccination programs.

Recent estimates suggest that, in the year 2018,
~570,000 new cervical cancers cases occurred
worldwide (I). Nearly half of the cases were diag-
nosed in women <50 years of age, and more than two
thirds occurred in low- and middle-income countries
(LMICs), particularly in southeastern Asia, Latin
America, and sub-Saharan Africa. Human papilloma-
virus (HPV) types 16 and 18 are responsible for ~70%
of cervical cancers and HPV types 31/33/45/52/58
for another 20% (2).

Because cervical cancer is largely preventable, the
Director-General of the World Health Organization

Author affiliations: International Agency for Research on Cancer,
Lyon, France (. Baussano, V. Tenet, T. Gheit, M. Tommasino,
M.C. Umulisa, G.M. Clifford); Ministry of Health, Kigali, Rwanda
(F. Sayinzoga); Jigme Dorji Wangchuck National Referral Hospital,
Thimphu, Bhutan (U. Tshomo); University of Antwerp, Antwerp,
Belgium (A. Vorsters); Vrije Universiteit Amsterdam, Amsterdam,
the Netherlands (D.A.M. Heideman); Centro di Riferimento
Oncologico, Aviano, Italy (S. Franceschi)

DOI: https://doi.org/10.3201/eid2701.191364

recently made a global call for action toward the elimi-
nation of cervical cancer as a public health problem
(3). Global implementation of vaccination against HPV
with a high coverage underpins the global strategy de-
vised to achieve this ambitious goal (4).

Licensed prophylactic HPV vaccines have dem-
onstrated high safety (5) and efficacy against persis-
tent HPV infections and precancerous lesions (6),
and invasive cervical cancers (7), and HPV vaccina-
tion programs have been shown to be cost-effective
in a wide range of settings worldwide (8). Further-
more, population-level impact against HPV preva-
lence and precancerous lesions has been consistently
shown in high-income countries (HICs) with well-
established HPV national vaccination programs
(9). HPV vaccine has been disproportionately intro-
duced in high-resource settings, and access to HPV
vaccination in LMICs, particularly in Africa and
Asia, remains limited (10).

Rwanda and Bhutan, both of which are LMICs,
started national HPV vaccination programs in 2011
(Rwanda) and 2010 (Bhutan) (Figure 1). Both pro-
grams are primarily school-based, introduced a
3-dose schedule of quadrivalent vaccine targeting
HPV-6/11/16/18, and switched to a 2-dose schedule
in 2015 (Rwanda) and 2016 (Bhutan). In both coun-
tries, 12-year-old girls are the target age group for
routine vaccination, but both countries had an initial
expanded 3-dose catch-up campaign. In Rwanda,
since 2011, the national vaccination program target-
ed all girls attending primary school grade 6 and, in
years 2012 and 2013, also targeted girls attending sec-
ondary school grade 3, achieving reported coverage
of 93% (11). In Bhutan, a 1-round catch-up campaign
was conducted in 2010, targeting girls 13-18 years of
age, achieving reported coverage of 89% (12).

The International Agency for Research on Cancer
(IARC), in collaboration with the ministries of health
of both countries, is conducting long-term studies,
including a series of urine surveys, to provide direct
evaluation of the population-level impact of HPV
vaccination in LMICs (13). In 2016, we published the

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021 1
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Figure 1. Timing of school-based human papillomavirus vaccination program and surveys in Rwanda (A) and Bhutan (B). Short dashed
line represents routine vaccination. Long dashed line represents catch-up vaccination.

results of the baseline urine surveys among high-
school female students (13). In this article, we quan-
tify HPV prevalence in repeated surveys, compar-
ing it with the baseline HPV prevalence to estimate
population-level impact of HPV vaccination in
both countries (13).

Methods

To assess the impact of catch-up HPV vaccination
programs in Rwanda and Bhutan, we compared HPV
prevalence in women 17-22 years of age in succes-
sive urine-based surveys conducted in high schools
during 2013-2014 (baseline survey) and 2017 (repeat
survey) in both countries (Figure 1). In both countries,
the nationwide HPV vaccination program had been
launched before the implementation of the baseline
surveys. The methods used in the baseline surveys to
recruit the study population, collect the urine, extract
DNA, and to test and genotype HPV are reported
elsewhere (13). To ensure comparability of prevalence
estimates over time, we used the same methods for
the repeat surveys.

Study Population

In the repeat surveys, we aimed at recruiting ~1,000
female students 18-20 years of age in each country
from the same high schools included in the baseline
survey. In Rwanda, we included secondary schools in
the Nyarugenge District of Kigali. Of the 22 schools
(8 public and 14 private), all but 1 overlapped with
the 21 schools included in the baseline survey. In
Bhutan, we included high schools in the capital of
the country, Thimphu (n =7), and in the nearby town
of Paro (n = 3). Of these 10 schools (3 public and 7
private), 6 overlapped with the 6 schools included
in the baseline survey. School authorities gave full
support to the conduct of the study, and no school

refused participation. The repeat surveys were per-
formed during March-November 2017 (Rwanda) and
September-November 2017 (Bhutan). Students in the
targeted age groups were invited by school staff to
attend study information and recruitment meetings.
The large majority of students present at informa-
tion and recruitment meetings signed the informed
consent form, but exact denominators of students by
age in each school were not available. In Rwanda, 50
students 17 years of age and 24 students 21 years of
age also attended recruitment meetings and were al-
lowed to join the study. Similarly, in Bhutan, 10 stu-
dents 17 years of age, 68 students 21 years of age, and
30 students 22 years of age also joined the study.

All students who signed an informed consent
form received a device for self-collection of urine. Par-
ticipants were asked to collect first-void urine from
the first urination of the day and to return the urine
sample on the same morning as collection. Urine
samples were recovered at school entry the day after
recruitment, and on this day, a short online question-
naire was filled in by a study interviewer (Rwanda)
or directly by the student (Bhutan). The question-
naire included information on places of birth and liv-
ing, history of sexual intercourse, and recalled HPV
vaccination status. Urine samples and questionnaires
could only be matched through an anonymized iden-
tification number.

Urine Collection and DNA Extraction

Urine samples were self-collected by participants
using a device (Colli PeeTM, Novosanis, https://
novosanis.com) designed to collect the first 14 mL
of first-void urine immediately into 7 mL of a urine-
conservation medium to avoid DNA degradation (14)
and to allow subsequent urine volume to exit the de-
vice into the toilet. Self-collected urine samples were

2 Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021



gathered and stored on ice at the school on the morn-
ing of sample taking; on the same day, the samples
were transported to the central laboratory and stored
at -20°C until shipment to IARC in cold boxes with
ice packs. Subsequently, samples were shipped on
dry ice to the Centre for the Evaluation of Vaccina-
tion, University of Antwerp, Belgium, where DNA
extraction was performed as described elsewhere
(14). DNA extracts were then shipped back to JARC
on dry ice.

HPV Testing and Genotyping

As in the baseline surveys, 2 methods of different
analytical sensitivity were used for HPV testing to
overcome the possible problem of the relative lack
of sensitivity of HPV detection in urine. The primary
HPV testing protocol was performed in the pathology
department of Amsterdam University Medical Cen-
ter, Vrije Universiteit Amsterdam, the Netherlands,
where B-globin PCR analysis was first conducted to
confirm the presence of human DNA in all specimens
(15) and a general primer GP5+/6+-mediated PCR
with enzyme immunoassay and subsequent geno-
typing readout was used to detect HPV DNA (16).
A secondary type-specific E7 PCR bead-based multi-
plex genotyping assay (E7-MPG) with 3-globin prim-
ers included was performed at IARC, Lyon, France,
using a Luminex bead-based platform (17,18). This
assay also detects DNA from Chlamydia trachomatis.
Results were considered invalid when p-globin was
undetectable by either 1 or both HPV assays.

Statistical Analyses

For both countries, we compared the distribution of
selected characteristics of female students in the base-
line and repeat surveys by using x? tests and a p value
of <0.05 for statistical significance. To estimate type-
specific HPV prevalence among women recruited
in the baseline and repeat surveys, HPV types were
grouped as follows: HPV vaccine types (HPV-6, -11,
-16, and -18), other a-9 types (HPV-31, -33, -35, -52,
and -58), other a-7 types (HPV-39, -45, -59, and -68),
and non-a 7/9 types detected by both genotyping
tests (HPV-26, -51, -53, -56, -66, -70, -73, and -82). We
adapted the framework proposed by Halloran et al.
(19) to estimate the population-level impact of HPV
vaccination in both countries by using different defini-
tions of effectiveness on the basis of increasingly spe-
cific criteria to select comparison groups by reported
vaccination status (Figure 2). Hence, we compared the
type-specific HPV prevalence in all women, unvacci-
nated and vaccinated, recruited in the baseline and
repeat surveys, to compute the overall effectiveness,

Impact of HPV Vaccination, Rwanda and Bhutan

Figure 2. Analytical framework used to assess the impact of
human papillomavirus (HPV) vaccination in Rwanda and Bhutan.
A) Vaccinated participants in the baseline survey. B) Unvaccinated
participants in the baseline survey. C) Vaccinated participants

in the repeat survey. D) Unvaccinated participants in the repeat
survey. Vaccine effectiveness (VE) was calculated as VE = (1

— PR)%, where PR is a prevalence ratio (PR). Each type of VE

is defined according to specific criteria for selecting comparison
groups on the basis of reported vaccination status. Overall
effectiveness estimates, providing a measure of HPV prevalence
reduction over time attributable to vaccination irrespective of

the reported vaccination status of each person, were obtained

by comparing the type-specific HPV prevalence in all women,
unvaccinated and vaccinated, recruited in the baseline and repeat
surveys. PR (C and D) / PR (A and B) = overall PR. Restricted
effectiveness estimates, providing an approximate estimate of
the impact of HPV vaccination versus an entirely unvaccinated
population, were obtained by comparing the type-specific HPV
prevalence in unvaccinated women in the baseline and all women
in repeat surveys. PR (C and D) / PR (B) = restricted PR. Total
effectiveness estimates, providing a vaccine efficacy estimate
(similar to measures from clinical trials) from real-life settings,
were obtained by comparing the type-specific HPV prevalence in
unvaccinated women in the baseline and vaccinated women in
repeat surveys. PR (C) / PR (B) = total PR, where PR (¢) is the
type-specific HPV prevalence in each participant group.

which provides a measure of HPV prevalence reduc-
tion over time attributable to vaccination, irrespective
of the reported vaccination status of each person. We
also compared the type-specific HPV prevalence in
unvaccinated women in the baseline and all women
in repeat surveys, to compute the restricted effec-
tiveness to account for the fact that HPV vaccination
had already been introduced in both countries when
baseline surveys were conducted. Finally, we com-
pared the type-specific HPV prevalence in unvacci-
nated women in the baseline and vaccinated women
in repeat surveys, to compute the total effectiveness,
which provides vaccine efficacy estimates from real-
life settings (similar to measures from clinical trials).
We computed prevalence ratios (PR) for HPV
detection and corresponding 95% Cls by using bino-
mial regression models with a log link. Estimates for
Rwanda were adjusted for age group, place of birth,
and reported history of sexual intercourse (never vs.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 1, January 2021 3
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ever or prefer not to answer). Estimates for Bhutan
were adjusted only for reported history of sexual in-
tercourse because of the small number of infections
with HPV vaccine-targeted types observed. HPV
vaccine effectiveness (VE) estimates and the corre-
sponding 95% Cls were computed as (1 - PR)%. All
statistical analyses were performed by using Stata SE
15.1 (StataCorp, https:/ /www.stata.com).

Ethics Approval

The research ethics boards of the ministries of health
of Rwanda and Bhutan approved the studies in each
country. The JARC Ethics Committee approved the
studies in both countries.

Results

In the repeat surveys, 1,198 students in Rwanda and
987 students in Bhutan signed the informed con-
sent forms. Urine samples were not returned for 43

students in Rwanda and 4 students in Bhutan, re-
sults were invalid for 38 samples in Rwanda and 49
samples in Bhutan, and 2 additional exclusions were
attributable to insufficient DNA for the second test
(E7-MPG) in Rwanda. Other participants (28 from
Rwanda, 25 from Bhutan) were excluded because of a
lack of a questionnaire or because students could not
recall their HPV vaccination status. Data from 1,087
students in Rwanda (median age 19 years; range 17-
21 years) and 909 students in Bhutan (median age 19
years; range 17-22 years) were included in the final
analyses (Table 1; Appendix Figure, https:/ /wwwnc.
cdc.gov/EID/article/27/1/19-1364-Appl.pdf).

HPV vaccination was reported by 962 (89%) of
study participants in Rwanda and 864 (95%) in Bhu-
tan, and median age at vaccination was 14 years
(range 10-18 years) in Rwanda and 12 years (range
10-19 years) in Bhutan. Among vaccinated girls in the
studies, 94% in Rwanda and 90% in Bhutan reported

Table 1. Comparison of female students in HPV surveys, by selected characteristics, Rwanda baseline (2013-2014) and repeat
(2017) surveys and Bhutan baseline (2013) and repeat (2017) surveys*

Rwanda Bhutan

Characteristic Baseline survey Repeat survey Baseline survey Repeat survey

All 912 1,087 973 909

Age-group, y
17-18 374 (41.0) 536 (49.3) 285 (29.3) 347 (38.2)
19 274 (30.0) 326 (30.0) 337 (34.6) 303 (33.3)
20-22 264 (29.0) 225 (20.7) 351 (36.1) 259 (28.5)
Ve p<0.001 p<0.001

Place of birth
Capital 497 (54.5) 800 (73.6) 309 (31.8) 315 (34.7)
Outside capital 415 (45.5) 287 (26.4) 663 (68.2) 594 (65.3)
a p<0.001 p =0.187

Place of living
With family or relative 763 (83.7) 936 (86.1) 798 (82.0) 765 (84.2)
Boarding school 149 (16.3) 151 (13.9) 175 (18.0) 144 (15.8)
12 p=0.127 p=0.215

History of sexual intercourse
Never 720 (79.0) 729 (67.1) 871 (89.5) 760 (83.6)
Ever or prefer not to answert 192 (21.0) 358 (32.9) 102 (10.5) 149 (16.4)
x> p<0.001 p<0.001

Chlamydia trachomatist
Negative 892 (97.8) 1047 (96.3) 940 (96.6) 872 (95.9)
Positive 20 (2.2) 40 (3.7) 33 (3.4) 37 (4.1)
x? p =0.052 p =0.437

HPV vaccination
No 519 (56.9) 125 (11.5) 77 (7.9) 45 (5.0)
Yes 393 (43.1) 962 (88.5) 896 (92.1) 864 (95.0)
x> p<0.001 p = 0.009

Age at vaccination8
<14 12 (3.1) 412 (46.5) 12 (2.0) 569 (87.4)
>14 378 (96.9) 474 (53.5) 591 (98.0) 82 (12.6)

2 p<0.001 p<0.001

No. doses§
1 NA 52 (5.5) NA 84 (9.9)
2-3 NA 901 (94.5) NA 769 (90.2)

*Values are no. (%) except as indicated. HPV, human papillomavirus; NA, not assessed.
Tincludes 4 (Rwanda baseline), and 38 (Rwanda repeat), 43 (Bhutan baseline), and 20 (Bhutan repeat) students who preferred not to answer this

question.

fDetected by using E7 PCR bead-based multiplex genotyping assay.
§Does not add up to the total because of missing values.
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being administered >1 dose of vaccine. In the base-
line survey, 43% of participants in Rwanda and 92%
of participants in Bhutan reported to be vaccinated.
In both countries, the distribution of age at vaccina-
tion significantly shifted toward younger ages in the
repeat surveys compared with baseline surveys. We
compared the distribution of participants in the re-
peat survey by age group and other selected charac-
teristics with the distribution of the same character-
istics as observed in the 912 participants in Rwanda
and 973 participants in Bhutan in the baseline surveys
(Table 1). Students in the repeat surveys were young-
er than in the baseline surveys and more likely to re-
port sexual intercourse history (33% vs. 21% [p<0.001]
in Rwanda and 16% vs. 11% [p<0.001] in Bhutan). In
Rwanda, participants enrolled in the repeat survey
were also more likely to be born in the capital (Kigali)
than in the baseline survey (74% vs. 55% [p<0.001])
and had a higher probability of Chlamydia trachomatis
detection (4% vs. 2% [p = 0.052]). In both surveys and
in both countries, detection of C. trachomatis was sub-
stantially higher in participants who reported a his-
tory of sexual activity (Appendix Table 1).

The distribution of participants’ characteristics
by vaccination history is detailed in Appendix Table
2. In the repeat surveys, the distribution of key char-
acteristics was similar between vaccinated and un-
vaccinated participants in both countries.

We calculated prevalence and crude PR for groups
of HPV types according to GP5+/6+ PCR, in both the
baseline and repeat surveys in Rwanda (Figure 3,
panel A) and Bhutan (Figure 3, panel B). In Rwanda,
the prevalence of vaccine-targeted types decreased
2.5% to 0.7% (crude PR 0.29 [95% CI 0.13-0.65]) and
prevalence of other a-9 types decreased from 2.9%
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to 1.5% (PR 0.52 [95% CI 0.28-0.96]), whereas the
prevalence of other a-7 types was 2.1% in both sur-
veys (PR 1.02 [95% CI 0.56-1.85]) and the prevalence
of non-a 7/9 HPV types did not significantly change,
increasing from 2.6% to 2.9% (PR 1.08 [95% CI 0.64-
1.83]). In Bhutan, the prevalence of vaccine-targeted
types decreased from 0.8% to 0.1% (PR 0.13 [95% CI
0.02-1.07]), prevalence of other a-9 types decreased
from 2.8% to 1.2% (PR 0.44 [95% CI 0.22-0.87]), and
prevalence of other a-7 types decreased from 2.7% to
1.7% (PR 0.62 [95% CI 0.33-1.16]), whereas the preva-
lence of the non-a 7/9 types did not significantly
change, decreasing from 2.2% to 2.0% (PR 0.92 [95%
CI 0.49-1.71]).

We calculated the adjusted vaccine impact on
groups of HPV types in both Rwanda and Bhutan, as
measured by estimates of overall, restricted, and total
VE (Table 2). In both countries, the precision of sta-
tistically significant crude effectiveness estimates im-
proved with adjustment (data not shown, but crude
PRs and VE can be calculated from data in Table 2).
Overall effectiveness against vaccine-targeted types
was 78% (95% CI51%-90%) in Rwanda and 88% (95%
CI6%-99%) in Bhutan, and increased moving through
the scenarios of restricted effectiveness at 86% (95%
CI69%-94%) in Rwanda and 96% (95% CI 52%-100%)
in Bhutan, up to a total effectiveness of 95% (95% Cl
83%-99%) in Rwanda and 95% (95% CI 49%-100%)
in Bhutan. The overall effectiveness against other a-9
types was 58% (95% CI 21%-78%) in Rwanda and
63% (95% CI 27%-82%) in Bhutan, the restricted ef-
fectiveness was 63% (95% CI 26%-81%) in Rwanda
and 56% (95% CI -89%-90%) in Bhutan, and the total
effectiveness was 60% (95% CI 19%-81%) in Rwanda
and 58% (95% CI -81%-90%). In neither country were

Figure 3. Overall crude human papillomavirus prevalence by general primer GP5+/6+-mediated PCR in baseline and repeat surveys in
Rwanda (A) and Bhutan (B), with corresponding 95% Cls. Vaccine-targeted types (HPV-6, -11, -16, -18); other a-9 types (HPV-31, -33,
-35, -52, -58); other a-7 types (HPV-39, -45, -59, -68); non—a 7/9 types (HPV-26, -51, -53, -56, -66, -70, -73, -82).
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Table 2. PRs and VE for positivity for human papillomavirus by GP5+/6+ PCR, Rwanda and Bhutan*

Country and type of

No. (%) by vaccination status

Adjusted PRs (95%

Adjusted VE, %

effectiveness HPV typet Baseline survey Repeat survey Cht (95% Cht
Rwanda
Overall8 All All
No. 912 1,087
Vaccine-targeted 23 (2.5) 8(0.7) 0.22 (0.10 to 0.49) 78 (51 to 90)
Other 0-9 26 (2.9) 16 (1.5) 0.42 (0.22 to 0.79) 58 (21 to 78)
Other o-7 19 (2.1) 23(2.1) 0.82 (0.44 to 1.52) 18 (-52 to 56)
Non—a 7/9 24 (2.6) 31(2.9) 0.85 (0.50 to 1.45) 15 (45 to 50)
Restrictedq Unvaccinated All
No. 519 1,087
Vaccine-targeted 21 (4.0) 8(0.7) 0.14 (0.06 to 0.31) 86 (69 to 94)
Other 0-9 17 (3.3) 16 (1.5) 0.37 (0.19 to 0.74) 63 (26 to 81)
Other o-7 12 (2.3) 23(2.1) 0.71 (0.35 to 1.43) 29 (-43 to 65)
Non—a 7/9 12 (2.3) 31(2.9) 0.95 (0.49 to 1.85) 5 (-85 to 51)
Total# Unvaccinated Vaccinated
No. 519 962
Vaccine-targeted 21 (4.0) 3(0.3) 0.05 (0.01t0 0.17) 95 (83 to 99)
Other 0-9 17 (3.3) 15 (1.6) 0.40 (0.19 to 0.81) 60 (19 to 81)
Other o-7 12 (2.3) 19 (2.0) 0.65 (0.31 to 1.37) 35 (=37 to 69)
Non—a 7/9 12 (2.3) 25 (2.6) 0.86 (0.43 to0 1.71) 14 (=71 to 57)
Bhutan
Overall§ All All
No. 973 909
Vaccine-targeted 8(0.8) 1(0.1) 0.12 (0.01 to 0.94) 88 (6 to 99)
Other -9 27 (2.8) 11(1.2) 0.37 (0.18 t0 0.73) 63 (27 to 82)
Other o-7 26 (2.7) 15 (1.7) 0.49 (0.26 to 0.92) 51 (8 to 74)
Non—a 7/9 21(2.2) 18 (2.0) 0.77 (0.41 to 1.42) 23 (-42 to 59)
Restricted Unvaccinated All
No. 77 909
Vaccine-targeted 2(2.6) 1(0.1) 0.04 (0 to 0.48) 96 (52 to 100)
Other 0-9 2(2.6) 11(1.2) 0.44 (0.10 to 1.89) 56 (-89 to 90)
Other o-7 1(1.3) 15 (1.7) 1.08 (0.15 to 7.82) -8 (682 to 85)
Non—a 7/9 3(3.9) 18 (2.0) 0.47 (0.14 to 1.59) 53 (-59 to 86)
Total# Unvaccinated Vaccinated
No. 77 864
Vaccine-targeted 2(2.6) 1(0.1) 0.05 (0 to 0.51) 95 (49 to 100)
Other 0-9 2(2.6) 10 (1.2) 0.42 (0.10 to 1.81) 58 (81 to 90)
Other o-7 1(1.3) 15 (1.7) 1.13 (0.16 to 8.21) -13 (=721 to 84)
Non—a 7/9 3(3.9) 17 (2.0) 0.46 (0.15to0 1.48) 54 (—48 to 85)

*PR, prevalence ratio; VE, vaccine effectiveness.

TVaccine-targeted types (HPV-6, -11, -16, -18); other a-9 types (HPV-31, -33, -35, -52, -58); other a-7 types (HPV-39, -45, -59, -68); non—a 7/9 types

(HPV-26, -51, -53, -56, -66, -70, -73, -82).

FAdjusted for age, ever had sexual intercourse, and place of birth in Rwanda, and for ever had sexual intercourse only in Bhutan.

§Entire baseline group compared with entire repeat group.
flUnvaccinated baseline group compared with entire repeat group.
#Unvaccinated baseline group compared with vaccinated repeat group.

any effectiveness estimates against other HPV a-7 or
non-a 7/9 types ever statistically significant.

According to testing with the more sensitive E7-
MPG protocol, all HPV prevalence estimates were
consistently higher, and corresponding HPV VE esti-
mates consistently lower than the corresponding esti-
mate shown for GP5+/6+. Also, in Bhutan, restricted
and total effectiveness were not statistically signifi-
cant in the E7-MPG PCR (Appendix Table 3).

Discussion

By comparing type-specific HPV prevalence among
young women in repeat surveys, we have assessed
the early impact of HPV vaccination at the population-
level in Rwanda and Bhutan, 2 LMICs implementing a

national HPV vaccination program. In both countries,
high-coverage in schools (¥90%) with quadrivalent
vaccine has vastly decreased the prevalence of HPV
types targeted by the vaccine (HPV-6, -11, -16, and -18),
as well as significantly decreasing also that of other a-9
HPV types (HPV-31, -33, -35, -52, and -58), suggesting
cross-protection (58% in Rwanda and 63% in Bhutan).
On the other hand, no changes were observed in oth-
er HPV types during this period, suggesting that the
prevalence reduction observed in both countries is en-
tirely vaccine-driven and not attributable to changes
over time in sexual behavior.

An important strength of our present study is
the comparability of HPV prevalence estimates in the
baseline and repeat surveys in both countries. To this
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end, we adopted the same methods and procedures to
recruit, interview, and test young women and used, as
far as feasible, the same high-schools to recruit study
participants. To account for behavioral changes that
might have occurred in the source population, we ad-
justed our estimates for the reported history of sexual
intercourse, which was more frequent in repeat surveys
in both countries. The prevalence of non-a 7/9 HPV
types (for which no prior evidence for cross-protection
exists) did not significantly change over time. We also
did not observe any indications of type replacement.

In both countries, HPV vaccination had been in-
troduced before the implementation of the baseline
surveys; 43% of study participants in Rwanda and 92%
in Bhutan were vaccinated in the catch-up campaigns.
Hence, our effectiveness estimates are underestimated
because of vaccine-induced protection in the reference
group. In particular, estimates of overall effectiveness
are affected by both direct and indirect protection in
the baseline group, whereas restricted and total effec-
tiveness estimates are affected only by indirect protec-
tion. Furthermore, some baseline survey participants
might have been sexually active and HPV-infected
before being vaccinated. In Bhutan, because of the
high vaccination coverage, the number of participants
positive to vaccine-targeted HPV types in the reference
group was tiny; therefore, effectiveness estimates are
imprecise. Nevertheless, irrespective of the genotyping
method considered, overall effectiveness was >80%.
Restricted and total effectiveness were not statistically
significant in tests using E7-MPG PCR. By contrast,
in Rwanda where vaccination coverage in the refer-
ence group was much lower, estimates of effectiveness
against vaccine-targeted and other a-9 types are more
precise and consistently statistically significant.

We used 2 HPV testing methods of different ana-
lytical sensitivity (GP5+/6+ PCR and E7-MPG) to en-
able us to compare possibly different estimates of VE
by assay and overcome the possible problem of the
relative lack of sensitivity of HPV detection in urine.
Significant overall effectiveness was shown with
both methods used. However, we estimated stronger
overall VE (78% in Rwanda and 88% in Bhutan) when
HPV was measured by using GP5+/6+ PCR. The
lower estimated VE might relate to the increased de-
tection of low-level HPV DNA by E7-MPG that might
have no clinical significance (20). In Bhutan, as men-
tioned previously, restricted and total effectiveness
estimates were not statistically significant most likely
because of few HPV vaccine-type positive women.

Population-level impact of HPV vaccination with
both bivalent and quadrivalent vaccine, as well as
cross-protection against other high-risk HPV types,

Impact of HPV Vaccination, Rwanda and Bhutan

have been repeatedly documented in HICs (21) The
magnitude of the reduction in prevalence of cervi-
cal HPV types targeted by the quadrivalent vaccine
impact estimated in Rwanda and Bhutan is similar to
that recently recorded in repeat cross-sectional stud-
ies conducted in Australia (93% among women <25
years of age) (22) and the United States (86% among
14- to 19-year-olds and 71% among 20- to 24-year-
olds) (23). The size of cross-protection of quadrivalent
vaccine against a-9 HPV types estimated in our study
is consistent with estimates reported in Australia
(60% against HPV-31, -33, and -45) (24), the post-hoc
analysis of trial data (22% against HPV-31, -33, -35,
-52, and -58) (25), and findings of a metaanalysis sum-
marizing data from HICs (17% against HPV-31, -33,
-35, -45, -52, and -58) (21).

The most relevant limitation of our study is that
baseline surveys could not be conducted in unvacci-
nated populations. As a result, overall effectiveness
estimates are likely to be underestimated in both
countries and the statistical power of the study, in par-
ticular in Bhutan, is reduced. For Bhutan, the overall
effectiveness against vaccine-targeted HPV types re-
ported in this article is the same as that estimated from
surveys based on cervical cell samples (88% [95% Cl
80%-92%]) (26). Furthermore, vaccination status was
self-reported and could not be ascertained by us-
ing vaccination registries. This limitation might have
particular impact on the estimations of restricted and
total effectiveness, which use HPV prevalence among
unvaccinated participants in baseline surveys as a ref-
erence category. To minimize the risk for recall bias,
questions about HPV vaccination were accompanied
by a detailed description of the vaccination process as
implemented in each country. Furthermore, no other
vaccine was given to age-groups targeted with HPV
vaccination in the same period. Finally, our surveys
were not designed, nor powered, to disentangle direct
and indirect (herd) vaccine-induced protection, which
has been repeatedly observed in studies conducted in
HICs (9,24,27,28). However, the high overall effective-
ness estimated in Bhutan (88%), despite very similar
HPV vaccination coverage in the 2 surveys, suggests
vaccine-induced indirect herd effect provided by older
birth cohorts to younger ones. In the surveys based on
cervical cell samples conducted in Bhutan, the indirect
effectiveness was 78% (95% CI 61%-88%) (26). Such an
intercohort protection mechanism has been observed
in other community-randomized trials (29) and eluci-
dated through modeling studies (30).

In summary, our study provides direct evidence
from LMICs of the marked effectiveness of a high-
coverage national catch-up HPV vaccination program.
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The full impact of vaccination of the routine target co-
horts, vaccinated before sexual debut, remains to be
measured; continued monitoring will be necessary to
assess the sustained impact of the 2-dose HPV vac-
cination schedule recently introduced in both coun-
tries. The reported findings will also be instrumental
in supporting a long-term stakeholders” commitment
to HPV vaccination, to inform future budget allocation
exercises, and to adapt local cervical cancer screening
programs to vaccinated populations. Furthermore, the
repeat urine-based survey approach used in Rwanda
and Bhutan to monitor the impact of HPV vaccination
is well-accepted and remarkably adaptable to a wide
range of settings and populations, making this ap-
proach particularly valuable to periodically assess the
early impact of HPV vaccination.
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Nosocomial Coronavirus Disease
Outbreak Containment, Hanoil,
Vietnam, March—April 2020

Cuong Duy Do, Vuong Minh Nong, An Van Ngo, Tra Thu Doan,
Tuan Quang Nguyen, Phuong Thai Truong, Linus Olson, Mattias Larsson

We report on the public health response generated by
an outbreak of coronavirus disease (COVID-19) that oc-
curred during March 2020 at Bach Mai Hospital (BMH)
in Hanoi, northern Vietnam'’s largest hospital complex.
On March 18, a total of 3 distinct clusters of COVID-19
cases were identified at BMH. Diagnosis of the initial 3
COVID-19 cases led to contact tracing, symptom screen-
ing, and testing of 495 persons and limited quarantine of
affected institutes or departments. When 27 staff mem-
bers in the catering company tested positive for SARS-
CoV-2, the entire BMH staff (7,664 persons) was put un-
der quarantine. Contact tracing in the community resulted
in an additional 52,239 persons being quarantined. After
3 weeks, the hospital outbreak was contained; no further
spread occurred in the hospital. Rapid screening of cas-
es, extensive testing, prompt quarantine, contact tracing,
and social distancing contributed to prevent community
transmission in Hanoi and northern Vietnam.

n Vietnam, as of September 19, 2020, there were

1,068 laboratory-defined cases of the coronavirus
disease (COVID-19) and 35 deaths. The outbreak in
Vietnam consisted of 2 waves: the first was during
January 22-July 24 with imported cases from coun-
tries in the Asia-Pacific region and Europe (1-3), re-
sulting in 417 cases and no deaths; the second wave
began on July 25 in Da Nang, central Vietnam, with
community transmission, resulting in 551 cases and
35 deaths (4).

Vietnam, a middle-income country in Southeast
Asia with a population of ~100 million and a long,
porous border with China, had relatively few cases
of COVID-19 and no deaths during the first wave of
the outbreak. When the epidemic in China was first

Author affiliations: Bach Mai Hospital, Hanoi, Vietham (C.D. Do,
V.M. Nong, A.V. Ngo, T.T. Doan, T.Q. Nguyen, P.T. Truong);
Karolinska Institutet, Stockholm, Sweden (L. Olson, M. Larsson)
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acknowledged in late December 2019, the govern-
ment of Vietnam implemented rapid response and
containment by investigation, contact tracing, and
quarantine as well as broader community mitiga-
tion measures with substantial nonpharmacologic
interventions (5). The government first strengthened
border control measures on January 3; body temper-
ature screening and health declarations by persons
entering Vietnam were implemented on January 22.
After a case of COVID-19 was detected in Vietnam
on January 22 (6), the border with China was closed,
and all persons entering Vietnam were placed in 14
days’ quarantine at centralized facilities. Persons
who were suspected of being infected and who had a
travel history to Wuhan or Hubei Province in China
before January 1, as well as their direct contacts, were
also traced and placed in quarantine. Steering com-
mittees for COVID-19 prevention were established
at each administrative division level, from province
to district and commune, under the overall direction
of a national committee headed by a deputy prime
minister. Tracing was performed by local Center for
Disease Control health workers and police forces us-
ing flight data and residence information. In addi-
tion, a health declaration system was developed on
both web and mobile platforms for persons to report
their symptoms and suspected cases in nearby living
areas. The communication strategies were prepared
in early January from various channels, including
national and local TV programs, official press, and
social media (5,7). All schools and universities re-
mained closed after Tet (the lunar new year holiday)
during January 23-May 4. At centralized facilities,
quarantined persons were tested for severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) >2
times.

In January, the first 6 positive cases in Vietnam
were diagnosed by the whole-genome sequencing
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method, with an average of 3-4 days for returning
the results. Nasopharyngeal samples were collected
at the quarantine sites, then transferred to reference
laboratories. Four national institutes act as refer-
ence laboratories for different regions of the country.
Three of the 4 reference laboratories diagnosed the
first 6 cases, including National Institute of Hygiene
and Epidemiology (NIHE) in Hanoi, Pasteur Institute
in Ho Chi Minh City, and Pasteur Institute in Nha
Trang. From January 31 onward, the real-time reverse
transcription PCR (RT-PCR) method was widely ap-
plied, which helped reduce the time for laboratory
confirmation to 6 hours. The test kits were first do-
nated by the World Health Organization (WHO),
then provided by Viet-A Corporation (https://www.
vietacorp.com).

During January 22-February 13, a total of 16
cases were detected in Vietnam during the first
COVID-19 epidemic phase. Among these were 3
cases that were imported from Hubei Province in
China to Vinh Phuc, a province near Hanoi; these 3
patients transmitted COVID-19 to 8 other persons,
among them a 3-month-old infant (8). In response,
an entire commune of 10,600 persons was placed in
lockdown for 3 weeks. This early response and con-
tainment strategy was effective in preventing com-
munity transmission during the first phase of the
pandemic, and all 16 patients have fully recovered
from their illnesses (9).

Nosocomial transmission of SARS-CoV-2 has the
potential to spark community transmission. In Italy,
for example, the national outbreak was initiated by
nosocomial transmission of SARS-CoV-2 from a pa-
tient in hospital in Codogno, Lombardy, whose de-
layed diagnosis (36 hours after admission) led to
infection of many healthcare workers and other inpa-
tients (10). Globally, healthcare workers were over-
represented among COVID-19 cases because they
had a high level of exposure, especially those work-
ing in triage and COVID-19 screening and testing,
along with healthcare workers who had direct patient
contact in infectious disease and intensive care de-
partments. In China, healthcare workers had 3.8% of
all COVID-19 cases, and 14.8% of them had severe or
critical illnesses (11).

On March 18 and March 19, the first 2 COVID-19
cases in healthcare workers at Bach Mai Hospital
(BMH) in Hanoi were reported, leading to a wide-
spread investigation and response effort at the hos-
pital. We describe how a nosocomial COVID-19 out-
break in one of the largest hospitals in Vietnam was
contained through rigorous testing, active case find-
ing, contact tracing, and whole-hospital quarantine.

Coronavirus Outbreak Containment, Hanoi, Vietnam

Methods

Setting

BMH is Hanoi’s largest national tertiary general hos-
pital, with nearly 3,000 inpatient beds and an average
of 5,000 outpatients per day. The hospital has 34 clini-
cal centers, institutes, and departments and 6 para-
clinical departments, with >6,000 healthcare workers
and nonclinical staff. Three affiliated national insti-
tutes are under BMH management: National Heart
Institute (NHI), National Institute of Mental Health,
and National Institute of Medical Expertise. The first
branch of the National Hospital for Tropical Diseases
(NHTD) is also located inside the BMH area, but has
been a freestanding hospital since 2006. The NHTD
has a second branch that was the designated hospital
for COVID-19 patients in northern Vietnam, located
in a suburban area of Hanoi. BMH has its own infec-
tious disease facility, the Center for Tropical Diseases
(CTD), separate from NHTD (Figure 1).

In early January 2020, BMH established 2 dedi-
cated COVID-19 screening triage clinics for suspected
cases. These clinics were located in separate areas
from other departments of the hospital: the first was
next to the main gate, and the second was set up near
the CTD (Figure 1). Healthcare workers from the CTD
operated both clinics, 1 doctor and 2 nurses working
per shift. All patients were required to be screened
at the clinics before they received any other services.
Clinic staff performed general clinical examinations,
gathered epidemiologic data, and classified whether
each patient had a suspected case using general cri-
teria issued by the Ministry of Health (MoH), includ-
ing having >1 suspicious symptom (fever, cough,
shortness of breath) and having a history of traveling
through epidemic areas or having close contact with a
patient with confirmed COVID-19 during the preced-
ing 14 days. Before March 12, nasopharyngeal swab
specimens from the suspected cases were transferred
to the NIHE for SARS-CoV-2 confirmation. Beginning
March 13, the specimens were processed and con-
firmed at BMH itself. Patients with suspected cases
were transferred immediately, in dedicated vehicles,
to the second branch of NHTD, even if test results had
not yet been received.

Study Design and Data Collection

We conducted a desk review of available documents,
patient records, and public data collected during
March 17-April 15, 2020. We retrieved demograph-
ic data from the official COVID-19 database pro-
vided by General Department of Preventive Medi-
cine (https://ncov.vncde.gov.vn). Symptoms and
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Figure 1. Hospital floor plan and timeline of
lockdowns during outbreak of severe acute
respiratory syndrome coronavirus 2 infections at Bach
Mai Hospital complex in Hanoi, Vietnam. A) Hospital
floor plan. B) Details of departmental or institution
lockdowns. COVID-19, 2019 coronavirus disease;
HCW, healthcare worker.

treatment data were systematically collected from the
official MoH COVID-19 database (https:/ /ncov.moh.
gov.vn) and the MoH official press release website
(https:/ /suckhoedoisong.vn).

Quarantine Measures
We established different definitions of suspected cases,
as well as a hierarchy of contacts, between the BMH
outbreak and standards management in Vietnam in
general. The MoH’s general guidelines defined a sus-
pected case as illness in a person who had >1 suspicious
symptom and had epidemiologic criteria such as travel
abroad or direct contact with suspected cases. Patients
with suspected cases were put in centralized quaran-
tine for 14 days and tested for SARS-CoV-2. The con-
tacts were categorized at 3 levels: F1 for close contacts
of persons with laboratory-confirmed COVID-19 cas-
es, F2 for close contacts of F1 persons, and F3 for close
contacts of F2 persons. F1 persons were also placed in
centralized quarantine and tested, whereas F2 and F3
persons were isolated and monitored at home. When
a community had several confirmed cases and the in-
dex patients had multiple complicated contacts, the
lockdown of a small administrative unit (usually at the
commune level) was carried out.

In the outbreak at BMH, all persons who vis-
ited the hospital during March 10-March 20 were

considered as the F1 group, regardless of their ex-
posure to laboratory-confirmed cases. For contact
tracing, 4 levels of contacts were followed up, from
F1 to F4 (F4 comprised close contacts of F3), which
is one level higher than the general guideline. F1
and F2 persons were quarantined at a centralized
area, and F3 and F4 persons isolated at home (Ta-
ble). Affected departments at the BMH area were
isolated as soon as cases were detected, and lock-
down of the entire hospital was implemented after
the confirmation of 8 cases and 4 affected depart-
ments (Figure 1).

SARS-COV-2 Testing Strategy

We tested all F1 persons quarantined at BMH for
SARS-CoV-2 using RT-PCR in the microbiology de-
partment; persons at the CTD, NHI, and neurology
department (ND) were tested 3 times to confirm the
situations in these departments, and all others at BMH
were tested once. Because of the requirement of >2
negative tests before a person was released from quar-
antine, Hanoi Center for Disease Control conducted
an additional retest for all confirmed cases before the
removal of lockdown. The test kits were either donat-
ed by the WHO or provided by Viet-A Corporation.
In total, an estimated 15,000 tests were analyzed for
quarantined persons at BMH. Each test cost #$30 USD.
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F1 and F2 persons who were traced and quar-
antined in the community were provided >1 test by
the local Center for Disease Control. The numbers of
tests per person depended on the decision of the local
steering committee, which considered the occurrence
of symptoms and laboratory capacity.

The study was approved by the BMH ethics com-
mittee. We applied all ethics considerations needed
according to MoH or by its designees.

Results

Timeline and Outbreak Management at BMH
During March 18-April 14, a total of 46 laboratory-
confirmed COVID-19 cases were detected at BMH.
The mean age of the patients was 44.9 years, and 80.4%
were female. Ten (21.7%) patients were symptomatic;
91.3% had a history of admission to BMH or working
or visiting an institute in the BMH complex, including
healthcare workers (4.4%), nonclinical staff (58.7%), pa-
tients (13.0%), and family caregivers (15.2%) (Figure 2).
Case 86 was in a female nurse working at the HIV
outpatient clinic of the CTD. On March 11, she had
chest tightness and pain and was admitted to the NHI;
her diagnosis was a clinical manifestation of preexist-
ing hypertension illness. She had multiple contacts
with CTD staff during lunch and break periods, includ-
ing the patient with case 87, a 33-year-old female nurse
working at the COVID-19 screening clinic who devel-
oped fever (38.5°C) and dry cough on March 18 and
had a positive test for SARS-CoV-2 on the same day
(Figure 2). Quarantine and mass testing were imposed
for all of CTD on March 19, involving 159 healthcare
workers. NHI was also put in quarantine on the same
day; this quarantine included 84 persons (Figure 1).
Case 133 was in a 66-year-old woman who was
admitted to Lai Chau General Hospital for stroke on
February 29 and was transferred to the BMH neurol-

Coronavirus Outbreak Containment, Hanoi, Vietnam

ogy department (Figure 2). On March 22, she was
transferred back to Lai Chau General Hospital be-
cause she developed fever and cough and tested posi-
tive for SARS-CoV-2. Quarantine was imposed at the
neurology department on March 24 for a total of 252
persons: 162 healthcare workers, 36 patients, and 54
caregivers (Figure 1).

Of the 46 confirmed cases, 27 were from the hos-
pital catering company (Figure 1). These persons
provided food and drinks for staff and patients in
the hospital and managed the hospital canteens and
cleaning tasks. Thus, they moved throughout the
hospital and worked close to one another. The reason
for the transmission among the company staff might
have been the close contact they had during their
work without adequate protective equipment. Of the
91 catering company staff who worked at BMH, 28%
were SARS-CoV-2 positive. Cases 174 and 184 were
symptomatic, with fever and cough, but the others
were asymptomatic.

On March 28, the quarantine was extended to all
of BMH. A total of 7,664 persons were quarantined:
6,258 healthcare workers and other staff members,
793 inpatients, and 613 of the patients’ related family
caregivers (Figure 1).

BMH stopped new admissions on March 20, except
for patients with severe and critical conditions. A total
of 5,113 inpatients were transferred to local provincial
hospitals or other specialized hospitals in Hanoi. These
patients had non-COVID-19-related illnesses and
were considered safe to transfer; they were managed
as F1 persons and received preventive measures from
the local government and Center for Disease Control.
A total of 793 patients with non-COVID-19-related ill-
nesses required treatment at BMH because of the se-
verity of their illness. These patients were managed
with a high level of infection control, including spacing
beds >2 m apart, ensuring that all healthcare workers

Table. Definitions, risk assessment, mitigation strategy, and numbers of contacts traced in the COVID-19 outbreak at Bach Mai

Hospital, Hanoi, Vietham, March—April, 2020

Group Definition Risk assessment Strategy No. tracings
F1 All patients who visited the hospital, including Highest Quarantined at centralized 27,893
discharged, transferred out, and outpatients centers for 14 d
Family caregivers of patients Test for SARS-CoV-2
Healthcare workers Daily health assessment by
Medical students and visiting scholars healthcare workers
People who visited patients
People from catering company, including nonlocal
staff
Private hired caregivers for patients
F2 Close contacts of F1 High
F3 Close contacts of F2 Medium Isolated at home for 14 d 24,346
F4 Close contacts of F3 Low Self-monitoring for

at-risk symptoms
Remote health monitoring by
local healthcare workers
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Figure 2. Details of severe acute respiratory syndrome coronavirus 2 infections positive cases and timeline of containment strategy for
infections related to Bach Mai Hospital, Hanoi, Vietnam. RT-PCR, reverse transcription PCR.

used personal protective equipment, and having
healthcare workers using N95 masks when perform-
ing aerosol-generating procedures associated with vi-
ral spread. In addition, only 1 healthcare worker at a
time was allowed contact with a patient, except when a
medical intervention required >1 person. Family care-
givers were not permitted to have direct contact with
patients. Body temperature measurement and man-
datory medical reporting for all persons in and out of
the hospital, enhanced room air flow, and retraining
in infection prevention and control (IPC) were imple-
mented for all the staff. Separate entryways for new
emergency cases and routine dialysis patients were set.
Other routine outpatients, such as patients with diabe-
tes, hepatitis, or cardiovascular disease, were asked to
delay their regular visits and go to local hospitals for
care and treatment.

Contact Tracing and Outbreak Containment
in the Community
F1 persons were categorized into 7 groups. Four
groups had registered information at BMH: health-
care workers, visiting scholars and students, non-
clinical staff, and patients (both inpatients and outpa-
tients). The other 3 groups, family, hired caregivers,
and other persons who visited patients, could be
found only by epidemiologic investigation, self-re-
ported or reported in the local community. In addi-
tion, information on all cases was widely available on
social media and media outlets, alerting members of
the general community about potential exposure if
they were at the hospital.

Healthcare workers, visiting scholars and stu-
dents, severely or critically ill inpatients, and their
family and hired caregivers were quarantined and
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managed at BMH. All other BMH cases from March
10-20 (including 5,113 transferred patients) were
traced and managed by the local Hanoi steering com-
mittee. A total of 52,239 persons were followed up
in the community. Among those who were traced,
27,893 F1 and F2 persons were put in quarantine (Ta-
ble). Nearly 30,000 RT-PCR tests were performed on
F1 and F2 persons in the community.

Discussion

We describe how nosocomial transmission in a large
hospital was contained through extensive testing of
all possibly exposed persons, even those without any
symptoms; whole hospital quarantine for >2 weeks;
contact tracing in the community; and quarantine of all
contacts. From the beginning of the COVID-19 pandem-
ic, testing strategy has been an essential intervention in
preventing community spread of COVID-19 in Viet-
nam. As of May 13, 2020, >275,000 SARS-CoV-2 RNA
tests had been conducted in Vietnam; the proportion of
tests per confirmed case was 950 (12). These measures
were put in place to prevent a generalized epidemic and
a heavy burden on the healthcare system, which gener-
ally was overloaded, with only 9 doctors and 15 nurses
per 10,000 population (13). One advantage during the
outbreak at BMH was the laboratory capacity and avail-
able RT-PCR test kits provided by a local company.
About 15,000 tests were done for persons quarantined
at the hospital. More than half of these tests were ana-
lyzed at BMH itself, which helped to greatly reduce the
waiting time for detecting cases. In addition, by March
21, there were 22 licensed laboratories, including 6 pro-
vincial Centers for Disease Control, able to perform RT-
PCR tests for SARS-CoV-2 across the country, which
increased the local case detection capacity.

All of BMH was quarantined after 8 cases of
COVID-19 were detected in 4 departments. All per-
sons linked to the hospital, including healthcare
workers, inpatients, outpatients, visitors, and close
contacts of these persons within 14 days before the
lockdown (27,893 persons), were considered as hav-
ing suspected cases, placed in centralized quaran-
tine, and tested. Modeling suggested that active case
tracing and early testing had a major effect on re-
ducing the community transmission of COVID-19,
up to 80% (14), and the outcomes from outbreak
containment at BMH could provide good empiri-
cal evidence for this result. Active case tracing has
been implemented in several other countries and has
shown remarkable effectiveness (15-18).

Quarantine for all the contacts was the major
factor for successful outbreak containment at BMH.
However, quarantine was not always an acceptable

Coronavirus Outbreak Containment, Hanoi, Vietnam

solution for many other settings because of the lack
of resources, facilities, or policy support (19,20). In
the case of BMH, the decision on the whole-hospital
quarantine was made by considering multiple crite-
ria. The first advantage was the hospital’s beds for
transferred-out patients and the new 9-story building
that could be used for the accommodation of quar-
antined persons. Second, the hospital contingency
fund and support from the Hanoi city council were
rapidly mobilized for food, drinks, and other necessi-
ties. In addition, the transmission from an unknown
index case might have been the tip of an iceberg of
undetected of community transmission in Hanoi that
encouraged aggressive actions to prevent widespread
community transmission.

Only 10 symptomatic cases were found among
the 46 laboratory-confirmed COVID-19 cases in the
outbreak (21.7%); 1 patient needed intensive care
with mechanical ventilation (2.2%), and there were
no deaths. Several large investigations with a similar
approach to active case tracking efforts also showed
a high rate of asymptomatic patients among persons
who tested positive for SARS-CoV-2. For example, in a
cohort of 829 employees who worked at Rutgers Uni-
versity and associated hospitals in New Jersey, USA,
the prevalence of asymptomatic SARS-CoV-2 cases
was 65.9% (E.S. Barrett et al., unpub. data, https://
doi.org/10.1101/2020.04.20.20072470). A large popu-
lation screening in Iceland showed that the positive
rate among 13,080 nontargeted citizens was 0.8%, and
43% of SARS-CoV-2 positive cases were asymptom-
atic (21). In a homeless shelter in Boston, the asymp-
tomatic rate among persons who tested positive for
SARS-CoV-2 was 87.8% (22). These results empha-
size the importance of detecting mild or asymptom-
atic COVID-19 cases because they may be vectors for
transmission (23; D.C. Buitrago-Garcia et al., unpub.
data, https:/ /doi.org/10.1101/2020.04.25.20079103).

The relatively low rate of transmission to health-
care workers might be the result of use of personal
protective equipment and masks, as well as other IPC
activities. In addition, the outbreak occurred during a
generally cool time of year, so opening windows and
doors was still practiced in most of areas of the hos-
pital, which could help to lower transmission risk,
compared with having to use air conditioning dur-
ing the warmer season (24). Most of the cases were in
nonclinical staff members, which might be the result
of high frequency of exposure with lack of protective
equipment as well as work in crowded conditions
in the kitchen and canteen. After the first cluster
was detected at the CTD, a higher level of infec-
tion control was implemented, including retraining
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in IPC measures for all staff. However, the compli-
ance of nonmedical staff was inadequate, which
might be the result of a lack of adequate informa-
tion, training, and personal protective equipment, as
well as management possibly underestimating the
severity of the situation. This finding illustrates the
importance for healthcare facilities to protect their
nonclinical staff by providing appropriate training
and adequate protective equipment, because these
staff members may be both victims and vectors to
other staff and patients (25,26).

The outbreak at BMH contributed to a decision to
implement a social distancing campaign throughout
Vietnam during April 1-April 14 and in Hanoi for an
additional week after that. We found that the BMH out-
break uncovered both nosocomial and unexplained cas-
es likely to have resulted from community transmission.
The social distancing campaign might have contributed
to reducing community transmission, as indicated in
several other settings (27,28). In addition, experiences
from the containment of the SARS outbreak in 2003
(29,30), which also occurred at BMH, helped hospital
management make quarantine decisions faster. Many
frontline healthcare workers who were present during
the SARS outbreak 2003 were still working at BMH and
contributed to the management, planning, and process-
ing of the COVID-19 outbreak containment. Although
containment in the BMH COVID-19 outbreak was suc-
cessful, the index case was not found.

Our investigation is subject to several limitations.
First, we could not estimate the coverage of contact
tracing in the community because of the lack of infor-
mation for some at-risk groups that did not register
in the database (family/private caregivers and per-
sons who visited patients). Second, because we did
not interview all the patients who tested positive, the
source and index cases were not fully interpreted. Fi-
nally, we did not perform a complete outbreak inves-
tigation, which reduced the validity of the contain-
ment outcomes and made it difficult to compare this
study with other studjies.

In conclusion, the COVID-19 outbreak contain-
ment at BMH is a noteworthy example in which a
major university hospital was quarantined to prevent
further community transmission. Containment of the
outbreak in BMH could serve as an example for other
settings that are experiencing new outbreaks of this
highly transmissible disease.

We suggest several recommendations to pre-
vent hospital COVID-19 nosocomial outbreaks. Strict
triage stations should be established at all entranc-
es; healthcare workers, nonclinical staff, and con-
tract workers should be monitored and those with

symptoms recommended to stay home if ill; and oth-
er key IPC measures should be instituted at the hospi-
tal according to the hierarchy of IPC controls. Protec-
tive equipment should be provided to all staff, both
clinical and nonclinical, as well as training in how
to use it correctly. In addition, cases of severe viral
pneumonia should be monitored closely, with SARS-
CoV-2 testing recommended when all other possible
causes have been excluded. High-risk groups, such
as patients with severe acute respiratory infections,
healthcare workers, and elderly patients, should also
be strictly monitored.
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Aspergillosis Complicating
Severe Coronavirus Disease

Kieren A. Marr, Andrew Platt, Jeffrey A. Tornheim, Sean X. Zhang,
Kausik Datta, Celia Cardozo, Carolina Garcia-Vidal

Aspergillosis complicating severe influenza infection
has been increasingly detected worldwide. Recently,
coronavirus disease—associated pulmonary aspergil-
losis (CAPA) has been detected through rapid reports,
primarily from centers in Europe. We provide a case
series of CAPA, adding 20 cases to the literature, with
review of pathophysiology, diagnosis, and outcomes.
The syndromes of pulmonary aspergillosis complicating
severe viral infections are distinct from classic invasive
aspergillosis, which is recognized most frequently in
persons with neutropenia and in other immunocompro-
mised persons. Combined with severe viral infection,
aspergillosis comprises a constellation of airway-inva-
sive and angio-invasive disease and results in risks as-
sociated with poor airway fungus clearance and killing,
including virus- or inflammation-associated epithelial
damage, systemic immunosuppression, and underlying
lung disease. Radiologic abnormalities can vary, reflect-
ing different pathologies. Prospective studies reporting
poor outcomes in CAPA patients underscore the urgent
need for strategies to improve diagnosis, prevention,
and therapy.

Invasive aspergillosis is frequently recognized in
persons who have severe immunosuppression, es-
pecially that associated with hematologic malignan-
cies and transplantation. It is characterized by hyphal
invasion through bronchial or lower airway tissues,
with potential vascular invasion and hallmark radio-
graphic findings reflective of hemorrhage and ne-
crosis. However, Aspergillus species cause a broader
constellation of pulmonary disease, pathologically
characterized by inflammatory disease in the airway
and acute and chronic invasion, largely depending
on host risks (1). Much recent work has focused on
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describing epidemiology and significance of aspergil-
losis occurring after severe viral infections, especially
influenza and coronavirus disease (COVID-19).

Aspergillosis associated with severe influenza
virus infection (influenza-associated aspergillosis,
IAA) was reported in 1951, when Abbott et al. de-
scribed fatal infection in a woman with cavitary in-
vasive pulmonary aspergillosis noted on autopsy (2).
Scattered reports appeared in thereafter; Adalja et al.
summarized 27 cases in the literature during 1952-
2011, which reported predominance after influenza
A infection, associated lymphopenia, and occurring
in persons of a broad age range (14-89 years), but
with little underlying lung disease (3). There were
increased numbers of cases reported during and af-
ter the 2009 influenza A(H1N1) pandemic (3-10). In
2016, Crum-Cianflone summarized 57 cases from
literature; most (70%) were associated with HIN1
influenza (11). Invasive aspergillosis was described,
with complicating tracheobronchitis noted in 15.8%.
Reported cases (68/128) during 1952-2018 were sum-
marized by Vanderbeke et al. (12).

An increased understanding of IAA emerged
from large cohort studies performed after 2015. One
7-year retrospective study in intensive care units
(ICUs) in Belgium and the Netherlands reported
rates varying from 14% in immunocompetent per-
sons to 31% in immunocompromised persons (13).
Within the influenza-infected cohort, male sex, he-
matologic malignancy, high acute physiological as-
sessment and chronic health evaluation II (APACHE
II) score, and corticosteroid use were associated with
IAA, whereas underlying diabetes was associated
with lower risks. Cohort studies conducted in Can-
ada, China, and Taiwan reported similar risk pro-
files and that incidence of disease varied according
to season and viral epidemiology (14-17). Despite
these data, 2 recent survey studies reported that risk
recognition is poor outside of countries in Europe
(18,19). Only 63% of critical care physicians respond-
ing to an international survey were familiar with
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IAA, and differences were notable between physi-
cians in the United States (17%) and Europe (58%)
(19). Similarly, a US Centers for Disease Control and
Prevention-sponsored survey of infectious diseases
practitioners reported that only 26% of 114 respon-
dents were familiar with [AA (18).

An increased number of reports described a
similar syndrome associated with severe COVID-19
(20-45). In this study, we add to this literature, report
20 additional cases from 2 centers in Spain and the
United States and provide a review of literature de-
scribing the emerging entity of COVID-19-associated
pulmonary aspergillosis (CAPA).

Methods

Case Series

Cases of CAPA were identified during March-June
2020 at Johns Hopkins University (Baltimore, MD,
USA) and Hospital Clinic of Barcelona (Barcelona,
Spain) by review of microbiologic and infectious dis-
eases consult data, with approval of the institutional
review boards of both institutions. Cases were defined
as recovery of Aspergillus species from respiratory flu-
ids (tracheobronchial secretions, sputum, bronchoal-
veolar lavage [BAL]) or positive (index >1) serum or
BAL markers, identified with work-up for possible
secondary pneumonia, typically clinically indicated
with new fever or respiratory decompensation with
new focal infiltrates on chest radiograph or comput-
ed tomography (CT) scan. Results for a Fungitell p-p
Glucan Assay (https:/ /www.fungitell.com) were re-
ported when available but did not suffice to establish
case diagnosis; 60 pg/mL was considered intermedi-
ate and >80 pg/mL was considered positive. Neither
center used PCR-based testing for fungal infections
during this period. Charts were reviewed to sum-
marize demographic, clinical, and outcomes data,
including day of hospitalization and ICU admission
relative to reported onset of symptoms. World Health
Organization (WHO) ordinal scale scores (0-8) at di-
agnosis of CAPA were estimated (46).

Analyses

We calculated descriptive statistics for all data. These
values are shown as frequencies, means (+SD), medi-
ans (with ranges), and proportions.

Results
Characteristics of Cases

Patient-level data were compiled in cases recognized
before June 2020 at Johns Hopkins Medical Center

Aspergillosis Complicating Coronavirus Disease

and Hospital Clinic of Barcelona (Table, https://
wwwnec.cdc.gov/EID/article/27/1/20-2896-T1.
htm). Demographics mirrored those described for
poor overall outcomes; advanced age and underly-
ing diseases of hypertension and pulmonary disease
predominated. Two patients had an underlying im-
munosuppressive disease. The most common im-
munosuppressing agents associated with CAPA in-
cluded systemic or inhaled steroids, most frequently
for adjunctive management of COVID-19 related
inflammatory disease. CAPA was recognized a me-
dian of 11 days after symptom onset and 9 days after
ICU admission. Most of these patients were hospital-
ized during stages characterized by inflammation or
acute respiratory distress syndrome or afterwards,
with lung injury, in the ICU and required respira-
tory support. Thus, WHO ordinal classifications at
CAPA diagnoses were 25 (46).

In cases for which CT scans were performed,
radiographic reports generally described a mixture
of findings attributable to the virus (ground glass
opacities and crazy-paving), findings consistent
with airway inflammation and mucous plugging
(bronchiectasis, airway wall thickening and irregu-
larity, bronchiectasis), and radiographic findings
consistent with airway-invasive disease (consolida-
tions, tree-in-bud nodules) (Table; Figure 1). In some
cases, larger nodules with necrosis and cavitation
were noted. Although nodular necrosis with cavita-
tion was described, no radiographic reports high-
lighted findings that are classically associated with
angioinvasive disease (ground glass attenuation de-
scribed as halos) (47).

Bronchoscopy was rare, and diagnosis was most
frequently supported by tracheal aspirate culture;
few patients had positive serum biomarkers. Seven-
teen (85%) cases were identified by positive culture;
most (12/17, 71%) were identified by detection of
A. fumigatus. Although rarely used, results of Fung-
itell B-p glucan assays were more frequently positive
compared with serum galactomannan assays. All but
2 patients were given intravenous antifungal drugs,
which included voriconazole, posaconazole, or li-
posomal amphotericin B. One patient (#2) was not
treated for findings of a nodule and positive serum
galactomannan result, was extubated, and survived.
Another patient (#12) had diagnosis of CAPA estab-
lished 1 day before death and never received antifun-
gal therapy.

Synopsis of Literature
Evidence of secondary aspergillosis developing
in persons infected with severe acute respiratory
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Figure 1. Representative computed tomography (CT) scans for 9 patients with aspergillosis complicating severe viral pneumonia

in patients with coronavirus disease. Scans were obtained at or around diagnosis of coronavirus disease—associated pulmonary
aspergillosis in this series of patients, described in the Table (https://wwwnc.cdc.gov/ElD/article/27/1/20-2896-T1.htm). Corresponding
case-patients are indicated with lettered superscripts in the radiology column of Table 1. Examples of nodules and cavitating nodules are
indicated by red arrows, and prominent airway thickening and bronchiectasis in ground glass opacities are indicated by red stars.

syndrome coronavirus 2 was first evident in China
but emphasized more clearly by case series from
Europe. We provide a timeline of studies describing
secondary aspergillosis occurring in persons with
COVID-19, an entity that has become referred to
CAPA (Figure 2) (23-45). Early reports from China
noted frequent CT findings suggestive of invasive
aspergillosis but provided few microbiologic or
clinical details. Although without specific citation, a
US Department of Defense document on COVID-19
noted that there were anecdotal communications of
invasive aspergillosis documented in postmortem
examinations in China (23). Use of empirical antifun-
gal drugs was frequent; in a large study evaluating
risk factors for death, *50% of persons had second-
ary infections, and antifungal therapy was adminis-
tered in 22% (21,22). Radiographic descriptions were
suggestive of invasive disease; in a study describing
radiography in 51 patients, 11 (22%) had nodules
with halos or reverse halos (20). Without manifes-
tations of patient-specific data, these cohort studies
nonetheless indicated that there were substantial

issues with secondary fungal infections in persons
who had WHO stage 1I-11I disease. In a study from
China that evaluated outcomes of persons who had
increased levels of serum interleukin 6, mixed fun-
gal infections occurred in 27.1% of 48 critically ill
patients (24). In another study from China, Aspergil-
lus species were recovered from respiratory fluids in
14% of COVID-19 patients (24).

Patient-level descriptions emerged quickly in
small case series from Europe. In the first case series
from Europe for COVID-19, a total of 1 of 5 patients
had alveolar infiltrates on chest radiograph and As-
pergillus spp. cultured from tracheal aspirate (25).
Thereafter, rapid reports from centers in Austria, Bel-
gium, France, Germany, the Netherlands, and Italy
emerged (Figure 2). Differences in diagnostic meth-
ods and case definitions generated a wide degree
of variability, and incidences ranged from 3.8% to
34% of persons admitted to ICUs (24-45). One cen-
ter in China reported rates based on the denomina-
tor of persons hospitalized because of COVID-19 and
that CAPA developed in 7% of 104 patients who had
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CAPA (33). Bronchoscopy was variably and infre-
quently performed, but frequent positive results for
lavage culture, galactomannan, and Aspergillus PCR
were observed, and there was visual presence of thick
mucoid secretions, sometimes with evidence of bron-
chial inflammation, such as ulcers (33). Using multi-
variable analysis, Wang et al. reported that advanced
age, chronic lung disease, previous positive results
for the B-p glucan assay, antimicrobial drug expo-
sure, and mechanical ventilation to be risks for CAPA
in persons who had COVID-19 (33). Histopathologic
evidence of fungal invasion has been noted in some,
but not all, patients who met CAPA definitions by air-
way culture or lavage galactomannan and underwent
lung biopsy or autopsy (32,38,42). CAPA caused by an
azole-resistant A. fumigatus isolate was first described
in the Netherlands and then in the United Kingdom
and France (34-36).

Results of 3 studies that used a prospective de-
sign provided the most accurate estimates of inci-
dence, timing, and clinical usefulness. A prospective,
multicenter study that used screening with serum

Aspergillosis Complicating Coronavirus Disease

biomarkers and bronchoscopy for 108 mechanically
ventilated patients in Italy reported that 30 (27.7%)
persons met CAPA criteria (median of 4 days after
ICU admission and 14 days after COVID-19 diag-
nosis) (38). Higher mortality rates were noted for
CAPA patients than for controls; there were trends
to improved survival and decreased follow-up ga-
lactomannan levels after antifungal therapy. Anoth-
er study from the Netherlands applied nondirected
BAL by using a closed-circuit suction catheter at a
median of 2 days (range 0-8 days) after mechanical
ventilation and reported 9/42 (21.4%) patients met
criteria for CAPA on the basis of culture or galac-
tomannan BAL positivity; patients with CAPA had
longer duration of ICU admission (41). Finally, an-
other prospective study that used enhanced screen-
ing with blood and respiratory samples, antigen
assays (galactomannan enzyme immunoassay [GM
EIA] and B-p glucan assay), and an Aspergillus PCR
reported that 19/135 patients met diagnostic criteria
for CAPA when concurrent radiographic abnormali-
ties were considered (45).

Figure 2. Timeline of cases, series, and cohort studies reported to describe emergence of coronavirus disease—associated pulmonary
aspergillosis. Reports from China are indicated according to relative times that patients were given care; case series describing CAPA
cases are depicted according to approximate time publication became available (preprint or publication), except as indicated (*).

BAL, bronchioalveolar lavage; CAPA, coronavirus disease—associated pulmonary aspergillosis; ECMO, extracorporeal membrane
oxygenation; EU, European Union; ICU, intensive care unit; IL-6, interleukin 6.
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Figure 3. Schematic of
coronavirus disease—
associated pulmonary
aspergillosis. Aspergillus
conidia in airway are cleared
poorly because of 21 defects
in primary pulmonary
immunity or secondary
defenses, enabling conidial
germination into hyphal
morphotypes, which elicit
increased inflammatory
responses in the airway and
potential invasion into the
lungs. A mixed constellation
of inflammatory to invasive
airway disease, and invasive
pulmonary aspergillosis leads
to multiple manifestations,
including tracheobronchitis
and obstructive pneumonia,
and complications of invasive
fungal pneumonia (nodules,
necrosis with cavities,

pleural invasion). A) Airways.
Aspergillus overgrowth causes

pathologic airway inflammation and excess mucous production. B) Alveoli. Hyphal growth causes invasive pneumonia. C) Invasive
aspergillosis tracheobronchitis postobstructive bacterial pneumonia.

Discussion

Despite decades of case reporting and large cohort
studies, many clinicians still fail to recognize that As-
pergillus species can cause destructive inflammatory
and invasive pathology in persons who have severe
influenza, mistakenly ascribing culture results to be-
nign airway colonization (18,19). With this in mind,
the rapid recognition of CAPA, as described by re-
ports from multiple centers (Figure 2), probably re-
flects previous learning and heightened awareness in
centers in Europe and the clinical diligence that arises
when encountering a new and unknown entity. We
add 20 cases to the accumulating literature describ-
ing CAPA. Multiple pathophysiologic, clinical, and
diagnostic considerations have emerged from obser-
vations reported to date.

First, pathophysiology of disease is distinct in
this context, and not necessarily similar to invasive
aspergillosis that occurs in classically immunosup-
pressed persons. Although it is broadly understood
that Aspergillusspecies causeallergic manifestations,
such as allergic bronchopulmonary aspergillosis,
and a severe invasive pneumonia with potential an-
gioinvasion, forms of chronic necrotizing or semiin-
vasive Aspergillus pulmonary disease are less well
understood. These types of infections occur in per-
sons who have more chronic immunosuppression,
especially that related to prolonged steroids and
chronic obstructive pulmonary disease. Common

pathophysiology of these syndromes involves poor
clearance of conidia, enabling bronchial inflam-
mation and invasion, manifesting with distinct
radiographic and clinical findings characteristic of
airway invasion with slower development of necro-
sis, and exuberant and chronic tracheobronchitis,
frequently with lack of angioinvasion, which lim-
its performance of serum-based diagnostics (48).
Mounting evidence suggests that severe respirato-
ry virus infections, especially influenza and infec-
tion with severe acute respiratory syndrome coro-
navirus 2, can be complicated by Aspergillus airway
overgrowth with pulmonary infection similarly
characterized by mixed airway inflammation and
bronchial invasion (Figure 3).

Distinguishing between benign airway coloniza-
tion and potential disease caused by Aspergillus spp.
has always been difficult because conidia are com-
mon inhabitants of airways and do not always cause
inflammatory or invasive disease. To improve the
process of obtaining information about what consti-
tutes disease, early efforts have been directed toward
standardizing diagnostics and definitions by using
a similar approach, as for IAA, which eliminates the
classic immunocompromising host criteria and relies
on BAL and serum antigen results to define certainty
of disease (49-51). Cases reported in this study would
be considered probable CAPA if tracheal aspirate or
sputum cultures met microbiologic criteria. Although
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more efforts are required to clarify definitions, cli-
nicians should understand that definitions are not
meant to provide clinical guidance, but to support
a metric to compare epidemiology and clinical trial
data. Three prospective cohort studies suggest that
treatment with antifungal drugs might improve clini-
cal outcomes (38,41,45), but definitive evidence of
clinical usefulness necessitates larger comparative
studies that use antifungal drugs for prevention or
early therapy.

Most published studies suggest that CAPA oc-
curs in #20%-30% of the most severely ill, mechani-
cally ventilated COVID-19 patients (24-45). Perhaps
the most accurate estimates of incidence emerged
from 3 studies that deployed enhanced prospective
screening and provided incidence estimates of 14 %-
20% and poor outcomes that might potentially be im-
proved by use of antifungal therapy (38,41,45). An-
other study reported a particularly low rate of CAPA
(3.8%) (40). Diagnostic differences probably contrib-
ute to variability in estimates.

Performance of diagnostic testing is variable
depending on immunopathogenesis of disease. Per-
sons who have extensive invasion into and beyond
airways show positive serum GM EIA results more
frequently than persons who had disease restricted
to the endobronchial lumen. For this reason, sensi-
tivity of the serum GM EIA assay is highest in hema-
tology/oncology patients, ranging from 60% to 80%,
but lower in ICU patients, estimated to be 30%-50%
(48-52). In CAPA cases, serum GM EIAs have been
infrequently positive. In our case series, results of
B-p glucan assays were more frequently positive,
but false-positive results would be anticipated be-
cause of to cross-reactivity (52). A prospective study
reported a relatively large proportion of cases with
positive results for B-p glucan assays for patients
who had candidiasis (38). When applied to BAL, re-
sults for GM EIA appear positive more frequently,
and some investigators reported potential utility of
quantitative PCR or GM lateral flow tests in lavage
(24-45). However, because none of these tests were
developed and optimized for the nonhematology
context, performance could be variable with differ-
ent cutoff values.

Despite diagnostic limitations, several studies
point to utility in routine use of fungal biomarkers
and early screening in persons who have COVID-19,
especially directed toward BAL. Lei et al. exam-
ined residual serum samples by using a 3-D glucan
assay and GM in 181 COVID-19 patients who had
oxygen saturation <94% or respiratory rates >29
breaths/min, and reported positive results in the 3-p
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glucan assay for 32 (17.7%) of 181 patients and posi-
tive results in the GM EIA for 14 (7.7%) of 181 pa-
tients sampled (53). In that study, most positive re-
sults occurred after 14 days of COVID-19 symptom:s,
which is consistent with the timing of recognized
CAPA. Although their retrospective study was lim-
ited by lack of clinical and outcomes data, findings
suggest that at least some cases might be identified
by more aggressive use of a biomarker screening
strategy. This suggestion was shown more defini-
tively in prospective studies that evaluated BAL or
lavage from a close-circuit system, with antifungal
therapy applied for lavage GM EIA positivity po-
tentially leading to improved outcomes (38,41,45).
Deploying such a strategy might be limited in some
centers by complexity of assays and difficulties in
obtaining bronchoscopy because of viral infectivity.

Radiographic manifestations might be best un-
derstood when one considers that CAPA can be a
constellation of mixed airway and invasive diseases.
In our series and other reports, radiographic appear-
ance varied from early evidence of airway inflamma-
tion and invasion (irregular airways to centrilobular
nodules) to airway necrosis; this necrosis was most
frequently characterized by cavitary nodules and
progressive consolidation (33). Corresponding histo-
pathology can be varied, including diffuse alveolar
damage, with or without clear fungal invasion (32,43).

Although many questions linger, emerging evi-
dence supports the conclusion that Aspergillus spe-
cies cause mixed pathology in COVID-19 patients,
ranging from airway inflammation to semiacute or
acute bronchial invasion, similar, in most part, to that
observed with severe influenza infections. Increased
efforts are needed to determine the best ways to pre-
vent, diagnose, and treat Aspergillus disease associ-
ated with COVID-19.
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Invasive fusariosis (IF) is associated with severe neu-
tropenia in patients with concurrent hematologic condi-
tions. We conducted a retrospective observational study
to characterize the epidemiology of IF in 18 Spanish hos-
pitals during 2000-2015. In that time, the frequency of
IF in nonneutropenic patients increased from 0.08 cases
per 100,000 admissions in 2000—2009 to 0.22 cases per
100,000 admissions in 2010-2015. Nonneutropenic |IF
patients often had nonhematologic conditions, such as
chronic cardiac or lung disease, rheumatoid arthritis, his-
tory of solid organ transplantation, or localized fusariosis.
The 90-day death rate among nonneutropenic patients
(28.6%) and patients with resolved neutropenia (38.1%)
was similar. However, the death rate among patients with
persistent neutropenia (91.3%) was significantly higher.
We used a multivariate Cox regression analysis to char-
acterize risk factors for death: persistent neutropenia
was the only risk factor for death, regardless of antifun-
gal therapy.

nvasive fusariosis (IF) is a fungal disease that

mostly affects patients with hematologic malig-
nancies or who have received hematopoietic cell
transplants. These patients often have prolonged
and profound neutropenia, low levels of T cells, or
both (1,2). Despite advances in early diagnosis and
treatment, IF remains associated with high morbid-
ity and death rates (3,4).

Most studies on this fungal disease have oc-
curred in North and South America (4-9). However,
the epidemiology of IF in Europe has not been fully
characterized; within Europe, most multicenter stud-
ies on IF have occurred in Italy and France (8,10-12).

Invasive Fusariosis in Nonneutropenic Patients

A multicenter study by the European Confederation
of Medical Mycology reported 76 cases of IF during
2007-2012 (13). Most (60%) of these IF cases occurred
in Italy but none in Spain. Previous single-center
studies in Europe have reported regional differences
in the distribution of Fusarium species and their sus-
ceptibilities to antimicrobial drugs, highlighting the
importance of monitoring local epidemiologic data
(13-15). We characterized the epidemiology of IF in
Spain using a retrospective observational study that
examined the effects of clinical and etiologic charac-
teristics on outcomes in a cohort of 58 IF patients at
hospitals in Spain.

Methods
We conducted this study in 18 hospitals in Spain, 8 of
which belong to the Spanish Network for Research in
Infectious Diseases, Instituto de Salud Carlos III, in Ma-
drid, Spain. The study was approved by Reina Sofia
University Hospital Institutional Review Board (Cérdo-
ba, Spain), which waived the need to obtain written in-
formed consent. During January 2000-December 2015,
hospital staff reviewed microbiological and pathologic
registries to identify cases of IF. Data were recorded in a
password-protected, electronic clinical research file. We
monitored the collected data for missing information,
inconsistencies, and ambiguities; when necessary, we
sent queries to the appropriate hospitals for clarification.
We conducted a blind review of reported cases
of IF. In this study, we included only proven cases
of IF according to the consensus definitions of in-
vasive fungal diseases established by the European
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Organization for Research and Treatment of Can-
cer and the Mycoses Study Group Education and
Research Consortium (16,17). IF can be proven in
4 ways: microscopic examination of a specimen
obtained by needle aspiration or biopsy that docu-
ments hyphae and isolates Fusarium spp. in the same
tissue; blood culture yielding Fusarium spp. along-
side signs consistent with an infectious disease pro-
cess; isolation of Fusarium spp. in a normally sterile
site (excluding bronchoalveolar lavage fluid, a para-
nasal or mastoid sinus cavity specimen, and urine)
with accompanying signs of infection; or amplifica-
tion and sequencing of Fusarium DNA in formalin-
fixed paraffin-embedded tissue (16,17).

The participating hospitals identified Fusarium
isolates using genetic sequencing, matrix-assisted
laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry, or morphologic character-
istics. In addition, all biological samples available
at the time of this retrospective study (i.e., Fusarium
isolates and specimens for biopsies) were sent to the
Mycology Reference Laboratory at the Instituto de
Salud Carlos III for confirmatory genetic sequencing,.
The isolates were freeze-dried on potato agar slants
on arrival and stored in distilled water. Molecular
identification was based on the translation elongation
factor 1a gene (18). Isolates were cultured in GYEP
medium (0.3% yeast extract, 1.0% peptone; Francisco
Soria Melguizo S.A., http://www.f-soria.es) with
2.0% glucose (Sigma-Aldrich Inc., https:/ /www.sig-
maaldrich.com) at 30°C for 24-48 h. Genomic DNA
was isolated by using an extraction procedure de-
scribed previously (19). Internal transcribed spacer
region and a portion of the translation elongation
factor 1la gene region were amplified as previously
described (20). Alignment results were obtained and
edited using Lasergene MegAlign Pro software from
DNASTAR, Inc. (https://www.dnastar.com). All
sequences were compared with reference sequences
from GenBank and MycoBank (https://www.myco-
bank.org) databases by using InfoQuest FP version
4.50 software (Bio-Rad Laboratories, https://www.
bio-rad.com). We also used an in-house database of
the Mycology Reference Laboratory. When only biop-
sy specimens were available, we used real-time PCR
specific for Fusarium species as previously described
(21). When identified cases did not have available
isolates or biologic material for PCR, we reported the
specific Fusarium species only if obtained by MALDI-
TOF mass spectrometry in conjunction with histopa-
thology. We reported the remaining IF cases in pa-
tients with compatible clinical signs and symptoms as
caused by Fusarium spp.

We defined survival as the time between the date
of diagnosis and death or end of follow-up care (i.e.,
90 days). We defined the date of diagnosis as the day
of the first Fusarium-positive culture. We defined dis-
seminated fusariosis as the involvement of >1 non-
contiguous organ. We did not consider fungemia
cases as disseminated disease unless >1 organ was
involved (e.g., skin, lung, or sinuses) (3). We defined
neutropenia as a blood neutrophil count <500 cells/
mm? temporally related to the onset of fungal disease.
We defined persistent neutropenia as cases with con-
tinued low neutrophil counts at the end of treatment
or death. We defined resolution of neutropenia as a
persistent recovery of blood neutrophil count >500/
mm?® as determined by available hospital records.

We calculated the incidence of IF using total ad-
missions in the participating hospitals as the denomi-
nator; we expressed the incidence as the number of
cases per 100,000 admissions. For statistical purposes,
we arbitrarily defined 2 time periods: 2000-2009 and
2010-2015. We compared incidences between the dif-
ferent periods by x? test using WinPepi version 11.65
(Brixton Health, http://www.brixtonhealth.com).
We considered p<0.05 to be significant.

We collected variables describing patient demo-
graphic data, concurrent conditions, neutropenia, re-
ceipt of corticosteroids, clinical manifestations, diag-
nostic procedures, treatment, and outcome (i.e., 90-day
survival). We compared categorical variables using x>
or 2-tailed Fisher exact test, and we compared continu-
ous variables using the Mann-Whitney U test. We con-
ducted all statistical tests with SPSS Statistics 16.0 (IBM
Inc., https:/ /www.ibm.com) and R version 3.5.0 (R
Foundation for Statistical Computing, https:/ /www.r-
project.org); we considered 2-sided p values <0.05 to
be significant. We constructed unadjusted Kaplan-
Meier curves and compared them using the log-rank
test. In addition, we evaluated factors associated with
90-day survival. We evaluated the following variables
by univariate and multivariable Cox regression analy-
ses: age, sex, age-adjusted Charlson comorbidity index
(22), underlying disease, receipt of antifungals and
corticosteroids in the previous 30 days, neutropenia
at diagnosis of fusariosis and at the end of follow-up,
clinical manifestations, and primary treatment (mono-
therapy with a lipid formulation of amphotericin B,
monotherapy with voriconazole, or combination treat-
ment). We entered variables with p<0.1 by univariate
analysis into the multivariate analysis; we included
variables with p<0.05 by the multivariate analysis in
the final model. We evaluated the prediction accuracy
of the final Cox model using the area under the receiv-
er operating characteristic curve.
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Results

Incidence of IF

We identified 75 patients with Fusarium spp. iso-
lated from clinical samples at 18 hospitals in Spain
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/1/19-0782-Appl.pdf) during 2000-2015.
We excluded 10 patients with superficial infections
and 7 with probable cases. In this study, the overall in-
cidence of IF during 2000-2015 was 0.55 cases /100,000
admissions, corresponding to 0.42 neutropenic and
0.13 nonneutropenic patients/100,000 admissions
(p<0.01). The overall incidence of IF was 0.40 cas-
es/100,000 admissions during 2000-2009 and 0.79
cases/100,000 admissions during 2010-2015 (p<0.01).
Among neutropenic patients, the incidence of IF in-
creased from 0.32 to 0.57 cases/100,000 admissions
(p = 0.06). Among nonneutropenic patients, the inci-
dence of IF increased from 0.08 to 0.22 cases/100,000
admissions (p = 0.05). We also determined the annual
cumulative incidence curves for the 2 groups of pa-
tients (Appendix Figure 1).

Clinical Characteristics

We identified 58 cases of IF: 44 (75.9%) occurred in
neutropenic patients and 14 (24.1%) in nonneutrope-
nic patients (Table 1). Most (59%) patients were male.
The median age was 67 years (interquartile range
[IQR] 38-19 years) in neutropenic patients and 45
years (IQR 28-65 years) in nonneutropenic patients
(p =0.05). In total, 36.4% of neutropenic and 42.9% of
nonneutropenic patients had received corticosteroid
therapy in the previous 30 days (p = 0.66); 72.7% of
neutropenic and 35.7% of nonneutropenic patients
had received antifungal therapy in the previous 30
days (p = 0.66). At the end of follow-up (i.e., 90 days
after diagnosis), 23 (52.3%) neutropenic patients had
persistent neutropenia.

In total, 41 (93.2%) neutropenic and 5 (35.7%) non-
neutropenic patients had hematologic malignancies
(p<0.01). In the neutropenic patient group, the most
common hematologic malignancies were acute my-
eloid leukemia (43.2%) and acute lymphoid leukemia
(18.2%). The proportion of patients who had received
hematopoietic stem cell transplants (HSCTs) was 25%
(11/44; 8 allogeneic, 2 autologous, and 1 cord blood
haploidentical) in neutropenic patients versus 21.4%
(3/14; 1 allogeneic and 2 autologous) in nonneutrope-
nic patients (p =1.00). Four (9.7 %) neutropenic patients
and 1 (7.1%) nonneutropenic patient had graft-versus-
host disease (p = 1.00). Overall, 21.4% of nonneutrope-
nic patients and 2.3% of neutropenic patients had a his-
tory of solid organ transplantation (p = 0.04). Finally,

Invasive Fusariosis in Nonneutropenic Patients

35.7% of nonneutropenic and 2.3% of neutropenic pa-
tients had other underlying conditions (p = 0.04). Five
nonneutropenic patients had chronic cardiac disease,
T-cell prolymphocytic leukemia, rheumatoid arthritis,
chronic obstructive pulmonary disease, or infantile re-
spiratory distress syndrome; 1 neutropenic patient had
hemophagocytic lymphohistiocytosis.

Neutropenic patients were more likely than non-
neutropenic patients to have a fever at the time of diag-
nosis (90.9% vs. 57.1%; p<0.01). Neutropenic patients
also were more likely to have skin lesions (65.9% vs.
21.4%; p<0.01). We did not observe a difference in the
proportion of patients with lung involvement in the IF
infection (72.7% of neutropenic vs. 64.3% of nonneu-
tropenic patients; p = 0.74). We also did not observe
a difference in the rate of concurrent infections (56.8%
of neutropenic vs. 42.9% of nonneutropenic patients; p
= 0.36) (Appendix Table 2). Disseminated disease oc-
curred more frequently among neutropenic patients
(79.5%) than nonneutropenic patients (28.6%; p<0.01).
In contrast, localized forms of IF, especially localized
pneumonia (6.8% of neutropenic patients vs. 35.7% of
nonneutropenic patients; p = 0.02) and fungemia (6.8%
of neutropenic patients vs. 28.6% of nonneutropenic
patients; p = 0.05), were more common among non-
neutropenic patients. However, disseminated funge-
mia was more common among heutropenic than non-
neutropenic patients (45.7% vs. 25%; p = 0.03). Among
neutropenic patients, skin lesions were more common
in persons with disseminated IF (77.1%) than localized
IF (22.2%; p = 0.004); lung involvement also was more
common among those with disseminated IF (82.9% vs.
33.3%; p = 0.007).

Nonneutropenic patients were more likely than
neutropenic patients to have a diagnosis on the basis
of positive culture alone (43.2% of neutropenic pa-
tients vs. 85.7% of nonneutropenic patients; p<0.01).
Neutropenic patients were more likely to have a di-
agnosis on the basis of a positive culture and histopa-
thology (52.3%) than nonneutropenic patients (14.3%;
p =0.01).

Isolated Fusarium Species

Thirty-six patients (62.1%) received a species-level eti-
ologic diagnosis using molecular methods: 26 (44.8%)
by genetic sequencing and 10 (17.2%) by MALDI-TOF
mass spectrometry (Table 2). Among these patients,
F. solani species complex (SC) was the most com-
mon (18/58; 31.0%), along with Gibberella fujikuroi SC
(10/58;17.2%), and F. oxysporum SC (5/58; 8.6%). The
remaining 22 (37.9%) cases were identified as caused
by Fusarium spp. Among disseminated infections,
most (74.4%) were reported to species level; the most
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common were F. solani SC (15/39; 38.5%), F. fukikuroi
SC (8/39; 20.5%), and F. oxysporum SC (3/39; 7.7%).
In the cohort, disseminated IF also was caused by 2 F.
brachygibbosum infections and 1 F. dimerum SC infec-
tion. Most (63.2%) localized infections were caused by
Fusarium spp. F. solani SC (2/39; 5.1%), F. fukikuroi SC

(2/39; 5.1%), and F. oxysporum SC (3/39; 7.7%) were
the most common etiologic agents.

Therapeutic Regimens

Overall, 62.1% of patients received monotherapy
(29.3% azoles, 32.8% amphotericin B), 27.6% of

Table 1. Clinical characteristics of patients with invasive fusariosis, Spain, 2000-2015*

Variables Total Nonneutropenic Neutropenic p valuet
Total 58 (100.0) 14 (100.0) 44 (100.0)
Sex
M 34 (58.6) 8 (57.1) 26 (59.1) 0.9
F 24 (41.4) 6 (42.9) 18 (40.9) 0.9
Median age, y (IQR) 51 (31-67) 67 (38-79) 45 (28-65) 0.05%
Treatment history (previous 30 d)
Antifungal 37 (63.8) 5(35.7) 32 (72.7) 0.01
Corticosteroid 22 (37.9) 6 (42.9) 16 (36.4) 0.66
Persistent neutropenia 23 (39.7) 0 23 (52.3)
Concurrent conditions
Hematologic malignancy 46 (79.3) 5(35.7) 41 (93.2) <0.018
Acute myeloid leukemia 20 (34.5) 1(7.1) 19 (43.2)
Acute lymphoid leukemia 8(13.8) 0 8(18.2)
Non-Hodgkin lymphoma 5(8.6) 2 (14.3) 3(6.8)
Aplastic anemia 4 (6.9) 0 4(9.1)
Multiple myeloma 3(5.2) 2(14.3) 1(2.3)
Myelodysplasia 2(3.4) 0 2(4.5)
Chronic lymphoid leukemia 2(3.4) 0 2 (4.5)
Chronic myeloid leukemia 1(1.7) 0 1(2.3)
Hodgkin’s lymphoma 1(1.7) 0 1(2.3)
History of hematopoietic stem cell transplant 14 (24.1) 3(21.4) 11 (25.0) 1.008
Allogenic 9 (15.5) 1(7.1) 8(18.2)
Autologous 4 (6.9) 2(14.3) 2(4.5)
Cord blood haploidentical 1(1.7) 0 1(2.3)
Graft-versus-host disease 5(8.6) 1(7.1) 4(9.1) 1.008
Acute 3(5.2) 0 3(6.8)
Chronic 2(3.4) 1(7.1) 1(2.3)
Solid tumor 2(3.4) 1(7.1) 1(2.3) 0.438
History of solid organ transplant 4 (6.9) 3(21.4) 1(2.3) 0.048§
Other| 10 (17.2) 5(35.7) 1(2.3) <0.018
Clinical manifestations
Fever 48 (82.8) 8 (57.1) 40 (90.9) <0.018
Skin lesions 32 (55.2) 3(21.4) 29 (65.9) <0.01
Lung involvement 41 (70.7) 9 (64.3) 32 (72.7) 0.748§
Sinusitis 9 (15.5) 1(7.1) 8(18.2) 0.43§
Blindness 4 (6.9) 0 4(9.1) 0.568§
Concurrent infection 31 (53.4) 6 (42.9) 25 (56.8) 0.36
Bacterial 17 (29.3) 2 (14.3) 15 (34.1) 0.188
Fungal 4 (6.9) 1(7.1) 4(9.1) 0.568§
Viral 6 (10.3) 3(21.4) 3(6.8) 0.15§
Polymicrobial 4 (6.9) 1(7.1) 3(6.8) 1.008
Type of fusariosis
Localized 19 (32.8) 10 (71.4) 9 (20.5) <0.018
Cutaneous, localized 3(5.2) 1(7.1) 2 (4.5) 1.008
Pneumonia 8(13.8) 5(35.7) 3(6.8) 0.028
Sinusitis 1(1.7) 0 1(2.3) 1.008
Fungemia 7(12.1) 4 (28.6) 3(6.8) 0.05§
Disseminated 39 (67.2) 4 (28.6) 35 (79.5) <0.018
Diagnosis
Culture 31(53.4) 12 (85.7) 19 (43.2) <0.01
Culture and histopathology 25 (43.1) 2 (14.3) 23 (52.3) 0.01
Histopathology 2 (3.4) 0 2 (4.5 1.00

*Values are no. (%), except where indicated.

tp values obtained by y? test, except where indicated.
fDetermined by Mann-Whitney U test.

§Determined by Fisher exact test.

fiOther conditions reported include hemophagocytic lymphohistiocytosis, chronic cardiac disease, T-cell prolymphocytic leukemia, rheumatoid arthritis,
chronic obstructive pulmonary disease, and infantile respiratory distress syndrome.
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Table 2. Distribution of isolated Fusarium species, Spain, 2000—2015*

Species Total Localized Disseminated p valuet
Total 58 (100.0) 19 (100.0) 39 (100.0)
F. solani SC 18 (31.0) 3(15.8) 15 (38.5) 0.08%
Gibberella fujikuroi SC 10 (17.2) 2(10.5) 8 (20.5) 0.29
F. proliferatum 6 (10.3) 0 6 (15.4) 0.08
F. verticillioides 3(5.2) 2(10.5) 1(2.6) 0.25
F. fujikuroi 1(1.7) 0 1(2.6) 0.67
F. oxysporum SC 5(8.6) 2(10.5) 3(7.7) 0.53
F. brachygibbosum 2(3.4) 0 2(5.1) 0.45
F. dimerum SC 1(1.7) 0 1(2.6) 0.67
Fusarium spp. 22 (37.9) 12 (63.2) 10 (25.6) <0.01

*Values are no. (%), except where indicated. All identifications (except undefined Fusarium spp.) obtained by genetic sequencing or matrix-assisted laser

desorption/ionisation time-of-flight mass spectometry. SC, species complex.
Tp values obtained by Fisher exact test, except where indicated.
tDetermined by y2 test.

patients received combination therapy (e.g., azoles
plus amphotericin B, mostly liposomal amphotericin
B plus voriconazole), and 10.4% of patients did not re-
ceive an active treatment (3 patients were not treated,
2 received empirical caspofungin, and 1 received em-
pirical micafungin) (Appendix Table 3). Nonneutro-
penic patients were more likely than neutropenic pa-
tients to receive voriconazole monotherapy (54.5% vs.
85.7%; p<0.01). We did not observe a difference in the
proportions of patients who were treated with am-
photericin B (36.4% of neutropenic patients vs. 21.4%
of nonneutropenic patients; p = 0.35). Sixteen (36.4%)
neutropenic patients received combination therapy:
14 received a lipid formulation of amphotericin B
plus voriconazole and 2 received amphotericin B plus
posoconazole. No nonneutropenic patients received
combination therapy.

Outcomes
By 90 days after diagnosis, 56.9% of all patients had
died: 28.6% of nonneutropenic patients and 65.9% of
patients with neutropenia at IF onset (p = 0.01). We
analyzed these results using unadjusted Kaplan-
Meier survival graphs (Appendix Figure 2; p = 0.03
by log-rank test). The death rate of nonneutropenic
patients (28.6%) was similar to that of patients who
had recovered from neutropenia (38.1%; p = 0.56) and
both rates were significantly lower than among pa-
tients with persistent neutropenia (91.3%; p<0.01).
After 90 days, 66.7% of patients with localized
and 36.8% with disseminated disease had died (p =
0.03). Overall, 66.7% (2/3) of patients with localized
disease of the skin/soft tissue, 50% (4/8) with lung
involvement, and 14.3% (1/7) with fungemia died.
In the assessment of prognostic factors, we ana-
lyzed 50 IF patients who received active antifungal
therapy. In univariate analysis, 90-day death risk was
associated with neutropenia at onset of IF and persis-
tent neutropenia. Age, sex, age-adjusted Charlson co-
morbidity index, corticosteroid therapy in the previous

30 days, administration of antifungal in the previous
30 days, hematologic malignancy, history of HSCT,
fungemia, disseminated disease, and the treatment
type (i.e., monotherapy with a lipid formulation of am-
photericin B, monotherapy with azoles or combined
therapy) were not associated with 90-day survival. In
multivariate analysis, persistent neutropenia (hazard
ratio [HR] 7.08, 95% CI 1.91-26.17; p<0.01) was signifi-
cantly associated with 90-day death risk (Table 3). We
calculated adjusted Kaplan-Meier survival curves for
the Cox regression model (Figure; area under the re-
ceiver operating characteristic curve = 0.83).

Discussion

We described 58 cases of invasive Fusarium infec-
tions at 18 hospitals in Spain during a 15-year period
(2000-2015). During this time, IF incidence increased
from 0.40 (2000-2009) to 0.79 (2010-2015) cases per
100.000 admissions (p<0.01). Incidence of IF in neu-
tropenic patients increased from 0.32 to 0.57 cases
per 100,000 admissions (p = 0.06). We observed a
3-fold increase in the incidence of IF in nonneutro-
penic patients, from 0.08 to 0.22 cases per 100,000
admissions (p = 0.05). This increase might have been
caused by an increase in the at-risk population, en-
vironmental exposure to Fusarium conidia, the in-
creased use of antifungal prophylaxis, or a combina-
tion of these factors.

To date, the highest IF incidence rates world-
wide are in healthcare centers in Brazil. A cohort
of HSCT recipients at hospitals in Brazil during
1985-2001 had a 0.6% prevalence of IF (1). During
2007-2009, ~10 years later, a prospective multicenter
study by Nucci et al. reported a 3.7% IF prevalence
among allogeneic HSCT patients and 3.4% among
patients with acute myeloid leukemia (7). That
study also found a 1-year cumulative incidence of
5.2% among those who had received an allogeneic
HSCT and 3.8% among those with acute myeloid
leukemia or myelodysplasia (7). A >10-fold increase,
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Table 3. Univariate and multivariate Cox regression analyses for 90-day death rate in 50 patients treated for invasive fusariosis, Spain,

2000-2015*
Unadjusted hazard ratio Adjusted hazard ratio
Characteristic (95% CI) p value (95% CI) p value
Sex
M 1.08 (0.52-2.25) 0.84 0.87 (0.41-1.84) 0.87
F 0.93 (0.45-1.93) 0.84
Median age, y (IQR) 1.00 (0.99-1.01) 0.94
Charlson index 1.01 (0.86-1.20) 0.87 1.16 (0.96-1.40) 0.12
Treatment history (previous 30 d)
Antifungal 1.83 (0.81-4.14) 0.15
Corticosteroid 0.69 (0.33-1.45) 0.33
Neutropenia at onset 3.16 (0.95-10.44) 0.06
Neutropenia at the end of follow-up
Nonneutropenia Referent Referent
Recovery from neutropenia 1.47 (0.38-5.69) 0.58 1.91 (0.48-7.64) 0.35
Persistent neutropenia 5.62 (1.65-19.11) 0.006 9.27 (2.43-35.42) 0.001
Hematologic malignancy 2.44 (0.74-8.06) 0.14
History of hematopoietic stem cell transplant 1.39 (0.65-2.99) 0.4
Fungemia 0.21 (0.03-1.54) 0.13
Disseminated disease 1.90 (0.77-4.67) 0.16
Antifungal therapy
Monotherapy with lipid formulation of amphotericin B 1.95 (0.92-4.12) 0.08
Monotherapy with azoles 0.47 (0.19-1.15) 0.10
Combined therapy 1.08 (0.50-2.33) 0.84

*Area under the receiver operating characteristic curve for this model was 0.82.

from 86 to 1,023 IF cases per 100,000 admissions,
occurred among patients with hematologic ma-
lignancies at a healthcare center in Brazil from
2000-2005 to 2006-2010 (5). In the United States, a
prospective multicenter study conducted by the
Transplant-Associated Infection Surveillance Net-
work during 2001-2006 reported a 1-year cumula-
tive incidence of up to 0.3% of non-Aspergillus mold
infections (23). In Italy, a multicenter retrospective
study reported a 0.2% incidence of IF among pa-
tients who had received an allogenic HSCT during
1999-2003 (24).

In this cohort in Spain, IF occurred frequently
in patients with hematologic conditions and in
HSCT recipients. IF occurs almost entirely in mark-
edly immunosuppressed patients who usually are
neutropenic; we identified IF in nonneutropenic

patients, including patients with a history of solid
organ transplants, chronic cardiac or lung disease,
or rheumatoid arthritis. These findings are in agree-
ment with Park et al. (9), who studied 37 patients
with IF and noted that 54.1% of IF patients were non-
neutropenic, 83.8% had hematologic malignancies,
and 16.2% had history of solid organ transplantation
(9). Thus, nonneutropenia and certain nonhemato-
logic conditions might not be uncommon among
IF patients.

Lungs, the bloodstream, and the skin were the or-
gans most frequently affected by IF. Fusarium species
produce aleuroconidia, yeastlike structures that can
invade the bloodstream and might cause fungemia
and metastatic skin lesions (25).

IF is associated with high death rates. This co-
hort had a 90-day death rate of 56.9%, similar to rates

Figure. Adjusted Kaplan-Meier
curves obtained from the stratified
Cox regression model for 90-day
survival in 50 patients treated for
invasive fusariosis, Spain, 2000—
2015. HR, hazard ratio.
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noted in other studies (3,4,12,26). The death rates of
nonneutropenic and neutropenic patients who re-
covered from neutropenia were similar (28.6% of
nonneutropenic patients vs. 38.1% of neutropenic
patients; p = 0.56), consistent with previous reports
that 70% of IF cases resolve when patients recover
from neutropenia (27). In this cohort, patients with
persistent neutropenia had a 91.3% death rate de-
spite antifungal therapy. Persistent neutropenia was
the single most predictive prognostic factor in IF,
consistent with previous reports (2).

Researchers must identify effective therapeutic
strategies to improve the prognosis of IF patients
with persistent neutropenia. The treatment practices
observed in our study align with guidelines from the
European Society of Clinical Microbiology and In-
fectious Diseases Fungal Infection Study Group and
European Confederation of Medical Mycology (13).
We examined the effects of different therapeutic reg-
imens on 90-day death rate. We found no differences
in the outcome of patients treated with voriconazole
and those receiving a lipid formulation of ampho-
tericin B. Combination therapy also was not associ-
ated with outcome, consistent with results from the
largest study series conducted so far (3,12). How-
ever, these results must be interpreted with caution.
Nucci et al. (3) found that patients receiving combi-
nation therapy had more severe disease (3), possibly
influencing the clinician’s decision to administer 2
drugs. In our study, no nonneutropenic patients re-
ceived combination therapy; further studies should
examine the potential benefits of combination ther-
apy in nonneutropenic patients. Finally, because
we observed similar clinical responses in patients
treated with a lipid formulation of amphotericin B
or voriconazole as monotherapies, clinicians might
not need to rely on antifungal susceptibility tests to
guide treatment. Most clinically relevant Fusarium
isolates exhibit high minimal inhibitory concentra-
tions to most antifungals, including azoles, echino-
candins, and polyenes (28-30).

Our study is subject to the limitations of ret-
rospective observational studies. For example, the
sample size was limited to the cases with available
data. Despite being a multicenter study during a 15-
year period, the sample size might be insufficient
to detect significant differences in some groups.
Furthermore, clinicians might prescribe a more
potent treatment regimen for patients with severe
disease, possibly skewing our analysis of treatment
outcomes. Although all IF cases in this retrospec-
tive study met standard criteria (16,17), we could
not determine the causative species in every case.

Invasive Fusariosis in Nonneutropenic Patients

Thus, the Fusarium species was only reported when
determined by genomic sequencing or MALDI-
TOF mass spectrometry, because these techniques
have high agreement rates (89.8%-97.0%) (31-33).
All remaining IF cases in our series were reported
as Fusarium spp. We also were not able to culture
all Fusarium isolates because of a lack of specimens,
especially for cases occurring before 2010 in hospi-
tals in which Fusarium isolates were not collected as
part of routine procedures

In conclusion, our data show that IF is an emerg-
ing infection in Spain. We report an increase in the
incidence of IF among nonneutropenic patients, in-
cluding those with hematologic conditions and other
concurrent conditions, such as chronic cardiac or lung
diseases, rheumatoid arthritis, or history of solid or-
gan transplants. Our results support previous studies
reporting that IF survival is critically dependent on
resolution of neutropenia.
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We describe trends in acute rheumatic fever (ARF), rheu-
matic heart disease (RHD), and RHD deaths among popu-
lation groups in New Zealand. We analyzed initial primary
ARF and RHD hospitalizations during 2000—2018 and RHD
mortality rates during 2000—2016. We found elevated rates
of initial ARF hospitalizations for persons of Maori (adjusted
rate ratio [aRR] 11.8, 95% CI 10.0—14.0) and Pacific Island
(@RR 23.6, 95% CI 19.9-27.9) ethnicity compared with
persons of European/other ethnicity. We also noted higher
rates of initial RHD hospitalization for Maori (aRR 3.2, 95%
Cl 2.9-3.5) and Pacific Island (aRR 4.6, 95% Cl 4.2-5.1)
groups and RHD deaths among these groups (Maori aRR
12.3, 95% CI 10.3—14.6, and Pacific Island aRR 11.2, 95%
Cl 9.1-13.8). Rates also were higher in socioeconomically
disadvantaged neighborhoods. To curb high rates of ARF
and RHD, New Zealand must address increasing social
and ethnic inequalities.

cute rheumatic fever (ARF) is a preventable mul-

tisystem inflammatory disease that develops in
<3% of persons with untreated group A Streptococcus
(GAS) pharyngitis (1,2). Recently, GAS skin infections
have been proposed to cause ARF, either directly or
in combination with GAS pharyngitis (3). The severe
sequela of ARF is rheumatic heart disease (RHD) with
regurgitation from the mitral valve, aortic valve, or
both. RHD is a serious condition that can lead to car-
diac failure, stroke, and early death (4).

ARF and RHD remain major causes of illness and
death (5). In 2015, global prevalence of RHD was =34
million cases and =320,000 RHD-associated deaths
occurred (6). During the 20th century, improved liv-
ing conditions resulted in dramatic declines in ARF
(7). The introduction of antimicrobial drugs in the
1950s and 1960s further reduced the burden of dis-
ease and ushered in an effective treatment for GAS
pharyngitis (8,9). Although now rare in high-income
countries, ARF and RHD continue to affect popula-
tions in economically disadvantaged areas (10) and
epidemic outbreaks occur in populations that are
separated geographically (11,12).

The incidence of RHD is highest in Oceania,
South Asia, and central sub-Saharan Africa (6). How-
ever, some of the highest reported ARF rates are
among indigenous and Pacific Islander populations
in Australia and New Zealand (13). The incidence
rate among indigenous children in Australia in the
peak age group, 5-14 years, is 245-351 cases/ 100,000
population (14), but in New Zealand, ARF almost ex-
clusively affects indigenous Maori and Pacific Island
children living in socioeconomically deprived areas
of the North Island (15,16). During 2017-2018, the rate
of initial ARF hospitalizations among Maori children
5-14 years of age was 25 cases/100,000 population;

Rheumatic Disease among Ethnic Groups, New Zealand

among Pacific Island children, the rate was 81 cas-
es/100,000 population (17).

Population-level burden estimates rarely are re-
ported in international literature, partially because of
challenges with diagnosing both ARF and RHD and a
lack of high-quality surveillance systems for monitor-
ing these conditions. ARF is notifiable to public health
authorities in New Zealand, but RHD is not. In addi-
tion, historically there has been national undernotifi-
cation of ARF cases (18). Consequently, coded hospi-
talization data, which are based on the coding system
of the International Classification of Diseases (ICD),
9th Revision (ICD-9) and 10th Revision (ICD-10),
provide the most comprehensive base for describing
ARF and RHD incidence and distribution.

We assessed trends in the incidence of ARF, the
frequency of initial hospitalizations for RHD, and
RHD mortality rates in New Zealand during 2000-
2018. In addition, we assessed the extent to which
these conditions are concentrated in specific popu-
lation groups, based on age, ethnicity, sex, socioeco-
nomic deprivation, and geographic location.

Methods

Data Sources

In New Zealand, we can use National Health Index
(NHI) numbers (19) to identify cases in health data
and link information across datasets. We conducted a
descriptive epidemiologic study that linked encrypt-
ed NHI numbers to ARF and RHD hospital discharge
data in New Zealand from 2000 through 2018. To
identify cases of initial ARF and recurrent ARF, we
used hospital discharge data coded with the ICD in
the National Minimum Dataset (20), which includes
information on all publicly funded hospitalizations in
New Zealand.

We defined initial cases as a patient’s first known
hospitalization for ARF, which had ICD-10 codes 100,
101, or 102 recorded as their principal diagnosis. We
excluded cases in persons who had a previous admis-
sion for ARF (ICD-9 codes 390-392) or RHD (ICD-9
codes 393-398) as principal or additional diagnoses
since 1988 when the records began. We defined re-
currences as all readmissions with ARF as principal
diagnosis that occurred >180 days after a previous
AREF discharge.

We defined initial RHD cases as a patient’s first
hospitalization with a principal diagnosis of RHD
(ICD-10 codes 105, 106, 107, 109, or 109) and no pre-
vious admission for RHD as principal or additional
diagnoses since 1988. We defined RHD death as the
underlying cause of death (ICD-10 codes 105, 106,

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021 37



RESEARCH

107, 108, or 109) as recorded in the National Mortality
Collection (21).

We excluded all non-New Zealand residents
from these analyses because they are not part of the
usual New Zealand population. We used the New
Zealand Deprivation Index (NZDep13) to assess so-
cioeconomic deprivation (22). NZDep13 is an area-
based measure of socioeconomic deprivation based
on 9 variables from the 2013 census. Decile 10 rep-
resents areas considered the most socioeconomically
deprived, and decile 1 represents areas with the least
deprivation scores. In this article, when we describe
the epidemiology of ARF and RHD, we generally are
referring to initial ARF or RHD hospitalizations.

Statistical Analysis

ARF and RHD data were used to calculate the fre-
quencies, rates, rate ratios (RRs), adjusted rate ra-
tios (aRRs), and 95% Cls across selected population
groups. To look for time trends, we split the obser-
vation into 2 periods: 2000-2009 and 2010-2018 or
2010-2016 for RHD deaths, the timeframe for which
mortality data are available. We examined rates of
ARF and RHD in relation to characteristics includ-
ing age, sex, ethnicity, and the district health board
(DHB) in which cases occurred. We used DHBs for
geographic analysis because they represent the pa-
tient’s place of residence. We calculated rates and
RRs for ARF for persons <30 years of age because
this group accounts for 93.4% of the disease bur-
den. For RHD and RHD mortality, we restricted
rates and RRs to persons <70 years of age because
the ICD codes are considered to be less specific for
RHD in older populations; for example, ICD-10
code I08 includes nonrheumatic heart disease, such
as age-related degenerative valvular heart disease
that can result in nonrheumatic aortic and mitral
valve dysfunction.

We used Poisson regression to calculate RR and
95% CI adjusting for age, sex, ethnicity, and socioeco-
nomic deprivation. We also reported RR by using a
defined reference rate from 2000-2009. We used lin-
ear regression to examine trends in initial ARF and
RHD primary hospitalization rates across most vari-
ables. We used the test for trend to evaluate trends
over time and considered p<0.05 statistically signifi-
cant. We performed data analysis by using Excel (Mi-
crosoft, https://www.microsoft.com) and SAS 9.4
(SAS Institute, Inc., https:/ /www.sas.com).

Denominator population data were popula-
tion estimates, calculated from linear interpolation
of national census data (23). The population of New
Zealand at the start of the study was 3.9 million and

increased to 4.9 million in 2018. The analysis used the
prioritized ethnicity categorizations, which is consis-
tent with national Ministry of Health ethnicity data
protocols (24). Ethnic groups included in the analysis
were Maori, who make up 16.5% of New Zealand’s to-
tal population; Pacific Islander (8.1%); Asian (15.1%);
and European/other (70.2%). The major Pacific
groups in New Zealand are Samoan, Tongan, Cook
Island Maori, and Niuean. The major Asian groups
are Chinese, Indian, Filipino, and Korean.

Ethics

The University of Otago Human Research Ethics
Committee granted ethical approval for this study
(approval no. HD19/033). The Ngai Tahu Research
Consultation Committee also consulted on the study.

Results

ARF Incidence Trends and Distribution

During 2000-2018, we noted 2,752 initial hospital-
izations with ARF as the principal diagnosis, an av-
erage of 145 initial ARF hospitalizations per year.
Over the same period, 288 persons were rehospital-
ized with ARF as their principal diagnosis, an aver-
age of 15 recurrent cases per year and 9.5% of the
total ARF hospitalizations. Most (47.8%) recurrent
cases were among children 10-14 years of age. Dur-
ing 2000-2016, only 3 ARF deaths were recorded, so
we did not analyze this outcome further.

During 2000-2018, annual national initial ARF
hospitalization rates ranged from 2.2 to 4.5 cas-
es/100,000 population, an average rate of 3.4 cas-
es/100,000 population (Figure 1). Annual rates of
initial ARF hospitalization increased slightly over
the study period, but the increase was not statisti-
cally significant (p = 0.58). Annual rates of recur-
rent ARF hospitalizations ranged from 0.1 to 0.8
cases/100,000 population, an average rate of 0.4
cases/100,000 population. Annual rates of recurrent
AREF hospitalizations remained stable over time (p =
0.93 by test for trend).

During 2000-2018, most (93.4%) ARF cases oc-
curred in persons <30 years of age, among whom
most (43.0%) children hospitalized with initial ARF
were 10-14 years of age, a rate of 20.6 cases/100,000
population (Figure 2). However, 92.6% of initial
ARF cases among persons <30 years of age were
among Maori or Pacific Islanders; Maori accounted
for 48.9% of cases and Pacific Islanders for 43.7%.
Pacific Islanders had the highest average initial
AREF hospitalization rates among persons <30 years
of age, 38.1 cases/100,000 population, and rates
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Figure 1. Annual rates of initial
and recurrent acute rheumatic
fever hospitalizations, New
Zealand, 2000-2018. ARF,
acute rheumatic fever.

among Maori were 16.8 cases/100,000 population
(Figure 3).

Initial ARF hospitalization rates peaked at 35.9
cases/ 100,000 population among Maori children 5-14
years of age and at 79.6 cases/100,000 population
for Pacific Island children. By comparison, rates for
European/other ethnicities were 1.6 cases/100,000
population. The net effect of the elevated rates among
Maori and Pacific Island children means that by age
20, the cumulative risk for hospitalized ARF is 1.2%
for Pacific Islanders, 0.5% of Maori, and 0.01% for
other ethnicities.

Patients with initial ARF hospitalizations were
more likely (aRR 5.2, 95% CI 4.0-6.8) to come from
the most socioeconomically deprived areas of the
country (NZDep 9-10). The most socioeconomically
disadvantaged neighborhoods had greater increases
in ARF hospitalizations over time. Independent of
socioeconomic deprivation, Pacific Islanders and
Maori <30 years of age had markedly higher rates
of initial ARF hospitalization than persons in other
ethnic groups (Table 1) and rates for Pacific Islanders
increased greatly over time (RR 1.3, 95% CI 1.2-1.5).

Rates of initial ARF hospitalizations increased for
persons <30 years of age from the 2000-2009 period to
the 2010-2018. Increases were statistically significant
for persons 15-19 and 20-29 years of age (p<0.05).

Rates of ARF vary throughout regions of New
Zealand. Counties Manukau, in South Auckland,
had the highest rate for initial ARF hospitalization
among persons <30 years of age (21.7 cases/100,000
population), but rates also were high in Northland
(17.4 cases/100,000 population). Over the study
period, the DHBs of Counties Manukau and the
Hutt Valley had statistically significant increases
in rates of initial ARF hospitalization (p<0.01) (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/1/19-1791-App1l.pdf).

RHD Incidence Trends and Distribution
During 2000-2018, a total of 12,094 hospitalizations
with a principal diagnosis of RHD were reported, an
average of 636 admissions per year. Of these, 5,109
persons were hospitalized with an initial RHD diag-
nosis, an annual average of 269 persons. During the
study period, national initial RHD hospitalization
rates ranged from 4.1 to 10.0 cases/100,000 popula-
tion, an average incidence rate of 6.2 cases/100,000
population (Figure 4). Total rates of RHD hospital-
izations as principal diagnosis, including initial and
repeat admissions, ranged 11.5 to 17.9 cases/100,000
population, an annual rate of 14.3 cases/100,000
population. The mean age of initial RHD hospital-
ization was 60 years, with a median age of 67 years.
We analyzed RHD cases according to sociode-
mographic characteristics for patients aged <70 years
(Table 2). We noted that initial RHD primary hospi-
talization rates increased over time at a statistically
significant level (RR 1.09, 95% CI11.01-1.17; p = 0.03).
We found that risk for RHD is associated with
increasing age, Maori and Pacific Islander ethnic-
ity, and socioeconomic deprivation. We also noted a
weak association for male over female sex. Rates are
markedly higher in some geographic areas (DHBs),
but most disappear after adjustment for other so-
ciodemographic factors. Maori and Pacific Islanders
RHD rates rose markedly over the observation period
but RHD rates rose markedly over the observation pe-
riod for children 0-9 years of age (p = 0.01) and 10-19
years of age (p<0.01) than for any other age groups.
The initial RHD primary hospitalization rate
for Pacific Islanders <70 years of age was 11.6 cas-
es/100,000 population, and this group was 4.6 times
more likely to be hospitalized for RHD than persons
in the European/other group; Maori were 3.2 times
more likely to be hospitalized for RHD (Table 2). Over
the study period, rates of RHD rose at statistically
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significant levels among persons <70 years of age in
both Maori (p = 0.01) and Pacific Islander (p = 0.01)
populations. Geographically, Counties Manukau
DHB had the most cases of RHD and Tairawhiti DHB
had the highest rate for initial RHD hospitalizations
(Table 2; Appendix Table 1).

Over the study period, persons living in the
most socioeconomically deprived areas (NZDep
9-10) had the highest rates of initial hospitalization
with a principal diagnosis of RHD, 7.6 cases /100,000
population. The most socioeconomically deprived
areas (NZDep 9-10) experienced major increases in
initial RHD hospitalizations over the study period
(Table 2). Maori and Pacific Islanders living in the
most socioeconomically-deprived areas were much
more likely to be hospitalized with RHD (Maori aRR
10.58, 95% CI 8.88-12.61; Pacific Islander aRR 13.80,
95% CI111.48-16.58) than European/other (aRR 3.33,
95% CI 2.76-4.01) or Asian (aRR 1.82, 95% CI 1.25-
2.64) populations living in the most socioeconomi-
cally deprived areas.

RHD Mortality Rates and Distribution
During 2000-2016, a total of 2,435 deaths were at-
tributed to RHD, with an average of 143 deaths per
year and a rate of 3.4 deaths/100,000 population. The
highest rates for RHD coded as the underlying cause
of death occurred among persons 60-69 years of age.
We noted a 42.6% decline in RHD mortality rates
among persons <70 years of age from the 2000-2009
period to the 2010-2016 period.

RHD mortality rates for people <70 years varied ac-
cording to sociodemographic characteristics (Table 3).
The risk for RHD death was most strongly associated

with increasing age, Maori and Pacific Islander ethnici-
ty, and socioeconomic deprivation. Pacific Islanders <70
years of age had an average RHD mortality rate of 4.4
deaths/100,000 population and were more likely to die
from RHD than persons of European/other ethnicity
(@aRR 11.2, 95% CI 9.1-13.8); Maori had an RHD mortal-
ity rate of 4.3 deaths/100,000 population and were also
more likely than European/ other to die from RHD (aRR
12.3,95% CI110.3-14.6). Among RHD deaths, 73.8% were
persons of Maori and Pacific Islander ethnicity.

Although a decline in RHD mortality rates has oc-
curred across all sociodemographic groups, it has been
least apparent among Pacific Islanders. The mean age
at RHD death for Maori was 59.2 years, for Pacific Is-
landers 55.2 years, for Asians 66.0 years, and for Eu-
ropean/other ethnicities 80.0 years. RHD death was
associated with socioeconomic deprivation; persons
living in the most socioeconomically deprived areas
were more likely to die from RHD (aRR 3.3, 95% CI
2.3-4.3) than those in the least socioeconomically de-
prived areas. In addition, Maori living in high depri-
vation areas (NZDep9-10) were much more likely to
die from RHD (aRR 47.52, 95% CI 30.71-73.55), as were
Pacific Islanders (aRR 37.46, 95% CI 23.63-59.39). More
female (496) than male (394) persons died from RHD
over the study period, although this difference was not
statistically significant.

Trends in ARF and RHD by Age and Ethnicity

We assessed ARF and RHD hospitalizations and
RHD deaths by age and ethnic group during 2000-
2018 (Figure 5). Maori and Pacific Islander popula-
tions suffered the highest rates across all outcomes. In
addition, Maori and Pacific Islanders had higher rates

Figure 2. Incidence of initial acute
rheumatic fever hospitalizations by
age group and time period, New
Zealand, 2000-2018. ARF, acute
rheumatic fever.
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Figure 3. Incidence of
initial acute rheumatic fever
hospitalizations by major
ethnic group and time
period among persons <30
years of age, New Zealand,
2000-2018. ARF, acute
rheumatic fever.

of outcomes in younger age groups than European/
other or Asian populations.

Discussion

We provide a comprehensive overview of the epi-
demiology of ARF, RHD, and death from RHD in
New Zealand. Our study builds on previous reports
(15,25-28) that examine how the disease burden is

shifting and becoming more concentrated in specific
population groups.

The overall rate of ARF remained relatively con-
stant during 2000-2018. A marked shift in the distri-
bution demonstrated a major decrease in initial ARF
hospitalization rates in persons of European/other
ethnicity, but rates have not declined for Maori and
have continued to rise for Pacific Islanders. Most

Table 1. Acute rheumatic fever initial hospitalizations and adjusted rate ratios for patients <30 years of age, according to key

sociodemographic characteristics, New Zealand, 2000-2018*

Crude rate of ARF at initial

hospitalization/100,000

RR in 2010-2018 vs.

Category No. cases population aRR (95% CI) 20002009 (95% CI)
Aget
<5 35 0.62 0.18 (0.13-0.25) 0.42 (0.20-0.88)
5-9 768 13.45 4.10 (3.57-4.70) 1.01 (0.88-1.17)
10-14 1,184 20.55 6.58 (5.77-7.51) 1.08 (0.96-1.21)
15-19 308 5.27 1.81 (1.54-2.13) 1.29 (1.03-1.62)
20-29 276 2.27 Referent 1.86 (1.45-2.38)
Sex#
M 1,493 8.60 1.34 (1.24-1.45) 1.09 (0.99-1.21)
F 1,078 6.42 Referent 1.18 (1.05-1.33)
Ethnicity (prioritized)8
Maori 1,257 16.77 11.84 (10.02-13.98) 1.09 (0.98-1.22)
Pacific Islander 1,124 38.12 23.57 (19.88-27.94) 1.30 (1.16-1.47)
Asian 23 0.55 0.64 (0.41-0.99) 0.41 (0.18-0.98)
European and other 167 0.86 Referent 0.61 (0.44-0.84)
Socioeconomic deprivation levelf
1-2 61 1.06 Referent 0.63 (0.38-1.05)
3-4 128 2.16 1.65 (1.21-2.23) 0.85 (0.60-1.20)
5-6 160 2.51 1.60 (1.19-2.25) 0.91 (0.67-1.24)
7-8 405 5.57 2.58 (1.96-3.38) 1.31 (1.08-1.59)
9-10 1,817 20.58 5.21 (4.01-6.75) 1.16 (1.06-1.27)
District health board#
Northland 206 17.36 7.56 (4.39-13.02) 1.10 (0.84-1.45)
Counties Manukau, South Auckland 909 21.67 7.37 (4.32-12.53) 1.23 (1.08-1.41)
Tairawhiti, Gisborne 63 16.01 5.47(3.06-9.80) 1.45 (0.88-2.39)
South Island, 5 DHBs 67 0.91 Referent 1.21 (0.71-1.88)
Total 2,571 7.53 1.13 (1.04-1.22)

*An additional 181 (6.6% of total) cases occurred among persons >30 years of age during 2000-2018. aRR, adjusted rate ratio; DHB, district health

board; RR, rate ratio.

1RR adjusted for sex, ethnicity, and socioeconomic deprivation.
IRR adjusted for age, ethnicity, and socioeconomic deprivation.
8RR adjusted for age, sex, and socioeconomic deprivation.
TRR adjusted for age, sex, and ethnicity.

#RR adjusted for age, sex, ethnicity, and socioeconomic deprivation; 3 DHBs highest incidence and 1 DHB with lowest incidence shown. A full list of

DHBs is provided in Appendix Table 1 (https://wwwnc.cdc.gov/ElD/article/27/1/19-1791-Appl.pdf).
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Figure 4. New Zealand
annual incidence

rates of initial RHD
hospitalizations, all
ages, 2000-2018. RHD,
rheumatic heart disease.

(93.4%) initial ARF cases are among persons <30
years of age, and most (92.6%) occur in Maori and Pa-
cific Islanders. Rates of ARF in some population sub-
groups remain among the highest reported in a high-

income country, showing stark ethnic inequalities. For
children 5-14 years of age, the rates for Maori (35.9
cases/100,000 population) and Pacific Islanders (79.6
cases /100,000 population) are similar to rates in many

Table 2. Rheumatic heart disease initial hospitalization rates and adjusted rate ratios for patients <70 years of age according to key

sociodemographic characteristics, New Zealand, 2000-2018*

Crude rate of RHD at initial

hospitalization/100,000

RR in 2010-2018 vs.

Characteristics No. cases population aRR (95% CI) 2000-2009 (95% CI)
Age, yt
0-9 154 1.35 Referent 1.53 (1.11-2.11)
10-19 322 2.77 2.21 (1.82-2.68) 1.51(1.21-1.88)
20-29 164 1.47 1.30 (1.04-1.62) 0.95 (0.69-1.29)
30-39 208 1.87 1.83 (1.49-2.26) 0.81 (0.62-1.07)
40-49 420 3.60 3.84 (3.19-4.62) 1.07 (0.88-1.30)
50-59 678 6.69 7.66 (6.43-9.14) 0.93 (0.80-1.08)
60-69 957 12.87 15.66 (13.18-18.61) 1.13 (1.00-1.29)
Sext
M 1,405 3.74 1.12 (1.04-1.21) 1.14 (1.03-1.26)
F 1,498 4.06 Referent 1.04 (0.93-1.15)
Ethnicity§
Maori 892 7.30 3.21 (2.93-3.52) 1.24 (1.09-1.42)
Pacific Islander 574 11.60 4.62 (4.16-5.15) 1.28 (1.08-1.51)
Asian 123 1.47 0.71 (0.59-0.86) 0.80 (0.56-1.14)
European and other 1,314 2.68 Referent 0.95 (0.86-1.10)
Socioeconomic deprivation level
1-2 222 1.60 Referent 0.79 (0.60-1.02)
3-4 324 2.34 1.42 (1.20-1.68) 0.85 (0.68-1.05)
5-6 441 3.05 1.76 (1.49-2.06) 1.07 (0.89-1.29)
7-8 642 4.15 2.19 (1.88-2.55) 1.12 (0.56-1.31)
9-10 1,274 7.58 3.10 (2.67-3.60) 1.21 (1.09-1.36)
District health board#
Northland 150 5.57 1.32 (1.03-1.69) 0.94 (0.68-1.29)
Counties Manukau, South Auckland 478 5.70 1.44 (1.16-1.78) 1.05 (0.88-1.26)
Tairawhiti, Gisborne 90 11.13 2.38 (1.79-3.16) 1.73 (1.12-2.66)
Hutt Valley, Wellington 107 4.33 1.51 (1.15-1.97) 1.38 (0.94-2.03)
Southern, South Island 110 2.14 Referent 1.11 (0.76-1.61)
Total 2,903 3.90 1.09 (1.01-1.17)

*An additional 2,212 cases (43.2% of total) occurred among persons >70 years of age during 2000—2018. aRR, adjusted rate ratio; DHB, district health
board; RHD, rheumatic heart disease; RR, rate ratio.

TRR adjusted for sex, ethnicity, and socioeconomic deprivation.
IRR adjusted for age, ethnicity, and socioeconomic deprivation.
8RR adjusted for age, sex, and socioeconomic deprivation.
TRR adjusted for age, sex, and ethnicity.

#RR adjusted for age, sex, ethnicity, and socioeconomic deprivation; 4 highest incidence DHBs, and the 1 lowest DHB shown. A full list of DHBs is

provided in Appendix Table 1 (https://wwwnc.cdc.gov/ElD/article/27/1/19-1791-Appl.pdf).
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Table 3. Mortality rates of rheumatic heart disease and adjusted rate ratios for people aged <70 y, according to key sociodemographic

characteristics, New Zealand, 2000-2016*

Crude rate of RHD

RR during 2010-2016

Category No. deaths  deaths/100,000 population aRR (95% CI) vs. 2000—2009 (95% CI)
Aget
<40 126 0.31 Referent 0.66 (0.45-0.96)
40-49 163 1.56 7.27 (5.76-9.18) 0.68 (0.49-0.94)
50-59 249 2.80 15.09 (12.17-18.72) 0.53 (0.41-0.70)
60-69 352 5.48 34.15 (27.80-41.95) 0.56 (0.45-0.69)
Sext
M 394 1.21 0.88 (0.75-0.98) 0.56 (0.45-0.69)
F 496 1.49 Referent 0.61 (0.51-0.73)
Ethnicity§
Maori 467 4.34 12.27 (10.32-14.58) 0.53 (0.44-0.65)
Pacific Islander 190 4.37 11.16 (9.05-13.76) 0.77 (0.57-1.02)
Asian 20 0.29 0.8 7(0.55-1.38) 0.09 (0.02-0.40)
European and other 213 0.49 Referent 0.63 (0.47-0.84)
Socioeconomic deprivation levelf
1-2 48 0.39 Referent 0.23 (0.11-0.46)
3-4 67 0.55 1.23 (0.85-1.78) 0.51 (0.30-0.84)
5-6 113 0.88 1.72 (1.23-2.42) 1.01 (0.70-1.46)
7-8 188 1.37 2.17 (1.57-2.99) 0.54 (0.40-0.73)
9-10 474 3.18 3.18 (2.34-4.33) 0.58 (0.48-0.71)
District health board#
Northland 52 2.18 1.13 (0.76-1.69) 0.48 (0.24-0.94)
Counties Manukau, South Auckland 168 2.28 1.65 (1.21-2.24) 0.75 (0.53-1.05)
Tairawhiti, Gisborne 33 4.56 2.22 (1.42-3.48) 0.35 (0.15-0.83)
South Island, 5 DHBs 81 0.53 Referent 0.50 (0.31-0.82)
Total 890 1.35 0.58 (0.51-0.67)

*An additional 1,545 (63.4% of total) deaths occurred among persons >70 years of age during 2000-2016. aRR, adjusted rate ratio; DHB, district health

board; RHD, rheumatic heart disease; RR, rate ratio.

1RR adjusted for sex, ethnicity, and socioeconomic deprivation.
1RR adjusted for age, ethnicity, and socioeconomic deprivation.
8RR adjusted for age, sex, and socioeconomic deprivation.
TRR adjusted for age, sex, and ethnicity.

#RR adjusted for age, sex, ethnicity, and socioeconomic deprivation; 3 highest incidence DHBs and the DHB with lowest incidence shown. A full list of
DHBs is provided in Appendix Table 1 (https://wwwnc.cdc.gov/ElD/article/27/1/19-1791-Appl.pdf).

low-income countries (5,29,30) and to the high rates
previously reported in New Zealand (25,26). The net
effect of these high rates means that, by age 20, the
cumulative risk for ARF is 1.2% for Pacific Islanders
and 0.5% for Maori, compared with 0.01% for Euro-
pean/other ethnicities. This iniquitous distribution
of ARF drives elevated rates of RHD and premature
death from RHD across the lifespan for Maori and
Pacific Islanders.

Analysis of the sociodemographic characteris-
tics showed ARF almost exclusively affects Maori
and Pacific Island children and young adults. Disag-
gregating these characteristics shows independent
contributions from ethnicity, socioeconomic depri-
vation, and geographic location (Appendix Table
2). Among persons <30 years of age, Maori had a
markedly increased (unadjusted) risk for ARF (RR
19.6, 95% CI116.7-23.0) as did Pacific Islanders (RR
44.5, 95% CI 37.9-52.4) compared with the risk for
the European/other group. This elevated risk was
reduced after adjustment for socioeconomic depri-
vation and further reduced after adjustment for
geographic location. However, a residual increased

risk persisted (RR 9.0, 95% CI 8.2-9.8 for Maori and
RR 16.6, 95% CI 14.8-18.6 for Pacific Islanders).
A positive finding was that ARF recurrence rates
have remained stable over time, with a rate of 0.4
cases/100,000 population. In addition, these cases
represent #9.5% of total ARF hospitalizations, sug-
gesting successful operation of secondary preven-
tion programs.

RHD hospitalization rates rose greatly over
the study period. RHD is concentrated in older
age groups and 43.3% of RHD hospitalizations
occur among persons >70 years of age. Cur-
rent trends reflect patterns of ARF that have oc-
curred over the past few decades (cohort effects)
and changes in clinical awareness and diagnostic
practices. However, Maori and Pacific Islanders
again suffer the greatest burden of disease, 50.5%
of cases among persons <70 years of age. Ethnic
inequalities are less marked for RHD than for
AREF, probably reflecting cohort effects from pre-
vious decades when ARF inequalities were less
marked (25). As is the case for ARF, the increased
risk for RHD among Maori and Pacific Islanders is
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associated with deprivation and region in addi-
tion to an independent association with ethnicity.

We noted steep declines in RHD mortality rates
during 2000-2016. Nonetheless, Maori and Pacific
Islanders once more bear the greatest burden of dis-
ease, accounting for 73.8% of deaths among persons
<70 years of age. As with ARF and RHD hospitaliza-
tions, the increased risk for Maori and Pacific Island-
ers is associated with socioeconomic deprivation
and region in addition to an independent associa-
tion with ethnicity.

A strength of this study is the comprehensive
nature of the outcome data used. However, the ad-
ministrative data used has some limitations, both
in identifying and reporting cases of ARF and
RHD. A case can be missed if a person did not seek
medical attention, did not have symptoms recog-
nized as ARF or RHD by a medical professional,
or was not hospitalizeddespite a diagnosis. Con-
sequently, the ARF findings likely underestimate
the true incidence of disease. In comparison, RHD

hospitalizations might be overestimated due to
ICD-10 directives for RHD. Further clinical valida-
tion of ICD codes is needed to improve identifica-
tion of RHD in administrative data in New Zealand
and globally. One approach that would greatly help
validation would be implementation of a national
patient registry, which would enable improved
uptake of prophylaxis by patients, better clinical
service coordination, and improved healthcare
sector performance monitoring. RHD mortality
data have similar coding limitations to those seen
for RHD hospitalizations. In addition, many RHD
deaths are undercounted because they manifest
as other circulatory diseases, such as heart failure
and strokes (31).

Despite those limitations, this study provides a
comprehensive overview of the incidence and dis-
tribution of ARF, RHD, and RHD deaths in New
Zealand. A particularly stark finding is the marked
ethnic inequalities in disease burden with ARF dis-
proportionally affecting Maori and Pacific Island

Figure 5. Age distribution of ARF, RHD, and RHD mortality rates across major ethnic groups, New Zealand, 2000-2018. A) ARF
incidence among Maori; B) RHD incidence among Maori; C) RHD mortality rates among Maori; D) ARF incidence among Pacific
Islanders; E) RHD incidence among Pacific Islanders; F) RHD mortality rates among Pacific Islanders; G) ARF incidence among
European or other persons; H) RHD incidence among European or other persons; I) RHD mortality rates among European or other

persons. ARF, acute rheumatic fever; RHD, rheumatic heart disease.
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children, and RHD, and RHD deaths dispropor-
tionately affecting Maori and Pacific Islander
adults, particularly those living in high socioeco-
nomic deprivation. We saw evidence of a cohort
effect; new cases of ARF were becoming rare in Eu-
ropean/other children, RHD was declining among
European/other adults, and RHD deaths were be-
coming uncommon in European/ other persons <70
years of age. However, rates of initial ARF in Maori
children remain high and are not decreasing, and
rates appear to be rising in Pacific Island children,
condemning these groups to a lifetime living with
the effects of RHD. To help curb the continuing
high rates of ARF and RHD, New Zealand and oth-
er countries must address the large and increasing
social and ethnic inequalities.

The Health Research Council (HRC) of New Zealand
provided funding for the study.
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Differential Yellow Fever
Susceptibility in New World
Nonhuman Primates,
Comparison with Humans, and
Implications for Surveillance
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A major outbreak of yellow fever (YF) occurred in Brazil
during 2016-2018. Epizootics in New World nonhuman
primates are sentinel events for YF virus circulation.
However, genus-specific susceptibilities and suitability
for YF surveillance remain poorly understood. We ob-
tained and compared epidemiologic, histopathologic,
immunohistochemical, and molecular results from 93
human and 1,752 primate cases submitted during the
recent YF outbreak in Brazil (2017), with the support of
the Brazilian National YF Surveillance Program. We de-
tected heterogeneous YF-associated profiles among the
various genera of primates we analyzed. Alouatta pri-
mates were the most reliable sentinel; Sapajus and Cal-
licebus primates had higher viral loads but lower propor-
tional mortality rates. Callithrix primates were the least
sensitive, showing lower viral loads, lower proportional
mortality rates, and no demonstrable YF virus antigen or
extensive lesions in liver, despite detectable viral RNA.
These differences in susceptibility, viral load, and mortal-
ity rates should be considered in strategic surveillance of
epizootics and control measures for YF.
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Yellow fever (YF) is a zoonosis caused by YF vi-
rus (YFV; family Flaviviridae, genus Flavivirus)
that has 2 established cycles in South America: urban
and sylvatic. The sylvatic cycle is maintained by for-
est canopy mosquitoes (Sabethes spp. and Haemagogus
spp.) and New World primates (NWPs); humans
are accidental hosts (1,2). During 2016-2018, YF re-
emerged in Brazil, posing new threats with major
epidemic waves in areas with low viral circulation,
although without evidence of the urban cycle (3). The
national surveillance program in Brazil for YF primar-
ily relies on YF investigation in deceased free-ranging
NWPs (4). Surveillance of epizootics in NWPs plays
a pivotal role for deployment of prevention actions,
emphasizing immediate vaccination of susceptible
human populations (5).

Brazil has broad and heterogeneous NWP (sub-
order Platyrrhini) diversity: 5 families, 21 genera,
and 176 species (6). Nevertheless, knowledge of
YF in NWP species is limited; most efforts have fo-
cused on serologic testing of the species Leontopithe-
cus chrysomelas (7), Alouatta spp. (8,9), Cebus spp.(10),
and Saguinus spp. and Saimiri spp. (10). Only howler
monkeys (Alouatta sp.) have well-documented liver
involvement in consequence of natural YF infection
(11) and are considered reliable sentinels of YFV cir-
culation, because they show higher susceptibility to
YF than humans and develop a fatal hepatic failure
with massive cellular death (1,4,12). Howler monkeys
and laboratory NWP models usually have hepatic
changes similar to those found in humans (3,11): mas-
sive necrosis/apoptosis associated with Councilman-
Rocha Lima bodies, steatosis, and mild inflammatory
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infiltrates (13,14), although diverging pathologic fea-
tures might also be seen (3). Further knowledge of
YF pathogenic aspects is needed to guarantee that
samples from various species of NWPs would be ad-
equately used for YF surveillance purposes to ensure
appropriate diagnoses and subsequent public health
responses. In addition, this knowledge will clarify the
effect of YF in the wide range of NWPs in Brazil.

During the last YF outbreak in Brazil (2016-2018),
we observed differences among genera not only in
YF prevalence but also in YF viral load, as reported
(15). These differences might have implications for
NWP as amplifying hosts or as reservoirs in YF cycle.
The term reservoir refers to an animal with persis-
tent infection, sometimes without clinical signs, and
sufficient amount of pathogen to act as source of in-
fection. Amplifier, although used as a synonym, is a
broad term referring to a host with high viral load
and source of infection (16). Thus, we hypothesized
that there are different genus-specific susceptibilities
among NWPs that could affect YF surveillance/mon-
itoring. To reduce this knowledge gap, we character-
ized and compared the histopathologic signature of
YF-associated liver disease, viral antigen detection by
immunohistochemical analysis (IHC), and molecular
findings in samples from humans and NWPs infect-
ed by YFV that were received during 2017 at Adolfo
Lutz Institute (Sao Paulo, Brazil).

Methods

Data and Sample Collection

We obtained formalin-fixed, paraffin-embedded and
fresh frozen (-70°C) liver samples from NWPs and
humans from Sdo Paulo state, Brazil, that were sub-
mitted for YF diagnosis to the Adolfo Lutz Institute
during 2017, according to the Brazilian National Sur-
veillance Program of YF by the Ministry of Health
of Brazil (4). The Adolfo Lutz Institute is an official
laboratory for the diagnosis of YFV in humans and
primates. NWP samples came from standardized nec-
ropsies performed by local surveillance agents. Epi-
demiologic (carcass location and date) and biological
(genera, sex, age) data were obtained from notifica-
tion files (Sistema Nacional de Agravos de Notifica-
¢do) sent with the samples. Cases designated as Cebus
spp. were reclassified as Sapajus spp., according to
Alfaro et al. (17). Only NWP cases with genera identi-
fied and formalin-fixed, paraffin-embedded liver tis-
sue were included in this study. For humans, samples
from patients with suspected or confirmed YF who
died were obtained; only cases with quantitative re-
verse transcription PCR (qRT-PCR) results from fresh

liver samples were included. Adverse vaccine effects
and transplant cases were excluded. All procedures
were approved by the Animal Use and Research Ethi-
cal Committees of the Adolfo Lutz Institute (CEUA-
IAL no. 11/2016 and CEP-IAL no. 3.121.328-caaee
96138818.0.0000.0059) and the Instituto Chico Mendes
de Conservagdo da Biodiversidade protocol 50551-3.

Spatial Analysis

Cases positive by IHC or qRT-PCR were tabulated
and plotted. Plots were made by using a map of Sdo
Paulo state and QGis software (https://qgis.org).

Histopathologic and Immunohistochemical Analyses
Protocols and procedures were conducted in the en-
hanced laboratory Biosafety Level 2 facility of the Ad-
olfo Lutz Institute. All formalin-fixed, paraffin-embed-
ded liver tissue samples were processed and stained
with hematoxylin and eosin for histopathologic exam-
ination. IHC was performed according to our labora-
tory protocols. Liver tissue sections were subjected to
antigen retrieval in a pressure cooker in citrate buffer
for 3 min (120°C, pH 6.0) and then incubated over-
night with polyclonal anti-YF (mouse hyperimmune
antiserum against wild strain; Nudcleo de Doenga de
Transmissdao Vetorial, Virology Center, Adolfo Lutz
Institute) (3,12). Signal amplification was performed
by using the Horseradish Peroxidase-Conjugated
Polymer Detection System (REVEAL Biotin-Free
Polyvalent; Spring Bioscience Corp., https://www.
cmocro.com) and visualized by using diaminobenzi-
dine (D-5637; Sigma-Aldrich, https://www.sigma-
aldrich.com) and counterstaining with Harris hematox-
ylin. In selected instances, amplification was performed
by using AP conjugated polymer (MACH4 Universal
AP Polymer Kit; Biocare Medical, https:/ /biocare.net)
and visualized by using fast red chromogen (WARP
RED chromogen kit; Biocare Medical). Known NWPs
and human positive and negative control tissues with
omitted first-layer antibody were included.

NWP cases were classified according to the distri-
bution, extent, and nature of microscopic findings af-
ter staining with hematoxylin and eosin as described
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/1/19-1220-App1l.pdf). For IHC, cases were
classified as positive, negative, or inadequate on the
basis of YFV antigen detection and varying degrees
of typical YF-associated lesions. Inadequate classifi-
cation refers to highly autolyzed/decomposed cases
with lack of immunolabeling. Human cases were
classified as full spectrum of YF-associated hepatic
lesions or other histologic patterns. We provide a de-
tailed description of other histologic patterns.
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Molecular Analysis by Using gRT-PCR

Total RNA was extracted from fresh frozen liver by
using the QIAamp RNA Blood Mini Kit (QIAGEN,
https:/ /www.qiagen.com), according to the manu-
facturer’s instructions. Amplification of YFV frag-
ments were performed by using a described protocol
(18) that targets the highly conserved 5' noncoding
region of the genome (112 bp) and is based on a Tag-
Man gRT-PCR protocol. Quantification cycle (Cq) was
used as a reference for viral load (in a standard curve
with YFV vaccine 17D, a titer of 10° PFU/mL had a
mean Cq =16, and 1 PFU/mL had a mean Cq = 35.6).

Statistical Analysis

Data were tabulated and analyzed by using Portal
Action (http://www.portalaction.com.br) and R
software (https://www.r-project.org). For categori-
cal data, we used y? or Fisher exact test (2-tailed)
tests. For continuous data, after using the Shapiro-
Wilk normality test, we applied the Kruskal-Wallis
test. Agreement between IHC and qRT-PCR was
calculated by using the Cohen kappa contingency
coefficient. Sensitivity, specificity, positive predic-
tive value, negative predictive value, and accuracy of
histologic analysis were calculated; inadequate cases
obtained by IHC were excluded. The IHC detection
limit (QRT-PCR Cq value) was obtained by using re-
ceiver operating characteristic curve analysis. Corre-
lation of nonparametric data was calculated by using
the Spearman test, and a standard curve was created.
Statistical difference was defined as p<0.05.

Results

NWPs
We analyzed 1,752 NWPs: 413 (23.6%) were female,
638 (36.4%) were male, and 701 (40%) did not have
sex identified. Distribution by genus was 921 (52.6%)
Callithrix spp., 708 (40.4%) Alouatta spp., 95 (5.4%) Sa-
pajus spp., and 28 (1.6%) Callicebus spp. Alouatta and
Sapajus species had higher proportions of males than
did Callithrix and Callicebus spp. (p<0.01). We com-
piled a population profile, including sex and age dis-
tribution by genus (Appendix Table 2), and a spatial
distribution of positive NWPs, all from Sdo Paulo
state, by IHC, qRT-PCR, or both (Appendix Figure 1).
All cases had THC results. Of 1,752 cases, 468
(26.7%) were positive for YF: 437 (61.7%) of 708 Al-
ouatta spp., 8 (28.6%) of 28 Callicebus spp., 13 (13.7%)
of 95 Sapajus spp., and 10 (1.1%) of 921 Callithrix spp.
Of the remaining cases, 1,171 (66.8%) were negative
and 113 (6.4%) had inadequate results because of au-
tolysis or absence of liver samples. No age (p = 0.55)

Yellow Fever in New World Nonhuman Primates

or sex (p = 0.72) difference between positive and neg-
ative groups was detected.

Microscopic evaluation of IHC-positive cases
identified 432 (92.3%) of 468 cases that had a full spec-
trum of YF hepatic lesions (Figure 1). Three had other
histologic patterns: 2 (0.4%) had apoptotic hepato-
cytes, and 1 (0.2%) had mild degenerative and reac-
tion findings. These 3 cases were Alouatta spp. (Ap-
pendix Figure 2). Among all positive cases, 33 (7.1%)
had autolysis that impaired histologic classification;
these cases were excluded from further analysis.

Of all cases evaluated, 1,193 (68.1%) of 1,752 had
qRT-PCR results, and 277 (23.2%) of those had detect-
able YFV: 243 (64.5%) of 374 Alouatta spp., 5 (31.2%)
of 16 Callicebus spp., 5 (7.5%) of 67 Sapajus spp., and
24 (3.3%) of 736 Callithrix spp. Some cases had inad-
equate IHC results because of autolysis/decomposi-
tion: 2 Callithrix spp. and 12 Alouatta spp. We found
that 24 (8.7%) of 277 (8.7%) qRT-PCR-positive cases
had negative results by IHC: 15/24 Callithrix spp.
(62.5%), 8/243 Alouatta spp. (3.3%) and 1/5 Callicebus
spp. (20%). These cases were called discordant cases,
and the remaining cases were called concordant cases.

The discordant group represented, excluding
autolyzed tissues, 15 (68.2%) of 22 positive Callithrix
spp. by qRT-PCR, and 8 (3.5%) of 231 positive Alouatta
spp. This group included 15 cases with mild degener-
ative and reactional findings, 4 with steatosis, 1 with
non-YF-associated hepatitis, 2 with apoptotic hepa-
tocytes, 1 with multinucleation of hepatocytes, and 1
with no lesions. One case in a Sapajus spp. that had
a positive IHC result and a negative qRT-PCR result
was not considered for statistical analysis because of
intense autolysis that impaired morphologic analysis.

Regarding viral load, Callithrix spp. had a high-
er Cq (median 34, range 9-37) than other genera
(p<0.001). There was no significant difference in Cq
for Alouatta, Callicebus, and Sapajus spp. The discor-
dant group had a higher Cq (median 34, range 12-37)
than the concordant group (median 12, range 5-35)
(p<0.001). When we compared viral load in the con-
cordant group, we observed no difference for NWP
genera. We compared Cq values for the concordant
and discordant groups (Figure 2) and the distribution
of Cq values for Alouatta and Callithrix spp. and hu-
mans (Appendix Figures 3-5).

We calculated YF-associated proportional mor-
tality rates on the basis of cases with liver antigen
detected by IHC divided by all cases and YF propor-
tional infections as number of cases with detectable
YF virus by qRT-PCR divided by all cases. Callithrix
sp. was the only genus with difference between pro-
portional YF-related mortality rates and infection
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Figure 1. Photomicrographs of
liver from human patient (A, C)
and Callicebus spp. monkey (B,
D) with full spectrum of yellow
fever (YF)—associated lesions,
Brazil. Midzonal necrosis with
multiple Councilman-Rocha
Lima bodies (arrows), mild
steatosis, and hepatocytes with
eosinophilic nucleoli (Torres body
[Xs]) (hematoxylin and eosin
stained). B) Necrosis/apoptosis
(diffuse and panlobular),
associated with multiple
Councilman-Rocha Lima bodies
(arrows) and a few remaining
viable hepatocytes (arrowheads)
in periportal area (hematoxylin
and eosin stained). C) Positive,
multifocal immunolabeling for
YF antigen (arrowheads) (anti-
YF, Warp red, counterstained
with hematoxylin). D) Intense
and diffuse immunolabeling

for YF antigen (anti-YF,
3,3’-diaminobenzidine
counterstaining with
hematoxylin). Scale bars
indicate 50 pm.

(p =0.01), and proportional YF-related mortality rates
and infection were different for NWP genera (p<0.01)
(Table 1).

Humans

We received 93 specimens from human case-patients
who had suspected YF, 68 (73.1%) men and 25 (26.9%)
women. Of these, 48 (51.6%) had detectable YFV by
qRT-PCR, 40 (83.3%) men and 8 (16.7%) women. Of
these 48 patients, 46 (95.8%) were IHC positive (con-
cordant) and 2 (4.7%) were IHC negative (discor-
dant). The mean + SD age for positive case-patients
by qRT-PCR (48.8 £ 14.9 years) was higher than for
negative case-patients (41.5 + 18.8 years) (p = 0.04),
and a higher prevalence was found in men (p = 0.03).
The mean * SD time in days between onset of clinical
signs and time of death (TOD) was 10.7 + 4.8 (mini-
mum 2 days, maximum 26 days). There was a direct
correlation between TOD and Cq (p = 0.37; p = 0.007),
indicating an inverse correlation between TOD and
viral load (Appendix Figure 6).

All THC-positive cases showed a full spectrum
of YF-associated lesions; 2 discordant cases had oth-
er histologic patterns (Appendix Table 3, Figure 7).
Regarding viral load, humans had a median Cq of
20 (range 12-38). Human patients had significantly
higher Cq values than NWPs in general (p<0.001),

except when compared with Callithrix spp. When we
compared human concordant and NWP concordant
cases, humans had a higher Cq than all genera of
NWP. We compiled the distribution of Cq values for
different NWP genera and humans (Figure 3) and the
main characteristics of positive cases among humans
and NWPs (Table 2).

Comparison of Methods

Histopathologic examination showed high sensitiv-
ity and specificity for most genera of NWPs and for
human specimens if one considers the full spectrum
of YF-associated lesions as positive results (Table 3).
Agreement between qRT-PCR and IHC for detection
of YFV was good for NWPs (k = 0.936, 95% CI 0.911-
0.961) and humans (k = 0.957, 95% CI 0.898-1.000).
Analysis of NWPs by genera showed that Callithrix
spp- had lower agreement (x = 0.475, 95% CI 0.251-
0.698) than other genera.

The detection limit for IHC was calculated by us-
ing receiver operating characteristic curve analysis
and considered the Cq value for liver samples. For
NWPs in general, the cutoff value was 21 (sensitivity
99.2%, specificity 95.6%). For Alouatta spp., the cutoff
value was 21 (sensitivity 99.1%, specificity 87.5%); for
Callithrix spp., the cutoff value was 12 (specificity and
sensitivity 100%) (p<0.0001).
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Figure 2. Distribution of Cq
values for yellow fever in humans
and NWP for concordant and
discordant groups, Brazil.
Discordant cases had higher
Cq values, indicated on right
side of the lower histogram, and
concordant cases had lower Cq
values (higher in humans than
in NWP) in the upper histogram.
Concordance was determined
by using immunohistochemical
analysis. The y-axes indicate
number of persons and the
x-axes indicate Cq value. Cq,
quantification cycle; NWP, New
World primate.

Discussion

A major epidemic of YF occurred in Brazil during
2016-2018. This epidemic had a dramatic progression
in S3o Paulo state, and virus circulated in areas with-
out vaccination coverage (15,19). Wildlife surveillance
is a pivotal tool for understanding arbovirus dynamics,
despite difficulties in obtaining high-quality samples
for analysis (20). A nonhuman primate (NHP) (rhesus
monkey) is a useful model for YF (21) because it shows

lesions similar to those in humans, although compara-
tive studies among animals and humans, especially in
an epidemic context, have not been conducted.

We analyzed a specific set of human samples
that had a profile compatible with a sylvatic cycle:
predominance of middle-age men, as proposed else-
where (19). During 2012-2014, a YF outbreak oc-
curred in the South Omo Zone in Ethiopia, which
also had a higher mortality rate for adult men (22).

Table 1. Yellow fever—related mortality and infections rates for different genera of NWPs, Brazil*

Infection rate, no. IHC or gRT-PCR

Genus Mortality rate, no. IHC positive/no. tested (%) positive/no. tested (%) p value
Alouatta 437/708 (61.72) 445/708 (62.85) 0.8
Callicebus 8/28 (28.57) 9/28 (32.14) 1
Callithrix 10/921 (1.09) 25/921 (2.71) 0.015
Sapajus 13/95 (13.68) 13/95 (13.68) 1

*IHC, immunohistochemical analysis; NWPs, New Word primates; aRT-PCR, guantitative reverse transcription PCR.
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Figure 3. Distribution of Cq values for yellow fever for concordant and discordant cases (A) and cases in different New World primates
and in humans (B), Brazil. Box plots indicate Cq values among the groups, indicated by the y-axes, minimum, first quartile, third quartile,
and maximum Cq values. Horizontal bars indicate medians. Circles indicate outlier Cq values, and red diamonds indicate mean Cq
values. Concordance was determined by using immunohistochemical analysis (lesions and viral antigen in hepatocytes).

However, other urban arboviral disease outbreaks,
such as dengue, show similar proportions in both
sexes and a lower median age (23).

In NWPs, there was no difference in sex and age
group distribution between positive and negative
cases for YF, although adult males, especially from
the genus Alouatta, were the most affected. Moreno
et al. (24) observed the same profile in an outbreak
among NWDPs in Argentina, which highlighted the
impact of conservation and reduction of population
growth and mortality rates once adults have an ef-
fect on population reproductive capacity and provide
care of young animals.

Most human samples had a traditional histologic
pattern (positive results for IHC) consistent with YF
(1,13,14). Similarly to NWPs, we found discordant
results for human case-patients who had lower viral
loads, 1 of them limited by histologic over-fixation.
Fixation periods >1 week might reduce immuno-
reactivity in tissues, even for robust antigens, such
Ki-67 (25). In case-patients who had low viral loads
and probably low amounts of antigen, these factors
might have a higher negative effect. A direct correla-
tion between TOD and Cq was observed for humans.
This finding could explain the higher Cq values for
humans than for NWPs because animals were most-
ly free living and were found dead without having
any previous veterinary assistance. Also, the higher
viral load among NWPs might indicate the higher
potential of them as a group to act as amplifiers com-
pared with humans.

Alouatta spp. accounted for >90% of IHC-positive
cases; this genus also had the highest proportional
mortality rate attributable to YF and was the most af-
fected animal group. Alouatta spp. are reported as be-
ing highly sensitive to YFV and the major sentinel in
YF epidemics; epizootics have been reported in Ven-
ezuela (12) and Argentina (24), which affected howler
monkeys and humans. In Brazil during the outbreak
of 2008-2009, thousands of howler monkeys died in
the southern region (26). There was also a major re-
duction in populations of these animals. In Sdo Paulo
state (8), both situations led to expansion of the YF
vaccine coverage area.

Callicebus spp. is one of the most diverse genera of
NWP and widely distributed in South America (27).
Although these monkeys have been described as be-
ing resistant to YF (26), there are a few reports of YFV,
including a genomic sequence extracted from a virus
isolated from a monkey of this genus (28). We found
no information regarding mortality rates or histologic
pattern of lesions in the literature. In our study, Calli-
cebus spp. monkeys were sensitive to YFV and devel-
oped a full spectrum of liver lesions, similar to those
in humans, and a high viral load. These manifesta-
tions also occurred for Sapajus spp. monkeys.

Callithrix spp. overrepresented the analyzed
animals, although only 1.1% of them died from YF.
Callithrix is a genus widely distributed in Sao Paulo
state and contains a vulnerable native species, C. au-
rita, a species introduced from northeastern Brazil; C.
jacchus and C. penicillata, which were reeintroduced
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Table 2. Summary of main findings of human and NWP cases of yellow fever, Brazil*

NWP genus
Alouatta spp., Sapajus spp., Callithrix spp.,  Callicebus spp.,
Category Human n =445 n=13 n=25 n=9
Sex
M 40 208 5 9 3
F 8 79 5 5 5
Age
Humans, y
0-19 0
20-30 5
31-45 13
46-65 24
>65 7
NWP, category
Cub 18 0 1 0
Young 39 4 0 3
Adult 165 5 11 4
Hepatic histologyt
Full spectrum of YF-associated lesions 45 403 12 9 8
Incomplete spectrum of YF-associated lesions 3 11 0 15 1
IHC and RT-gPCR profile
Concordant 46 223 5 7 4
Discordant 2 7 0 14 1
Quantification cycle
<10 0 73 2 3 3
11-20 28 147 3 4 1
21-30 17 5 0 0 0
>30 3 5 0 14 1

*IHC, immunohistochemical analysis; NA, not applicable; NWPs, New Word primates; RT-gPCR, reverse transcription quantitative PCR.

TCases with marked autolysis were excluded.

from the savannah; and natural hybrids (29). Re-
garding YF, most experimental studies date from the
1930s and 1940s in which YFV was transmitted from
inoculated C. penicillata monkeys to rhesus monkeys
through mosquitos. Although some of the experi-
mented animals had fevers and died, none of them
had typical hepatic lesions of YF (30).

Knowledge about NWP hosts and their suscepti-
bility to YFV could help clarify the potential of main-
tenance of virus in interepidemic periods among
these different genera and anticipate new spillovers
or establishment of enzootic cycles. It is useful to
consider behavioral changes in human and NWP
populations, such as anthropic invasion in natural
areas, frequently in forest areas; intensification of
agricultural activities; and presence of some genera
of NWPs in urban areas. Santos et al. (31) reported
that C. penicillata monkeys are capable of adapting

to urban environments; can keep natural behavior
and group sizes; and adapt to food sources normally
found in these areas. In our study, we found positive
callitrichids in urban or periurban areas, as well as
Alouatta spp. monkeys in parks within urban areas,
such as Sao Paulo. Therefore, the traditional division
into 2 YF cycles (sylvatic and urban) might be insuf-
ficient or inaccurate to describe the complexity seen
in this recent outbreak, and the coexistence of hu-
mans, NWPs, and vectors adapted to both groups in
the same environment must be considered.
Valentine et al. discussed sylvatic cycles of ar-
boviruses and highlighted the role of NHPs as hosts
for chickungunya and Mayaro fever, although the
possibility of other NHP reservoirs for both dis-
eases is debated (32). The distinction among ampli-
fiers and reservoirs in arbovirus cycles is complex,
especially because of the acute nature of infection;

Table 3. Performance of histopathologic analysis in diagnosing yellow fever in NWPs and humans, Brazil*

IHC and gRT-PCR

Category Sensitivity Specificity PPV NPV agreement, k
NWPs
All genera 94.1 (91.6-96.1) 99.5 (98.8-99.8) 98.6 (97-99.4) 97.6 (96.6-98.3) 0.97 (0.91-0.96)
Alouatta 97.3 (95.3-98.7) 98.2 (95.6-99.5) 99 (97-99.4) 95.3 (91.9-97.3) 0.95 (0.92-0.98)
Callithrix 37.5(18.8-59.4) 99.9 (99.3-100.0) 90.0 (54.3-98.6) 98.2 (97.5-98.7) 0.47 (0.25-0.70)
Sapajus 100 (73.5-100.0) 100 (94.4-100.0) 100 (94.4-100.0) 100.0 (94.4-100.0) 0.90 (0.70-1.00)
Callicebus 88.9 (51.7-99.7) 94.7 (74.0-99.9) 88.9 (53.9-98.2) 94.7 (73.9-99.1) 0.85 (0.56-1.00)
Humans 97.9 (88.7-99.9) 97.8 (88.5-99.9) 97.9 (86.9-99.7) 97.8 (86.6-99.7) 0.96 (0.90-1.00)

*Values are % (95% CI). IHC, immunohistochemical analysis; NPV, negative predictive value; NWPs, New Word primates; PPV, positive predictive value;

RT-qPCR, reverse transcription quantitative PCR.
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short time for viremia and high mortality rates are
characteristics not compatible with the classical
reservoir definition (16).

Viral persistence in a host must not cause death
or serious disease, and in short-term infections, such
as YFV, the virus must find a new susceptible host
within a host population to keep permanent circula-
tion (33). Thus, arthropod vectors are considered the
most suitable reservoir for arbovirus, and NHDPs are
commonly described as amplifiers (16). The profile
exhibited by callitrichids in our study differed from
those of other genera, and similar to our findings in
dead animals, living animals might have low viremia
with no clinical hepatitis. Consequently, the role of
callitrichids as amplifiers must be questioned, and
their potential as a reservoir population warrants fur-
ther research.

Sao Paulo state has a strict range of callitrichid
species: C. penicillata, C. jacchus, C. aurita, and hybrid
Callithrix. These taxonomic variations might be relat-
ed to differential patterns. A group of animals with
high viral loads (similar to the other studied genera)
and hepatic lesions could affect general susceptibility
in a population. In a surveillance context, callitrichids
have a minor role as sentinels because of their low
prevalence, although they could be relevant in urban
areas, if one considers how adapted they are to these
environments and different they are from the other
genera analyzed. Discordant cases represent a diag-
nostic and medical challenge that has clinical and epi-
demiologic implications, especially in NWPs, because
there is usually no available clinical information, such
as clinical signs and other laboratory findings (liver
markers, blood count). We did not observe any spe-
cific liver lesion in these cases.

In our study, callitrichids represented most sam-
ples but showed the lowest positivity rates, which
was consistent with results of laboratory methods.
Better selection of animals for analysis based on geo-
graphic locations and host populations from other
genera could guide economic and personnel resourc-
es and optimize surveillance.

The histologic pattern for YF, especially Coun-
cilman-Rocha Lima bodies, was described more than
a century ago (34), and its role as a diagnostic tool
has been reinforced in other reports (13,14). In our
study, histology was a sensitive tool for use with
human and NWP samples; callitrichids were the ex-
ception. IHC for YF provided etiologic confirmation
and high agreement with qRT-PCR results, even for
autolyzed cases (3).

IHC and qRT-PCR had similar usefulness in di-
agnosing YF in an epidemic context. Furthermore, an

inexpensive analysis, such as histopathologic analy-
sis, could provide useful information, such as exclud-
ing negative cases, increasing laboratory response,
and detecting other infectious diseases, some of them
zoonoses. Moreover, histopathologic analysis, espe-
cially IHC, might be a useful screening examination
because of its high sensitivity, low cost, and limited
human resource requirements. The cases we report as
discordant and positive cases with minimal histologi-
cal lesions illustrate the usefulness of submission of
complete epidemiologic and clinical information and
samples from different organs for histologic analysis.
In addition, a well-trained pathologist with experi-
ence in YF diagnosis in NWPs is needed to ensure a
sensitive and specific diagnosis on the basis of histo-
logic criteria.

Our study had some limitations. We could not
identify species of NWPs, and differential suscepti-
bility among members of the same genus is still un-
known. We might have had bias related to sample
representation because collection of carcasses was
limited to areas near trails or roads. Also, this study
was restricted to Sdo Paulo state landscapes and its
NWP diversity. Although the genera analyzed are
distributed in other geographic areas, more studies
with different neotropical primates are needed to en-
sure ideal surveillance.

In conclusion, NWPs are not a homogenous
group and show differences regarding susceptibil-
ity, viral load, and proportional YF-associated mor-
tality rates. Clarification of the differences within
NWP genera and between NWPs and humans might
help to improve and optimize strategic surveillance
by directing laboratory resources to most suscepti-
ble genera and applying diagnostic tests in a more
rational way.
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Despite high vaccination coverage, pertussis is in-
creasing in many industrialized countries, including
the Czech Republic. To better understand Bordetella
pertussis resurgence, we analyzed historic strains and
recent clinical isolates by using a comparative omics
approach. Whole-genome sequencing showed that his-
toric and recent isolates of B. pertussis have substan-
tial variation in genome organization and form sepa-
rate phylogenetic clusters. Subsequent RNA sequence
analysis and liquid chromatography with mass tandem
spectrometry analyses showed that these variations
translated into discretely separated transcriptomic
and proteomic profiles. When compared with historic
strains, recent isolates showed increased expression
of flagellar genes and genes involved in lipopolysac-
charide biosynthesis and decreased expression of
polysaccharide capsule genes. Compared with refer-
ence strain Tohama |, all strains had increased expres-
sion and production of the type Ill secretion system
apparatus. We detected the potential link between
observed effects and insertion sequence element-in-
duced changes in gene context only for a few genes.

ordetella pertussis is a gram-negative, strictly hu-
man pathogen of the respiratory tract and the ma-
jor causative agent of whooping cough. This highly
contagious disease is especially severe in infants and
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remains a major cause of infant illness and death
worldwide, predominantly in industrialized coun-
tries (1). Although pertussis is a vaccine-preventable
disease, increased incidence is being observed in
some countries that have highly vaccinated popula-
tions, including the Czech Republic (2-4). Although
several factors are contributing to pertussis resur-
gence in these countries (5-7), the 2 prominent factors
are incomplete and short-lived immunity induced by
current acellular vaccines (8-10) and genetic varia-
tion, leading to escape from immunity by antigenic
variation (11-13).

B. pertussis has an efficient mechanism of ge-
nome structure diversification because it contains
>200 copies of insertion sequence 481 (IS481) in its
genome (14). IS element-mediated homologous re-
combination results in excision or insertion of flank-
ing genome regions and leads to genome reduction
and decay (14-16), as well as genome rearrange-
ments (17,18) and large duplications (19). Further-
more, a previous study indicated that gene order re-
arrangements associated with IS elements can alter
gene expression profiles in B. pertussis (20). Recently,
we have shown that, besides their effect on genome
structure and stability, ISs can affect expression pro-
files of neighboring genes by IS element-specific
promoters (21).

On the basis of these observations, we hypothe-
sized that strains with different genomic organization
should display altered global transcriptomic and, con-
sequently, proteomic profiles, and thereby genome
rearrangements might contribute to strain variation
and adaptation. To validate this assumption, we have
performed genomic, transcriptomic, and proteomic
analyses of recent clinical isolates from the Czech
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Republic obtained during 2008-2015, previously char-
acterized vaccine strains isolated during 1954-1965
(22) (hereafter referred to as historic strains), and the
reference strain Tohama I.

Materials and Methods

Bacterial Strains and Growth Conditions

Recent isolates of B. pertussis from the Czech Repub-
lic were obtained from the National Institute of Pub-
lic Health in Prague (Table 1). Historic strains from
the Czech Republic (22) and reference strain Tohama
I (23) have been described. All strains were culti-
vated on Bordet-Gengou agar plates supplemented
with 15% sheep blood for 3-4 days at 37°C. For liquid
cultures, bacteria were grown in Stainer-Scholte me-
dium (24) supplemented with 0.1% cyclodextrin and
0.5% casamino acids (Difco, https://www fishersci.
com) at 37°C. To harvest samples for DNA, RNA,
and protein isolation, B. pertussis cells were grown
overnight in Stainer-Scholte medium to mid-expo-
nential phase of growth (optical density ~1.0). Three
independent cultivations were performed to collect 3
biologic replicates of each of the strains for RNA and
protein isolation.

Genomic Analyses

For the genome organization analysis, genomic
sequences were aligned by using the progressive
Mauve algorithm (25) and clustered on the basis of
their genome organization similarity by using the
maximume-likelihood for the gene order pipeline (26).
For single-nucleotide polymorphism (SNP) analysis,
IS elements within the genomes were masked with
Ns, and resulting sequences were aligned by using
Mugsy software (27). SNPs were extracted by using
custom scripts (https://genohub.com). Maximum-
parsimony phylogenetic analysis was performed
on sequences with masked IS elements by using the
KkSNP3 program with a k number of 23 (28). The un-
rooted phylogenetic tree was visualized by using
iTOL (29).

RNA Isolation, Sequencing, and Data Analysis

We provide information on RNA isolation, sequenc-
ing, and data analysis (Appendix 1, https:/ /wwwnc.
cdc.gov/EID/article/27/1/19-1541-Appl.pdf). RNA
sequencing data from sequencing runs were deposit-
ed in the European Nucleotide Archive under project
accession no. PRJEB34096. We defined significance as
a q value <0.05 (p value adjusted for multiple testing
correction [Appendix 1]).

Protein Sample Preparation and Proteomic Analysis
We compiled information on protein sample prepa-
ration and label-free proteomic analysis, which used
liquid chromatography with mass tandem spectrom-
etry analyses (Appendix 1). Proteomics data were
deposited in the ProteomeXchange Consortium by
using the PRIDE partner repository with the dataset
identifier PXD015184.

Results

Genome Organization and Content of Recent Isolates

We determined complete de novo genome assemblies
of 9 recent isolates of B. pertussis strains collected in
the Czech Republic during 2008-2015 from patients
representing different age groups and vaccination
status (Table 1). Genotyping of recent strains showed
that they belonged to ptxP3 lineage. SNP-based phy-
logenetic analysis of these strains and >350 complete
B. pertussis genome sequences currently deposited in
GenBank (Appendix 2 Table 1, https:/ /wwwnc.cdc.
gov/EID/article/27/1/19-1541-App2.xIsx) showed
that recent B. pertussis isolates cluster with ptxP3 iso-
lates from other countries, demonstrating worldwide
spread and lack of geographic signature (Figure 1).
The genome alignment of recent isolates and previ-
ously characterized historic strains belonging to the
ptxP1 lineage (22) showed that all genomes contain
large-scale structural rearrangements (Figure 2,
panel A). According to their genome organization,
sequenced strains could be classified into 8 groups.
None of the historic strains clustered with any of the

Table 1. Characteristics of recent isolates of Bordetella pertussis and 9 infected patients, Czech Republic*

Strain information

Patient information

Year Name Genotype Age, y/sex Vaccination status
2008 Bp155 ptxP3, fim2-1, fim3B, prn2 <1/M Not vaccinated
2008 Bp312 ptxP3, fim2-1, fim3B, prn2 45/F wP

2012 Bp6260 ptxP3, fim2—1, fim3A, prn2 <1/F Not vaccinated
2012 Bp6242 ptxP3, fim2—1, fim3B, prn2 67/F Not vaccinated
2012 Bp6384 ptxP3, fim2-1, fim3A, prn2 69/M Not vaccinated
2012 K10 ptxP3, fim2—1, fim3B, prn3 8/F aP

2014 Bp82 ptxP3, fim2-1, fim3A, prn2 14/F wP plus aP
2014 Bp46 ptxP3, fim2-1, fim3A, prn2 15/M wP plus aP
2015 Bp318 ptxP3, fim2-1, fim3A, prn2 7/F aP

*aP, acellular vaccine; wP, whole-cell vaccine.
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Figure 1. Maximum-
parsimony, unrooted
phylogenetic tree based

on single-nucleotide
polymorphism analysis of
available genome sequences
of Bordetella pertussis.

Red dots indicate recent
isolates from the Czech
Republic. Year and country
of isolation are color-coded.
The 3 black dots indicate
time span between 1999 and
2016. Asterisk (*) indicates
association of historic strains
from the Czech Republic with
the ptxP1/ptxP2 clade. Scale
bar indicates nucleotide
substitutions per site.

recent isolates. The separation of these 2 groups was
verified by using a maximum-likelihood phylogenet-
ic tree, which was constructed on the basis of the ge-
nome organization of all sequenced strains from the
Czech Republic (Figure 2, panel B).

To check whether there are also sequence sig-
natures differentiating these 2 groups of strains, we
performed SNP analysis, which yielded 35 SNPs
(15 synonymous, 13 nonsynonymous, and 7 inter-
genic) (Appendix 2 Table 2) and distinguished his-
toric and recent isolates. Variants found in historic
strains were also present in Tohama I. One of the
new SNPs specific for recent isolates was identified
in the promoter region of the bteA gene, which en-
codes the type III secretion system (T3SS) effector.
Approximately one third of the SNPs have been re-
ported to be specific for the ptxP3 lineage isolates
from other countries (30). When compared with
those of historic strains, the genome size of recent
isolates was substantially reduced, thereby con-
firming ongoing gene loss within the global popu-
lation of B. pertussis (Appendix 2 Table 3). Analysis
of genome alignments showed 2 regions of differ-
ence (RD) between the 2 groups of strains from the
Czech Republic, which corresponded to previously

identified regions RD3 and RD10 (20). Although
RD3 (28.7 kb, spans genes BP0910A-BP0937) is ab-
sent in all recent isolates, the RD10 (25.1 kb, spans
genes BP1948-BP1968) is absent in all recent iso-
lates and historic strain V67.

Transcriptomic Profiles and Genomic

Structure Alterations

Total RNA was isolated from biologic triplicates of
B. pertussis Tohama I strain; historic strains V5393,
VS67, and VS401; and recent isolates Bp318, Bp155,
Bp46, Bp6242, and BpK10 and analyzed by using
RNA sequencing. These strains were selected on
the basis of genome organization and phylogenet-
ic distances to encompass the highest variability
among the studied strains (Figure 2, panel B). Hier-
archical clustering of RNA sequence data showed
that samples from both groups of strains from the
Czech Republic clustered separately from each
other and from Tohama I (Figure 3). Consistent
with phylogenetic analysis (Figure 2, panel B), we
found that samples of strain VS67 formed a sepa-
rate cluster. These analyses suggested that among
historic strains, the VS67 strain displays closest dis-
tance to recent strains, which is consistent with our
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previous observation that the VS67 strain clusters
together with a recent U.S. isolate (22).

Differential expression (DE) analysis identified
78,124, and 115 significantly (q<0.05 for all compari-
sons) modulated B. pertussis genes (-1>log, FC>1) be-
tween recent isolates and historic strains, recent iso-
lates and Tohama I, and historic strains and Tohama
I, respectively (Appendix 2 Table 4). Among the DE
genes, 30 were up-regulated in recent isolates com-
pared with historic strains, including those encoding

the flagella apparatus (flgB-]), LuxR (BP1969), and
ArsR (BP2946) families of transcriptional regulators,
phosphoglucomutase (pgm), phosphoglucose isom-
erase (pgi), and nicotinate-nucleotide diphosphory-
lase (nadC). Conversely, among the 48 DE genes
down-regulated in recent isolates were genes encod-
ing the polysaccharide capsule proteins (kpsEMT),
several ABC transporters, and central metabolism
enzymes, including those involved in tryptophan
synthesis (frpDEG). Expression of several virulence

Figure 2. Genomic analyses

of Bordetella pertussis isolates
from the Czech Republic. A)
Genome alignment of historic and
recent isolates showing large-
scale genome rearrangements.
Homologous gene blocks are
denoted by the same color. B)
Maximum-likelihood phylogenetic
tree based on genomic
organization of historic (blue) and
recent (red) isolates. Asterisk

(*) indicates strains selected for
transcriptomic and proteomic
analyses. Scale bar indicates
nucleotide substitutions per site.
kbp, kilobasepairs.
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Figure 3. Heat map of sample-
to-sample distances showing
the hierarchical clustering of
historic and recent isolates

of Bordetella pertussis from
the Czech Republic and the
Tohama | strain. Colored scale
bar and numbers on the right
indicate Euclidian distances
between samples calculated
by using rlog-normalized RNA
sequence data. 1, Tohl_1; 2,
Toh1_lI; 3, Toh1_llI; 4, VS67_1;
5, VS67_ll; 6, VS67_lII; 7,
VS93_I; 8,VS401_I; 9,VS393_llI;
10, VS393_lI; 11, VS401_lI;
12,vS401_l1I; 13, Bp318_1;

14, Bp6242_1; 15, Bp318_lI;
16, Bp46_1; 17, BpK10_l; 18,
Bp155_1II; 19, Bp6242_1I; 20,
Bp155_1I; 21, BpK10_lI; 22,
Bp155_lII; 23, Bp6242_llI; 24,
Bp46_ll; 25, Bp318_lIl; 26,
Bp46_lIl.

factors, including pertactin, tracheal colonization
factor, filamentous hemagglutinin, and pertussis
toxin subunit S3, was significantly up-regulated in
recent isolates. However, the increase did not reach
the 2-fold threshold. A recent isolate-specific SNP,
which was identified in the promoter region of the
bteA gene, did not result in a significant change of
gene expression (Appendix 2 Table 4). Among the
DE genes that showed increased expression in both
groups of strains from the Czech Republic com-
pared with Tohama I, we identified numerous genes
within the T3SS bes/ btr locus, including bsp22, bopN,
bopB, and bopD and several genes involved in sulfate
metabolism (cysADITW).

Gene ontology enrichment (Figure 4, panel A)
showed that within the set of genes, which were
significantly modulated between recent and historic
isolates, categories such as bacterial type flagellum-
dependent cell motility, polysaccharide biosynthe-
sis, and tryptophan biosynthesis were highly en-
riched. Conversely, when we compared both groups
of isolates from the Czech Republic to Tohama I
(Figure 4, panel C), genes associated with sulfate
transmembrane transport, pathogenesis, and pro-
tein secretion by the type III secretion system terms
were enriched among the DE genes.

Clustering of Proteomic Profiles of Recent Isolates,
Historic Strains, and Tohama | Strain
The cell-associated (bacterial pellets) and cell-free
(culture supernatants) fractions of selected B. pertussis
strain cultures were analyzed by using liquid chroma-
tography with mass tandem mass spectrometry. First,
hierarchical clustering of the cell-associated protein
profiles showed that consistent with RNA sequenc-
ing data, strains from the Czech Republic cluster sep-
arately from Tohama I and despite high variability
among biologic replicates, separation of historic and
recent strains was still apparent (Figure 5, panel A).
Similarly, hierarchical clustering of secreted proteins
indicated that recent isolates cluster apart from his-
toric strains and Tohama I (Figure 5, panel B).
Label-free quantification of cell-associated protein
intensities identified 33, 132, and 87 proteins showing
significantly changed abundance between recent and
historic strains, recent strains and Tohama I, and his-
toric strains and Tohama I, respectively (Appendix
2 Table 5). In good correlation with transcriptomic
data, we found that protein levels of hydroxymethy-
glutaryl-CoA lyase (BP3695), ArsR family transcrip-
tional factor BP2946, small lipoprotein BP2782, and
nicotinate-nucleotide diphosphorylase NadC were
increased, but levels of several central metabolism
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enzymes (BP0624-BP0629), tryptophan synthesis
genes, and polysaccharide capsule proteins were de-
creased in recent isolates compared with historic strains
(Table 2). Also in support of RNA sequencing data, we
determined that various components of the T3SS appa-
ratus and several proteins involved in metabolism of
sulfate showed increased abundance compared with
Tohama I (Table 3). All strains from the Czech Repub-
lic produced pertactin, but flagellar proteins were not
detected in any of the studied strains.

Label-free quantification analysis of secreted
proteins showed that 121, 130, and 43 proteins dis-
played significant changes in abundance between re-
cent and historic strains, recent strains and Tohama
I, and historic strains and Tohama I, respectively
(Appendix 2 Table 6). Levels of several secreted
proteins were in good agreement with transcrip-
tomic data (e.g., strains from the Czech Republic and
in particular recent isolates secreted increased
amounts of several T3SS proteins compared with
Tohama I) (Table 3). Abundance of all pertussis
toxin subunits and associated transport protein PtIE
was higher in recent isolates than in historic strains,

A Bacterial-type B

flagellum-dependent
cell motility

Tryptophan
biosynthesis

Polysaccharide
biosynthesis

Polysaccharide
transport

Protein secretion
by the Type IlI

C D

ATPase activity, coupled
* to transmembrane
movement of substances

which suggests that some of the differences between
the ptxP1 and ptxp3 strains are also manifested at the
level of protein secretion.

Changes in Genome Structure and Alterations in

Gene Expression

Considering the observed differences between histor-
ic and recent strains, we attempted to track back the
modulated gene expression profiles to alterations in
the genome sequence and structure. Because our SNP
analysis (Table 2) suggested that there were no SNPs
that could explain the altered expression of the DE
genes, we have additionally inspected the upstream
regions of all DE genes for larger sequence varia-
tions. We identified such variations in 4 genes. The
gene toh_02779 (BP2827) was preceded by an 15481
element in Bp155, Bp6242, and BpK10, but not in oth-
er strains. In addition, 3 DE genes with an upstream
15481 element had varying gene context further up-
stream of the transposase in the studied strains (Table
4). Apparently, the observed differences in expres-
sion of these genes could be potentially linked to the
upstream IS elements.

Figure 4. Gene ontology
enrichment analysis of genes
down-regulated or up-regulated
between recent and historic
strains of Bordetella pertussis
from the Czech Republic (A,
B) or between both groups
of strains from the Czech
Republic and Tohama | (C,
D). Enriched terms from the
domains’ biological process
(A, C) and molecular function
* (B, D) and their catenations,
shown as green circles (down-
regulated genes) and red
circles (up-regulated genes),
were summarized by using
Revigo (http://revigo.irb.
hr) and visualized by using

Ligase
activity

Anthranilate
synthase activity

Sulfate .
secretion system Cytoscape (https://cytoscape.
Pathogenesis adenylaycltt_irvai?;ferase org) as interactive scatter

o Response
to stress
)
ATP hydrolysis
coupled anion
transmembrane
transport

Sulfate
transmembrane
transport

plots. Circle size indicates
level of enrichment. Asterisks
(*) in panels A and B indicate
gene ontology terms that were
enriched also for genes down-
regulated in recent isolates
compared with Tohama I.

Transferase
activity

ATPase-coupled sulfate
transmembrane
transporter activity
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Figure 5. Heatmaps showing
hierarchical clustering performed
on Z-score normalized log,-
transformed label-free intensity
values of cell-associated (A) or
secreted (B) protein fractions

of historic and recent isolates

of Bordetella pertussis from the
Czech Republic and the Tohama
| strain. Clustering of recent,
historic, and Tohama | strains

is indicated by red, blue, and
green, respectively. Scale bars
indicate intensity of proteins
normalized by Z-score.

We then tested the possible effect of genome re-
arrangements on the distance of the DE genes from
the origin of replication (0riC), a parameter that can
greatly affect gene expression (31). We determined
the distance from oriC to all the genes significantly
deregulated between recent and historic strains, and
although expression of some of the genes inversely
correlated with the distance from oriC, the differences
were not significant.

Discussion

We conducted a comparative study analyzing the
link between genomic organization, gene expression
profiles, and protein production/secretion in historic
and recent strains of B. pertussis. Our results indicate
that global changes in genomic structures observed
between historic and recent isolates of B. pertussis
from the Czech Republic translated into different gene
expression and protein production profiles. Similarly
to other countries, the IS element-driven recombina-
tion led to large changes in genomic structures and to

considerable gene loss in the isolates from the Czech
Republic over the past 50-60 years. Results of our in-
tegrated omics analysis support our assumption that
genomic rearrangements might affect global expres-
sion profiles and phenotypic diversity in B. pertussis.
Hierarchical clustering of our omics data indicates
that strains, which cluster apart at genomic structure
level, also have distinct transcriptomic and proteomic
profiles.

Given the extent of genome structural variability
among both groups of strains, the number of differen-
tially expressed genes was rather low (2% of all cod-
ing genes). Earlier DNA microarray studies suggest-
ed that gene expression profiles between pfxP1 strains
and recent resurgence-associated ptxP3 lineage differ
only subtly (32,33). Although we have identified an
increased number of significantly modulated genes,
our data on historic (ptxP1) and recent (ptxP3) isolates
are consistent with these reports. None of the gene
expression alterations could be shown to result from
nucleotide polymorphism, and only a few could be
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Table 2. Genes expressing consistently changed RNA and protein levels between recent and historic isolates of Bordetella pertussis,

Czech Republic*

Gene in Tohama | Gene group Gene name Transcriptome Proteome Annotation
toh_00606 Group_2206 BP0624 -2.2 -2.5 Substrate-CoA ligase
toh_00607 Group_2604 BP0625 -2.3 -3.3 Acyl-CoA dehydrogenase
toh_00609 Group_2725 BP0627 -2.0 -3.3 Enoyl-CoA
hydratase/isomerase
toh_00610 Group_895 BP0628 -2.4 -2.8 Pyruvate dehydrogenase
component
toh_00611 pdhA BP0629 -2.3 -2.8 Pyruvate dehydrogenase
component
toh_01576 Group_23 WP_003811211.1 -6.8 -3.3 Capsular biosynthesis protein
toh_01584 wza BP1628 -6.8 -2.2 Capsular polysaccharide
export protein
toh_02732 Group_1068 BP2782 -3.9 -3.0 Lipoprotein
toh_02896 Group_128 BP2946 3.6 2.3 ArsR family transcriptional
regulator
toh_03214 trpD BP3262 -2.1 -1.4 Anthranilate
phosphoribosyltransferase
toh_03215 trpG BP3263 -2.4 -1.5 Anthranilate synthase
component Il
toh_03216 trpE BP3264 -2.4 -1.4 Anthranilate synthase
component |
toh_03637 Group_1064 BP3695 3.3 5.5 Hydroxymethylglutaryl-CoA
lyase
toh_03667 nadC BP3725 25 11.8 Nicotinate-nucleotide

diphosphorylase

*Fold change values for recent isolates/historic strains comparison are shown for RNA sequencing and proteomic analyses. Values that did not indicate
statistical significance (FC>2; adjusted p<0.05) are shown in bold. toh, Tohama

linked to IS element-induced changes in the local
gene context. Upstream of the 15481 element adjacent
to the BP1492 gene, we identified the BPf20 tRNA
gene in most historic strains and Tohama I, which is,
however, missing in recent isolates and historic strain
VS67. Thus, it is possible that the activity of the strong
tRNA promoter is responsible for increased expres-
sion of the BP1492 gene in historic strains. Also, the
presence of an 15481 element in front of the BP2827
gene in Bp155, Bp6242, and BpK10 strains might ex-
plain the increased expression of this gene in recent
isolates. In support of this possibility, when compared
with all other strains lacking this IS element, these 3
recent isolates showed highly increased expression of
this gene. It is also possible that the observed differ-
ences in gene expression between historic and recent
strains result from changes in genome organization
or gene loss. Bacterial chromosome organization
appears to favor a conserved gene order (34), and
changes in genome architecture and topology can af-
fect gene expression (35,36). Therefore, it is conceiv-
able that genome rearrangements, resulting in chang-
es in gene order and orientation or in large deletions,
might affect transcriptomic profiles in B. pertussis.
We have identified 2 previously characterized
regions of difference between historic and recent
strains, which might offer alternative explanation for
the observed differences in gene expression (20,37).
Consistent with these reports, our reports found that

genes within RD3 and RD10 are missing in all recent
isolates. RD3 contains 2 putative transcriptional regu-
lators (BP0924 and BP0928) of unknown function.
Thus, it is probable that absence of these regulators in
recent isolates might be accountable for some of the
identified alterations in gene expression.
Furthermore, RNA sequencing analysis identified
2 transcriptional regulator genes that are expressed
at higher levels in recent isolates, and suggested that
some of the observed differences between historic
and recent strains might also result from altered ex-
pression of regulatory genes. BP1969, which encodes
a LuxR family transcriptional factor, lies upstream of
the BP1970 and BP1971 genes, which encode phos-
phoglucomutase Pgm and phosphoglucose isomer-
ase Pgi. Similarly to BP1969, pgm and pgi genes were
significantly up-regulated in recent strains. Therefore,
we assume that the BP1969 gene probably represents
a cognate regulator for these glycolytic genes. Besides
its role in glycolysis, Pgm catalyzes the generation
of sugar nucleotides needed for biosynthesis of lipo-
polysaccharide and cell wall and was shown to be re-
quired for virulence of B. bronchiseptica (38) and sev-
eral other pathogens (39,40). Strains lacking the pgm
gene showed increased susceptibility to antimicro-
bial peptides and were attenuated in in vivo models
of infection (38-40). Pgi catalyzes the second step in
glycolysis and was shown to be required for virulence
of Xanthomonas campestris (41). Thus, we presume that
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Table 3. Genes expressing consistently increased RNA and protein levels in historic and recent isolates of Bordetella pertussis, Czech

Republic, compared with Tohama I*

Gene in Transcriptome Proteome Secretome

Tohama | Gene group  Gene name  Cz/Toh VS/Toh Cz/Toh VS/Toh Cz/Toh VS/Toh Annotation
toh_00485  Group_1902 BP0500 2.1 2.8 15 1.3 6.0 5.1 T3SS effector BopC
toh_00936 Shp BP0966 14.7 13.0 5.6 4.6 ND ND Sulfate-binding protein
toh_02200 bscl BP2249 2.1 3.1 1.2 ND 2.8 6.2 T3SS protein Bscl
toh_02203 bopB BP2252 2.1 3.0 3.1 2.8 2.1 1.8 T3SS protein BopB
toh_02204 bopD BP2253 1.8 25 2.0 15 3.7 2.3 T3SS protein BopD
toh_02205 bcrH1 BP2254 2.3 4.0 25 2.1 1.6 3.1 T3SS protein
toh_02206  Group_1710 BP2255 2.4 3.8 3.9 4.0 4.8 1.7 Hypothetical protein
toh_02207 bsp22 BP2256 2.4 3.6 1.6 15 3.6 1.8 T3SS protein Bsp22
toh_02208 bopN BP2257 25 2.9 1.3 1.0 3.1 15 T3SS protein BopN
toh_02210  Group_2630 BP2259 2.0 2.4 14 1.9 5.1 2.4 Putative T3SS protein
toh_02214 bscE BP2263 2.3 15 5.2 4.5 2.0 2.3 T3SS protein BscE
toh_03375  Group_1130 BP3434 6.1 4.4 3.3 1.9 2.6 1.8 Exported protein

*Fold change values resulting from comparison of either recent isolates (Cz) or historic strains (VS) with Tohama | strain (Toh) are shown for RNA
sequencing and proteomic analyses. Values that did not indicate statistical significance (FC>2; adjusted p<0.05) are shown in bold. ND, not determined;

toh, Tohama.

increased expression and production of both enzymes
might contribute to increased virulence and fitness of
the ptxP3 lineage.

Among other modulated genes, expression of
numerous genes within the operon encoding the fla-
gellar apparatus was significantly increased in recent
isolates. However, we could not corroborate this find-
ing because we did not detect any flagellar proteins
in our samples. Recent observations suggest that B.
pertussis is motile under modulatory Bvg-conditions
(42) and that motility genes are up-regulated during
adaptation to the mouse respiratory tract (43). Ap-
parently, in vivo conditions, prevailing during B. per-
tussis infections in mice, cannot be completely repro-
duced under standard laboratory growth conditions,
as documented (43,44), and further experiments are
required to determine whether the increased expres-
sion translates into higher motility of recent isolates

and contributes to improved ability of ptxP3 strains
to colonize the respiratory tract (33).

Conversely, expression of an almost complete
operon that encodes genes involved in polysac-
charide capsule synthesis was substantially down-
regulated in recent isolates. This observation is
consistent with that of a previous report (45) and
demonstrates that capsule proteins are produced
by B. pertussis. This finding also involves the pro-
tein responsible for polysaccharide biosynthesis
TviD (BP1618), which has been reported to be en-
coded by a pseudogene (14).

Data on the role of the capsule in the virulence
and physiologic fitness of B. pertussis are contradic-
tory. Hoo et al. (46) showed that the capsule pro-
teins are expressed during the infection and are re-
quired for an efficient colonization of mouse lungs. In
contrast, in vitro assays showed that the capsule did

Table 4. Proteins encoded in regions upstream of an 1S481 element adjacent to differentially expressed genes in recent and historic

strains of Bordetella pertussis, Czech Republic*

Protein
Strain toh_01451 (BP1492) toh_01915 (BP1969) toh_02005 (BP2055)
Tohama | tRNA Partial phosphonate Partial cyclopropane-fatty-acyl-phospholipid synthase
monoester hydrolase
VS393 tRNA Partial phosphonate Partial cyclopropane-fatty-acyl-phospholipid synthase
monoester hydrolase
VS401 tRNA Partial phosphonate 1S481 element
monoester hydrolase
VS67 Partial FUSC family protein Partial phosphonate Partial cyclopropane-fatty-acyl-phospholipid synthase
monoester hydrolase
Bp318 Partial FUSC family protein MarR family transcriptional Partial cyclopropane-fatty-acyl-phospholipid synthase
regulator
Bp155 Partial FUSC family protein MarR family transcriptional Partial cyclopropane-fatty-acyl-phospholipid synthase
regulator
Bp46 Partial FUSC family protein MarR family transcriptional Partial cyclopropane-fatty-acyl-phospholipid synthase
regulator
Bp6242 Partial FUSC family protein MarR family transcriptional Partial cyclopropane-fatty-acyl-phospholipid synthase
regulator
BpK10 Partial FUSC family protein MarR family transcriptional Partial cyclopropane-fatty-acyl-phospholipid synthase
regulator

*|S481, insertion sequence 481.
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not protect B. pertussis cells from phagocytosis and
serum Kkilling (45) and that the capsule locus was
not expressed during infection of mouse respiratory
tract (43). Therefore, it is difficult to assess whether
reduced production of capsule proteins provides re-
cent strains with any selective advantage. Neverthe-
less, the capsular polysaccharides of several gram-
negative bacteria are highly immunogenic and were
used to formulate carbohydrate-protein conjugate
vaccines (47). Therefore, it is possible that in circulat-
ing isolates of B. pertussis, reduced production of the
capsule synthesis apparatus contributes to evasion
from the host immune response.

Our omics data manifest that, in spite of being
isolated at the similar period of time, historic strains
are substantially distinct from the reference strain To-
hama I. Previous genomic analyses documented that
several different clusters of B. pertussis circulated in
Europe and the United States already in prevaccine
and early vaccine eras and that their genomes were
different from Tohama I (20,37). Our results with
strains from the Czech Republic are consistent with
these observations and also confirm this distinction at
the transcriptomic and proteomic levels. For example,
expression and production of various sulfate metabo-
lism factors (sbp, cysT, cysA) were strongly reduced
in Tohama I compared with strains from the Czech
Republic. Likewise, we demonstrated that recent and
historic strains had significantly increased expres-
sion, production, and secretion of several T3SS com-
ponents. This observation is consistent with previous
reports (48,49) and confirms that not only recent iso-
lates but also low-passage historic strains of B. pertus-
sis are T3SS proficient (48,49). We conclude that, in
agreement with previous reports (37,50), the Tohama
I strain is not a good representative of the circulating
B. pertussis population.

Collectively, our data suggest that, besides shap-
ing the evolution of B. pertussis on a genomic scale,
the genome rearrangement and genome reduction
processes also affect global transcriptomic and pro-
teomic profiles. In agreement with results of a pre-
vious report (20), we assume that these mechanisms
counterbalance the low level of genetic variability
observed in this pathogen and strongly contribute to
adaptation of the global population of B. pertussis.
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Hospitalization for Invasive
Pneumococcal Diseases in
Young Children before Use of
13-Valent Pneumococcal
Conjugate Vaccine, Suzhou, China

Kaile Chen, Xiyan Zhang, Yunzhen Tao, Yunzhong Wang, Jian Xue, Changpeng Liu, Shuang Feng,
Yongdong Yan, Qinghui Chen, Jianmei Tian, Genming Zhao, Xuejun Shao, Tao Zhang

A 13-valent pneumococcal conjugate vaccine against in-
vasive pneumococcal disease (IPD) was introduced in
China in April 2017. We describe 105 children <5 years
of age who were hospitalized for IPD at Soochow Uni-
versity Affiliated Children’s Hospital in Suzhou, China,
during January 2010-December 2017. We calculated
the incidence of hospitalization for IPD as 14.55/100,000
children in Suzhou. We identified 8 different capsular
serotypes: 6B (28.4% of cases), 14 (18.9% of cases),
19A (18.9% of cases), 19F (12.2% of cases), 23F (10.8%
of cases), 20 (4.1% of cases), 9V (4.1% of cases), and
15B/C (2.7% of cases). These results provide baseline
data of IPD before the introduction of this vaccine in Chi-
na, enabling researchers to better understand its effects
on IPD incidence.

treptococcus pneumoniae infections are a major

cause of illness and death in infants and children
worldwide, especially in developing countries (1).
The World Health Organization estimates that pneu-
mococcal diseases cause ~1.6 million deaths every
year, of which 1.0 million occur in children <5 years
of age (2). Invasive pneumococcal diseases (IPDs)
such as bacteremic pneumonia, febrile bacteremia,
and meningitis often are fatal, and #25%-50% of sur-
vivors have serious neurological sequelae (3). IPD
incidence varies among countries and populations
(4,5). Very young or old age, concurrent conditions,
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malnutrition, poor healthcare, and low socioeconom-
ic status are risk factors for IPD.

The growing resistance of S. pneumoniae to
common antimicrobial drugs highlights the im-
portance of vaccines in preventing pneumococcal
disease (6,7). In China, vaccines fall under 2 cat-
egories: category I vaccines, which guard against
diseases such as hepatitis B, polio, and measles, are
mandatory, and are provided by the government;
and category II vaccines, which are optional and
commercially available. The 7-valent pneumococ-
cal conjugate vaccine (PCV7) was licensed as a cat-
egory II vaccine in mainland China in 2008; the es-
timated uptake rate was 2%-7% (8,9). The 13-valent
pneumococcal conjugate vaccine (PCV13) was in-
troduced in mainland China in November 2016 as a
category II vaccine. To evaluate the effect of PCV13
on IPD incidence, we describe baseline epidemio-
logic characteristics of illness, hospitalization, and
death associated with the disease. Li et al. evaluat-
ed surveillance data from 4 prefecture cities (Jinan,
Yichang, Shijiazhuang, and Guigang) and reported
that S. pneumoniae was the most common cause of
bacterial meningitis in children <5 years of age dur-
ing 2006-2009 (10). However, few data exist on the
incidence of pneumococcal pneumonia, sepsis, and
other manifestations of IPD in different regions of
mainland China.

We describe IPD among patients <5 years of
age who were treated at Soochow University Af-
filiated Children Hospital (SCH) in Suzhou, China,
during 2010-2017. We used a rapid method of the
World Health Organization to estimate the baseline
incidence of IPD hospitalization (11) among this

age group.
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Methods

Study Site and Catchment Area

The study was conducted in Suzhou, a major city
with a population of =12 million persons in the
southeast area of Jiangsu Province in eastern China.
Suzhou consists of 5 municipal districts (Gusu, New
and High-Tech, Wuzhong, Xiangcheng, and Indus-
trial Park) and 5 county-level cities. SCH, which is
in Gusu, is the only tertiary children’s hospital in
Suzhou. In 2016, the hospital recorded 1.9 million
outpatient and emergency visits and 45,000 hospi-
talizations. Hospital records indicate that, during
2011-2014, a total of 84.9% of patients <5 years of age
with influenza-like illness and 63.3% of patients <5
years of age with meningitis or encephalitis resided
in the 5 municipal districts of Suzhou (12). Accord-
ing to a 2011 healthcare utilization survey (13,14),
SCH patients accounted for 67.7% of total discharges
of children <5 years of age from all 96 hospitals in
downtown Suzhou. We defined the catchment area
of SCH as the 5 municipal districts of Suzhou; we as-
sumed that 67.7% of children <5 years of age who re-
sided in the catchment areas would be treated at SCH.
The study was conducted in accordance with inter-
nationally recognized standards for ethical research
and was approved by the institutional review boards
of the School of Public Health, Fudan University (ap-
proval no. 2015-04-0545) and SCH.

Case Definition, Identification, and Serotyping
We defined IPD patients as those from whom S. preu-
moniae was isolated from a normally sterile body site
such as cerebrospinal fluid (CSF), blood, or pleural
fluid. Within 24 hours after admission, the hospital
collects CSF specimens from patients with suspect-
ed meningitis, defined as acute onset of fever with
change in mental status, meningeal signs (e.g., neck
stiffness, headache), or both; blood cultures from
patients with a temperature of >39.0°C; and pleural
fluid from patients with suspected effusion detected
in chest radiography or computed tomography scan.
The specimens were sent to the laboratory at SCH for
bacterial culture <2 hours after collection according to
the standard methods of collection, transport, and cul-
turing (7). Laboratory physicians identified isolates as
S. pneumoniae by morphologic features, a-hemolysis,
Gram staining, and bile solubility or optochin suscep-
tibility using Oxoid Optochin Discs (Thermo Fisher
Scientific, https:/ /www.thermofisher.com).

We collected the S. pneumoniae-positive isolates
from SCH and sent them to the Key Laboratory of
Public Health Safety at Fudan University, Shanghai,

for serotyping. We identified the serotypes of pneu-
mococcal isolates using the Quellung reaction with
antisera (Statens Serum Institute, https://en.ssi.dk),
a multiplex PCR described previously (15), or both.

Demographic Information

We obtained information on the annual population of
children <5 years of age in the catchment area during
2010-2017 from the immunization program database
at the Suzhou Center for Disease Control and Preven-
tion, which serves all residents and >95% of the mi-
grant population in this age group in Suzhou. Almost
all newborn children in Suzhou, regardless of resi-
dence, are immunized; all immunizations are logged
in the program database.

Estimating Incidence of Hospitalization for IPD

We used a rapid method from the World Health
Organization to calculate the incidence of hospital-
ization for IPD (11). This method uses the sentinel
hospital’s meningitis surveillance system to iden-
tify the numerator as potential bacterial meningitis
cases and the denominator as the estimated number
of children at risk for meningitis in the catchment
area. China does not have a nationwide meningitis
surveillance system, but SCH collects routine CSF,
blood, and pleural fluid cultures from children with
suspected IPD. We estimated the denominator (i.e.,
children at risk for IPD in the area) by multiplying
the population <5 years of age in the catchment area
by the percentage of children in that age group who
are treated at SCH (67.7%). Thus, we calculated the
incidence of hospitalization for IPD in the catchment
area of SCH (Y) as

We used the Wilson method for binominal dis-
tribution to estimate 95% Cls of IPD hospitalizations.
We used the x? test to compare the incidence of hospi-
talization across different age groups. We conducted
all statistical analyses using SAS version 9.4 (SAS In-
stitute, https:/ /www.sas.com).

Results

Characteristics of IPD Patients

During January 2010-December 2017, SCH collected
20,260 CSF specimens from children <5 years of age.
Among the specimens, 283 tested positive for bac-
terial infections, including 46 (16.3%) positive for S.
pneumoniae and 51 (18.0%) positive for Staphylococ-
cus epidermidis. SCH also collected 62,858 blood and
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138 pleural effusion specimens for bacterial detec-
tion from children <5 years of age. Of these sam-
ples, 2,432 blood and 29 pleural effusion cultures
tested positive for bacterial infection. S. pneumoniae
was the sixth most common bacteria in the posi-
tive blood cultures (110/2,432; 4.5%) and the most
common bacteria in the positive pleural effusion
cultures (16/29; 55.2%). The proportion of samples
that tested positive for S. pneumoniae from children
<5 years of age were 0.2% (46/20,260) in CSF, 0.2%
(110/ 62,858) in blood, and 11.6% (16/138) in pleu-
ral effusion samples. After accounting for duplicate
specimens, SCH identified 105 patients <5 years of
age with IPD during 2010-2017. The male:female ra-
tio was 1.3; 54.3% were 2-<5 years of age. Common
diagnoses included meningitis (31.4%), pneumonia
(28.6%), and sepsis (21.0%) (Table 1).

Incidence of Hospitalization for Children with IPD

The population of children <5 years of age in the
catchment area increased from 90,756 in 2010 to
171,676 in 2017. During January 2010-December
2017, the estimated annual incidence of hospitaliza-
tion for IPD among children in this age group in Su-
zhou ranged from 8.16 to 17.86 per 100,000 children,
peaking in 2015 (Table 2). The incidence of hospital-
ization for IPD fluctuated without significance (x*=
1.51; p>0.05) (Figure 1). The IPD hospitalization in-
cidence differed among age groups and was highest
among children <1 year of age (x> = 6.73; p<0.05). The
incidence of hospitalization among children <5 years
of age was 4.57 (95% CI 3.26-6.42)/100,000 children
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for meningitis, 4.16 (95% CI 2.91-5.93)/100,000 chil-
dren for bacteremic pneumonia, and 3.05 (95% ClI
2.01-4.62)/100,000 children for sepsis.

Serotype Distribution and Incidence of IPD
Hospitalizations by Serotype

SCH sent 74 (70.5%) pneumococcal isolates from pa-
tients with IPD to the laboratory for serotyping. We
identified 8 different capsular serotypes: 6B (21/74;
28.4%), 14 (14/74; 18.9%), 19A (14/74; 18.9%), 19F
(9/74; 12.2%), 23F (8/74; 10.8%), 20 (3/74; 4.1%), 9V
(3/74;4.1%), and 15B/C (2/74; 2.7%). Thus, the sero-
type coverage rate, or the percentage of cases caused
by serotypes preventable by vaccination, of PCV10
was 74.4% and PCV13 was 93.2%.

Among patients with meningitis, serotypes 6B
(10/25;40.0%) and 14 (6/25; 24.0%) were most common.
Of patients with sepsis, the most common serotypes
were 23F (5/14; 35.7%) and 19A (3/14; 21.4%) (Figure 2).
However, these findings were not significant. We calcu-
lated the estimated serotype-specific IPD hospitalization
incidences to be 4.13 (95% C12.89-5.90) /100,000 children
for 6B, 2.75 (95% CI 1.78-4.26) /100,000 children for 14,
2.75 (95% CI 1.78-4.26)/100,000 children for 19A, 1.77
(95% CI 1.03-3.04) /100,000 children for 19F, 1.57 (95%
CI0.89-2.89) /100,000 children for 23F, 0.59 (95% CI 0.24-
1.48)/100,000 children for 20 and 9V, and 0.39 (95% CI
0.13-1.19)/100,000 children for 15B/C (Figure 2).

Discussion
We describe children hospitalized for IPD at SCH
during January 2010-December 2017. We used

Table 1. Characteristics of children with invasive pneumococcal diseases, Suzhou, China, 2010-2017

Age group, no. (%)

Characteristic <ly 1-<2y 2-<5y Total
Total 31 (100.0) 17 (100.0) 57 (100.0) 105 (100.0)
Sex
M 17 (54.8) 10 (58.8) 33(57.9) 60 (57.1)
F 14 (45.2) 7 (41.2) 24 (42.1) 45 (42.9)
Year
2010 5(16.1) 1(5.9) 4(7.0) 10 (9.5)
2011 4 (12.9) 4 (23.5) 3(5.3) 11 (10.5)
2012 4 (12.9) 1(5.9) 5(8.8) 10 (9.5)
2013 5 (16.1) 4 (23.5) 4 (7.0) 13 (12.4)
2014 4(12.9) 4 (23.5) 9 (15.8) 17 (16.2)
2015 5(16.1) 1(5.9) 12 (21.1) 18 (17.1)
2016 2 (6.5) 1(5.9) 6 (10.5) 9 (8.6)
2017 2(6.5) 1(5.9) 14 (24.6) 17 (16.2)
Primary discharge diagnosis
Meningitis 16 (51.6) 4 (23.5) 13 (22.8) 33 (31.4)
Pneumonia 7 (22.6) 3(17.6) 20 (35.1) 30 (28.6)
Sepsis 6 (19.4) 6 (35.3) 10 (17.5) 22 (21.0)
Upper respiratory infection 1(3.2) 1(5.9) 1(1.8) 3(2.9)
Bronchitis 0 1(5.9) 1(1.8) 2(1.9)
Other* 1(3.2) 2 (11.8) 12 (21.1) 15 (14.3)

*QOther conditions: leukemia (6 cases), anemia (1 case), endocarditis (2 cases), arrhythmia (2 cases), acute otitis media (1 case), jaundice (1 case), acute
gastritis (1 case), and psoas abscess (1 case).
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Table 2. Estimated IPD hospitalization incidence among children <5 years of age, Suzhou, China, 2010-2017*

Children <1 y of age

Children 1-<2 y of age

Children 2—<5y of age

IPD cases IPD cases IPD cases

Year at SCH Pop.t HIE (95% CI) at SCH Pop.t HIE (95% CI) at SCH Pop.t HIt (95% CI)

2010 5 21,510 34.33 1 19,433 7.60 4 49,813 11.86
(14.67-80.35) (1.34-43.02) (4.61-30.51)

2011 4 22,731 25.99 4 20,136 29.34 3 50,527 8.77
(10.11-66.81) (11.41-75.43) (2.98-25.79)

2012 4 26,452 22.35 1 25,483 5.80 5 70,423 10.49
(8.69-57.46) (1.02-32.83) (4.48-25.54)

2013 5 23,893 30.91 4 31,228 18.92 4 76,041 7.77
(13.20-72.35) (7.36-48.65) (3.02-19.98)

2014 4 29,110 20.30 4 28,006 21.10 9 87,752 15.15
(7.89-52.18) (8.21-54.26) (7.97-28.79)

2015 5 22,745 32.48 1 34,119 4.33 12 92,038 19.26
(13.87-76.02) (0.76-24.53) (11.02-33.66)

2016 2 32,360 9.13 1 27,768 5.32 6 102,818 8.62
(2.5-33.28) (0.94-30.13) (3.95-18.80)

2017 2 31,415 9.40 1 38,255 3.86 14 102,006 20.27
(2.58-34.28) (0.68-21.88) (12.07-34.02)

Total 31 210,216 21.78 17 224,428 11.19 57 631,418 13.33
(15.34-30.91) (6.99-17.92) (10.29-17.27)

*Incidence is cases/100,000 children. HI, hospitalization incidence; IPD, invasive pneumococcal disease; pop., population; SCH, Suzhou University

Affiliated Children Hospital.
tPopulation <5 years of age in Suzhou (5 municipal districts).

FHi calculated by dividing no. IPD cases at SCH by 67.7% of population <5 years of age in Suzhou.

previous studies (12-14) to estimate the incidence of
hospitalization for IPD among children <5 years of age
in Suzhou. During January 2010-December 2017, the
annual incidence of hospitalization for IPD in Suzhou
ranged from 8.16 to 17.86/100,000 children and the av-
erage incidence was 14.55/100,000 children. The annual
incidence of IPD did not significantly change during the
8-year period, peaking at 17.86,/100,000 children in 2015.
The IPD hospitalization incidence was highest (21.78
hospitalizations/100,000 children) among those <1 year
of age and lowest (13.33 hospitalizations/100,000 chil-
dren) among those 2-<5 years of age.

We estimated the incidence of hospitalization for
pneumococcal meningitis as 4.57/100,000 children. A
systematic review in China estimated the mean inci-
dence of pneumococcal meningitis in children 1-23
months of age as 5.1 cases/100,000 children during

1999-2003 (16). Another study in China estimated
the incidence of bacterial meningitis as 6.95-22.30
cases /100,000 children <5 years of age during 2006-
2009; S. pneumoniae caused 53% of these cases (10),
indicating a pneumococcal meningitis incidence of
~3.7-11.8/100,000 children. This incidence is compa-
rable to our estimates. A study in Beijing estimated
the incidence of sepsis in adults as 461 cases/100,000
persons (17), but that study did not classify patients
on the basis of bacterial infection. Many studies
around the world indicate similar incidences of IPD
before the use of PCVs (18-20). A 20-year study in At-
lanta, Georgia, USA, showed that during 2003-2013,
the overall IPD rate was 8.03-14.02 cases/100,000
persons; incidence was also estimated by using S.
pneumoniae isolates collected from normally sterile
sites (4). The IPD incidence of children <5 years of age

Figure 1. Estimated invasive
pneumococcal diseases
hospitalization incidence

per 100,000 children among
children <5 years of age, by
age and year, Suzhou, China,
2010-2017. A) Children <1
year of age; B) children 1-<2
years of age; C) children 2—<5
years of age; D) children

<5 years of age. Error bars
indicate 95% Cls.
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Figure 2. Association of serotype
of Streptococcus pneumoniae
with primary discharge diagnosis
(data bars) and serotype-specific
hospitalization incidence (data
points, cases per 100,000
children) of children <5 years of
age, Suzhou, China, 2010-2017.
Error bars indicate 95% Cls.

in India in 2006 was 1,500 cases/100,000 persons (5),
much higher than in China and other countries.

The proportion of CSF, blood, and pleural effu-
sion samples that tested positive for S. pneumoniae were
lower than those found in studies in India and Turkey
(21,22). Possible reasons for the lower proportion of S.
pneumonige-positive samples included the common
use of antimicrobial drugs before hospital admission
(7,10) and the use of only traditional bacterial cultures,
which are less sensitive than immunochromatography
and PCR, for identification of S. pneumoniae. We did not
collect data on antimicrobial drug usage, but our previ-
ous study in the same hospital during 2006-2007 found
that ~86% of children with lower respiratory tract infec-
tions used antimicrobial drugs, not all of which were
prescribed, before admission (23). Li et al. showed that,
in China’s general hospitals, the percentage of out-
patients treated with prescribed antimicrobial drugs
declined from 20.17% in 2012 to 12.94% in 2016 (24).
Since 2012, China has improved the judicious use of
antimicrobial drugs; however, the inappropriate use of
antimicrobial drugs in children remains a serious prob-
lem (25,26). We might underestimate the incidence of
hospitalization for IPD because pretreating with anti-
microbial drugs at home might reduce the proportion
of IPD patients who test positive for S. pneumoniae.

In this study, we found that serotypes 6B, 14, and
19A caused 66.2% of all IPD infections. These results
differ from those of our recent systematic review (27),
which found 19F and 19A to be the most common se-
rotypes among invasive strains isolated from children
in mainland China during 2000-2016. Furthermore, a
study in England and Wales found serotype 18C to be
the most common serotype among children <5 years
of age with meningitis (28). Therefore, we believe the

distribution of pneumococcal serotypes varies with
geographic location.

PCVs have been introduced in >100 countries,
possibly contributing to a major reduction in the in-
cidence of IPD (29). During most of the study period,
PCV7 was the only PCV available in mainland China;
whether this vaccination decreased the incidence of
IPD in China is unknown. PCV7 uptake in China was
very low, an estimated 2%-7% (8,9). Our previous
study showed that 87.4% of IPD cases among chil-
dren in mainland China (27) were caused by pneumo-
coccal serotypes preventable by PCV13; in the study
we report here, that proportion increased to 93.2%.
Therefore, if the vaccine uptake of PCV13 in China is
sufficiently high, we expect similar reductions in the
incidence of IPD in children in China, as has been ob-
served in other countries (29).

The major limitation of this study is that common
antimicrobial drug use might have reduced the propor-
tion of specimens that tested positive for S. pneumoniae,
causing us to underestimate the IPD hospitalization in-
cidence. In addition, SCH only took blood cultures of
patients with a temperature >39.0°C; this policy might
overlook IPD patients without fever. Furthermore, we
did not have data on IPD patients in Suzhou who were
not treated at SCH. Because SCH treated 67.7% of chil-
dren <5 years of age who were discharged from hospitals
in downtown Suzhou in 2011 (13), we used this propor-
tion to estimate the number of children at risk for IPD in
Suzhou; we might have overestimated or underestimat-
ed the incidence of IPD. Our previous study found that
~50% of children with influenza-like illness in the catch-
mentareaare treated at SCH (12). Because SCH is the only
pediatric tertiary hospital in Suzhou and IPDs are more
severe than influenza-like illnesses, we assumed that the
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proportion of children with IPD in the catchment area
who were treated at SCH would be >50%. Finally,
the small number of identified IPD cases might skew
our estimates.

In conclusion, we found that the incidence of hos-
pitalization for IPD in Suzhou was similar to that of
populations in China and other countries before the
use of PCVs. In addition, the IPD hospitalization inci-
dence did not significantly change during 2010-2017.
In China, a high proportion of pneumococcal sero-
types are preventable with PCV13. These results pro-
vide baseline data of IPD incidence before PCV13 use
in China.
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We investigated the genetic profiles of killer cell immu-
noglobulin-like receptors (KIRs) in Ebola virus—infected
patients. We studied the relationship between KIR—hu-
man leukocyte antigen (HLA) combinations and the clini-
cal outcomes of patients with Ebola virus disease (EVD).
We genotyped KIRs and HLA class | alleles using DNA
from uninfected controls, EVD survivors, and persons
who died of EVD. The activating 2DS4-003 and inhibitory
2DL5 genes were significantly more common among per-
sons who died of EVD; 2DL2 was more common among
survivors. We used logistic regression analysis and
Bayesian modeling to identify 2DL2, 2DL5, 2DS4-003,
HLA-B-Bw4-Thr, and HLA-B-Bw4-Ille as probably having
a significant relationship with disease outcome. Our find-
ings highlight the importance of innate immune response
against Ebola virus and show the association between
KIRs and the clinical outcome of EVD.
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bola virus (EBOV) is an enveloped, nonsegment-

ed, negative-sense, single-stranded RNA virus
that belongs to the genus Ebolavirus in the family Filo-
viridae. This genus comprises 6 species recognized by
the International Committee on Taxonomy of Virus-
es: Zaire ebolavirus, Sudan ebolavirus, Bundibugyo ebo-
lavirus, Tai Forest ebolavirus, Reston ebolavirus, and the
recently discovered Bombali ebolavirus (1).

Since the first recorded Ebola virus outbreaks in
1976 in Zaire (now the Democratic Republic of the
Congo [DRC]) and southern Sudan, other outbreaks
of Ebola virus disease (EVD) have been reported in
Africa. The West Africa Ebola virus outbreak in 2013-
2016, which mainly affected Guinea, Liberia, and
Sierra Leone, was the largest and most widespread
EVD outbreak. According to the World Health Orga-
nization, this outbreak comprised 28,646 confirmed,
probable, and suspected EVD cases and caused 11,323
reported deaths (2).

On June 25, 2020, the DRC’s Ministry of Health
declared the second largest EVD outbreak to be over
(3). According to the DRC’s Ministry of Health, this
outbreak caused 3,470 confirmed and probable EVD
cases. A total of 2,299 infected persons died, and 1,171
persons survived.

EBOV quickly overwhelms the host’s innate im-
mune response and causes an acute febrile illness
along with headache, vomiting, abdominal pain,
diarrhea, severe fatigue, coagulation disorders,
hypotension, lymphopenia, and thrombocytope-
nia (4,5). Some EBOV infections generate a cyto-
kine storm, which hinders peripheral natural killer
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cells (NK) and T and B lymphocytes. This response
can induce multiorgan failure, hypovolemic shock,
and death (6).

NK cells, among other cells, are key effector
cells of the innate immune system and play a cru-
cial role in the antiviral response. The effector ca-
pability of NK cells has been described in a wide
range of viral infections, such as hepatitis B, hepa-
titis C (HCV), HIV, and human cytomegalovirus
infection (7). Few studies have examined NK cell
levels and function in EVD patients; those studies
documented lower NK cell levels among persons
who died of EVD compared with survivors (8-10).
One study also observed an increase in inhibitory
receptor KIR2DL1 in NK cells during EVD (8). In
addition, researchers have demonstrated the cy-
totoxic effect of NK cells during experimentally
induced EBOV infection in nonhuman primates
and its protective and deleterious effects in NK-
depleted mice (11-14). Activated NK cells respond
to EBOV-infected cells by releasing perforin and
granzyme, which mediate the cytolysis of EBOV-
infected cells. Furthermore, the ability of NK cells
to secrete cytokines such as interferon-y, interferon-
a/ P, and tumor necrosis factor-a is essential to the
immune response (5). Reed et al. demonstrated that
lethal EBOV infection is associated with loss and
decreased activity of NK cells (11). In addition, Ci-
mini et al. observed that patients who died of EVD
had lower NK cell frequencies than patients who
survived (8). The mechanism behind this associa-
tion is still unknown; however, the degree of loss is
highly correlated with fatal disease outcome.

The cytotoxic and secretory functions of NK
cells are regulated through the interaction between
human leukocyte antigens (HLA) class I molecules
on target cells and receptors, such as the killer cell
immunoglobulin-like receptors (KIRs), on NK cells
(15). KIRs are members of the immunoglobulin su-
perfamily type I receptors, and they are encoded
by a family of highly polymorphic genes located on
human chromosome 19q13.4 within the leukocyte
receptor complex (16). They are expressed on the
surface of NK cells and certain T lymphocytes and
regulate the function and development of these cells.
NK cells recognize HLA class I molecules on the sur-
face of host cells, enabling them to distinguish be-
tween self and nonself and to target infected or ma-
lignant cells for lysis (17).

Researchers have identified 16 KIR genes, of
which 8 are inhibitory (2DL1-5, 3DL1-3), 6 are acti-
vating (2DS1-5, 3DS1), and 2 are pseudogenes (2DP1
and 3DP1). Some KIRs, such as 2DL4, 3DL2, and
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3DL3, contain sequences for activating and inhibitory
receptors (18). Inhibitory KIRs interact with specific
motifs of HLA class I molecules. One such motif is the
amino acid at position 80 of HLA: lysine or aspara-
gine for HLA-C alleles and threonine or isoleucine for
HLA-B-Bw4 and HLA-A-Bw4 alleles (19).

The number and types of KIRs vary consider-
ably among individual persons, who might exhibit
7-12 KIRs for each haplotype. A person might have
haplotype A, which exhibits more inhibitory KIRs,
or haplotype B, which exhibits more activating KIRs
(19). The AB or BB haplotype is characterized by
the presence of the 2DL2, 2DL5, 3DS1, 2DS1, 2DS2,
2DS3, or 2DS5 genes. None of these genes are pres-
ent in the AA haplotype, which contains only a single
activating KIR gene, 2DS54 (with a deleted variant of
22 bp in exon 5, 2D54-003) (20). Because these genes
are so variable and the KIR/HLA combinations play
a key role in immune response, understanding this
variability is important for genotyping studies (21).
Genetic studies have shown that the distribution of
KIR genes and KIR/HLA combinations vary wide-
ly; furthermore, these variations can predict disease
outcomes in persons with hepatitis B, HCV, human
T-lymphotropic virus type 1 (HTLV-1), or HIV-1 in-
fections (22,23). During HIV-1, HCV, or HTLV-1 in-
fection, CD8+ cells mediate much of the protective
effect of inhibitory KIRs (24).

We determined the genetic profiles of KIR genes
and HLA class I alleles in DNA samples from persons
infected with EBOV Makona variant in Guinea. We
also assessed the distribution of HLA class I geno-
types during an EVD outbreak and the relationship
between specific KIR/HLA combinations and the
clinical outcomes of persons with EVD.

Materials and Methods

Study Samples

We studied samples from patients in whom EVD
was diagnosed during the 2013-2016 outbreak. We
collected serum samples from 77 uninfected controls
and 101 EVD survivors in Guéckédou, Guinea, dur-
ing May 2015-September 2017. In addition, the Eu-
ropean Mobile Laboratory provided DNA isolated
from whole blood samples of 119 persons who had
died of EVD.

We defined EVD survivors as EBOV-infected pa-
tients who had survived the acute phase of EVD and
were discharged from the Ebola treatment center in
Guéckédou after testing negative for Ebola 4 times by
reverse transcription PCR. The survivors in our study
included only persons with an original certificate of
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survivorship issued by the Guinean government.
Controls tested negative for EBOV-specific antibodies
and EBOV neutralizing antibodies in plasma.

We collected blood samples in EDTA tubes for
routine blood tests, serologic assays for EBOV an-
tigen, and nucleic acid detection of EBOV RNA by
reverse transcription PCR. Afterward, we isolated
peripheral blood mononuclear cells (PBMCs) from
whole blood samples using Ficoll-Paque density gra-
dient centrifugation (Sigma-Aldrich Inc., https://
www.sigmaaldrich.com) according to the manufac-
turer’s instructions. To store PBMCs at room temper-
ature, we used DNAgard Blood (Sigma-Aldrich Inc.)
according to the manufacturer’s instructions.

Genomic DNA Extraction

We extracted genomic DNA from PBMCs from EVD
survivors and controls. We used the QlAamp DNA
Mini kit (QIAGEN, https://www.qiagen.com) for
DNA extraction according to the manufacturer’s in-
structions. We eluted the purified DNA in 100 pL buf-
fer AE and quantified it using a NanoDrop spectro-
photometer (ThermoFisher Scientific, https:/ /www.
thermofisher.com).

Whole-Genome Amplification

We conducted whole-genome amplification of DNA
samples using the multiple displacement amplifi-
cation Repli-g mini kit (QIAGEN) according to the
manufacturer’s instructions. We then purified DNA
with a rapid in-house method using ethanol precipi-
tation. For this procedure, we first mixed 1:10 volume
sodium acetate (3 M, pH 5.5) with 2 volumes absolute
ethanol in a 1.5 mL Eppendorf tube. After inverting
the tube, we incubated the reaction mixture at —80°C
for 2 h and then centrifuged at 20,000 x g for 30 min.
We withdrew the supernatant and washed the pel-
let with 70% ethanol, then centrifuged the mixture
at maximum speed for 15 min. After removing the
supernatant, we air-dried the pellet at 50°C and then
resuspended in 50 pL buffer AE. We stored the ex-
tracted DNA products at —20°C.

KIR and HLA Class | Genotyping

We established the presence or absence of 14 KIR
genes and 2 pseudogenes (2DP1 and 3DP1) by PCR
using primers, as published in previous studies (25-
27). We used Primer3 version 0.4.0 software (https://
bioinfo.ut.ee/primer3-0.4.0) to design specific prim-
ers targeting 2DL5 and 2DS4-001. We conducted
HLA genotyping for 5 HLA class I alleles known
to be KIR ligands: HLA-C1-Asn80 (2DL2, 2DL3, and
2DS2), HLA-C2-Lys80 (2DL1 and 2DS1), HLA-B-Bw4-

Thr80 (3DL1), HLA-B-Bw4-11e80 (3DS1 and 3DL1), and
HLA-A-Bw4 (3DL1 and 3DL2) (28) (Appendix Table
1, https://wwwnc.cdc.gov/EID/article/27/1/20-
2177-Appl.pdf).

We conducted PCR on amplified genomic DNA
from uninfected controls, EVD survivors, and persons
who died of EVD. We conducted amplifications using
a Biometra TRIO-Analytik Jena Thermocycler (West-
burg, https://www.westburg.eu). For each PCR,
we used a 30 pL mixture containing >10 ng of DNA
sample, 6 pL 5% QIAGEN OneStep reverse transcrip-
tion PCR buffer, 1 pL dNTP mix with 10 mM of each
dNTP, 1 pL QIAGEN OneStep reverse transcription
PCR enzyme mix, 0.6 uM of each primer, and RNase-
free water. In negative samples, we also added 0.6
M of an internal control primer set to verify the true
absence of KIR genes and HLA class I alleles. We ran
each PCR in triplicate (Appendix Tables 2, 3). We ran
the amplified DNA on 6% polyacrylamide gels and
electrophoresed it in 1x Tris-borate-EDTA buffer. We
stained gels with Midori green direct and visualized
them under UV light using a gel imager camera.

Statistical Data Analysis

We tested the difference in frequency of KIR/HLA
haplotypes using the Fisher exact test. To avoid type
I error, we calculated an adjusted p value with Bon-
ferroni correction and used the resulting p value
(p<0.02) to determine significance. We conducted
binary logistic regression to assess the effect of
HLA and KIR genotypes on the clinical outcome of
patients with EVD. We selected any variable with
a significant univariate test at a relaxed p value of
0.25 as a candidate for the multivariate analysis. This
criterion enabled us to reduce the initial number of
variables (i.e., genes) in the model, while simultane-
ously reducing the risk of missing important vari-
ables (29,30). After preselection, we built a binomial
logistic regression model that comprised all remain-
ing explanatory variables and performed backward
elimination. The model simultaneously used Bayes-
ian information criterion (31) and Fisher exact tests
at the 5% significance level.

As an extension to the binomial analysis, we
conducted multinomial logistic regression. This
model assessed the effect of HLA and KIR genotypes
on the clinical outcome of patients with EVD and de-
termined the KIR gene profile associated with these
outcomes. We conducted Bayesian model averaging
(BMA) using the R packages BMA and mlogitBMA
(32,33). These packages enabled us to account for
uncertainty about the explanatory variables using a
Bayesian information criterion approximation to the
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posterior model probabilities. After removing vari-
ables that generated collinearity issues, we searched
the model space using the fast leaps and bounds al-
gorithm (34). As the first step in applying BMA to
solve the variable selection problem for multinomial
logit data, mlogitBMA uses the approach of Begg
and Gray (35), which approximates large-scale mul-
tinomial logistic regressions as a series of binary lo-
gistic regressions (36).

Ethics Approval

The National Committee of Ethics in Medical Research
of Guinea approved the use of diagnostic leftover sam-
ples and corresponding patient data for this study (ap-
proval no. 11/CNERS/14). Samples from EVD survi-
vors and controls were collected under ethics protocols
approved by the Guinean National Ethics Committee
for Research and Health (approval no. 33/ CNERS/15).
We obtained written and informed consent from con-
trols and EVD survivors. Ethical permission for the
work conducted at KU Leuven on the DNA samples
was reviewed and approved by the KU Leuven ethics
committee under reference no. S58836.
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Results

KIR Haplotypes Associated with EVD Outcome

Of 77 controls, 101 survivors, and 119 persons who
died of EVD, an average of 78% of each category had
11 shared haplotypes, which differed from each other
by the presence or absence of 9 KIR genes (Figure 1).
The remaining participants (20 controls, 14 survivors,
and 31 persons who died of EVD) had a rare KIR hap-
lotype that lacked >3 KIR genes (data not shown). The
frequency of the KIR AA haplotype was significantly
higher for persons who died of EVD (6.7%) than for
survivors (0.99%; p = 0.04). One KIR BB haplotype
was significantly more common among the survivors
(37.6%) than among persons who died of EVD (17.6%;
p<0.01). All participants had the 2DL1, 3DL1, 3DL2,
3DL3, 2DP1, and 3DP1-004 genes.

Frequency of KIR Genotypes

We found the 2DL2 gene in 98% of survivors and
83.2% of persons who died of EVD. Likewise, we
found the 2DL5 gene in 46.5% of survivors and 63%
of persons who died of EVD (Table 1). These results

Figure 1. Killer cell immunoglobulin-like receptor haplotypes among the control group, Ebola survivors, and persons who died of Ebola
virus disease in Guinea, 2015-2017. Percentage of each haplotype was calculated and defined as the number of persons with the
killer cell immunoglobulin-like receptor haplotype (n) divided by the number of persons (N) in the studied group. Black boxes indicate
presence of genes; white boxes indicate absence of genes. Tp<Pc (survivors vs. fatalities). Pc, corrected p value.
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Table 1. Frequency of KIR genes and HLA class | alleles among control group, Ebola survivors, and persons who died of Ebola virus

disease, Guinea, 2015-2017*

Gene Controls, no. (%) Survivors, no. (%) Persons who died, no. (%) p value
Inhibitory KIRs
2DL1 77 (100.0) 101 (100.0) 119 (100.0)
2DL2 67 (87.0) 99 (98.0) 99 (83.2) T
2DL3 71 (92.2) 94 (93.1) 112 (94.1)
2DL4 77 (100.0) 100 (99.0) 118 (99.1)
2DL5 42 (54.5) 47 (46.5) 75 (63.0) T
3DL1 77 (100.0) 101 (100.0) 118 (99.1)
3DL2 76 (98.7) 101 (100.0) 119 (100.0)
3DL3 77 (100.0) 101 (100.0) 119 (100.0)
Activating KIRs
2DSs1 46 (59.7) 55 (54.4) 74 (62.2)
2DS2 37 (48.0) 46 (45.5) 55 (46.2)
2DS3 23 (29.8) 30 (29.7) 40 (33.6)
2DS4-001 70 (90.9) 94 (93.1) 103 (86.6)
2DS4-003 40 (51.9) 41 (40.6) 67 (56.3) T
2DS5 23 (29.8) 26 (25.7) 40 (33.6)
3Ds1 5 (6.5) 4(3.9) 13 (10.9)
Pseudogenes
2DP1 77 (100.0) 100 (99.0) 116 (97.5)
3DP1-001 6 (7.8) 4(3.9) 8 (6.7)
3DP1-004 76 (98.7) 99 (98.0) 117 (98.3)
HLA class | alleles
HLA-C1/sng0 55 (71.4) 78 (77.2) 85 (71.4)
HLA-C24s& 58 (75.3) 74 (73.3) 88 (73.9)
HLA-B-Bw4 e 8(10.4) 9(8.9) 22 (18.5)
HLA-B-Bw4/e8 33(42.8) 48 (47.5) 38 (31.9)
HLA-A-Bw4 23 (29.8) 26 (25.7) 37(31.1)

*Frequency (%) of each KIR gene or HLA class | allele was calculated and defined as the number of individuals having the gene or allele divided by the
number of persons in the studied group. HLA, human leukocyte antigen; KIR, killer cell immunoglobulin-like receptor; Pc, corrected p value.

Tp value <Pc (survivors vs. persons who died).
Ip value <Pc (controls vs. survivors).

suggest that inhibitory 2DL2 and 2DL5 might be as-
sociated with the outcome of persons with EVD.

Relevant KIR Genes and HLA Class | Alleles

in Survivors and Persons Who Died of EVD

The binomial logistic regression model (Table 2) re-
tained 4 KIR genes and 2 HLA class I alleles as co-
variates in our final model, implying that these genes
exhibit a significant relationship with disease out-
come. Because of the relatively small number of par-
ticipants, we validated these findings through BMA.
The KIR genes 2DL2, 2DL5, and 2D54-0003 and the
HLA class I alleles HLA-B-Bw4-Thr and HLA-B-Bw4-
Ile were present in >15% of the models explored dur-
ing our BMA analysis (Table 3; Appendix Figure 1).
These 5 covariates are almost identical to those identi-
fied in the binary regression models (Tables 2, 3).

HLA Haplotypes

We identified 23 HLA class I haplotypes. These hap-
lotypes differed by the presence or absence of 2 HLA-
C, 2 HLA-B, or 1 HLA-A alleles (Figure 2). The HLA
haplotype characterized by the presence of HLA-
C14180, HLA-C2 v, and HLA-A-Bw4 was significant-
ly more common among persons who died (11.7%)
than survivors (4.95%; p<0.01).

Functional Analysis of HLA and KIR Gene Combinations

To further evaluate whether biologically relevant
KIR/HLA combinations affect the outcome of pa-
tients with EVD, we conducted a functional analy-
sis of 5 HLA class I alleles and their respective in-
hibitory and activating KIRs (Appendix Table 1); we
compared the results of uninfected controls, persons
who died of EVD, and survivors. We used previously

Table 2. Results from multivariate logistic regression model of human leukocyte antigen class | and killer cell immunoglobulin-like
receptor genes in controls and Ebola virus—infected patients, Guinea, 2015-2017

Term 8 estimate SE p value
Intercept (BO) -2.27 0.84 <0.01
2DL2 (B1) 2.73 0.82 <0.01
2DL5 (B2) -1.94 0.67 <0.01
2DS1 (B3) 1.35 0.67 <0.05
2DS4-0003 (B4) -0.63 0.31 <0.05
HLA-B-Bw4-Thr (B5) -1.20 0.48 <0.05
HLA-B-Bw4-lle (36) 0.76 0.31 <0.05
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Table 3. Results from the multinomial logistic regression of human leukocyte antigen class | and killer cell immunoglobulin-like

receptor genes in Ebola virus—infected patients, Guinea, 2015-2017*

Term p#0 B estimate SE Best model
2DL2 88.1 1.02 0.54 1.18
2DL5 59.1 -0.43 0.46 -0.65
KIR2DS4.0003 16.6 -0.08 0.20 ()
HLA-B-Bw4-Thr 45.8 -0.38 0.48 (..r)
HLA-B-Bw4-lle 45.1 0.27 0.34

*Intercepts have been omitted for interpretation purposes. p # 0 indicates the probability that the coefficient for a given predictor is not zero. Ellipses (...)

represent predictors that were not present in the best model.

validated functional KIR/HLA pairs (28) to stratify
each group of participants into inhibitory and acti-
vating KIR/HLA ligands and scored each KIR/HLA
combination: 0, absence of both KIR and HLA ligand;
1, presence of either KIR or HLA ligand; 2, weak af-
finity between KIR and HLA; or 3, strong affinity be-

tween KIR and HLA. Survivors had a total inhibitory
KIR/HLA score that was significantly higher than in
persons who died of EVD (p<0.01 by Kruskall-Wallis
test with false discovery rate correction), whereas no
significant difference was observed in the total acti-
vating KIR/HLA score Figure 3.

Figure 2. HLA haplotypes identified among the control group, Ebola survivors, and persons who died of Ebola virus disease in Guinea,
2015-2017. Percentage of each haplotype was calculated and defined as the number of persons with the HLA haplotype (n) divided by
the number of individuals (N) in the studied group. Black boxes indicate presence of genes; white boxes indicate absence of genes. Tp<Pc
(survivors vs fatalities); $p<Pc (controls vs infected cases). HLA, human leukocyte antigen; NP, not present; Pc, corrected p value.
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Figure 3. Statistical comparison
of all inhibitory and activating killer
cell immunoglobulin receptors
(KIRs) between controls,
survivors, and persons who died
of Ebola virus disease in Guinea,
2015-2017. A) All inhibitory KIRs
with their specific HLA ligands

are compared between studied
groups. Persons who did and did
not survive differed significantly. B)
Comparison of activating KIRs with
their specific HLA ligands between
studied groups. HLA, human
leukocyte antigen.

Discussion

Despite the presumed protective role played by
NK cells against EBOV, few studies have been
conducted on KIRs and their specific HLA ligands
during EVD (6,37). Our study shows that EBOV-
infected patients have diverse HLA and KIR geno-
types. The KIR haplotype lacking the 2DL2, 2DL5,
2DS1, 2DS2, 2DS3, 2DS5, and 3DS1 genes was sig-
nificantly more common among persons who died
of EVD (6.7%) than survivors (0.99%; p = 0.04) (Fig-
ure 1). We used BMA analysis to identify the KIR
genes 2DL2, 2DL5, and 2DS4-003 as possibly asso-
ciated with disease outcomes. Contrary to findings
by Waugquier et al. (37), we found that frequencies
of activating 2DS1 and 2DS3 were not significantly
correlated with disease outcomes. In addition, the
KIR 2DS4-003 and 2DL5 genes were significantly
more common among persons who died of EVD
than among survivors. This discrepancy might be
caused by differences in sample size or genetic
makeup of the study populations.

Using the KIR Allele Frequency Net Database
(http:/ /www.allelefrequencies.net), we compared
the frequency of inhibitory and activating KIR genes
from this study with different populations. These
populations were from countries in West Africa (i.e.,
Cote d’Ivoire, Nigeria, Ghana, Equatorial Guinea,
and Senegal), Central Africa (i.e., DRC, Gabon, and
Uganda), South Africa (i.e.,, South Africa and Zim-
babwe), and a group of mixed population from Re-
union, Comoros, and South Africa. Inhibitory 2DL2
and activating 2DS1 frequencies were higher for our
study group than for all other studied populations
from West Africa (p<0.01), Central Africa (p<0.01),
and South Africa (p<0.01) (Appendix Figure 2). The
apparent discrepancy between our study and that of
Wauquier et al. (37) might be largely explained by dif-

ferences in population genetics between Guinea and
Gabon, where Wauquier et al. recruited participants.
These differences might be promulgated by the rapid
evolution of human KIR genes, partly in response to
viral diversity (38).

Another study found increased levels of inhibitory
KIR 2DL1 at the cell surface of NK cells in EVD patients
from Guinea (8) during the same outbreak. However,
that study’s small sample size did not enable the de-
tection of differences between the 8 survivors and 6
persons who died of EVD. Our data suggests that KIR
2DL2 has a protective role in EVD; similarly, this gene
is protective against HIV-1 and HCV infection because
it enhances the protective effect of HLA-B57 on viral
load, slows the reduction in CD4 count, and enables
spontaneous clearance of HCV (23). On the other
hand, KIR 2DL2 strongly enhanced the protective ef-
fect of HLA-C8 and the detrimental effect of HLA-B54
on disease outcome in HTLV-1 infection (24). It will be
important to further investigate whether the proposed
protective effect of KIR 2DL2 in EVD might be medi-
ated by the patient’s viral load.

All participants in our study had the KIR 3DL3
gene. Existing data show that 3DL3 transcripts are
overexpressed in persons who died of EVD compared
with survivors in recovery (p<0.01) and in the viremic
phase (p = 0.17; data not shown) (39). Our findings
support the hypothesis that genomic and transcrip-
tomic mechanisms of KIR regulation play a role in
EVD outcomes.

Although persons from all groups had the inhibi-
tory 3DL1 gene, the frequency of its low-affinity ligand
HLA-B-Bw4™® was significantly higher among per-
sons who died (18.5%) than among survivors (8.9%).
In contrast, its high-affinity ligand HLA-B-Bw4!*® al-
lele was more common among survivors (47.5%) than
among persons who died of EVD (31.9%).
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In conclusion, EVD survivors express less
activating and more inhibitory KIRs (Table 2)
and more functional inhibitory KIR/HLA pairs
(Figure 3) through genomic and transcriptomic (39)
mechanisms, than persons who died of EVD. We
hypothesize that these genetic differences contrib-
ute to the uncontrolled innate immune response
observed in EVD (6). This response is mediated
mostly by NK cells, although KIRs might also par-
ticipate (24).

Although researchers have made substantial
advances in drug and vaccine development for EVD
in the last 5 years, researchers should also investi-
gate the potential effects of blocking KIR receptors
on disease outcome. These biomarkers could lead
to new therapeutic approaches, preferentially tar-
geting the innate immune system, for future EVD
outbreaks. Our study had a reasonable sample
size, but further investigations should examine a
larger cohort.
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We investigated the dynamics of seroconversion in severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in-
fection. During March 29-May 22, 2020, we collected serum
samples and associated clinical data from 177 persons in
London, UK, who had SARS-CoV-2 infection. We measured
1gG against SARS-CoV-2 and compared antibody levels with
patient outcomes, demographic information, and laboratory
characteristics. We found that 2.0%—8.5% of persons did not
seroconvert 3—6 weeks after infection. Persons who sero-
converted were older, were more likely to have concurrent
conditions, and had higher levels of inflammatory markers.
Non-White persons had higher antibody concentrations than
those who identified as White; these concentrations did not
decline during follow-up. Serologic assay results correlated
with disease outcome, race, and other risk factors for se-
vere SARS-CoV-2 infection. Serologic assays can be used
in surveillance to clarify the duration and protective nature of
humoral responses to SARS-CoV-2 infection.

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is a betacoronavirus that causes
coronavirus disease (COVID-19), a respiratory infec-
tion with systemic involvement and an estimated 1%

death rate (1). COVID-19 was first documented in
Wubhan, China (2), at the end of 2019. The outbreak
quickly transformed into a pandemic. Countries have
tried to manage the pandemic by implementing dif-
ferent strategic interventions with varying levels of
success (3). Experts agree that diagnostic tests, and
the subsequent interventions they generate, are es-
sential to controlling SARS-CoV-2 transmission.

Reverse transcription PCR (RT-PCR) relies on
RNA sequencing rather than viral proteins, enabling
researchers to develop assays shortly after the viral
sequence is identified. Because of this advantage, RT-
PCR quickly became a common testing method for
COVID-19 (4). However, the urgent global scale-up
of nucleic acid amplification testing, including PCR,
exposed supply chain vulnerabilities, such as short-
ages of swabs and reagents. Diagnostic tests remain
unaffordable in many developing countries, limiting
national containment strategies.

Serologic assays for viral infections can con-
tribute to vaccine development, diagnostic deploy-
ment, and prescription of new therapeutics. They
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might also offer insight into pathophysiological as-
pects of COVID-19. We used ELISA (Mologic Ltd.,
https:/ /mologic.co.uk) for COVID-19 to character-
ize the serologic response in SARS-CoV-2 infection.
These tests were designed for affordability and ac-
curacy, enabling access and manufacture in low-
and middle-income countries. We used these tests
on serum samples from persons with confirmed
SARS-CoV-2 infection in London, UK, to identify
demographic and clinical variables that might in-
fluence antibody responses.

Methods

Ethics

Development of the SARS-CoV-2 IgG ELISA is
available elsewhere (E.R. Adams, unpub. data,
https:/ /www.medrxiv.org/content/10.1101/2020.
04.29.20082099v1). We analyzed antibody dynam-
ics using anonymized excess diagnostic material
from patients with PCR-confirmed SARS-CoV-2 in-
fection. The study was sponsored by St. George’s
Hospital National Health Services Foundation
Trust (London) and has Institutional Review Board
ethics approval (Development and Assessment of
Rapid Testing for SARS-CoV-2 outbreak study; In-
tegrated Research Application System project ID:
282104; Research Ethics Committee reference: 20/
SC/0171). The trial is registered at ClinicalTrials.
gov under NCT04351646.

Reference RT-PCR

Staff at St. George’s Hospital used Sigma Virocult
(MWE, https:/ /www.mwe.co.uk) to collect nose and
throat swab samples from patients with SARS-CoV-2
infection; we prepared the samples with RNA extrac-
tionkits (Roche Molecular Systems Inc., https:/ / www.
lifescience.roche.com). We confirmed infection with
the RealStar SARS-CoV-2 RT-PCR Kit selective for the
S and E genes (Altona Diagnostics GmbH, https://
www.altona-diagnostics.com) or cobas SARS-CoV-2
Test selective for the E gene and open reading frames
lab (Roche Molecular Systems, Inc.).

Clinical Samples

South West London Pathology (London) provides
microbial diagnostic testing for the region, including
St. George’s Hospital, a tertiary teaching hospital.
We obtained excess diagnostic material from South
West London Pathology in the form of serum sam-
ples from patients with RT-PCR confirmed SARS-
CoV-2 infection. The serum samples were anony-
mized and stored at 4°C for <2 weeks. Patients were

sampled longitudinally to assess antibody dynamics;
the data comprised >30 samples per day. If samples
became unavailable from 1 patient (i.e., the patient
was discharged or died), we added a new patient to
the cohort. Excess diagnostic material was collected
from 177 persons during March 29-May 22, 2020.
The study population consisted of 9.9% (177/1,785)
of persons (patients and staff) who tested positive
for SARS-CoV-2 infection at South West London Pa-
thology during this period.

Participants and Clinical Data

We obtained data from patients’ electronic medi-
cal records. We coded outcomes (as of May 22) as
hospital admission, intensive care unit stay, death,
or discharge. We recorded the length of hospi-
tal stay of patients who were discharged or died.
We considered peaks of inflammatory markers
(e.g., C-reactive protein [CRP]) to be the highest
values recorded from 5 days before the first posi-
tive swab sample through the end of the study.
We obtained blood values at the time of diagnosis
(within 3 days after the first positive swab sample
was taken).

ELISA for SARS-CoV-2 IgG

Weused the COVID-191gGELISA developed by Mologic
Ltd. and manufactured by Omega (Omega Diagnos-
tics Group PLC, http:/ /www.omega-diagnostics.com),
according to the manufacturer’s instructions (Appendix
1, https:/ /wwwnc.cdc.gov/EID/article/27/1/20-3074-
Appl.pdf). The assay contained the spike and nucleo-
protein antigens of SARS-CoV-2. Between plate coeffi-
cients of variation were 21.0% (lower cutoff) and 16.5%
(positive control; n = 16). Higher ambient temperatures
in the laboratory resulted in higher optical density
readings (Appendix 2, https://wwwnc.cdc.gov/EID/
article/27/1/20-3074- App2.xlsx).

Statistical Analyses

We cross-checked and normalized raw ELISA data to
enable comparison (Appendix 1; Figure 1). We also
resolved manual handling errors (Appendix 1). We
applied 2-tailed parametric and nonparametric tests
as appropriate, using PRISM version 8.0 (https://
www.graphpad.com) for data analysis and display.
We conducted a 1-way analysis of variance to com-
pare the effects of race and demographic information
on patient outcomes. We used multivariate linear re-
gression to determine the relationship between mean
normalized optical density (NOD) and age, sex, peak
CRP, number of concurrent conditions, respiratory
symptoms, and race.
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Patient and Public Involvement

We acknowledge the importance of patient and pub-
lic involvement in clinical studies. However, because
of the rapid progression of COVID-19 and the chal-
lenges of lockdown in the United Kingdom, we did
not have sufficient time to involve patients and mem-
bers of the public in the development, implementa-
tion, or interpretation of this study.

Results

We studied 177 patients who provided 645 distinct
excess diagnostic material samples (Table 1). Pa-
tients were from diverse ethnic backgrounds (34%
White, 35% non-White, 31% unreported; Appen-
dix 1 Table 1), the a median age was 64 years (in-
terquartile range [IQR] 52-77 years). Fifty-seven
percent were male, and 73% had >1 concurrent

Table 1. Demographic and clinical characteristics of patients with
severe acute respiratory syndrome coronavirus 2 infection,
United Kingdom, 2020*
Characteristics

Median age, y (IQR)

Median body mass index (IQR)t

Results
64 (52-77)
25.4 (21.9-30.5)

Sex
M 100 (56.5)
F 77 (43.5)
Race
White 60 (33.9)
Non-White 61 (34.5)
Other/not known 56 (31.6)
Concurrent conditions
0 47 (26.6)
1 52 (29.4)
2 50 (28.2)
>3 28 (15.8)
Symptoms
Symptomatic 143 (80.8)
Median days from symptom onset to 6 (3-9)
PCR (IQR)
Diagnostic site
Emergency department 90 (50.8)
Outpatient 12 (6.8)
Ward 54 (30.5)
Intensive care unit 14 (7.9)
Occupational health staff 7 (4.0)
Treatment location
Occupational health staff 7 (4.0)
Outpatient 4(2.3)
Hospital 166 (93.8)
Admitted to intensive care unit 63 (38.0)
Outcomes
Never hospitalized 11 (6.2)
Discharged 108 (61.0)
Median length of stay, d (IQR) 19.3 (10.6-31.1)
Death 44 (24.9)
Median length of stay, d (IQR) 19.1 (14.8-24.8)
Death and/or ICU admission 80 (45.2)
Still in hospitalf 14 (7.9)

*Values are no. (%) except as indicated. ICU, intensive care unit; IQR,
interquartile range.

THeight unavailable for 13 patients.

FAs of May 22, 2020.

Seroconversion and Pathophysiology in SARS-CoV-2

condition. Nineteen percent were asymptomatic and
did not report respiratory symptoms at admission;
these patients tested positive for SARS-CoV-2 infec-
tion while receiving treatment for other conditions.
Among the 143 symptomatic patients, the median
time from symptom onset to testing was 6 days (IQR
3-9 days). Of the 177 patients, 166 (94%) were hos-
pitalized, 7 (4%) were staff, and 4 (2%) were outpa-
tients. Of the hospitalized patients, 44 (27%) died
(median time to death was 19.1 days [IQR 14.8-24.8
days]), 108 (65%) were discharged (median length
of stay was 19.3 days [IQR 10.6-31.1 days]), and 14
(8%) remained hospitalized at the end of the study.
Sixty-three (38%) patients were admitted to inten-
sive care during the study.

We normalized optical densities proportional to
levels of SARS-CoV-2 IgG (Figure 1, panel A). Of the
177 patients, 149 (84% [95% CI 78%-89%]) had already
seroconverted at the time of the first serologic test, 13
(7.3% [95% CI 4.3%-12.1%]) seroconverted after the
first serologic test, and 15 (8.5 % [95% CI 5.2-13.5%])
did not seroconvert during the entire follow-up peri-
od (Appendix 1 Figure 2). Of the 15 patients who did
not seroconvert, samples from beyond day 20 were
available for 4 patients (26%); we did not detect IgG in
these samples. This finding suggests that 2.0%-8.5%
of patients might not develop detectable IgG against
SARS-CoV-2.

We plotted NODs by time after a patient’s first
positive swab sample (Figure 1, panel B) and after
symptom onset (Figure 1, panel C). NODs plateaued
~12 days after PCR and 19 days after symptom on-
set; this time difference is consistent with the medi-
an time of 6 days between symptom onset and PCR.
After seroconversion, mean NODs remained stable
over the course of the study (up to ~60 days after
symptom onset).

We assessed whether the rate of seroconversion
was associated with patient age (<70 or >70 years), sex,
or respiratory symptoms. None of these variables were
discernably associated with seroconversion rates (Ap-
pendix 1 Figure 3, panels A-C). NOD IgG levels were
not associated with sex or the presence of respiratory
symptoms. (Appendix 1 Figure 4, panels A, B).

Patients of non-White race had higher mean
NODs than those of White race (1.06 vs. 0.85; F =1.61,
df = 119; p = 0.04 by unpaired Student ¢-test) (Appen-
dix 1 Figure 4, panel C). No other differences were
associated with race. We used a multivariate analy-
sis to identify variables independently associated
with NODs; the mean NOD was associated only with
age, peak CRP, and race. Although age, sex, peak
CRP, number of concurrent conditions, respiratory
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symptoms, and race were associated with patient
outcome in the univariate analysis, only peak CRP
was associated with poor outcome in the multivariate
analysis (Appendix 1).

Persons who seroconverted were older than
those who did not (median age 65.5 vs. 41.0 years;
p<0.01 by Mann-Whitney test) and more likely to
have >1 concurrent condition (124/130 vs. 38/47;
p<0.01 by Fisher exact test). History of hypertension
was associated with a higher probability of serocon-
version (74/75 persons with hypertension vs. 88/102
persons without hypertension; p<0.01 by Fisher exact
test). Body mass index was higher among the group
who seroconverted (25.7 vs. 21.2; p = 0.03 by Mann-
Whitney test).

Unlike other markers of inflammation, CRP is rou-
tinely measured in patients with COVID-19. Rising
CRP levels are indicators of a poor prognosis (if other
causes are excluded), and are associated with cytokine
release syndrome (5; Y. Woo, unpub. data, https:/ / osf.
io/mxsvw). CRP levels were significantly higher in pa-
tients with respiratory symptoms at diagnosis than in
those without symptoms (Figure 2, panel A). Patients
who died or required intensive care during the study
period had higher CRP levels than patients who did
not die or require intensive care (Figure 2, panel B). Pa-
tients who did not seroconvert had lower CRP levels
than those who did (Figure 2, panel C). Peak CRP lev-
els had more pronounced associations with outcomes
and seroconversion than did CRP levels at the time of
the first positive swab sample result (Figure 2, panels
D-F). CRP levels peaked a median of 12 days (IQR 8-17
days) after symptom onset and 4 days (IQR 1-11 days)
after the first positive PCR result. Other inflammatory
markers, such as peak D-dimer, fibrinogen, and ferri-
tin, were also higher in patients with respiratory symp-
toms at diagnosis. However, these data were available
for fewer patients (Table 2; Appendix 1 Table 3).

Discussion

Our results illustrate serologic responses over the
course of SARS-CoV-2 infection. Serologic tests can
enhance diagnostic capability, especially during later
infection (4,6,7), when viral loads might decrease. Se-
rologic testing might also inform surveillance, sero-
epidemiologic studies, and contact tracing. Our study
shows that a substantial proportion of COVID-19 pa-
tients require 3-6 weeks to generate antibodies. Fur-
thermore, 2.0%-8.5% of patients do not have detect-
able antibodies within 60 days after infection. Most
research on antibody dynamics came from China
during the early stages of the pandemic (4,6,8). Here,
we describe variables that influence IgG dynamics in

SARS-CoV-2 infections in diverse populations.

The performance metrics of this ELISA (Figure 1;
Appendix 2) are comparable to other validated assays.
This first-generation ELISA might confirm infection in
patients without a virologic diagnosis. We applied this
test to study an ethnically and clinically diverse popula-
tion. In most persons who seroconverted, the conversion

Figure 1. Antibody dynamics in patients with severe acute
respiratory syndrome coronavirus 2, United Kingdom, 2020.

A) NOD by days after first positive PCR result. Blue indicates
seroconverting patients; red indicates nonseroconverting patients.
B) Mean (+ SEM) NODs (>3 samples per time point; n = 48) by
days after first positive PCR result for those who seroconverted. A
4-parameter sigmoidal unconstrained model is shown (r? = 0.45).
C) Mean (+ SEM) NODs (>3 per time point; n = 45) by days after
symptom onset for patients who seroconverted. A 4-parameter
sigmoidal unconstrained model is shown (r? = 0.63). NOD,
normalized optical density.
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Figure 2. Relationships between CRP levels, symptoms, outcomes, and NODs of patients with severe acute respiratory syndrome
coronavirus 2, United Kingdom, 2020. A—C) CRPs at diagnosis for A) 113 symptomatic (open circles) and 21 asymptomatic (closed
circles) patients (CRP 97 vs. 56; p<0.01); B) 62 patients admitted to intensive care and/or who died (open circles) and 72 who were not
admitted to intensive care (closed circles) (CRP 107 vs. 75.5; p = 0.01); C) 123 patients who seroconverted (open circles) and 11 who
did not (closed circles) (CRP 93 vs. 28; p = 0.04). D—F) Peak CRPs corresponding to the populations in A-C: D) 255 (n = 142) vs. 104 (n
= 34) (p<0.01); E) 322 (n = 80) vs. 137.5 (n = 96) (p<0.01); F) 224 (n = 161) vs. 101 (n = 15) (p = 0.03). Statistical significance calculated
using Mann-Whitney test for CRPs (mg/L). CRP, C-reactive protein; NOD, normalized optical density.

was relatively rapid; NODs remained stable for weeks
after infection (Figure 1). The probability of seroconver-
sion was associated with increased age and concurrent
conditions such as hypertension and increased body
mass index. Higher NODs were associated with non-
White race, admission to hospital, and higher peaks for
inflammatory markers, such as CRP. Higher antibody
titers are associated with clinical severity (i.e., death or
admission to intensive care during study) in our cohort,
in agreement with findings from other studies (4).

CRP is a sensitive marker of elevated proinflam-
matory cytokines, including interleukin 6. These
cytokines might play a central role in cytokine re-
lease syndrome, which is associated with increased
risk for death (Y. Woo, unpub. data, https://osf.io/
mxsvw). Interventions such as tocilizumab, an in-
terleukin-6 receptor antibody, interrupt the proin-
flammatory cascade. Such interventions might limit
disease progression and reduce risk for death (9;
E. Baker, unpub. data, https://osf.io/d2nh8); they

are being studied in several randomized clinical tri-
als. In our study, a small proportion of patients did
not seroconvert within 20 days after testing positive
for SARS-CoV-2 infection. Several mechanisms might
explain this finding. First, these patients might never
seroconvert. Second, their immune responses might
be confined to other antigens or mediated through
T cells. Another probable explanation is that some
relatively mild infections might be restricted to the
mucosal cells of the respiratory tract, where antibody
responses are dominated by the secretory immune
system. In this scenario, the systemic immune system
might produce little or no IgG.

The association of higher NODs with elevated
CRPs could indicate several potential pathways. For
example, antibody responses might be closely related
to cytokine response syndrome, which in turn is as-
sociated with more severe disease and death. Alter-
natively, elevated CRPs might indicate a more pro-
nounced innate immune response in persons already
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Table 2. Selected laboratory values of patients with severe acute respiratory syndrome coronavirus 2 infection, United Kingdom,

2020*

At diagnosis Peak
Variable (reference range) No. Median (IQR) No. Median (IQR)
C-reactive protein (0-5 mg/L) 134 86 (52.5-164) 176 215.5 (103-334)
Nadir lymphocytes count (1.1-4.0 x 10%/L) 134 0.9 (0.6-1.4) 177 0.6 (0.4-0.8)
Ferritin (30—400 pg/L) 42 1,084 (630-1,721) 89 1,335 (846-2,758)
Fibrinogen (1.6—4.8 g/L) 133 5.5(4.2-6.7) 166 7.0 (5.5-9.15)
D-dimer (21-300 ng/mL) 64 704 (395-1,079) 111 1,905 (498-4,095)
Lactate dehydrogenase (0—250 U/L) 47 475 (280-597.5) 87 490 (344.5-704)

*|QR, interquartile range.

at risk for severe disease and death. This heightened
innate response might be associated with a higher
viral load (potentially caused by enhanced viral rep-
lication mechanisms) and genetic interactions that
influence innate inflammatory pathways. Therefore,
a higher viral load might lead to higher NODs for an-
tibodies in the acquired immune response pathways.
Small trials on the potential therapeutic benefits of in-
terventions using passive antibody transfer (10) sug-
gest that the heightened innate response hypothesis
is more probable (11). Higher antibody responses are
also associated with higher doses of a nonreplicating
Ad5-vectored vaccine for SARS-CoV-2 (12).
Limitations of PCR include difficulties with sam-
pling; different sample types and techniques yield
varying results. Furthermore, PCR demonstrates di-
minishing diagnostic yield for COVID-19 as respira-
tory viral loads fall and symptoms subside (8,13). It
might also produce false positives caused by lingering
viral nucleic acid, which is not infective yet can persist
for weeks after infection. Contamination could also
occur during sample handling; because PCR requires
amplification steps, this assay has heightened risk for
contamination. Serologic testing, and the ability to de-
tect viral antigens, may increase diagnostic accuracy
for COVID-19. Our findings support early studies
suggesting that physicians should consider these di-
agnostic modalities in conjunction, especially when a
patient has negative PCR results but has symptoms of
COVID-19 (6). Many COVID-19 patients experience a
delay in care, a trend that emphasizes the importance
of containment strategies that encourage isolation.
One limitation of our study is that it is based mainly
on hospitalized patients, of whom 1 in 5 did not have
COVID-19 symptoms. Further studies should docu-
ment antibody dynamics of patients with less severe
infections, such as healthcare workers (14), and pa-
tients with low viral loads at the time of consultation.
Our findings will complement the large cross-sectional
and longitudinal serologic surveys, especially as high-
quality tests become more widely available. NODs were
within a limited dynamic range (we could not conduct
dilution studies because of small sample volumes) but
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nevertheless associated with clinically relevant features
of COVID-19. Prospective studies are assessing the re-
lationships between viral loads and serologic responses
in patients. Regular and long-term serologic assays will
be essential to monitoring the duration of the humoral
response and its protective role against SARS-CoV-2.

When interpreting serologic assays of COVID-19
patients, physicians should consider factors that can
influence the probability of seroconversion. Our
study elucidates some of these factors. We found
that less severe infections and younger age were as-
sociated with reduced probability of seroconversion.
Risk factors for more severe disease, such as non-
White race, increased age, and hypertension, are also
associated with increased inflammatory responses,
higher normalized antibody titers, and probability
of seroconversion.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2020.06.07.20124636v2.
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Performance of Nucleic Acid
Amplification Tests for Detection
of Severe Acute Respiratory
Syndrome Coronavirus 2 In
Prospectively Pooled Specimens

Hannah Wang, Catherine A. Hogan, Jacob A. Miller, Malaya K. Sahoo, ChunHong Huang, Kenji O. Mfuh,
Mamdouh Sibai, James Zehnder, Brendan Hickey, Nasa Sinnott-Armstrong, Benjamin A. Pinsky

Pooled nucleic acid amplification tests for severe acute
respiratory syndrome coronavirus 2 could increase avail-
ability of testing at decreased cost. However, the effect
of dilution on analytical sensitivity through sample pool-
ing has not been well characterized. We tested 1,648
prospectively pooled specimens by using 3 nucleic acid
amplification tests for severe acute respiratory syndrome
coronavirus 2: a laboratory-developed real-time reverse
transcription PCR targeting the envelope gene, and 2
commercially available Panther System assays target-
ing open reading frame lab. Positive percent agreement
(PPA) of pooled versus individual testing ranged from
71.7% to 82.6% for pools of 8 and from 82.9% to 100.0%
for pools of 4. We developed and validated an indepen-
dent stochastic simulation model to estimate effects of
dilution on PPA and efficiency of a 2-stage pooled real-
time reverse transcription PCR testing algorithm. PPAwas
dependent on the proportion of tests with positive results,
cycle threshold distribution, and assay limit of detection.

he ability of clinical laboratories to meet the de-

mand for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) testing is critical for
reducing coronavirus disease (COVID-19)-related
illness, death, and economic impact. Pooled testing
has the potential to decrease resources required for
population-level screening and can provide valuable
data to inform public health policies (1,2). Several
previous experimental and modeling studies have
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demonstrated the feasibility of pooled SARS-CoV-2
nucleic acid amplification testing (NAAT), in pools of
<32 individual samples (3-9). However, the potential
increase in efficiency gained by pooled testing is off-
set by a theoretical dilution-related decrease in ana-
lytical sensitivity (8,10).

Despite this decrease in sensitivity, pooled test-
ing of blood donors for transfusion-transmitted in-
fections, such as those with HIV-1 and hepatitis C
virus, has proven to be safe and effective (11). This
efficacy varies depending on the performance char-
acteristics of the assay, the prevalence of infection,
viral load kinetics, and pooling size, and strategy.
For agents with variable seasonal or geographic
prevalence, such as West Nile virus, many blood
banks use adaptive risk-based pooling strategies,
switching from pooled to individual testing when
there is an increase in regional prevalence (12).
Adapting a similar risk-based pooling strategy for
SARS-CoV-2 has the potential to enable more wide-
spread testing of high-risk populations and asymp-
tomatic critical infrastructure workers, guide aggres-
sive contact-tracing measures, and help direct public
health interventions to where they are most needed.
However, there are limited prospective data on as-
say-specific performance characteristics of pooled
testing to guide implementation of such a strategy.
Furthermore, there is little evidence on parallel test
performance of different assays on pooled samples
to direct choice of method.

In this study, we aimed to evaluate the test perfor-
mance characteristics of 1 laboratory-developed and
2 commercially available SARS-CoV-2 NAATs for
1,648 individual respiratory specimens prospectively
grouped in pools of 8 and 4. We used these data to
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validate a stochastic model to estimate optimal pool
size, efficiency, and expected positive percent agree-
ment (PPA) of a 2-stage pooled testing algorithm that
takes into account prevalence, viral load distribution,
and assay analytical sensitivity.

Methods

Clinical Specimens

The Stanford Clinical Virology Laboratory receives
samples from tertiary-care academic hospitals and af-
filiated outpatient facilities in the San Francisco Bay
Area of California. Prospective pooling of consecutive
nasopharyngeal or oropharyngeal swab specimens
submitted for SARS-CoV-2 testing during the morn-
ing shift was conducted during June 10-19, 2020, for
evaluation of a pool size of 8 and during July 6-July 23,
2020, for evaluation of a pool size of 4. Samples sub-
mitted for testing were collected from symptomatic
and asymptomatic inpatients and outpatients, either
for clinical care or in the context of COVID-related
epidemiologic surveillance studies and drug trials at
our institution. As samples from persons enrolled in
these studies and trials were received daily in batches,
they were randomly evenly distributed among pools
on a daily basis. This distribution was conducted to
preserve the independence between samples in the
same pool; these samples had not been tested before
receipt in our laboratory and were otherwise treated
identically to nonresearch samples. Nonresearch
samples were otherwise assigned to pools consecu-
tively. Additional laboratorywide data on proportion
of tests positive and cycle threshold (C) value distri-
bution were obtained from all specimens (n = 74,162)
tested during March 1-June 24, 2020. This study was
conducted with Stanford institutional review board
approval (protocol no. 48973), and individual consent
was waived.

Pool Size Determination

In this study, an initial pool size of 8 was selected on
the basis of pilot experiments with pool sizes ranging
from4to 10 (B.A. Pinsky, unpub. data), and the logisti-
cal consideration that pooling in multiples of 4 would
be more efficient for the robotic liquid handlers in our
laboratory. After review of the test performance char-
acteristics of 8-sample pooling in conjunction with
the results of an independent stochastic simulation
model, additional testing was performed to evaluate
a pool size of 4 to generate empiric data for further
model validation. Subset analyses of first tests versus
follow-up tests were conducted by retrospectively
assigning pools to 1 of the 2 groups on the basis of

Nucleic Acid Amplification Tests for SARS-CoV-2

the status of the positive sample(s) in that pool. Pools
containing positive samples belonging to both groups
were excluded from this analysis. To validate the per-
formance of the model for additional pool sizes, an
external in silico dataset was obtained on the basis of
pool sizes of 3 and 5. The in silico analysis was per-
formed according to US Food and Drug Administra-
tion recommendations (Appendix, https://wwwnc.
cdc.gov/EID/article/27/1/20-3379-Appl.pdf) (13).

Sample Pooling, Extraction, and NAAT

Pools were constructed before nucleic acid extrac-
tion by combining 500 pL from each of the individual
samples. For a pool size of 8, this resulted in a total
volume of 4 mL and a dilution factor of 1:8. For a pool
size of 4, this resulted in a total volume of 2 mL and a
dilution factor of 1:4.

Subsequently, total nucleic acids were extracted
from 500 pL taken from each pool and each individual
specimen by using QIAsymphony and the QIAsym-
phony DSP Virus/Pathogen Midi Kit (QIAGEN,
https:/ /www.qiagen.com) and eluted into 60 pL of
AVE bulffer according to manufacturer’s instructions.
Real-time reverse transcription PCR (rRT-PCR) was
performed by using an emergency use authorization
laboratory-developed test (LDT) targeting the enve-
lope gene with the Rotor-Gene Q Instrument (QIA-
GEN) as described (14-16), with pooled samples test-
ed on the same run as component individual samples.
A C, result of 40-45 was considered an indeterminate
result, which was adjudicated by repeat testing and
resulted as positive if reproducible with an acceptable
amplification curve. Specimens were only reported as
negative if the internal control human RNase P gene
was detected at a C,<35.

On the same day as QIAsymphony extraction,
another 500 pL from each pool was transferred to
a Hologic Panther Specimen Lysis Tube (Hologic,
https:/ /www .hologic.com) and tested by using the
Panther Fusion SARS-CoV-2 Assay (Hologic) and
Panther Aptima SARS-CoV-2 assay (Hologic) per the
manufacturer’s recommendations (17,18). In addition
to the manufacturer-set cutoff value, receiver operat-
ing characteristic (ROC) curve analysis of pooled rela-
tive light unit (RLU) values, with individual test re-
sults as the reference method, was used to determine
the optimal RLU discrimination threshold. A focused
electronic medical record review was conducted for
all samples.

Statistical Analysis
ROC curve analysis was conducted by using R pack-
age pROC (19). PPA and negative percentagreement
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(NPA) were calculated by using individual testing
as the reference method and were reported with
exact (Clopper-Pearson) 95% Cls (20). Passing-
Bablok regression was used to compare C, values
of the individual LDT, pooled LDTs, and pooled
Panther Fusion assays. The 95% Cls of slope, in-
tercept, and bias were calculated by using an ordi-
nary nonparametric bootstrap resampling method
with default parameters in R package mcr. Paired
t-tests were used to compare the mean differences
between paired C, values among different assays. A
Student t-test was used to compare the mean differ-
ence between internal control RNase P C, values in
false-negative and true-negative pools. All compar-
isons were 2-sided with type I error set at 0.05. We
used the laboratory-wide C, value distribution and
a separate limit of detection (LoD) experiment to
develop a stochastic simulation model to estimate
PPA and efficiency for a 2-stage pooled testing al-
gorithm, which was subsequently validated by us-
ing the independent empiric pools of 8 and pools of
4 data, as well as in silico pools of 5 and pools of 3
data. We provide the methods used to develop this
model (Appendix).

Results

Assay Comparisons for Pools of 8

To evaluate a pool size of 8, a total of 112 pools from
896 samples were each tested on 3 different NAAT
platforms (Table 1). Two pools were invalid, 1 by the
Panther Fusion assay (0.9%), and 1 by the Panther
Aptima assay (0.9%), and were excluded from sub-
sequent analysis. All 16 individual samples in these
2 pools showed negative results. The remaining 110
pools contained 880 individual samples. Four sam-
ples were tested in duplicate in 2 different pools and
showed identical results. Among the 880 individual
samples, 58 (6.6%) showed positive results and a me-
dian C, value of 31.4 (interquartile range 22.1-35.5).
First-time diagnostic specimens had a higher median

C, value than specimens that underwent follow-up
tests (Table 2). ROC curve analysis for the Panther
Aptima showed optimal cutoff values between 343
and 393 RLUs; a cutoff value of 350 was chosen as the
nearest round number (Panther Aptima-350) (Appen-
dix Table 1, Figure 1).

Among the tested pools of 8, a total of 41.8%
(46/110) contained >1 positive sample. The positive
pools comprised 36 pools with 1 positive sample,
9 pools with 2 positive samples, and 1 pool with 4
positive samples (Table 3). There were 3 false-positive
pools, 1 on each platform, in which each of the indi-
vidual samples showed negative results. The overall
PPA of pooled testing ranged from 71.7% to 82.6%,
and NPA ranged from 98.4% to 100.0% (Table 4).
The 14 pools containing positive first-time diagnostic
samples had higher PPAs than the 28 pools contain-
ing positive follow-up test samples in an LDT (Ap-
pendix Table 3).

There were 16 total pools for which >1 method
showed false-negative results. Except for the 1 pool
containing 4 positive specimens, which was not de-
tected by Panther Aptima using the manufacturer’s
cutoff value (Panther Aptima-M), the remaining 15
false-negative pools each contained only 1 positive
specimen. For all missed pools, the C, value of the
individual positive sample was >34 (median 36.6,
interquartile range 35.5-37.7) (Figure 1). Among in-
dividual positive specimens in the dataset for pools
of 8, a total of 22 (37.9%) had C, values >34. A total of
13/22 (59.1%) were false negative for the LDT, 11/22
(50.0%) for the LDT Panther Fusion, 15/22 (68%) for
the LDT Panther Aptima-M, and 8/22 (36.4%)for the
LDT Panther Aptima-350. Each of these false-negative
samples was collected from known symptomatic or
convalescent-phase patients being monitored for vi-
ral clearance; none of these samples were initial diag-
nostic specimens. The pooled LDT RNase P internal
control C, values were similar in false-negative (mean
23.5,95% CI 22.7-24.3) and true-negative (mean 23.4,
95% C122.7-24.1; p = 0.7) pools.

Table 1. Performance of nucleic acid amplification tests for detection of severe acute respiratory syndrome coronavirus 2 in

prospectively pooled specimens, by testing platform*

Test name Gene target(s) Internal control Method Strategy Reference
LDT Envelope RNase P rRT-PCR Pools of 81, pools of 41 (1,14-16)
Panther Fusion ORF1lab Reagent spike-in  rRT-PCR Pools of 8, pools of 5T, pools of 3 a7)
Panther Aptima-M ORFlab Reagent spike-in TMA Pools of 8 with manufacturer-set RLU cutofft (18)
Panther Aptima-350 ORFlab Reagent spike-in TMA Pools of 8 with RLU cutoff of >3501§ (18)

*Panther Aptima-M, Panther Aptima with manufacturer-set relative light unit cutoff value; Panther Aptima-350, Panther Aptima with relative light unit cutoff
value >350 considered positive. Both products were from Hologic (https://www.hologic.com). LDT, laboratory-developed test; ORF1lab, open reading
frame lab; rRT-PCR, real-time reverse transcription PCR; RLU, relative light unit; TMA, transcription-mediated amplification.

tPooled testing strategy was assessed empirically at Stanford Clinical Virology Laboratory, with individual samples evaluated by LDT.

FPooled testing strategy assessed by in silico sensitivity analysis, with individual samples evaluated by Panther Fusion.

§Panther Aptima RLU cutoff of 350 selected based on receiver operating characteristic curve (Appendix Figure 1,

https://wwwnc.cdc.gov/ElD/article/27/1/20-3379-App1.pdf).
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Table 2. Proportion of tests positive for severe acute respiratory syndrome coronavirus 2 with median C; values in pooled testing and

laboratorywide clinical testing datasets, subset by testing indication*

No. positive samples/no. total samples (%)

Median C; value (IQR)

Dataset All First Follow-up All First Follow-up
Pools of 8t 58/880 (6.6) 24/657 (3.7) 34/223 (15.2) 31.4(22.1-35.5) 24.4(18.4-33.1) 34.1(29.0-36.8)
Pools of 4f 38/768 (4.9) 28/491 (5.7) 10/277 (3.6) 29.3(20.3-33.9) 27.5(19.4-32.6) 32.2 (24.9-34.5)
Hologic§ 10,000/52,272 (19.1) NA NA 26.2 (20.7-32.6) NA NA
Laboratory-  1,358/74,162 (1.8) 1,109/66,070 (1.7) 249/8,092 (3.1) 28.5(23.0-34.3) 27.2(22.2-32.4) 34.2(29.0-37.4)
widef

March 555/8,896 (6.2) 489/8,557 (5.7) 66/339 (19.5) 26.7 (21.9-31.5) 26.4(21.8-31.2) 28.6 (22.6-35.2)
April 518/22,671 (2.3) 404/21,167 (1.9) 114/1,504 (7.5) 30.6 (24.8-36.0) 28.8 (22.7-34.6) 35.4 (32.9-38.0)
May 172/21,833 (0.8) 136/19,505 (0.7)  36/2,328 (1.5) 27.5(23.3-34.7) 26.1(22.5-31.3) 35.4 (30.4-37.3)
June 113/20,762 (0.5) 80/16,841 (0.5)  33/3,921 (0.84) 28.2 (21.2-33.6) 27.4(21.3-32.7)  30.6 (20.2-34.4)

*Ct, cycle threshold; IQR, interquartile range; NA, not available.

tPools of 8 specimens were tested in our clinical laboratory during June 10-19, 2020.

1Pools of 4 specimens were tested in our clinical laboratory during July 6—23, 2020.

§Hologic dataset comprises specimens tested clinically by Panther Fusion (https://www.hologic.com) during March 1-July 31, 2020 at 2 different external
sites. These data were used to perform in silico sensitivity analysis to evaluate pool sizes of 3 and 5.

fiComposed of clinical specimens obtained during March 1-June 24, 2020.

Linearity Studies for Pools of 8

For pools containing only 1 positive sample, the
pooled rRT-PCRs showed positive systematic bias
when compared with the individual LDT assay,
as shown by the Passing-Bablok regression inter-
cept value being >0. Mean bias between pooled
and individual C, values was 3.4 cycles (95% lim-
its of agreement 1.2-5.6; p<0.001) by LDT and 4.0
cycles (95% limits of agreement 0.0-8.0; p<0.001) by
Panther Fusion (Figure 2). Panther Fusion showed
negative proportional bias when compared with
individual and pooled LDTs, as shown by Passing-
Bablok regression slopes with 95% Cls that do not
contain 1. This result is additionally highlighted in
the Bland-Altman plots, which demonstrate that
at higher C, values, Panther Fusion outperforms
the LDT.

Model Estimates

The modeled PPA estimate is sensitive to the input
parameters of proportion of positive tests, assay ana-
lytical sensitivity, and viral load distribution. The
analytical sensitivity of the assay is approximated
in this model by the C, value corresponding to the
probability of detecting 95% of true-positive samples,
otherwise known as the 95% LoD. Specimens with C,
beyond the LoD are assigned a decreasing probability
of detection on the basis of a probit regression curve,
the shape of which was determined in the initial vali-
dation of the LDT (Appendix Figure 5). The viral load
distribution of the tested population is approximated
in this model by the proportion of samples with C,
greater than the LoD. This makes the model output
independent of the actual LoD C, value itself, enabling
the model to be used across different rRT-PCRs.

Table 3. Results of 8-sample pooled testing, by testing platform and number of positive specimens per pool (n = 110) for detection of

severe acute respiratory syndrome coronavirus 2*

Pooled testing

Individual testing

Panther Panther Panther Positive,

Pool no. LDT Fusion Aptima-M _ Aptima-350 (no. 1 PP, no. >1 PP) Negative Total no. pools
1 + + + + 30(21,9) 0 30
2 + + - + 2(1,1) 0 2
3 + + - - 0 (0, 0) 0 0
4 + - + + 0 (0, 0) 0 0
5 + - - + 0(0,0) 0 0
6 + - - - 1(1,0) 1t 2
7 - + + + 2(2,0) 0 2
8 - + - + 1(1,0) 0 1
9 - + - - 0(0,0) 1F 1
10 - - + + 2(2,0) 0 2
11 - - - + 1(1,0) 18 2
12 - - - - 7(7,0) 61 68
No. positive pools 34 36 34 39 46 (36, 10) - -
No. negative pools 76 74 76 71 - 64 -
Total no. pools 110 110 110 110 - - 110

*Panther Aptima with manufacturer-set relative light unit cutoff. Panther Aptima-350, Panther Aptima with relative light unit cutoff value >350 was
considered positive; Ct, cycle threshold; LDT, laboratory-developed test; Pos, positive; RLU, relative light unit; 1 PP, 1 positive specimen in pool; >1 PP,

>2 positive specimens in pool; —, negative; +, positive.
tFalse-positive LDT C: value was 37.5.

fFalse-positive Panther Fusion C; value was 38.8.
§False-positive Panther Aptima-350 RLU value was 434.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021

95



RESEARCH

Table 4. Performance characteristics and efficiency of 8-sample and 4-sample pooled testing, by testing platform (n = 302), for
detection of severe acute respiratory syndrome coronavirus 2 in prospectively pooled specimens*

Average test

Testing platform Pool size PPA, % (95% CI) NPA,% (95% CI) Pools positive, % run/sample
LDT 8 71.7 (56.5-84.0) 98.4 (91.5-100.0) 30.9 0.434
Panther Fusion 8 76.1 (61.2-87.4) 98.4 (91.5-100.0) 32.7 0.452
Panther Aptima-M 8 73.9 (58.9-85.7) 100.0 (94.3-100.0) 30.9 0.434
Panther Aptima-350 8 82.6 (68.6-92.2) 98.4 (91.5-100.0) 34.5 0.470
LDT 4 94.3 (80.8-99.3) 1 100 (97.7-100.0) 17.2 0.422
Panther Fusiont 4 100.0 (85.8-100.0) 100 (96.7-100.0) 17.6 0.426
Panther Aptima-M 4 82.9 (66.2-93.4)t 100 (97.7-100.0) 15.1 0.401
Panther Aptima-350 4 88.6 (73.3-96.8) 1 100 (97.7-100.0) 16.2 0.411

*Panther Aptima-M, Panther Aptima with manufacturer-set RLU cutoff value. Panther Aptima-350, Panther Aptima with RLU cutoff value >350 was
considered positive. Both products from Hologic (https://www.hologic.com). LDT, laboratory-developed test; NPA, negative percent agreement; PPA,

positive percent agreement; RLU, relative light unit.

TRestricting the performance characteristics comparison to only the 136 pools tested by Panther Fusion resulted in a PPA as follows: LDT 100% (95% CI
85.8%—-100.0%), Aptima-M 91.7% (95% CI 73.0%-99.0%), and Aptima-350 95.8% (95% CI 78.9%—-99.9%).
TA total of 56 of the 192 pools tested on the other platforms were not tested by Panther Fusion.

If the assay analytical sensitivity is kept constant,
but the tested population changes such that a greater
proportion have a C, value beyond the 95% LoD, PPA
decreases (Figure 3, panel A). Conversely, if the pa-
tient population is kept constant, but assay analytical
sensitivity increases (i.e., from lower C, LoD to higher
C, LoD), PPA increases (Figure 4, panel A). However,
if assay analytical sensitivity changes and the tested
population shifts accordingly such that it retains the
same proportion C, >LoD, then the PPA stays con-
stant (Appendix Figure 6). In contrast, the average ex-
pected tests per sample is almost entirely determined
by pool size and prevalence, whereas analytical sen-
sitivity (LoD C)) and the underlying C, distribution
minimally affect efficiency because of small absolute
numbers of false-positive pools (Figure 3, panel B;
Figure 4, panel B). To achieve a 5% absolute differ-
ence in efficiency with an increase in LoD C, from 32
to 40, a prevalence of 25% would be required.

Both PPA and tests per sample are highly de-
pendent on pool size and prevalence of infection. As

Figure 1. Performance of
nucleic acid amplification

tests for detection of severe
acute respiratory syndrome
coronavirus 2 in prospectively
pooled specimens. For a pool
size of 8, paired individual

and pooled C, values for

each individually positive
sample (n = 58), in order of
increasing individual C value.
A) Pools comprising only 1
positive sample/pool. B) Pools
comprising >2 positive samples/
pool. The gray lines span the
range of C, values associated
with a given pool. Rows without
gray lines indicate individually

prevalence increases, PPA can counterintuitively in-
crease with larger pool sizes because there is a greater
likelihood of having more than 1 positive sample in a
given pool, which would be expected to increase PPA.
Similarly, test efficiency can decrease with larger pool
sizes because the likelihood of deconvoluting a posi-
tive pool increases. Estimated PPA and average tests
per sample for inputs of percentage of positive tests
0.1%-15.0% and proportion of samples with Ct value
above the LoD ranging from 5% to 30% are available
(Appendix Table 4).

Model Sensitivity Analyses and Validation

One-way deterministic and probabilistic sensitivity
analyses incorporating uncertainty in the underlying
model assumptions of dilutional effect and probit re-
gression shape demonstrate a moderate (+2% to £7%)
effect on PPA, which is more pronounced with larger
pool sizes and proportion of C, values above the
LoD (Appendix Figure 7). In contrast, these param-
eters have a much smaller effect on testing efficiency

positive samples belonging to pools that were negative by both real-time reverse transcription PCR methods. Panther Fusion is from
Hologic (https://www.hologic.com). C,, cycle threshold; LDT, laboratory-developed test.
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(Appendix Figure 8). The 95% Cls for the empirically
determined and modeled PPAs overlapped for most
of the evaluated empiric datasets, although these val-
ues overestimated PPA for the LDT follow-up tests
only subset (Figure 5). For the in silico validation data,
the modeled PPA was similar for pool sizes of 5 and 3,
despite in silico data analysis predicting a higher PPA
for pools of 3. Modeled testing efficiency was actually

Nucleic Acid Amplification Tests for SARS-CoV-2

slightly higher for pools of 3 than pools of 5, which
was probably caused by the high prevalence of 19.1%
in this dataset (Appendix Table 3).

Discussion

In this study, >1,600 samples were tested in pool sizes
of 8 and 4 by using 3 different SARS-CoV-2 platforms,
and pooled testing showed decreased PPA relative to

Figure 2. Performance of

nucleic acid amplification tests
for detection of severe acute
respiratory syndrome coronavirus
2 in prospectively pooled
specimens. Passing-Bablok
regression and Bland-Altman
plots for pools of 8 containing only
1 positive sample, tested by A and
B) pooled LDT versus individual
LDT (n = 23) (A, B); pooled
Panther Fusion versus individual
LDT (n = 25) (C, D); and pooled
Panther Fusion versus pooled
LDT (n = 32) (E, F). For the
Passing-Bablok regression

plots (A, C, and E), the solid line
indicates the line of regression.
95% Cls are shaded in gray. The
dashed line indicates the line of
identity. The slope and intercept
of the regression line are reported
with 95% Cls in parentheses. For
the Bland-Altman plots (B, D, and
F), the solid line represents the
mean difference in C, value. 95%
limits of agreement are shaded

in gray. Panther Fusion is from
Hologic (https://www.hologic.
com). C, cycle threshold; LDT,
laboratory-developed test; LOA,
limits of agreement.
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Figure 3. Performance of
nucleic acid amplification
tests for detection of severe
acute respiratory syndrome
coronavirus 2 in prospectively
pooled specimens.
Model-estimated PPA and
testing efficiency, by pool size,
proportion of tests positive,
and proportion of samples
with C above the 95% LoD.
For these estimates, LoD

has been held constant at

the experimentally-derived

C, of 35.9, although results
are independent of specific
LoD value. A) Expected

PPA between pooled and
individual testing at pool sizes
of 1-20. PPA decreases with
decreasing proportion of test
results positive (indicated by
colored lines in each plot),
and with increasing proportion
of samples with C, values
beyond the 95% LoD (each
panel). At >5% test positivity,
expected PPA starts to
increase at larger pool sizes
because there is a greater
likelihood of 2 positive samples
being in the same pool. The
baseline PPA (pool size of

1) reflects the likelihood of
obtaining the same individual
result with repeat (nonpooled)
testing. B) Estimated average
tests per sample that would
be performed at each pool
size, with a lower number

of average tests per sample
corresponding to higher testing
efficiency. Efficiency increases
with decreasing proportion

of test results positive, and slightly increases with increasing samples with C, above the LoD. Each missed pool results in fewer
deconvolutions, and thus fewer total tests performed. C,, cycle threshold; LoD, limit of detection; PPA, positive percent agreement.

individual samples. False-negative results occurred
exclusively in pools containing samples with low es-
timated viral load (C, >34). Overlapping CIS in PPA
and NPA at each pool size suggest that the lower test
performance is inherent to the pooling process itself,
rather than the assay. Although Panther Fusion C, val-
ues were on average higher than those of the LDT, the
negative proportional bias suggests that at low esti-
mated viral loads (C, >36), the Panther Fusion outper-
formed the LDT. This finding might be caused by the
different targets of amplification (envelope gene ver-
sus open reading frame lab) or PCR efficiency. These
subtle differences between the 2 assays highlight the

method-dependent nature of test performance, a vari-
able that cannot be anticipated, and therefore is not
explicitly accounted for in most statistical models
of pooled testing. Thus, method comparison studies
should be performed before large-scale implementa-
tion of any pooled testing strategies, especially those
that use different platforms for the pooled and indi-
vidual stages of testing.

The findings of our study contrast with those
of a recent study=, which concluded that pooling in
groups of 8 did not compromise test performance (5).
This finding might be explained by differences in pa-
tient population, higher proportion of positive pools
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Figure 4. Performance of nucleic

acid amplification tests for detection

of severe acute respiratory syndrome
coronavirus 2 in prospectively pooled
specimens. Model-estimated PPA
and testing efficiency, by pool size,
proportion of tests positive, and assay
analytical sensitivity as approximated
by the C, corresponding to the

95% LoD. For these estimates, the
population viral load distribution has
been held constant at 15% of samples
with C values >35. A) Expected PPA
between pooled and individual testing
at pool sizes of 1-20. PPA decreases
with decreasing proportion of tests
positive (indicated by colored lines

in each plot) and increases with
increased analytical sensitivity (each
panel). This result occurs because the
proportion of individual samples with

a C value above each LoD decreases
as the C LoD increases. B) Estimated
average tests per sample that would
be performed at each pool size, with

a lower number of average tests per
sample corresponding to higher testing
efficiency. Efficiency increases with
decreasing proportion of test results
positive, and slightly decreases with
increased analytical sensitivity because
more pools detected results in an
increased number of individual tests
performed at the deconvolution step. C,
cycle threshold; LoD, limit of detection;
PPA, positive percent agreement.
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and rRT-PCR result interpretation. Another recent
study of artificially constructed pools reported no ma-
jor decrease in sensitivity in pools of <32 samples (3).
This finding is probably explained by the relatively
low starting C, values of individual positive samples

in this study; none exceeded a C, of 30. However, this
study and other experimental studies have shown
empirical increases in pooled C, values directly pro-
portional to dilution factor, a relationship that was
also observed in our study (3,4,9).

Figure 5. Performance of nucleic acid amplification tests for detection of severe acute respiratory syndrome coronavirus 2 in
prospectively pooled specimens. Empiric and modeled estimates of positive percent agreement (PPA) with 95% Cls for each pool
size, testing platform, and sample type (all versus first initial diagnostic versus follow-up). Black circles indicate empiric PPA point
estimates, and colored horizontal bars indicate 95% CI. The 95% ClI for the in silico data are too narrow to be visible in this plot.
Gray boxplots indicate the modeled estimate of PPA, vertical black lines indicate the modeled PPA point estimate, and gray box
indicates the 95% CI of the probabilistic sensitivity analysis. No modeled estimates are available for Panther Aptima because this
is a transcription-mediated amplification assay, and the model is based on dilutional effects inherent to real-time PCR only. The
empiric 95% Cls contain the modeled PPA point estimates for all conditions except for pools of 8 follow-up tests only and the in
silico data. Data used to generate this figure are provided in Appendix Table 3 (https://wwwnc.cdc.gov/ElD/article/27/1/20-3379-
Appl.pdf). Panther Fusion and Panther Aptima are from Hologic (https://www.hologic.com). LDT, laboratory-developed test; PSA,

probabilistic sensitivity analysis.
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These differences highlight the effect of viral load
distribution and assay analytical sensitivity on pooled
test performance, both of which should be taken into
account when choosing pool size and diagnostic as-
say. Although samples with C, values >33 have not
been reported to produce cultivable virus in convales-
cent phase COVID-19 patients (21), >15% of first-time
diagnostic specimens in our laboratory were detected
at a C, >35. A similar proportion of weakly positive
samples that had high C, values at a public health de-
partment virology laboratory in New York has been
described (S.B. Griesemer, unpub. data). Assays with
lower analytical sensitivity may miss specimens with
late C, values, for which the potential associated bur-
den of onward transmission is currently unclear.

The stochastic model in this study demonstrated
that expected PPA between pooled and individual
rRT-PCRs was highly dependent on assay analyti-
cal sensitivity (represented by 95% LoD), viral load
distribution of test-positive patients (represented by
proportion C, >LoD), pool size, and disease preva-
lence (represented by proportion of tests positive).
The model outputs were not always intuitive; larger
pool sizes were not always less sensitive or more ef-
ficient. With increased prevalence, larger pool sizes
were more sensitive because they were more likely
to contain >1 positive sample/pool. They were also
less efficient because a larger proportion were posi-
tive and required deconvolution.

The model output was largely independent of
the actual LoD and viral load-to-C, value relation-
ship of a given assay, making it generalizable across
different rRT-PCRs. The only input parameters it
requires are the proportion of positive test results
and the proportion of samples with C, >LoD, both
of which should be readily available to any laborato-
ries conducting clinical testing. Future studies on the
sensitivity of pooled testing strategies should report
these parameters.

Previous models of pooled testing strategies for
SARS-CoV-2 have primarily examined the effect of
pool size and prevalence on testing efficiency but
have not addressed the expected decrement in assay
sensitivity that accompanies a putative increase in
efficiency (6,22). Those studies that have examined
sensitivity did not explicitly model the effect of vari-
able viral load distribution of test-positive patients,
a parameter that can vary based on the underlying
patient population (asymptomatic versus symptom-
atic and severe versus nonsevere), purpose of testing
(diagnostic versus follow-up), and specimen type
(8,23-27). In addition, previous modeling studies
and in silico analyses have mostly used the C, cutoff
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value of the assay, assuming 100% detection below
the cutoff value, and 0% detection above it. In con-
trast, our model incorporates the probabilistic na-
ture of detection at and above the LoD, which better
approximates reality.

Our approach is limited by the generalizability
of the probit regression shape and the equation es-
timating dilutional effect, as demonstrated by the
variability seen on probabilistic and deterministic
sensitivity analysis. Furthermore, the model as-
sumes that the PCR is 100% efficient and that it is
devoid of any proportional bias between individual
and pooled tests. In addition, the model might un-
derestimate PPA and efficiency of pooled testing if
samples in each pool are not independent; placing
samples with higher pretest probability in the same
pool would decrease the total number of positive
pools and increase the likelihood of detection. This
feature could be leveraged by pooling specimens
from persons in the same household or social dis-
tancing pod, such as coworkers on the same shift or
students sharing a classroom. These factors, among
others, might be the reasons for which the probabi-
listic sensitivity analysis Cls often did not contain
the empiric point estimate in our validation data.
These unaccounted-for factors might limit the abil-
ity of the model to provide a reliable point estimate.

The strengths of our study include its relatively
large sample size, prospective rather than experimen-
tal construction of pools, and assessment of 2 different
pool sizes. It also compared 3 different SARS-CoV-2
assays, 2 of which are commercially available on
highly automated platforms suitable for large-scale
testing. Our study was limited by its assessment of
only a 2-stage pooling strategy. An additional limi-
tation includes selection bias because the proportion
of positive test results in the study specimens was
higher because of the inclusion of follow-up samples
from known COVID-19 patients enrolled in clinical
research studies. Finally, test performance might vary
depending on specimen collection medium, which
we did not assess in this study (S.B. Griesemer, un-
pub. data).

In conclusion, a 2-stage pooled testing strategy
for detection of SARS-CoV-2 by nucleic acid amplifi-
cation is feasible and has the potential to strongly in-
crease testing capacity. However, increased pool size
and efficiency can compromise PPA. More studies
examining early viral load kinetics and infectiousness
are needed to fully evaluate the risks versus benefits of
pooled testing. We provide a model to predict optimal
pool size and associated expected PPA based on limit
of detection, C, value distribution, and proportion
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of positive test results. If this model can be externally
validated, it might be useful in guiding SARS-CoV-2
pooled testing in other laboratories and as part of an
adaptive risk-based strategy.
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Susceptibility of Domestic
Swine to Experimental Infection
with Severe Acute Respiratory
Syndrome Coronavirus 2

Brad S. Pickering, Greg Smith, Mathieu M. Pinette, Carissa Embury-Hyatt,
Estella Moffat, Peter Marszal, Charles E. Lewis

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the agent that causes coronavirus dis-
ease, has been shown to infect several species. The role
of domestic livestock and associated risks for humans
in close contact with food production animals remains
unknown for many species. Determining the suscepti-
bility of pigs to SARS-CoV-2 is critical to a One Health
approach to manage potential risk for zoonotic transmis-
sion. We found that pigs are susceptible to SARS-CoV-2
after oronasal inoculation. Among 16 animals, we de-
tected viral RNA in group oral fluids and in nasal wash
from 2 pigs, but live virus was isolated from only 1 pig.
Antibodies also were detected in only 2 animals at 11
and 13 days postinoculation but were detected in oral
fluid samples at 6 days postinoculation, indicating an-
tibody secretion. These data highlight the need for ad-
ditional livestock assessment to determine the potential
role of domestic animals in the SARS-CoV-2 pandemic.

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) causes coronavirus disease (COV-
ID-19) in humans; symptoms can range from asymp-
tomatic to mild or severe, including severe respiratory
distress and sometimes death (1). Rapidly spreading,
the novel SARS-CoV-2 virus emerged in China in late
2019, and on March 11, 2020, the World Health Or-
ganization declared a pandemic (2). SARS-CoV-2 is
believed to have originated in bats, but its origins are
still under intense investigation, and reports continue
to identify the ability of the virus to infect additional
animal species (3-8).
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Detection of natural infections sheds light on
knowledge gaps in SARS-CoV-2 transmission and
raised concerns of amplifying or reservoir hosts. In
turn, clarification of wild and domestic animal sus-
ceptibility can help us assess their potential roles
in and risks for transmission to prevent future dis-
ease spread. Domestic swine, one of the most highly
produced agricultural species, previously have im-
pacted public health (9-12). Backyard, small stake-
holder animal production has increased in both rural
and urban environments and provides a source of
high-quality protein and income in these areas, but
the practice also can serve as a source for zoonotic
disease; therefore, the potential role of pigs in the
spread of SARS-CoV-2 should be investigated (13).
Recent evidence for involvement of production ani-
mals in SARS-CoV-2 transmission was highlighted in
the Netherlands, where anthroponotic transmission
from humans to farmed mink was proposed with
subsequent zoonotic transmission to >2 humans from
mink (14). That case further exemplifies the need to
identify the potential role of production animals in
disease transmission.

Angiotensin-converting enzyme 2 (ACE2) has
been identified as the receptor for SARS-CoV-2
in human cells (15). A BLAST (https://blast.ncbi.
nlm.nih.gov) query of the protein database by us-
ing translated nucleotide (BLASTx) from the hu-
man ACE2 coding sequence predicts 98% coverage
and 81% identity for the homologous receptor in
swine. Of note, using the same search, mink (Mus-
tela lutreola) show 82% similar identity and domes-
tic felines (Felis catus) show 85% similar identity
to the human ACE2 for their cognate receptors.
Moreover, mink and cats both have been reported
to be susceptible to SARS-CoV-2 and have shown
transmission to other animals (5,16). Zhou et al.
(17) used in vitro infectivity studies testing ACE2
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receptors from laboratory mice, horseshoe bats
(Rhinolophus sinicus), civets, and the domestic pig,
and found all receptors except those from mice
entered HelLa cells, indicating a functional target
for SARS-CoV-2. Moreover, the authors used addi-
tional known coronavirus receptors, including both
aminopeptidase N and dipeptidyl peptidase 4, and
found neither are used for cell entry (17), underlin-
ing the specificity for the ACE2 receptor.

We aimed to determine whether domestic swine
are susceptible to SARS-CoV-2 infection by testing
for live SARS-CoV-2 virus after experimental in-
oculation. After oronasal inoculation, we assessed
swine for clinical signs and pathology, evidence of
virus shedding, viral dissemination within tissues,
and seroconversion.

Methods

Experimental design, including housing conditions,
sampling regimens, and humane endpoints, were
approved by the Animal Care Committee of the
Canadian Science Centre for Human and Animal
Health (no. AUD #C-20-005). All procedures and
housing conditions were in strict accordance with
the Canadian Council on Animal Care guidelines.
Group housing was in Biosecurity Level 3 (BSL-3)
zoonotic large animal cubicles. Animals were pro-
vided commercial toys for enrichment and access
to food and water ad libitum. All invasive proce-
dures, including experimental inoculation and
sample collection (nasal washes, rectal swabs, and
blood collection), were performed under isoflurane
gas anesthesia, and animals were euthanized by in-
travenous administration of a commercial sodium
pentobarbital solution.

Study Design
We obtained 19 domestic, 8-week-old American York-
shire crossbred pigs (Sus scrufa domesticus), 6 castrat-
ed males and 13 females, locally sourced from a high
health status farm in Manitoba, Canada. We obtained
animals locally, rather than from a specific pathogen-
free colony, to determine the risk to farmed pigs in
Canada. We oronasally challenged 16 pigs with 1 x
10¢ PFU/animal in a total of 3 mL Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Wisent, http:/ /www.
wisentbioproducts.com) under sedation with isoflu-
rane. We distributed 1 mL per nostril and placed 1
mL in the distal pharynx by using a sterile, tomcat-
style catheter. We confirmed the challenge dose by
back-titration of the inoculum on Vero E6 cells.

We divided the 16 inoculated pigs into 2 groups
of 8, and each group was housed in a separate
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BSL-3 cubicle. At day 10, we introduced 2 naive pigs, 1
into each cubicle with the inoculated pigs, to serve as
in-room transmission controls. Animal numbers were
not based on power analysis but on limitations of the
containment animal room size and requirements of
Canadian Council on Animal Care guidelines. Group
assignments for day of euthanasia and necropsy were
based on randomization at the time of permanent ani-
mal identification via ear tags.

At the time of inoculation (day 0) and every other
day beginning at 3 days postinoculation (dpi) until
day 15, we performed a physical examination, includ-
ing collection of blood; rectal, oral, and nasal swabs;
and nasal wash with sterile Delbecco’s phosphate-
buffered saline (D-PBS). We began performing nec-
ropsies and post-mortem sampling starting at 3 dpi
(Table 1). We sampled and necropsied 1 additional
uninoculated pig to serve as a farm control providing
negative control tissues. We sampled the remaining
pigs at 22 dpi and 29 dpi. We collected group oral flu-
ids from rope chews daily.

Animal Sampling

Oral, rectal, and nasal swab specimens were taken
from each pig under general anesthesia by using
isoflurane. Samples were placed into sterile D-PBS
containing streptomycin, vancomycin, nystatin, and
gentamycin. Fluid was collected from a bilateral na-
sal wash by using sterile D-PBS. Blood was collected
in serum, sodium citrate, sodium heparin, and K3
EDTA collection tubes via jugular venipuncture.

Hematology, Chemistry, and Blood Gas Analyses

Hematology was performed on an HM5 analyzer
(Abaxis, https:/ /www.abaxis.com) by using K3 ED-
TA-treated whole blood. We evaluated erythrocytes,
hemoglobin, hematocrit, mean corpuscular volume,
mean corpuscular hemoglobin, mean corpuscu-
lar hemoglobin concentration, red cell distribution
weight, platelets, mean platelet volume, leukocytes,
and absolute and percent neutrophil count, lym-
phocyte count, monocyte count, eosinophil count,
and basophil count. Blood chemistries were evalu-
ated on a VetScan 2 (Abaxis) with Comprehensive
Diagnostic Profile rotors (Abaxis) by using serum
stored at —80°C until tested. We evaluated glucose,
blood urea nitrogen, creatinine, calcium, albumin,
total protein, alanine aminotransferase, aspartate
aminotransferase, alkaline phosphatase, amylase,
potassium, sodium, phosphate, chloride, globu-
lin, and total bilirubin. We used sodium heparin-
treated blood to analyze venous blood gases by us-
ing an iSTAT Alinity V (Abaxis) instrument with a
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CG4+ cartridge (Abaxis) to measure lactate, pH, total
carbon dioxide, partial pressure carbon dioxide, par-
tial pressure oxygen, soluble oxygen, bicarbonate,
and base excess. We used age-specific values and
the instrument reference intervals to establish nor-
mal ranges (18-20).

Necropsy
Necropsy was performed after euthanasia via sodium
pentobarbital overdose, confirmation of death, and
exsanguination by femoral artery laceration. We col-
lected tissue samples from skeletal muscle, abdomi-
nal fat, liver, spleen, pancreas, duodenum, jejunum,
ileum, spiral colon, kidney, gastrohepatic and mes-
enteric lymph nodes, right cranial lung lobe, right
middle lung lobe, right caudal lung lobe, left cranial
lung lobe, left caudal lung lobe, trachea, heart, tra-
cheobronchial lymph nodes, cervical spinal cord, me-
ninges, cerebrum, cerebellum, brainstem, olfactory
bulb, nasal turbinates, submandibular lymph nodes,
tonsils, trigeminal ganglion, and the entire eye. From
female animals, we collected the uterus and ovaries of
the reproductive tract en bloc. We collected epiglot-
tis and laryngeal folds from some animals. We split
tissue samples between 10% neutral-buffered forma-
lin and fresh tissue. We also collected cerebrospinal
fluid, urine (when possible), vitreous, and bronchoal-
veolar lavage by using DMEM.

We fixed tissues in 10% neutral phosphate-buffered
formalin. We routinely processed and sectioned tissue at
5 um and stained with hematoxylin and eosin (HE) for

histopathologic examination. We performed in situ hy-
bridization on 5 pm paraffin-embedded formalin-fixed
tissue sections by using RN Ascope 2.5HD Detection Re-
agent Red kit and V-nCoV2019-S probe (Advanced Cell
Diagnostics, http:/ /rna.acdbio.com). Then, we counter-
stained sections with Gill's 1 hematoxylin (Leica
Biosystems, https:/ /www leicabio-systems.com), dried,
and coverslipped.

We propagated SARS-CoV-2 isolate hCoV-19/
Canada/ON-VIDO-01/2020 (GISAID accession no.
EPI_ISL_425177), on Vero E6 cells in DMEM supple-
mented with 1% fetal bovine serum. We titrated virus
by plaque assay and performed viral isolation as pre-
viously described (21,22).

Tissue Homogenization and Virus Isolation

Weighed, frozen tissue sections in Precellys bead mill
tubes (Bertin, https://en.esbe.com) were thawed,
and we added D-PBS to make 10% (w/v) tissue ho-
mogenates. We processed tubes by using a Minilys
personal tissue homogenizer (Bertin, https://www.
bertin-instruments.com) and clarified by centrifuga-
tion at 2,000 x g. We used TriPure Reagent (Roche,
https:/ /www.roche.com) to inactivate clarified ho-
mogenates, swab specimens, and fluids collected
from experimental animals and extracted RNA in
duplicate. Samples positive by semiquantitative real-
time RT-PCR (qRT-PCR) samples were tested for vi-
rus isolation through standard plaque assay on Vero
E6 cells by using freshly prepared homogenates of
frozen tissue.

Table 1. Sampling and necropsy schedule for pigs experimentally inoculated with SARS-CoV-2*

Days post inoculation

Pig ID 0 3 5 7 9 11 13 15 22 29
Cubicle 1
20-01 S S - - - - - - - -
20-02 S S S - - - - - - -
20-03 S S S S - - - - - -
20-04 S S S S S - - - - -
20-05 S S S S S S - - - -
20-06 S S S S S S S - - -
20-07 S S S S S S S S - -
20-08 S S S S S S S S S -
Cubicle 2
20-09 S S - - - - - - - -
20-10 S S S - - - - - - -
20-11 S S S S - - - - - -
20-12 S S S S S - - - - -
20-13 S S S S S S - - - -
20-14 S S S S S S S - - -
20-15 S S S S S S S S - -
20-16 S S S S S S S S S S
Contact animals
20-17 S S S S S S S S S S
20-18 S S S S S S S S S -
20-19 S S S S S - - - - -

*Bold indicates necropsy. Underline indicates introduction of contact animal to cubicle 1 or 2. ID, identification; S, sample collected; SARS-CoV-2, severe

acute respiratory syndrome coronavirus 2; —, no sample collected.
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RNA Extraction

We extracted total RNA from cell culture and experi-
mental samples, including nasal, oral, and rectal swab
specimens; nasal washes; oral fluids; whole blood in
sodium citrate; and tissues by using MagMax CORE
Nucleic Acid Purification Kits (ThermoFisher Scien-
tific, https:/ /www.thermofisher.com) per manufac-
turer’s recommendation with the following modifica-
tions. In brief, we diluted samples in TriPure Reagent
(Sigma-Aldrich, https://www .sigmaaldrich.com) at
a 1:9 ratio and used this in place of the manufacturer’s
lysis buffer for inactivation. We used 650 pL of Tri-
Pure-inactivated sample, 30 pL of binding beads, and
350 pL of kit-provided CORE binding buffer spiked
with ARM-ENTERO (Asuragen, https://asuragen.
com) enteroviral armored RNA, then single washes
in both wash 1 and wash 2 buffers, and a final elu-
tion volume of 30 pL of kit-supplied elution buffer
by using the automated MagMax Express 96 system
running the KingFisher-96 Heated Script MaxMAX_
CORE_KF-96 (ThermoFisher Scientific). The spiked
enteroviral armored RNA was used as an exogenous
extraction and reaction control.

Detection of SARS-CoV-2

We performed qRT-PCR on all extracted samples by
using primers and a probe specific for SARS-CoV-2
envelope (E) gene (23), including forward primer E_
SARBECO_F1 (5-ACAGGTACGTTAATAGTTAATA
GCGT-3");reverseprimerE_ SARBECO_R2(5'-ATATTG
CAGCAGTACGCACACA-3');andprobeE_SARBECO-
P1  (5-ACACTAGCCATCCTTACTGCGCTZTCG-3)
We prepared master mix for qRT-PCR by using Tag-
Man Fast Virus 1-step Master Mix (ThermoFisher Sci-
entific) according to manufacturer’s specifications by
using 0.4 umol of each E gene primer and 0.2 pmol of
probe per reaction. Reaction conditions were 50°C for
5 min, 95°C for 20 s, and 40 cycles of 95°C for 3 s then
60°C for 30 s. Runs were performed by using a 7500
Fast Real-Time PCR System (Thermofisher, ABI), and
semiquantitative results were calculated based on a
gBlock (Integrated DNA Technologies, https:/ /www.
idtdna.com) standard curve for SARS-CoV-2 E gene.
For confirmation, we used SARS-CoV-2-specific prim-
ers targeting the spike (S) gene and the RNA-depen-
dent RNA polymerase (RdRp) gene. For S, we used
the forward primer SARS2 Spike FOR (5-TGATT-
GCCTTGGTGATATTGCT-3'); the reverse primer
SARS2_Spike_REV (5'-CGCTAACAGTGCAGAAGT-
GTATTGA-3'); and the probe SARS2_Spike Probe
(5-TGCCACCTTTGCTCACAGATGAAATGA-3"). For
RdRp, we used forward primer RdRp_SARSr-F (5'-GT-
GARATGGTCATGTGTGGCGG-3'); reverse primer
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RARp_SARSr-R(5'-CARATGTTAAASACACTATTAG
CATA-3"); and probe RdRp_SARSr-P2 (5'-CAGGTG-
GAACCTCATCAGGAGATGC-3"). We tested all sam-
ples in duplicate and considered cycle threshold (C)
<36 positive.

Genome Sequencing

We were able to extract SARS-CoV-2 RNA from the
submandibular lymph node of 1 pig (20-06), which
was processed for high-throughput sequencing by
CFIA National Centre for Foreign Animal Disease
(NCFAD) Genomics Unit with enrichment for se-
quences for vertebrate viruses according to previously
published method (24,25) and sequenced on a MiSeq
(llumina, https://www.illumina.com) using MiSeq
Reagent Kit v3 (600-cycle; lllumina). Data analysis also
were performed by the CFIA NCFAD Genomics Unit
using nf-villumina version 2.0.0 (https:/ / github.com/
peterk87/nf-villumina), an in-house workflow devel-
oped by using Nextflow (26), which performed read
quality filtering with fastp (27); Centrifuge version
1.0.4-beta (28) and Kraken?2 version 2.0.8 (29) read taxo-
nomic classification using an index of the National Cen-
ter for Biotechnology Information (NCBI) nucleotide
database (downloaded 2020 Feb 4); a Kraken?2 index of
NCBI RefSeq (https:/ /www.ncbi.nlm.nih.gov/refseq)
sequences of archaea, bacterial, viral, and human ge-
nomes GRCh38 (downloaded and built on 2019 Mar
22); removal of nonviral reads (i.e., not classified as be-
longing to superkingdom “Viruses” (NCBI taxonomic
identification 10239) by using Kraken2 and Centrifuge
taxonomic classification results; de novo metagenom-
ics assembly of taxonomically filtered reads by Sho-
vill version 1.0.9 (30), Unicycler version 1.0.9 (31), and
Megabhit version 1.2.9 (32); and nucleotide BLAST+ ver-
sion 2.9.0 (33,34) search of all assembled contigs against
the NCBI nucleotide BLAST database (downloaded
2020 April 10) using the “update_blastb.pl” script as
part of the blast Bioconda package (35). We mapped
nf-villumina taxonomically filtered reads against the
top viral nucleotide BLAST match, SARS-CoV-2 isolate
2019-nCoV /USA-CA3/2020, MT027062.1, to generate
a majority consensus sequence.

Serum Neutralization Assays

We determined neutralizing antibody titers in se-
rum samples by using a plaque reduction neutral-
ization test (PRNT) against SARS-CoV-2. Serial
5-fold dilutions of heat inactivated (30 min at 56°C)
serum samples were incubated with virus for 1 h at
37°C. Each virus-serum mixture was then added to
duplicate wells of Vero E6 cells in a 48-well format,
incubated for 1 h at 37°C, and overlaid with 500 pL
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Table 2. Detection of SARS-CoV-2 by real-time reverse transcription PCR of samples from experimentally inoculated pigs*

Days postinoculation

Samples 0 3 5 7 9 11 13 15 22 29
Swab specimens 0/57 0/57 0/51 0/45 0/39 0/30 0/24 0/18 0/12 0/6
Nasal wash 0/16 2/16 0/14 0/12 0/12 0/10 0/8 0/6 0/4 0/2
Blood 0/16 0/16 0/14 0/12 0/12 0/10 0/8 0/6 0/4 0/2

*Results are reported as number positive/number of samples collected. Bold text indicates clinically significant findings. SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

of 2.0% carboxymethylcellulose in DMEM per well.
Plates were then incubated at 37°C for 72 h, fixed
with 10% buffered formalin, and stained with 0.5%
crystal violet. Serum dilutions with >70% reduction
of plaque counts compared with virus controls were
considered positive for virus neutralization. We
used negative serum samples plus virus controls to
estimate the percent reduction.

Surrogate Virus Neutralization Test

Detection and semiquantitation of neutralizing an-
tibodies were determined by using SARS-CoV-2
Surrogate Virus Neutralization Test Kit (Genscript,
https:/ /www.genscript.com) according to the man-
ufacturer’s instructions. All samples from 7-29 dpi
were assessed, including archived negative serum
samples and kit-supplied negative controls. We
considered values above the manufacturer’s recom-

nasal washes by using sterile D-PBS to rinse nasal
passages. Two pigs (20-10 and 20-11) displayed low
levels of viral RNA by qRT-PCR at 3 dpi (Table 2). We
attempted recovery of live virus from PCR-positive
nasal wash samples, but neither produced cytopathic
effect or increased RNA detection via qRT-PCR of the
cell culture supernatant.

We also used a noninvasive, group sampling
method to evaluate viral shedding. A cotton rope
was hung in animal pens before feeding; when pigs
chewed on the rope, they deposited oral fluids. We
processed fluids from ropes daily and samples from
cubicle 1 had a weak positive signal for viral RNA at
3 dpi by qRT-PCR (Tables 1, 3). We attempted virus
isolation from this sample but were not able to isolate

Table 3. Detection of SARS-CoV-2 by real-time reverse
transcription PCR of oral fluid samples from experimentally
inoculated pigs*

mended cutoff of 20% positive for neutralization. dpi No. samples tested _No. samples positive

0 2 0
Results 1 2

Starting at 1 dpi, a mild, bilateral ocular discharge de- g g (1)
veloped in the 16 experimentally inoculated pigs; in 4 2 0
some cases, this discharge was accompanied by serous 5 2 0
nasal secretion. Discharge was observed for only the g g 8
first 3 dpi. Temperatures among pigs remained nor- g 2 0
mal throughout the study (Appendix Table 1, https:// 9 2 0
wwwnec.cde.gov/EID/article/27/1/20-3399-App1. 1‘1’ g g
xlsx). Overall, animals did not develop clinically observ- 75 5 0
able respiratory distress; however, 1 animal (pig 20-06) 13 2 0
had mild depression with a cough at 1 dpi, which con- 1‘5‘ g 8
tinued through 4 dpi. This animal did not display addi- 75 2 0
tional clinical signs over the course of the study. 17 2 0
Viral shedding can occur through droplets from 18 2 0
. . . . oo 19 2 0
coughing, sneezing, oral fluids, or gastrointestinal in- g 5 0
volvement. Thus, we developed a sampling schedule 21 2 0
to determine the incidence of viral shedding (Table 1). 22 1 0
Starting at 3 dpi, we sampled oral, nasal, and rectal gi i 8
swabs every other day up to 15 dpi, in case of delayed 25 1 0
onset (1). We extracted nucleic acid from swabs and per- 26 1 0
formed gRT-PCR to identify SARS-CoV-2 by targeting 27 : 0
the E gene, but we did not detect viral RNA in swabs  5g 1 0

from any animals over the course of the study (Table 2).
Nasal washes are a sensitive method for detec-
tion of pathogens in swine, and we routinely sampled
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*Oral fluid samples were collected from shared chew toys placed in
enclosures for animal enrichment. Bold text indicates clinically significant
results. dpi, days post inoculation; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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the virus. Of note, the positive oral fluid did not come
from the same room as the 2 positive nasal washes
from pig 20-10 and pig 20-11, which were housed in
cubicle 2. Therefore, at least 3 animals provide evi-
dence of viral nucleic acid in oronasal secretions from
2 independent animal rooms. In addition, we did not
detect viral infection at any point from the 2 naive
transmission contact pigs introduced to the infected
pigs at 10 dpi.

After collecting samples, we attempted SARS-
CoV-2 detection from whole blood by qRT-PCR
(Table 1). Viremia, as indicated by the presence
of viral RNA in the blood, was not detected in
any animal during the study (Table 2). We mea-
sured blood cell counts by using the VetScan HM5
(Abaxis), blood chemistries by using VetScan 2
(Abaxis), and blood gases by using i-STAT (Abbott,
https:/ /www.abbott.com). Although some labo-
ratory variation was observed during the study,
changes were minimal and inconclusive, and pro-
files consistent with acute viral infection or subse-
quent organ damage were not observed.

To identify potential target tissues or gross le-
sions consistent with SARS-CoV-2, we performed
necropsy on 2 animals every other day from 3 dpi
through 15 dpi and necropsied an additional 2 pigs

Table 4. Detection of SARS-CoV-2 by real-time reverse
transcription PCR of tissue samples from experimentally
inoculated pigs*

Pig ID dpi  No. samples tested  No. samples positive
20-01 3 35 0
20-09 3 35 0
20-02 5 36 0
20-10 5 35 0
20-03 7 35 0
20-11 7 35 0
20-04 9 35 0
20-12 9 34 0
20-05 11 35 0
20-13 11 36 0
20-06 13 35 1
20-14 13 35 0
20-07 15 36 0
20-15 15 35 0
20-08 22 35 0
20-18 22 35 0
20-16 29 35 0
20-17 29 35 0

*Tissue samples were collected from pigs during necropsy from
skeletal muscle, abdominal fat, liver, spleen, pancreas,
duodenum, jejunum, ileum, spiral colon, kidney, gastrohepatic
and mesenteric lymph nodes, right cranial lung lobe, right middle
lung lobe, right caudal lung lobe, left cranial lung lobe, left caudal
lung lobe, trachea, heart, tracheobronchial lymph nodes, cervical
spinal cord, meninges, cerebrum, cerebellum, brainstem,
olfactory bulb, nasal turbinates, submandibular lymph nodes,
tonsils, trigeminal ganglion, and the entire eye. Bold text
indicates clinically significant results. dpi, days postinoculation;
ID, identification; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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at both 22 dpi and 29 dpi (Table 1). No clinically sig-
nificant pathology was observed that could be at-
tributed directly to a viral infection. We performed
qRT-PCR across all tissues and samples collected at
necropsy targeting the E gene of SARS-CoV-2 (Table
4). One tissue sample, the submandibular lymph
node from pig 20-06, necropsied at 13 dpi, was
positive by qRT-PCR (C, = 32) for viral RNA. The
tissue sample testing was repeated in triplicate, on
independent days, and generated consistent results.
Further, RNA was extracted from homogenized tis-
sue, and we recovered the full genome sequence of
SARS-CoV-2 from pig 20-06.

We generated a 10% homogenate from the sub-
mandibular lymph node of pig 20-06 and used it to
infect Vero E6 cells. We took aliquots from the cell
culture on days 2 and 3 postinfection to monitor vi-
ral replication as indicated by an increasing quanti-
ty of RNA. On day 3, we observed mild cytopatho-
genic effect in the first passage with an increase in
viral RNA measured by qRT-PCR targeting the E,
S, and RdRp genes. The first passage supernatant
was clarified by centrifugation and a second pas-
sage performed in Vero E6 cells. At day 2 postinfec-
tion of the second passage, we observed substan-
tial cytopathogenic effect and increasing copies of
SARS-CoV-2 viral RNA, confirmed by qRT-PCR.
Together, these findings demonstrated the pres-
ence of live, replication-competent SARS-CoV-2 vi-
rus isolated from the submandibular lymph node
of pig 20-06 (Table 2).

We monitored development of SARS-CoV-2 neu-
tralizing antibodies over the course of study. Start-
ing at 7 dpi, we obtained serum from individual ani-
mals for both virus neutralization test (VNT) and a
surrogate VNT (sVNT) using cPass Neutralization
Antibody Detection kit (Genscript, https://www.
genscript.com). Serum samples first were tested by
using a traditional VNT; 1 pig (20-07) generated neu-
tralizing antibody titers, albeit weak, at a 1:5 dilution
with a 70% reduction of plaques at both 13 dpi and 15
dpi (Table 5). Consequently, the sVNT assay identified
the same animal, pig 20-07, as antibody-positive with
0.188 pug/mL antibody at 15 dpi. A second pig (20-14)
generated antibodies at 11 dpi (0.113 pg/mL) and 13
dpi (0.224 pg/mL). We also used sVNT to identify
secreted antibody in oral fluids. Of note, at 6 dpi we
detected positive antibody (0.133 pg/mL) from group
oral fluid collected from cubicle 1 (Table 5).

Discussion

Our study found that domestic swine are susceptible
to low levels of SARS-CoV-2 viral infection. Among
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Table 5. Neutralizing antibody development in serum and oral fluids from pigs experimentally inoculated with SARS-CoV-2*

Serum samples, dpi, VNT/SVNT

Pig ID 0 7 9 11

13 15 22 29

20-01 /- —/-
20-02 —I- —I-
20-03 /- —/-
20-04 - —/-
20-05 —I- —I-
20-06 /- —I-
20-07 - —/-
20-08 —I- —I-
20-09 /- —/-
20-10 - —/-
20-11 —I- —I-
20-12 /- —I-
20-13 - —/-
20-14 —I- —I-
20-15 /- —/-
20-16 - —/-
20-17 —I- —I-
20-18 /-
20-19 ——

-
-

-

—/0.113

- -
- -
- -
- -
- -
- -
+- —I-
- -
- -
- -
- -
- -
- -

-10.224 —-
- -
- -
- -
- -
- -

Oral sample collection, dpit

0 1 2 3 4 5 6
All - - - - - - 0.113

7 8 9 10 11 12 13 14 15

*Individual serum samples were collected from pigs; oral fluid samples were collected from shared rope chews placed in enclosures. VNT is measured
1:5; SVNT is measured pg/mL. Bold text indicates results with clinical significance. dpi, days post inoculation; sSVNT, surrogate virus neutralization test;
VNT, virus neutralization test; —, no detectable neutralizing antibodies; +, neutralizing antibodies detected.

TSVNT only.

16 experimentally inoculated animals, 5 (31.3%) dis-
played some level of exposure or elicited an immune
response to the virus. Only 1 pig in our study re-
tained live virus, but 2 other animals had detectible
RN A measured in nasal wash, and another 2 devel-
oped antibodies. One pig (20-06) displayed mild,
nonspecific clinical signs, including coughing and
depression. Then, over the 9 days between cessa-
tion of clinical signs and postmortem evaluation, we
found this pig maintained the virus in the subman-
dibular lymph node, but virus was undetected in
other samples from this animal. In addition, multiple
pigs demonstrated mild ocular and nasal discharge
that appeared during the immediate, postinfection
period. Of note, among 5 animals with potential in-
fection, we detected only low levels of viral RNA; no
live viral shedding was identified.

After detection of viral RNA in group oral fluids
collected by rope chews at 3 dpi, we detected secreted
antibody by using sVNT; we detected viral RNA in
the same sample type at 6 dpi. The amount of anti-
body measured in oral fluids from swine would be
considered below a protective cutoff based on com-
parisons to classical neutralizing titers, however the
discovery of secreted antibody in oral fluids might be
useful for surveillance efforts. This finding also dem-
onstrates the possibility that human saliva should be
evaluated as a less invasive method to provide ac-
companying evidence with serosurveillance studies
for exposure to SARS-CoV-2.
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The results of this study contradict previous re-
ports indicating swine are not susceptible to SARS-
CoV-2 infection (4,36). Previous studies did not detect
RNA in swabs or organ samples, and no seroconver-
sion was measured. Infectious dose, viral isolate, age,
and breed or colony of swine could affect study out-
comes. Of note, we used a 10-fold higher viral dose for
experimental infection than was used in previous stud-
ies. Moreover, we obtained animals from a high health
status farm in Manitoba, rather than a specific patho-
gen-free colony, to determine the risk to farmed pigs
in Canada. Altogether, these findings indicate that fur-
ther investigations into the susceptibility of additional
domestic livestock species should be conducted to as-
sess their risk for infection and zoonoses. Finally, we
emphasize that to date no SARS-CoV-2 cases among
domestic livestock have been documented by natural
infection; however, the results of this study support
further investigations into the role that animals might
play in the maintenance and spread of SARS-CoV-2.

This article was preprinted at https:/ /biorxiv.org/cgi/
content/short/2020.09.10.288548v1.
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After experiencing an alarming rise in Zika virus
infections, the Puerto Rico Department of Health
partnered with CDC to implement a variety of
community education and prevention efforts.
But what were these efforts, and were
they ultimately successful?
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a behavioral scientist at CDC, analyzes some of the
Zika intervention campaigns in Puerto Rico.
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Intrafamilial Exposure to
SARS-CoV-2 Associated with
Cellular Immune Response
without Seroconversion, France

Floriane Gallais, Aurélie Velay, Charlotte Nazon, Marie-Josée Wendling,
Marialuisa Partisani, Jean Sibilia, Sophie Candon, Samira Fafi-Kremer

We investigated severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)-specific antibodies and
T-cell responses against SARS-CoV-2 and human coro-
navirus (HCoV) 229E and OC43 in 11 SARS-CoV-2 se-
rodiscordant couples in Strasbourg, France, in which 1
partner had evidence of mild coronavirus disease (CO-
VID-19) and in 10 unexposed healthy controls. Patients
with confirmed COVID-19 were considered index pa-
tients and their partners close contacts. All index patients
displayed positive SARS-CoV-2-specific antibody and
T-cell responses that lasted up to 102 days after symp-
tom onset. All contacts remained seronegative for SARS-
CoV-2; however, 6 reported COVID-19 symptoms within
a median of 7 days after their partners, and 4 of those
showed a positive SARS-CoV-2—specific T-cell response
against 3 or 4 SARS-CoV-2 antigens that lasted up to 93
days after symptom onset. The 11 couples and controls
displayed positive T-cell responses against HCoV-229E
or HCoV-OC43. These data suggest that exposure to
SARS-CoV-2 can induce virus-specific T-cell responses
without seroconversion.

Coronavirus disease (COVID-19), caused by infec-
tion with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), is a pandemic that raises a
major concern all around the world (1). To contain the
spread of the virus, several countries have imposed
population lockdowns (2). In France, the first cases of
COVID-19 were recorded at the end of January 2020
(3). Due to the rapid increase of new cases and death,
a lockdown was imposed during March 17-May 11,
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2020. After the lifting of the lockdown, the number
of new cases of SARS-CoV-2 decreased substantial-
ly. However, we cannot exclude the possibility that
a second pandemic wave could occur; an increase in
new cases had already been observed in the first week
of August 2020 in several regions (4).

Estimating infections with immunizing effects
is crucial in helping to predict the postpandemic dy-
namics of the virus (4). Serologic tests for SARS-CoV-2
have been developed to determine the extent of im-
munity to the virus (4), and immunity certifications
based on the results of these tests have been consid-
ered by some countries in Europe and by the US gov-
ernment. Several persons belonging to households
with an index COVID-19 patient reported symptoms
of COVID-19 but remained seronegative even though
the index patient practiced no quarantine measures.
The absence of antiviral antibodies after exposure has
been previously reported for other viral infections. In
these cases, the presence of virus-specific T-cell re-
sponses provided proof of viral transmission (5). In
this study, we investigated humoral and cellular re-
sponses to SARS-CoV-2 in 11 serodiscordant couples
in whom 1 partner had evidence of mild COVID-19
and in 10 unexposed healthy blood donors (controls).
We also explored the T-cell response against 2 human
coronaviruses (HCoV) that cause common colds,
given the potential cross-reactive immunity between
SARS-CoV-2 and common cold HCoVs.

Materials and Methods

Study Participants

We included in the study 11 couples in whom 1 of
the 2 partners met clinical, epidemiologic, and labora-
tory criteria for a mildly symptomatic confirmed CO-
VID-19 case. We collected blood samples from both
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partners of each couple during May 7-June 26, 2020.
Ten healthy blood donors who had not been exposed
to COVID-19 patients and who had tested negative
for SARS-CoV-2 antibodies were enrolled as controls.
All participants gave written informed consent for re-
search according to protocols approved by the insti-
tutional review board of Strasbourg University Hos-
pitals (ClinicalTrials.gov NCT 04405726).

SARS-CoV-2 Reverse Transcription PCR

We performed in-house real-time reverse transcription
PCR (rRT-PCR) tests for SARS-CoV-2 nucleic acid on
samples from nasopharyngeal swab specimens col-
lected during the symptomatic phase from 8 index
patients and 3 contacts. Primer and probe sequences
target 2 regions of the RdRp gene and are specific to
SARS-CoV-2. Assay sensitivity is #10 copies/reaction
(https:/ /www.who.int/docs/ default-source/ coro-
naviruse/real-time-rt-pcr-assays-for-the-detection-of-
sars-cov-2-institut-pasteur-paris.pdf).

Serologic Tests

We used 3 serologic assays to detect the presence of
SARS-CoV-2 antibodies. The Abbott Architect SARS-
CoV-2IgGassay (Abbott, https:/ /www.corelaboratory.
abbott) is a chemiluminescent microparticle immu-
noassay for detecting IgG against the SARS-CoV-2
nucleoprotein and has sensitivity and specificity close
to 100% (6,7). The EUROIMMUN SARS-CoV-2 assay
(EUROIMMUN, https://www.euroimmun.com) is
an ELISA for detecting IgG and IgA against the SARS-
CoV-2 S1 domain of the spike glycoprotein, includ-
ing the immunologically relevant receptor-binding
domain. This assay was reported to have a clinical
specificity of 98% for IgG and 91% for IgA detection,
with a maximal sensitivity reached after 28 days after
symptom onset (IgG 98% and IgA 95%) (7). The Bio-
synex COVID-19 BSS assay (Biosynex, https://www.
biosynex.com) is a lateral flow assay for detecting IgM
and IgG directed against the SARS-CoV-2 receptor-
binding domain of the spike glycoprotein and has a
sensitivity of 95.6% and a specificity of 99.4% (8). All 3
assays were approved by the French National Agency
of Medicine and Health Products Safety for their excel-
lent analytical performances. All tests were performed
according to manufacturer instructions.

Interferon-Gamma Enzyme-Linked Immunospot Assay
We investigated T-cell immune response against
SARS-CoV-2 by performing an interferon-gamma
(IFN-y) enzyme-linked ImmunoSpot ELISPOT assay
(ImmunoSpot, http://www.immunospot.com) in
duplicate on fresh peripheral blood mononuclear cells
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(PBMC) isolated from heparin-anticoagulated blood.
PBMCs were seeded at 200,000 CD3+ cells/well af-
ter dilution according to measurement of CD3+ cell
frequencies by flow cytometry. They were stimulated
for 20 +4 h with overlapping 15-mer peptide pools
used at a final concentration of 1 pg/mL and span-
ning the sequences of the N-terminal portion of the
SARS-CoV-2 spike glycoprotein (pool S1, amino acid
residues 1-643) and the C-terminal part of the same
protein (pool S2, amino acid residues 633-1273), the
nucleoprotein (N), the membrane protein (M), the
envelope small membrane protein (E), and the acces-
sory proteins 3A, 7A, 8 and 9B (PepMix; JPT Peptide
Technologies, https:/ /www .jpt.com).

To investigate the possibility of preexisting cross-
reactive coronavirus-specific T cells, PBMCs were
stimulated in parallel with peptide pools spanning
the spike glycoprotein sequences of HCoV-229E (ES1
and ES2) and HCoV-OC43 (OS1 and OS2). Phytohe-
magglutinin (PHA) was used in duplicate as a posi-
tive control and culture medium in quadruplicate
as a negative control. After colorimetric revelation
of IFN-y capture (UCytech, https://ucytech.com),
spots were counted using an ELISPOT reader (AID,
https:/ /www.aid-diagnostika.com). For each condi-
tion, the mean number of spot-forming cells per mil-
lion CD3+ cells was calculated from duplicates after
subtraction of the background value obtained from
negative controls to determine the frequency of anti-
gen-specific T cells. The threshold defining T-cell re-
activity for 1 antigen was set at >3 SD of the negative
control background. The SARS-CoV-2-specific T-cell
response was considered positive if analysis showed
reactivity for >3 SARS-CoV-2 antigens.

Results
The median age of the 11 couples was 49 years (range
38-65 years); 11 (50%) were male (Table 1). Partners
who met the confirmed case definition of COVID-19
(positive for SARS-CoV-2 by RT-PCR or serology or
both) were the first to report symptoms in each cou-
ple and were considered index patients (P). Because
of the lockdown from March 17 to May 11, 2020, each
couple stayed in the same household during this pe-
riod. Therefore, the partner of each index patient was
considered a close contact (C) as defined by the US
Centers for Disease Control and Prevention (CDC).
During March 2-April 9, all index patients reported
histories of >1 symptoms: 8 had fever, 6 had cough, 4
had fatigue, 8 had headache, 8 had anosmia, 7 had ageu-
sia, 3 had dyspnea, and 3 had myalgia (Table 1). We
tested 8 of these patients for SARS-CoV-2 using RT-PCR
on nasopharyngeal samples; results for 7 were positive
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Table 1. Clinical and virological characteristics of COVID-19 patients and their contacts at symptom onset, Strasbourg, France, March

10-26, 2020*
Duration of Symptom
Age, RT- Symptoms symptoms, onset
ID y/lsex PCRt  Fever Cough Fatigue Headache Anosmia Agueusia Dyspnea Myalgia d delay, d¥
Couples with symptomatic contacts
P1 47IF ND Y N Y Y Y Y N Y 15 5
Cl 50/M ND Y N N N N N N N 3
P2 54/F ND Y Y Y Y Y Y N 13 7
C2 57M ND Y N Y Y N N Y N 6
P4§  45/M Pos Y Y N Y Y Y N N 12 6
(8.39)
C4 48/F Neg Y Y N Y N N N N 10
P5 38/M Pos Y N N Y Y Y N N 2 10
(7.65)
C5 40/F Neg N Y N Y N N N N 7
P7  45/M Pos Y Y N N Y Y N Y 4 1
Cc7 45/F Neg N N N N N Y N N 1
P8 63/M Pos Y N Y Y Y Y N N 10 10
C8 57IF ND N N Y N N N N Y 10
Couples with asymptomatic contacts
P3 65/F ND N Y N Y N N N N 9 NA
C3  61/M ND Asymptomatic NA
P6# 43/F Pos N Y N N Y Y Y N 7 NA
(3.99)
C6  45/M ND Asymptomatic NA
P9 57/IM Pos Y Y N N N N Y Y 14 NA
(6.20)
C9  58/F ND Asymptomatic NA
P10 39/F Neg N N N Y Y Y N N 10 NA
C10 39/M ND Asymptomatic NA
P11 58/F Pos Y N Y Y N N N N 21 NA
(8.46)
Cll1 57M ND Asymptomatic NA

*In ID column, same number indicates partners in 1 couple. C, contact; d, days; ID, identification; ND, not done; NA, not applicable; neg, negative; P,
index patient; pos, positive; RT-PCR, reverse-transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
TSARS-CoV-2 RT-PCR was performed in nasopharyngeal specimens during the symptomatic phase. When available, viral load (log copies/reaction) is

indicated in parentheses below the result.
tDays from symptom onset in index patient to onset in contact.

§This index patient quarantined himself by dining separately and wearing a mask after positive SARS-CoV-2 PCR testing 1 day after symptom onset.
#This index patient wore a mask after positive SARS-CoV-2 PCR testing 3 days after symptom onset.

(Table 1). The duration of symptoms varied (2-21 days,
median 10 days). During this symptomatic phase, all
couples rigorously washed their hands, and each avoid-
ed hugs and kisses with his or her partner except couple
2. Nine of the 11 couples slept in the same bed. Only 2
index patients, P4 and P6 (i.e., the index partners from
couples 4 and 6), quarantined themselves by eating and
sleeping separately or wearing a mask or both for 1 day
(P4) and 3 days (P6) after symptom onset.

We performed serologic testing for SARS-CoV-2
antibodies in index patients at a median of 68 days
(range 49-102 days) after symptom onset. All dis-
played IgG against the SARS-CoV-2 N protein, the
spike glycoprotein, or both, as indicated by the 3 se-
rologic assays (Table 2), confirming the persistence of
the SARS-CoV-2 antibodies for up to 102 days after
symptom onset. Results of tests for SARS-CoV-2 IgA
were positive for 7 of the 11 index patients (Table 2).

Six of the 11 contacts (C1, C2, C4, C5, C7, and
C8) experienced symptoms 1-10 days after symptom
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onset in their partners (Table 1). We tested 3 of them
for SARS-CoV-2 RNA by RT-PCR on samples from na-
sopharyngeal swab specimens during the symptom-
atic phase; results for all were negative (Table 1). Three
had fever, 2 had cough, 2 had fatigue, 3 had headache,
1 had ageusia, 1 had dyspnea, and 1 had myalgia. The
duration of symptoms varied (1-10 days, median 7
days) (Table 1). We performed serologic testing for
SARS-CoV-2 at a median of 59 days (range 44-93 days)
after symptom onset in symptomatic contacts and at
the same time as their partners for asymptomatic con-
tacts. All the contacts, including the symptomatic ones,
were SARS-CoV-2 seronegative for IgM, IgA (except 1
equivocal result), and IgG (Table 2).

To investigate the SARS-CoV-2-specific T-cell re-
sponse in the 11 couples, we collected fresh PBMC
samples on the same day as the serum collections. We
then stimulated the samples with 4 structural and 4
accessory SARS-CoV-2 proteins followed by IFN-y
ELISPOT analysis. All index and contact patients had
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normal lymphocyte counts (Table 2). All index patients
showed SARS-CoV-2-specific IFN-y responses against
4-8 SARS-CoV-2 antigens (Table 2; Figure 1). All of their
immune systems recognized the structural proteins S1,
S2, N, and M, and 9 of them recognized >1 accessory
protein (3A, 7A, 8, or 9B), showing that SARS-CoV-2-
specific T-cell responses had developed (Figures 1, 2;
Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/1/20-3611-Appl.pdf). Blood samples were
collected 49-102 days after symptom onset, which sug-
gests that antiviral T cells are maintained for up to 102
days in patients having recovered from mild COVID-19.

We evaluated SARS-CoV-2-specific T-cell re-
sponse in contacts at a median time of 59 days (range
44-93 days) after symptom onset in symptomatic
contacts and at the same time as their partner for
asymptomatic contacts. Among the 6 symptomatic

contacts, 4 (C1, C4, C5, and C8) displayed a positive
SARS-CoV-2-specific T-cell response with a reactiv-
ity to >3 SARS-CoV-2 antigens (Figure 1, row A; Ap-
pendix Figure 1). Contact C1 exhibited T-cell reactivity
against 4 SARS-CoV-2 antigens, including 1 structural
protein (S1) and 3 accessory proteins; contact C5 ex-
hibited T-cell reactivity against 2 and C8 against 3
structural proteins (N, E, and S2 for C8) and the ac-
cessory protein 9B. Contact C4 exhibited T-cell reac-
tivity against 1 structural protein (52) and 2 accessory
proteins. Although symptomatic contact C7 exhibited
T-cell SARS-CoV-2-specific response against a single
antigen (structural protein S1), the frequency of IFN-y-
producing T cells was higher than that observed in
his partner (mean 353 + 53 vs. 126 + 25 spot-forming
units/1 million cells). Symptomatic contact C2 and as-
ymptomatic contacts C6, C9, and C10 exhibited a low

Table 2. Humoral and cellular immune response to SARS-CoV-2 of COVID-19 patients and their contacts 44—-102 days after symptom

onset, Strasbourg, France, 2020*

Assay results

Days from Abbott Architect Euroimmun SARS-CoV-2—
Lymphocyte symptom onset SARS-CoV-2 Biosynex Antigen: Antigen: protein Antigen: protein S specific T-cell
count, x to sample serologic test _RBD of protein S N (index value) (index value) response (no.
IDt 10%/L collection result IgM 19G 19G 1gG/IgA antigens)
Couples with symptomatic contacts
P1 1.3 58 Pos Neg Pos Pos (3.36) Pos (2.28)/neg Pos (5)T
C1 1.8 53 Neg Neg Neg Neg Neg/neg Pos (4)t
P2 2.0 51 Pos Neg Pos Pos (4.3) Pos (2.3)/neg Pos (7)t
Cc2 15 44 Neg Neg Neg Neg Neg/neg Neg (1)
P4 1.6 57 Pos Pos Pos Pos (6.48) Pos (4.24)/pos Pos (4)t
(4.16)
C4 1.7 51 Neg Neg Neg Neg Neg/neg Pos (3)f
P5 1.6 68 Pos Pos Pos Pos (3.97) Pos (4.86)/pos Pos (7)t
(2.38)
C5 2.0 80 Neg Neg Neg Neg Neg/neg Pos (3)T
P7 1.3 64 Pos Pos Neg Pos (4.18) Pos (3.43)/doubtful Pos (4)t
(0.94)
C7 2.2 64 Neg Neg Neg Neg Neg/neg Neg (1)
P8 1.9 102 Pos Pos Pos Pos (7.55) Pos (5.39)/pos Pos (5)f
(9.23)
c8 1.9 93 Neg Neg Neg Neg Neg/neg Pos (4)t
Couples with asymptomatic contacts
P3 17 49 Pos Pos Pos Pos (8.4) Pos (7.23)/pos Pos (8)1
(3.83)
C3 15 NA Neg Neg Neg Neg Neg/Neg Neg (0)
P6 2.1 69 Pos Pos Pos Pos (6.37) Pos (5.73)/pos Pos (6)1
(2.49)
C6 2.2 NA Neg Neg Neg Neg Neg/doubtful Neg (1)
(0.85)
P9 2.4 88 Pos Pos Pos Pos (7.48) Pos (7.02)/pos Pos (6)1
(5.98)
C9 3.0 NA Neg Neg Neg Neg Neg/neg Neg (1)
P10 1.9 99 Pos Pos Neg Pos (2.46) Pos (1.75)/doubtful Pos (5)f
(0.95)
C10 1.1 NA Neg Neg Neg Neg Neg/neg Neg (1)
P11 1.7 100 Pos Neg Pos Neg Pos (4.01)/pos Pos (6)T
1.72)
Cl1 1.9 NA Neg Neg Neg Neg Neg/neg Neg (0)

*In ID column, same number indicates P and C are partners in 1 couple. C, contact; ID, identification; neg, negative; P, index patient; pos, positive;
PBMC, peripheral blood mononuclear cells; NA, not applicable; RBD, receptor-binding domain; SARS-CoV-2, severe acute respiratory syndrome

coronavirus 2.
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frequency of T-cell reactivity against a single antigen
(52 =2, E=1, 9B = 1) that was not considered here as
a positive specific T-cell response to SARS-CoV-2 (Fig-
ure 1, row A and B; Figure 2; Appendix Figure 1). The
asymptomatic contacts C3 and C11 showed no T-cell
response against any of the SARS-CoV-2 antigens (Fig-
ure 1, row B; Appendix Figure 1).

We included 10 unexposed HD as controls,
with a mean age of 46 years (range 29-60 years). We

Intrafamilial Exposure to SARS-CoV-2

confirmed their SARS-CoV-2 seronegative status with
the 3 serologic assays. Five of them displayed low T-
cell reactivity to SARS-CoV-2 against 1 or 2 antigens
(51, S2, M, 9B) (Figure 1, row C; Appendix Figure 1).
A recent study demonstrated that several CD4 T
cells reacting to SARS-CoV-2 epitopes were a result
of a cross-reaction with corresponding homologous
sequences from commonly circulating HCoVs includ-
ing OC43 and 229E, which can cause common colds

Figure 1. SARS-CoV-2-specific
T-cell response patterns in
index patients, contacts, and
unexposed healthy donors in
study of intrafamilial exposure
to SARS-CoV-2, France. A, B)
Spot counts of SARS-CoV-2—
specific T cells measured by
interferon-gamma (IFN-y)
ELISPOT assay are shown for
11 couples, each including 1
confirmed coronavirus disease
case (P) and 1 SARS-CoV-2
seronegative symptomatic (A)
or asymptomatic (B) contact
(C). C) Spot counts of IFN-y—
producing T cells in response
to SARS-CoV-2 antigens are
shown for the 5 out of the

10 controls (HD) tested who
displayed detectable T-cell
responses. All experiments were
performed in duplicate. Data are
shown as means and standard
deviations of spots counts of
IFN-y—producing T cells per 1
million CD3+ cells. Each dot
represents a single measured
value. Blue dots correspond

to T-cell responses detected

in index patients, red dots
correspond to those detected in
contacts and gray dots to those
found in healthy donors. The
x-axis represents the SARS-
CoV-2 antigens spanned by the
peptide pools used in ELISPOT
assays: the N-terminal and
C-terminal regions of SARS-
CoV-2 spike glycoprotein (S1
and S2, respectively); the

N, M, and E proteins; and

the accessory proteins 3A,

7A, 8, and 9B. C, contact; E,
envelope small membrane
protein; HD, healthy blood donor
(control); M, membrane protein;
N, nucleoprotein; P, index
patient; SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.
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Figure 2. Example of IFNy ELISPOT images corresponding to couple 2 (P2 and C2) in a study of intrafamilial exposure to SARS-CoV-2,
France. T-cell-specific response was evaluated using peptide pools spanning SARS-CoV-2 structural protein (spike glycoprotein:
N-terminal region = S1, C-terminal region = S2, N, M, and E proteins); SARS-CoV-2 accessory proteins (3A, 7A, 8, and 9B); and the
N-terminal and C-terminal regions of the spike glycoprotein of common cold human coronaviruses 229 (ES1 and ES2) and OC43 (OS1
and 0S2). All experiments were performed in duplicates with 4 wells of negative controls (cells with culture medium only) and 2 wells of
positive controls (phytohemagglutinin) for each individual. P2 was reactive to all antigens tested except for SARS-CoV-2 proteins E and
8, whereas C2 was reactive to 1 SARS-CoV-2 protein only (S2) and to ES1, ES2, and OS2. C, contact; E, envelope small membrane
protein; HCoV, human coronavirus; M, membrane protein; N, nucleoprotein; P, index patient; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2.

(9). To investigate if there was a correlation between
T-cell responses against SARS-CoV-2 and common
cold HCoVs, we tested the 11 couples and the 10 un-
exposed controls for reactivity against the spike glyco-
protein (S1 and S2 regions) of HCoV-229E and HCoV-
0OC43. All but 1 HD (HD9) showed IFN-y-producing T
cells directed against these antigens (Figure 3; Appen-
dix Figure 2). Eight index patients (P2, P3, P4, P5, P6,
P7, P10, and P11), 7 contacts (C1, C2, C4, C8, C9, C10,
and C11), and 7 controls displayed a positive T-cell
response against both HCoV-229E and HCoV-OC43.
Three index patients (P1, P8, and P9), 4 contacts (C3,
C5, C6, and C7), and 2 controls displayed positive T-
cell responses only against HCoV-229E. We found no
correlation between the responses to S1 and S2 peptide
pools of SARS-CoV-2 and HCoVs (Figure 4).

Discussion

In this study, we demonstrate that intrafamilial con-
tacts can display a SARS-CoV-2-specific T-cell re-
sponse in the absence of seroconversion, especially
when they have been symptomatic. This T-cell re-
sponse provides evidence that transient or anatomi-
cally contained SARS-CoV-2 infection, or both, may
have occurred and that T-cell responses would be

more sensitive indicators of SARS-Co-V-2 exposure
than antibodies.

Each couple stayed in the same household dur-
ing the COVID-19 episode and the partners were in
close contact for a long time due to the lockdown.
Although 5 contacts were asymptomatic, 6 exhibited
symptoms a median of 7 days after symptom onset
in their partners, suggesting that at least those 6 were
infected. However, results from neither RT-PCR nor
serology testing using 3 different assays and targeting
2 different SARS-CoV-2 structural proteins were posi-
tive in contacts. In contrast, analysis of SARS-CoV-2-
specific T-cell response showed a positive response
against >3 antigens, including structural proteins in 4
symptomatic contacts, strongly suggesting that they
were infected with SARS-CoV-2.

Five unexposed controls and 1 symptomatic and
3 asymptomatic contacts exhibited low frequencies
of SARS-CoV-2 IFN-y-producing T cells. Because
these 4 contacts were exposed to COVID-19 patients
and the unexposed controls donated blood in April
and May 2020, it is unclear whether the detectable
T-cell responses were the result of cross-reactivity
with common cold HCoV antigens, as previously
reported (10-12) or of SARS-CoV-2 infection. Al-
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though recent research provided direct evidence of
cross-reactivity between SARS-CoV-2 epitopes and
common cold HCoVs (9), we observed no obvious
relationship between the magnitude of T-cell re-
sponses against spike glycoproteins of common cold
HCoVs and SARS-CoV-2 in index patients, contacts,
and unexposed HD. In parallel with our findings,
another recent study (13) reported finding memory
T-cell response against SARS-CoV-2 structural pro-
teins in exposed family members and healthy per-
sons lacking detectable circulating antibodies who
donated blood during the pandemic.

There are multiple explanations for virus-specif-
ic T cells developing without any antibody response.
A study in a small cohort of patients (14) reported
that 40% of asymptomatic and 12.9% of patients
with mild COVID-19 no longer had antibodies 56
days after being discharged from the hospital. In our
study, the serum samples were collected between
49 to 102 days after symptom onset, so it is possible

Intrafamilial Exposure to SARS-CoV-2

that the contacts had lost their antibodies during this
period. It is also possible that very low levels of an-
tibodies that might have developed in contacts were
not detected by the serologic assays we used. The
lack of specific antibodies might also be because of
exposure to low doses of the virus with brief and
transient viral replication, to a downstream event of
protective innate immune response, or to abortive
replication of defective viral genomes (5).

Eventually, the presence of SARS-CoV-2-specific
T-cell response, whether because of infection with
SARS-CoV-2 or a cross-reaction, might explain the
mild and rapidly resolved symptoms in index pa-
tients and symptomatic contacts and the resistance of
other contacts to symptomatic SARS-CoV-2 infection.
However, this possible explanation needs to be inves-
tigated further in a large cohort.

Our study is subject to several limitations. First, our
findings suffer from a limited sample size, although this
is a unique cohort, and it was not possible to increase

Figure 3. Frequency of specific
T cells directed against spike
glycoprotein antigens of the 2
common cold HCoVs 229E and
OC43 in study of intrafamilial
exposure to SARS-CoV-2,
France. A) Index patients (n =
11); B) seronegative partners

of index patients (n = 11);

C) unexposed healthy controls
(n = 10). Spot counts of common
cold human coronaviruses-
specific T cells were measured
by interferon-gamma ELISPOT
assay. All experiments were
performed in duplicate. Data are
shown as means and standard
deviations of spot counts of
interferon-gamma-—producing

T cells per 1 million CD3+

cells. T-cell secretion of IFN-y
was determined in response

to peptide pools spanning the
N-terminal and the C-terminal
regions of the spike glycoprotein
of HCoV 229E (ES1 and ES2
subpools) and HCoV OC43
(OS1 and OS2 subpools). Each
color corresponds to 1 antigen
subpool. C, contact; HCoV,
human coronavirus; HD, healthy
blood donor (control); P, index
patient; SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021 119



RESEARCH

Figure 4. Correlation of the
T-cell responses against spike
glycoprotein antigens of SARS-
CoV-2 and HCoVs 229E and
0OC43 in study of intrafamilial
exposure to SARS-CoV-2,
France. Means of spot counts
of interferon gamma—producing
T cells per 1 million CD3+ cells
in response to peptide pools
spanning the N terminal (S1)
and the C-terminal (S2) regions
of spike glycoproteins of SARS-
CoV-2 compared with HCoV-
229E (A) and HCoV-OC43 (B)
in 11 confirmed coronavirus
disease cases (index patients),
their seronegative partners
(contacts), and 10 healthy
blood donor controls. HCoV,
human coronavirus; SARS-
CoV-2, severe acute respiratory
syndrome coronavirus 2.

the sample size. Second, because of the unavailability
of PBMCs collected before the pandemic, we recruited
unexposed HD who donated their blood during the
pandemic as controls, so we cannot exclude a potential
infection by SARS-CoV-2 before the enrollment in the
study. Third, although we detected high frequencies of
T-cell response against diverse SARS-CoV-2 proteins in
symptomatic contacts lacking circulating antibodies, it
remains possible that a part of this response may be a
result of cross-reaction with common cold HCoVs.

Overall, our results indicate that persons exposed
to SARS-CoV-2 may develop virus-specific T-cell re-
sponses without detectable circulating antibodies.
This aspect of the immune response against SARS-
CoV-2 contributes substantially to the understanding
of the natural history of COVID-19. Furthermore, our
data indicate that epidemiologic data relying solely
on the detection of SARS-CoV-2 antibodies may lead
to a substantial underestimation of prior exposure to
the virus. Our data may also have implications for
vaccine development and tracking the future evolu-
tion of the SARS-CoV-2 pandemic.
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EID Podcast

Rabbit Fever in Organ Transplant Recipients

In July 2017, three people developed tu-
laremia, or “rabbit fever,” after receiving
organ transplants from the same donor.
Donated organs are routinely screened for
common viruses, but unusual diseases like
tularemia can sometimes go undetected.

In this April, 2019 EID podcast, Dr. Matthew
Kuehnert, the medical director for the na-
tion’s largest tissue bank, MTF Biologics,
explains how clinicians identified and diag-
nosed this rare disease.

Visit our website to listen:

https://tools.cdc.gov/medialibrary/
index.aspx#/media/id/397813
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Cellular Immunity

iIn COVID-19

Convalescents with PCR-Confirmed
Infection but with Undetectable

SARS-CoV-2-Specific IgG

Sina Schwarzkopf, Adalbert Krawczyk, Dietmar Knop, Hannes Klump, Andreas Heinold,
Falko M. Heinemann, Laura Thimmler, Christian Temme, Marianne Breyetr,
Oliver Witzke, UIf Dittmer, Veronika Lenz, Peter A. Horn, Monika Lindemann

We investigated immune responses against severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
among a group of convalescent, potential blood donors
in Germany who had PCR-confirmed SARS-CoV-2 infec-
tion. Sixty days after onset of symptoms, 13/78 (17%)
study participants had borderline or negative results to
an ELISA detecting IgG against the S1 protein of SARS-
CoV-2. We analyzed participants with PCR-confirmed
infection who had strong antibody responses (ratio >3)
as positive controls and participants without symptoms
of SARS-CoV-2 infection and without household con-
tact with infected patients as negative controls. Using
interferon-y ELISpot, we observed that 78% of PCR-
positive volunteers with undetectable antibodies showed
T-cell immunity against SARS-CoV-2. We observed a
similar frequency (80%) of T-cell immunity in convales-
cent donors with strong antibody responses but did not
detect immunity in negative controls. We concluded that,
in convalescent patients with undetectable SARS-CoV-2
IgG, immunity may be mediated through T cells.

One promising therapeutic option to treat se-
verely ill patients with coronavirus disease
(COVID-19) is the use of convalescent plasma (CP)
of donors who recovered from severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection
(1-3). When searching for potential CP donors with
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PCR-confirmed SARS-CoV-2 infection, we observed
that 17% of those who volunteered had either border-
line or negative results (ratio <1.1) to a SARS-CoV-2
IgG ELISA. We decided to follow up with these vol-
unteers by repeating antibody tests and by assess-
ing T-cell immunity by enzyme-linked immunospot
(ELISpot) assay for interferon-y (IFN-y).

Zhao et al. described the importance of T cells
for the recovery from a structurally related corona-
virus, the Middle East respiratory syndrome (MERS)
virus, in 2017 (4); Braun et al. speculated that T-cell
immunity could also be protective against infection
with SARS-CoV-2 (5). Recently, SARS-CoV-2-specific
T cells were detected in persons with a history of mild
COVID-19 infection and in antibody-seronegative
family members of COVID-19 patients (6; F. Gallais
et al., unpub. data. https://doi.org/10.1101/2020.06
.21.20132449). However, the seronegative persons in
these 2 previous studies either tested negative or were
not tested by SARS-CoV-2 PCR. It remains unclear if
the T-cell responses detected in SARS-CoV-2 IgG-
negative persons without PCR-confirmed infection
were induced by SARS-CoV-2 or prior infection with
a different coronavirus. In our study, we focused on a
cohort with mild PCR-confirmed SARS-CoV-2 infec-
tion and undetectable SARS-CoV-2 IgG. This group
is unique because it is biased toward male volunteers
who felt healthy enough to donate blood.

In this study we established a SARS-CoV-2-spe-
cific ELISpot assay and analyzed the T-cell responses
in distinct groups of potential blood donors; donors
with a previously PCR-confirmed SARS-CoV-2 in-
fection and undetectable or strong spike S1 IgG re-
sponse; and SARS-CoV-2-negative controls without
a history of COVID-19-related symptoms or house-
hold contact with infected patients. We further-
more conducted follow-up testing for immunity to
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SARS-CoV-2 until a median of 75 days (range 24-154)
after the onset of symptoms and correlated results of
SARS-CoV-2-specific T- and B-cell immunity.

The study was approved by the local ethics com-
mittee (approval no. 20-9225-BO). All volunteers pro-
vided informed consent to participate in the study,
which has been performed in accordance with the
ethics standards noted in the 1964 Declaration of Hel-
sinki and its later amendments or comparable ethics
standards.

Materials and Methods

Study Participants

We used a questionnaire to look for potential plas-
ma donors who recovered from SARS-CoV-2 infec-
tion. The questionnaire addressed characteristics
and additional parameters determining suitability
as blood donor (Table). We received >550 ques-
tionnaires; 310 volunteers had had PCR-confirmed
SARS-CoV-2 infection. We selected 78 volunteers
(54 male, 24 female) who had PCR-confirmed SARS-
CoV-2 infection as participants. Their median age
was 47 years (19-66) years. We preferred donors
who tested negative by a second SARS-CoV-2 PCR
and had experience donating blood; we especially

Cellular Immunity in COVID-19 Convalescents

sought donors with the blood type AB (because
they are universal plasma donors) and donors with
a body weight >60 kg (because they can donate 3
units of convalescent plasma). We preferentially
recruited those living in close vicinity to Univer-
sity Hospital Essen. Because we observed antibod-
ies against human leukocyte antigens and human
neutrophil antigens, which prohibited blood dona-
tion, mainly in female patients (n = 4), we preferred
male donors, of whom 1 had these leukocyte anti-
bodies. Only 4 of the participants received oxygen
supplementation and none ventilator treatment. Of
note, 39/78 participants were infected during ski-
ing holidays. Unfortunately, radiograph and com-
puted tomography data were not available; they
are usually performed only for critically ill patients
in Germany. Thus, our cohort is unique because
it is biased toward especially healthy male blood
donors with mild courses of COVID-19. We tested
donor serum samples for IgG against the S1 protein
of SARS-CoV-2 by ELISA. Furthermore, results of
a standard neutralization assay were available in
donors with negative or borderline antibody ratios.

In the negative control group we included 22
healthy participants (6 male, 16 female) who had no
symptoms of SARS-CoV-2 infection and no household

Table. Clinical characteristics of 78 potential convalescent-plasma donors with PCR-confirmed severe acute respiratory syndrome

coronavirus 2 infection, grouped by antibody ratio, Germany*

Parameter Ratio <1.1 Ratio 1.1-3.0 Ratio >3.0
All donors 13 (16.7) 24 (30.8) 41 (52.6)
Age, y 45 (19-55) 51 (28-65) 47 (20-66)
Sex, M/F 6/7 19/5 29/12
Body mass index 25.2 (22.3-30.1) 24.9 (22.8-28.1) 26.7 (22.2-36.8)
Interval to onset of symptoms, d 52 (32-100) 60 (24-98) 64 (22-112)
Stay in risk area/risk contact 6 17 20
Symptoms of COVID-19 infection
Cough 7 19 30
Fever 9 13 24
Shortage of air 3 4 15
Rhinitis 7 7 16
Sore throat 6 8 15
Limb pain 7 15 19
Shivering 6 8 15
Diarrhea 5 6 15
Weight loss 3 2 9
Nausea 0 0 4
Loss of appetite 5 3 12
Headaches 7 16 26
Skin rash 1 1 1
Swelling of lymph nodes 3 0 2
Loss of sense of smell and taste 8 16 18
Necessity of oxygen supply 0 1 3
Antimicrobial treatment 1 3 7
Blood group
(0] 5 12 16
A 6 8 16
B 0 0 6
AB 1 3 3
ND 1 1 0

*Values are no. donors or median (range). Ratio is IgG against the S1 protein. ND, not determined.
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contact with infected patients since January 2020. Their
median age was 48 years (range 28-60 years).

Antibody ELISA

We determined IgG antibodies by a CE-marked An-
ti-SARS-CoV-2 IgG semiquantitative ELISA (Euro-
immun, https://www.euroimmun.com), according
to the manufacturer’s instructions. The ELISA plates
were coated with recombinant SARS-CoV-2 spike
protein (S1 domain). Serum samples were analyzed
automatically at 1:100 dilution, using the Immuno-
mat (Virion\Serion, https://www.virion-serion.
de). Results are given as the ratio of patient sample/
control sample). An antibody ratio of >1.1 was con-
sidered positive, of 20.8 to <1.1 borderline, and of
<0.8 negative.

Virus Neutralization Assay

Vero E6 cells (ATCC CRL-1586, https://www.atcc.
org) and SARS-CoV-2 virus were cultured as de-
scribed by Heilingloh et al. (7). Neutralization capac-
ity of serum samples was determined by endpoint
dilution assay, expressed as 50% tissue culture infec-
tive dose (TCID,))/mL. Serial dilutions (1:20-1:2560)
of serum samples were incubated with 100 TCID; of
SARS-CoV-2 for 1 h at 37°C and added afterwards to
confluent Vero E6 cells cultured in 96-well microtiter
plates. On day 3 after infection, the cells were stained
with crystal violet (Roth, https:/ /www.carlroth.com)
and dissolved in 20% methanol (Merck, https://
www.merck.com); we analyzed the appearance of
cytopathic effects (CPE) by light microscopy. The
neutralizing titer was defined as the reciprocal of the
highest serum dilution at which no CPE breakthrough
in any of the triplicate cultures was observed.

ELISpot Assay

ELISpot stripes containing PVDF membranes (Mil-
liporeSigma MultiScreen HTS; Fisher Scientific,
https:/ /www fishersci.com) were activated with 50
uL of 35% ethanol for 10 s and washed with distilled
water. Plates were then coated for 3 h with 60 pL of
monoclonal antibodies against [FN-y (10 pg/mL of
clone 1-D1K; Mabtech, https://www.mabtech.com).
Thereafter, ELISpot plates were washed and then
blocked with 150 uL AIM-V (Thermo Fisher Scien-
tific, https:/ /www.thermofisher.com). After 30 min at
37°C, AIM-V was discarded and duplicates of 250,000
peripheral blood mononuclear cells (PBMC) were
grown in the presence or absence of either PepTiva-
tor SARS-CoV-2 protein S1/S2 or membrane (M) pro-
tein (600 pmol/mL of each peptide; Miltenyi Biotec,
https:/ /www.miltenyibiotec.com) or an S1 protein
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(4 npg/mL; Sino Biologic, https:/ /www .sinobiological.
com) in 150 uLL of AIM-V. The peptide mix (PepTivator)
of the S1/S2 protein covered the immunodominant do-
mains, the peptide mix of the M protein, and the com-
plete sequence of the glycoprotein. The S1 protein was
a recombinant protein expressed in (human) HEK293
cells (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/27/1/20-3772- Appl.pdf). After 19 h in-
cubation at 37°C, the ELISpot plates were washed and
captured IFN-y was detected by incubation for 1 h with
50 pL of the alkaline phosphatase-conjugated mono-
clonal antibody against IFN-y (clone 7-B6-1, Mabtech),
diluted 1:200 with phosphate-buffered saline plus 0.5%
bovine serum album. After further washing, 50 puL of
nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-
phosphate was added; purple spots appeared within 7
min. Spot numbers were analyzed by an ELISpot read-
er (AID Fluorospot, Autoimmun Diagnostika GmbH,
https:/ /www.aid-diagnostika.com). Mean values of
duplicate cell cultures were considered. We determined
SARS-CoV-2-specificspots by spotincrement, defined as
stimulated minus nonstimulated values. Stimulated spot
numbers >3-fold higher than negative (unstimulated)
controls combined with an increment value of >3 to any
of the 3 antigens were considered positive. Of note, the
negative controls reached a mean value of 0.27 spots
and an SD of 0.48 (Appendix).

Statistical Analysis

We performed statistical analysis using GraphPad
Prism version 8.0.1 (https://www.graphpad.com)
and IBM SPSS Statistics 23 (https://www.ibm.com/
spss/ statistics) software. We used linear regression
analysis for numerical variables. The analysis of cat-
egorical variables was performed by Mann-Whitney
test or 1-way analysis of variance (Kruskal-Wallis
test) with Dunn’s correction for multiple compari-
sons, as appropriate. Two-sided p values <0.05 were
considered significant.

Results

In 78 potential convalescent plasma donors with
PCR-confirmed SARS-CoV-2 infection, the median
interval between onset of symptoms and first blood
sampling was 60 days (range 22-112 days) (Figure
1). Thirteen out of 78 (17%) donors had either bor-
derline or negative results (ratio <1.1) to the Anti-
SARS-CoV-2 IgG ELISA (Euroimmun). Altogether,
28 CP donors were tested again at later time points,
a median of 75 days (24-154 days) after onset of
symptoms. Retesting in 10 participants with a ratio
of <1.1 showed that most antibody results (9/10) re-
mained similar. The median interval between both
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Figure 1. Distribution of SARS-CoV-2 IgG in 78 potential
convalescent-plasma donors with PCR-confirmed infection,
Germany. Red dots represent study participants with antibody
ratio >3; black dots, participants with a ratio of 1.1-3; blue dots,
participants with ratio <1.1. Sequential data are connected.
Horizontal dashed line indicates a ratio of 3. A) Antibody ratios
in the positive or intermediate range. B) Antibody ratios in the
borderline or negative range. Gray shading indicates borderline
values (ratio of 0.8-1.1); scale is adjusted to enhance data
visualization. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

blood samplings in this group was 25 days (range
10-61 days). In 1 volunteer with a borderline ratio,
the value increased over time and became positive.
In donors with higher antibody ratios, the values
also remained at a similar level. In all participants
with an antibody ratio <0.8, no neutralizing antibod-
ies could be found; in those with a ratio of 0.8-1.1,
the titer was 1:20-1:40.

We compared the characteristics of participants
with undetectable antibodies to those with interme-
diate (1.1-3.0) or high antibody ratio (>3) (Table). Of
note, in the total cohort of 78 potential blood donors,
the median antibody ratio was 3.37; we chose a ratio
of 3 as our internal cutoff for convalescent plasma
donations. None of the parameters, including age,
sex, body mass index, interval to onset of symptoms,
risk exposure, symptoms of SARS-CoV-2 infection,
need for oxygen or antibiotic treatment, or blood
group, differed significantly. However, female par-
ticipants tended to be overrepresented in the group
with undetectable antibodies (p = 0.1 by Kruskal-
Wallis test). One of the 78 potential CP donors did
not report any symptoms of SARS-CoV-2 infection
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in the questionnaire. This participant showed an an-
tibody ratio of 3.9.

Cellular immunity was determined from day 24
to day 154 after the onset of COVID-19 symptoms,
parallel to antibody testing (Appendix Figure 2). Im-
munity was followed up as a control in participants
with undetectable or low antibodies (irrespective of
a triggering event) or when plasma was donated.
We established an IFN-y ELISpot assay separately
for each of various stimuli, peptide pools of the S1/
S2 and the M protein, and an S1 protein antigen of
SARS-CoV-2 (Figures 2, 3). None of the ELISpot re-
sponses differed significantly between 9 participants
with undetectable antibody responses (ratio <1.1) and
15 with high antibody responses (ratio >3) (Figure 2).
However, ELISpot responses to all stimuli were sub-
stantially higher than in the negative controls. Never-
theless, the strength of responses toward the S1 pro-
tein tended to be higher in the group with a ratio of >3
versus <1.1 (Figure 2, panel A); whereas it was only
marginally higher toward the S1/S2 peptides (Fig-
ure 2 panel B) and similar toward M peptides (Fig-
ure 2, panel C). The strength of responses toward S1/
S2 peptides tended to be higher overall than the S1
protein alone. CP donors with an antibody ratio <1.1
showed a median frequency of 3 spots per 250,000
PBMC for stimulation with S1 protein, 6 with S1/52
peptides, and 11 with M peptides. CP donors with an
antibody ratio >3 showed a median frequency of 7
spots per 250,000 PBMC with S1 protein, 10 with S1/
52 peptides, and 13 with M peptides.

To analyze a possible interrelationship between T
cell responses against different SARS-CoV-2 antigens
and between T- and B-cell responses, we plotted re-
sults of various assays (Figure 3; Appendix Figure 3).
We observed that patients whose antibody ratio was
<1.1 showed robust ELISpot responses mainly direct-
ed against the M protein, whereas patients who had
a ratio >3 had responses similarly directed against
51/S2 or S1 protein and M protein (Figure 3). We fur-
thermore found that cellular responses against S1/
S2 or S1 protein were all low (maximum of 13 spots
increment against S1/52 and 5 against S1 protein) in
participants with an antibody ratio <1.1. In contrast,
participants with a ratio >3 reached maximum values
of 85 (S1/52 protein) and 32 (S1 protein) spots incre-
ment. Maximum responses toward M peptides were
more similar: 39 spots increment in CP donors with a
ratio of <1.1 or 57 in those with ratio >3.

Cellular immunity toward any of the SARS-
CoV-2 antigens was detectable in 7/9 (78%) partici-
pants who had an antibody ratio <1.1. In comparison,
12/15 (80%) donors with an antibody ratio of >3 had
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detectable cellular immunity. Considering all poten-
tial CP donors with PCR-confirmed SARS-CoV-2 in-
fection (also those with a ratio of 1.1-3), 22/28 (79%)
were classified as positive by ELISpot.

In summary, we could detect T-cell immunity
against SARS-CoV-2 in most of the SARS-CoV-2 PCR-
positive healthy participants with undetectable IgG
antibodies against the S1 protein. In this group, T-cell
immunity was more strongly directed against the M
than the S1 protein.

Discussion

We focused on a cohort of volunteer study partici-
pants with PCR-confirmed SARS-CoV-2 infection
who did not react positive to an Sl-specific SARS-
CoV-2 IgG ELISA. We observed undetectable hu-
moral response in 17% of our potential blood donors.
Similar to our data, other groups reported a lack of
antibody response in a subset of patients infected with
SARS-CoV-2. For example, a study in China reported
absence of antibodies in 10%-20% of participants (W.
Tan et al., unpub. data, https://doi.org/10.1101/20
20.03.24.20042382). Moreover, Cervia et al. described
that, in 15%-20% of S protein-seronegative patients
(IgG in the serum), S protein-specific IgA was detect-
able at several mucosal sites (C. Cervia et al., unpub.
data, https://doi.org/10.1101/2020.05.21.108308).
Previous publications demonstrated that the magni-
tude of the humoral response toward SARS-CoV-2
was dependent on the duration and magnitude of
viral antigen exposure (8,9; C. Cervia et al.). The ab-
sence of durable systemic IgG responses may indicate

mild and transient SARS-CoV-2 infection that was
cleared effectively (e.g., by the innate immune sys-
tem) (10). However, whether this transient immune
response had led to protective immunity needs to be
clarified. The detection of SARS-CoV-2-specific IgG is
not considered consistently to be a correlate of virus
control (11-13).

Protection of humans against reinfection can be
proven definitively only by rechallenge. However,
the assessment of cellular immunity can supplement
the data on humoral response. The specificity of T-
cell assays critically depends on the antigen used for
stimulation. In this study, we chose the S protein as
stimulus because of its importance as a target for neu-
tralizing antibodies and because it contains major im-
munodominant epitopes. It mediates the entry of the
SARS-CoV-2 virus into the host cell (14,15). The S1
subunit of the S protein acts on the cell binding, and
the 52 subunit acts on the fusion of the viral membrane
to the cell membrane (16; H. Wang et al., unpub. data,
https:/ /doi.org/10.1101/2020.03.26.994756).  Data
by Okba et al. (17) indicate that S1 is the most spe-
cific antigen for the diagnosis of COVID-19. The S2
subunit is the more conserved one, and could cross-
react with the S protein of severe acute respiratory
syndrome coronavirus (SARS-CoV-1) or MERS-CoV
(17,18). However, the infection rate with SARS-CoV-1
or MERS-CoV appears low in Caucasian populations.
We selected the M protein, another surface protein
of SARS-CoV-2, as a second stimulus because it has
been observed to also contain dominant T-cell epit-
opes (19). It plays a central role in virus assembly (20)

Figure 2. Cellular immunity against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) as determined by ELISpot assay
in potential convalescent-plasma donors with PCR-confirmed infection, Germany. Peripheral blood mononuclear cells of volunteers
were stimulated by an S1 protein antigen of SARS-CoV-2 (A) and by peptide pools of the S1/S2 (B) and the M protein (C). If volunteers
were tested sequentially, we only included the first dataset. The 3 left groups represent potential convalescent-plasma donors with PCR-
confirmed SARS-CoV-2 infection. They either had a strong positive antibody response to the SARS-CoV-2 IgG ELISA as defined by an
antibody ratio (R) of >3 (n = 15), an intermediate response (ratio of 1.1-3, n = 4) or borderline or negative results (ratio of <1.1, n = 9).
The right group displays data in healthy controls without symptoms of respiratory or gastrointestinal infections and without household
contact with SARS-CoV-2 infected patients since January 2020 (n = 22). The group has tested negative or has not been tested by
SARS-CoV-2 PCR. Responses in the 4 groups of volunteers were compared by Kruskal-Wallis test with Dunn’s correction. Dotted lines
represent 3 spots increment. Horizontal lines indicate median values. Stimulation by S1 protein could not be performed in 7 volunteers;
stimulation by the M peptide pool could not be performed in 6. Red dots represent volunteers with an antibody ratio >3; black dots,
volunteers with a ratio of 1.1-3; blue dots, volunteers with ratio <1.1; green, NC. IFN-y, interferon-y; NC, negative controls.
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Figure 3. Interrelationship
between results of various
severe acute respiratory
syndrome coronavirus 2
(SARS-CoV-2)-specific
cellular assays in potential
convalescent-plasma donors
with PCR-confirmed infection,
Germany. The plots include
the first dataset in potential
convalescent plasma donors
and in negative controls. Red
dots represent volunteers with
an antibody ratio >3; black dots,
volunteers with a ratio of 1.1-3;
blue dots, volunteers with ratio
<1.1; green dots, NC. PBMCs
of volunteers were stimulated
by peptide pools of the S1/

S2 and the M protein and by

Cellular Immunity in COVID-19 Convalescents

an S1 protein antigen of SARS-CoV-2. A) Analysis of ELISpot assay with S1/S2 peptides versus M peptides. We performed 2 linear
regression analyses separately for potential plasma donors with an 1gG ratio >3 and <1.1. Solid lines show regression lines and
dotted lines 95% CI. B) Analysis of ELISpot assay with S1 protein versus M peptides. ELISpot, enzyme-linked immunospot; IFN-y,

interferon-y; PBMC, peripheral blood mononuclear cells.

and is more likely a target of cross-reactive T cells.
Structural comparisons of SARS-CoV-1 and SARS-
CoV-2 proteins showed 76% identity for the S pro-
tein and more for other structural proteins: 91% for
the envelope protein, 90% for the M protein, and 95%
for nucleocapsid (19). We observed that potential CP
donors with undetectable antibodies against the S1
protein of SARS-CoV-2 had T-cell responses more
strongly directed against the M than the S1 protein.
Thus, we speculated that their T cells may preferen-
tially target viral peptides involved in virus assembly
rather than cell binding; this hypothesis needs confir-
mation. Responses toward the S1/S2 peptides were
stronger than to the S1 protein, possibly because addi-
tional immunodominant T-cell epitopes in the S2 an-
tigen caused the stronger response. The finding that
the T-cell responses to the S1 protein, which is most
specific to SARS-CoV-2, were relatively low raises
the issue of potential cross-reactivity after stimula-
tion with the S1/S2 or M peptides. Cross-reactivity
has been shown for antibodies directed against SARS-
CoV-1 and SARS-CoV-2 (13).

Similarly, SARS-CoV-2 cross-reactive T cells due
to contact to common coronaviruses may occur (5,21)
that could interfere with the specificity of our ELISpot
assays. Nevertheless, recent PCR-confirmed SARS-
CoV-2 infection could have caused the frequency of
reactive T cells toward SARS-CoV-2 to be higher in
the current cohort of potential CP donors than those
reactive toward other common coronaviruses. Fur-
thermore, cross-reactive T cells could be protective
against SARS-CoV-2 infection, especially in children

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021

and young adults with frequent social contacts (5).
Using flow cytometry, Braun et al. (5) detected pre-
existing SARS-CoV-2 S-cross-reactive CD4+ T cells
in 34% of healthy donors, and Grifoni et al. (25) in
~40%-60% of unexposed persons. However, arguing
against cross-reactivity interfering with our ELISpot
assays, we observed negative T-cell responses in the
negative control group.

Of interest, differences between participants with
a ratio of <1.1 and of >3 seem to be more pronounced
after stimulation with the S1 protein than the 51/52
peptides. Thus, apart from the M protein, the S2 pro-
tein may be an additional target of T-cell responses,
especially in participants with undetectable T- and B-
cell responses against the S1 protein.

Chandrashekar et al. observed near-complete
protection in 9 rhesus macaques after SARS-CoV-2
infection (22). After initial viral clearance, upon re-
challenge, the animals showed a 5 log,, reduction in
median viral loads compared with primary infection
and an anamnestic humoral and cellular immune
response. Moreover, Deng et al. reported that viral
load remained negative in 4 rhesus macaques upon
rechallenge with SARS-CoV-2 but showed a transient
increase in body temperature (23). Similarly, Kirk-
caldy et al. reported limited evidence of reinfection
in humans with previously documented COVID-19
(24). Other studies demonstrated that SARS-CoV-2-
specific T cells were detectable in the majority of re-
covered patients (21; N.L. Bert et al., unpub. data,
https://doi.org/10.1101/2020.05.26.115832).  Data
on the earlier coronavirus SARS-CoV-1 indicated
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that cellular immunity was detectable for >17 years
after infection. Similar to our findings, studies from
Sweden and France recently observed T cell respons-
es against SARS-CoV-2 in seronegative persons (6;
Gallais et al.), Sekine et al. reported that 4/31 (13%)
patients who recovered from mild symptoms of CO-
VID-19 were seronegative, which is very similar to
17% of seronegative results in our cohort. Assess-
ment of T cell immunity by flow cytometry showed
a greater difference of T-cell responses toward S1/
S2 and M peptide pools between seronegative and
seropositive patients than our study; this difference
may be attributable to several differences between
the studies; that is, we here used the ELISpot meth-
od instead of flow cytometry to measure specific T
cells and our seronegative CP donors were all PCR
positive, whereas none of the CP donors was tested
positive by SARS-CoV-2 PCR (6).

ELISpot data on other coronaviruses have been
reported since 2004. The authors of these early stud-
ies used either human leukocyte antigens (HLA)-
A2 restricted peptides (25) or overlapping peptide
pools spanning the whole SARS-CoV-1 proteome
(26). ELISpot data in patients in China who recov-
ered from SARS-CoV-1 infection 1 month earlier
showed T-cell immunity in 100% of participants (25),
and in 50% of patients recovered 12 months earlier
(26). Our ELISpot data determined at a median of
2 months after the onset of symptoms indicate that
79% of participants had detectable T-cell immunity,
which fits well with the previous data on the struc-
turally related coronavirus SARS-CoV-1. A study on
SARS-CoV-1 from 2008 (26) showed that T cell re-
sponses were mainly directed against the S protein
and that CD8+ T-cell responses were more frequent
and of a greater magnitude than CD4+ T-cell re-
sponses. Furthermore, a recent study indicated that
on day 14 after injection of an adenovirus-vectored
COVID-19 vaccine vigorous ELISpot responses
against overlapping peptides of the S protein were
induced (27). Compared with our data, responses
at day 14 were higher. However, compared with a
recent study using mosaic surface protein consist-
ing of exposed extracellular domains of the SARS-
CoV-2 spike, envelope, and membrane proteins (28),
we observed slightly stronger T-cell responses in our
convalescent patients, although the assays with mo-
saic surface protein were performed earlier after the
onset of symptoms (day 6-32). This difference could
be attributable to the use of various stimuli.

As of August 2020, we face the challenge of es-
timating how many persons are still susceptible
to SARS-CoV-2 infection. The ELISpot assay we
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established may help to identify patients with adap-
tive immunity against SARS-CoV-2 infection. The as-
say has the following advantages: it is applicable for
routine use, measures cellular immunity within 1 day
on a single cell level, determines functional cells, and
is independent from HLA restriction. However, it
does not allow researchers to determine which T-cell
population responds upon restimulation. According
to our data in volunteers with confirmed SARS-CoV-2
infection, it could be speculated that the majority of
persons with undetectable systemic [gG may presum-
ably be protected by specific T-cell immunity, which
would be good news for the control of the pandemic.
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Because of limited data on dengue virus in Burkina
Faso, we conducted 4 consecutive age-stratified lon-
gitudinal serologic surveys, ~6 months apart, among
persons 1-55 years of age, during June 2015-March
2017, which included a 2016 outbreak. The serocon-
version rate before the serosurvey enrollment was
estimated by binomial regression, taking age as the
duration of exposure, and assuming constant force of
infection (FOI) over age and calendar time. We calcu-
lated FOI between consecutive surveys and rate ra-
tios for potentially associated characteristics based on
seroconversion using the duration of intervals. Among
2,897 persons at enroliment, 66.3% were IgG-positive,
and estimated annual FOI was 5.95%. Of 1,269 enroll-
ees participating in all 4 serosurveys, 438 were 1gG-
negative at enrollment. The annualized FOI ranged
from 10% to 20% (during the 2016 outbreak). Overall,
we observed high FOI for dengue. These results could
support decision-making about control and preventive
measures for dengue.
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engue fever is a mosquitoborne disease caused

by 4 related but antigenically distinct dengue vi-
ruses (DENVs), serotypes 1-4. Annually, ~50-100 mil-
lion cases of dengue are reported worldwide, with
20,000 deaths (1). Aedes mosquitoes and dengue cases
were documented in Africa as early as 1823, and cases
have since been reported in 34 countries in Africa (2). In
Burkina Faso, since the first outbreak in 1925, there have
been multiple others (2), including in 2013, 2016, and
2017 (3-5). The 2016 outbreak included 1,061 dengue
rapid-diagnostic test (RDT) positive cases and 15 deaths
in the capital, Ouagadougou, with a reported case-fatal-
ity rate (CFR) of 1.2% (4,6). The 2017 outbreak included
5,773 RDT-positive cases and 18 deaths throughout the
country, for a CFR of 0.2% (5). These repeated outbreaks
suggest a considerable dengue burden in the country.

Despite this burden, data on dengue seropreva-
lence and force of infection (FOI), the rate at which
initial or heterotypic infections are acquired, are
scarce in Burkina Faso and Africa (7). In terms of sero-
prevalence in Burkina Faso, 1 study found the dengue
IgG seroprevalence among 683 pregnant women and
blood donors to be 26.3% in rural and 36.5% in urban
settings in 2003-2004 (8). To define DENV transmis-
sion in Burkina Faso, we conducted 4 serologic sur-
veys in the same study participants in Ouagadougou
during 2015-2017. The study targeted 3 objectives.
First, we measured seroprevalence of DENV by IgG
positivity at enrollment, serosurvey 1 (S1). Second,
we estimated age-specific annual FOI, measured by
seroconversion in the repeated follow-up surveys
(52-54). Last, because a dengue outbreak occurred in
2016, between the third and fourth serosurveys, we
identified and compared demographic and clinical
characteristics associated with DENV seroconversion
in the outbreak and nonoutbreak periods.
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Methods

Study Area and Population

We selected the study area based on data, including
seroprevalence and modeling results, available in the
literature and existing research infrastructure (9-11).
Ouagadougou is the capital of Burkina Faso in West
Africa; most of the population resides in urban set-
tings (12,13). The rainy season is May-October. The
serosurveys were conducted in a defined catchment
population of 100,000 residents. The resident popula-
tion in Ouagadougou is stable, with an annual rate of
migration of only 4.1% and >80% of residents owning
their homes (14).

Study Design

We conducted 4 serosurveys, each 6 months apart.
The age-stratified sample of 23,000 residents 1-55
years of age, 80% <35 years of age, reflected the age
distribution of the general population of Ouagadou-
gou (9). In 6 preselected sectors, we randomly select-
ed households on the basis of existing census data;
all eligible household members were offered enroll-
ment. To reach the needed sample size, if members
of the initially invited household declined, we invited
a neighboring household to enroll. We conducted a
short interview and collected blood samples (9). Test
results were shared with the participants and we fol-
lowed the same procedures with the same partici-
pants for the 3 subsequent serosurveys.

Laboratory Testing Algorithm

We tested samples using a Panbio Dengue IgG Indi-
rect ELISA test (Abbott Diagnostics, https://www.
abbott.com), as described elsewhere (9). Following
the manufacturer’s guidelines, we set the IgG thresh-
old for positivity at an index value of 1.1, to detect
levels resulting from past or recent infections of any
serotype. An index value of 0.9-1.1 was classified
equivocal (requiring repeated testing), and <0.9 was
considered negative. We considered seroconversion
of dengue IgG between the pretransmission and post-
transmission surveys to result from dengue infection.

Statistical Analysis

Characteristics by Dengue IgG Status at Enrollment
We present a descriptive summary by dengue IgG
status at enrollment (seropositive vs. seronegative).
We used x* or Fisher exact tests to make categorical
pair-wise comparisons across dengue status. Contin-
uous variables were compared using Student t-test or
analysis of variance.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021
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FOI Calculations

DENV infection can occur with any of the 4 serotypes
and, assuming lifelong acquired homotypic immu-
nity, we estimated the FOI based on IgG seropositiv-
ity status (15,16). However, because IgG ELISA tests
cannot distinguish among the 4 serotypes, infection
in this analysis refers to seroconversion to any DENV
serotype (15). We used binomial regression with a
complementary log-log link function (17-20). In part
A of the FOI analysis, in which data from the enroll-
ment serosurvey were analyzed, we estimated the av-
erage FOI over each participant’s lifetime using age
as the time at risk. In part B of the FOI analysis, using
data from the subset of participants who contributed
to all 4 serosurveys, we estimated the FOI between
consecutive surveys. We considered participants who
were initially seronegative to be at risk for serocon-
version and used the interval between consecutive
surveys as the time at risk. We provide details of FOI
calculations in the Appendix (https://wwwnc.cdc.
gov/EID/article/27/1/19-1650-App1.pdf).

Seroconversion Rate Ratios

For the between-survey analyses, we estimated sero-
conversion rate ratios (RRs) using binomial regres-
sion models with the log time of the actual duration
of each participant’s interval (i.e., time between con-
secutive surveys for that person) for potential risk
factors, including age, sex, neighborhood, level of
education, occupation, any known previous dengue
infection, yellow fever (YF) vaccination history, and
any self-reported signs and symptoms during the
particular interval. As a sensitivity analysis, serocon-
version RRs were estimated for consecutive paired
results, irrespective of results from other surveys. For
example, if a participant was IgG-negative at S2, then
IgG-positive at S3, we considered this seroconversion
between S2 and S3, even if the person had been IgG-
positive at S1.

S1-52 covered the nonoutbreak rainy season in
2015, S2-S3 covered the nonoutbreak nonrainy sea-
son in 2016, and S3-S4 covered the 2016 outbreak.
To assess how demographic and clinical character-
istics are associated with DENV seroconversion and
the difference in patterns in the outbreak (S3-5S4)
compared with those in nonoutbreak periods (S1-
52 and S2-S3), we compiled a descriptive summary
of demographic and clinical characteristics for par-
ticipants at risk (IgG-negative) at each serosurvey,
broken down between participants who had or had
not seroconverted by the subsequent serosurvey.
All analyses were performed using SAS version 9.4
(https:/ /www.sas.com).
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Ethics Considerations

The study protocol received ethics approvals from the
institutional review boards of the International Vaccine
Institute, the London School of Hygiene and Tropical
Medicine, the National Ethical Committee for Health
Research of Burkina Faso, and the Ethics Committee of
the Centre Hospitalier de I'Université de Montréal at
University of Montreal. We obtained written consent
forms from each participant >18 years old. For par-
ticipants 8-17 years old, we obtained an assent form
from the participant and an informed consent from >1
parent or legal guardian. For participants <7 years old,
we obtained an informed consent from >1 parent or
legal guardian.

Results

We obtained complete demographic (age and neigh-
borhood) and laboratory data for 2,897 of 3,026 par-
ticipants (Figure 1). At enrollment (S1), in June 2015,
1,920 (66.3%) of 2,897 participants were IgG positive.
At S2, in December 2015, 1,417 (67.2%) of 2,109 par-
ticipants were IgG positive. At S3, in May 2016, 1,400
(66.5%) of 2,106 participants were IgG positive. At
S4, in March 2017, 1,121 (67.9%) of 1,651 participants
were IgG positive.

Characteristics by Dengue IgG Status at Enroliment

Based on data from the 2,897 participants with com-
plete information, 82% of 1-4-year-olds and 65% of
5-9-year-olds were IgG negative and therefore at
risk of infection at the start of the study (Table 1).

IgG positivity increased with age, so that by age 26,
IgG positivity reached 80% (Figure 2). The binomial
regression based on IgG positivity by age at enroll-
ment, assuming the FOI was constant over ages and
calendar time (part A), resulted in an annual FOI of
5.95% (95% CI 5.66-6.24) (Figure 2).

Annual FOI in IgG-Negative Participants Who

Contributed to All 4 Serosurveys

In part B, we calculated annualized FOI among par-
ticipants who had been IgG negative at the preceding
serosurvey using binomial regression with the inter-
survey interval, calculated in years, as the time at risk.
For the interval S51-52, FOI per year was 14.0% (95%
CI 9.5%-18.4%); for the interval S2-S3, 9.6% (95% CI
5.4%-13.8%); and for the interval S3-54, 20.3% (95%
CI 16.1%-24.5%) (Figure 1). The mean duration was
0.53 years (=6 months) for interval S1-52; 0.44 years
for S2-5S3; and 0.84 years for S3-54. Age-specific an-
nual FOIs were calculated and older age groups with
<5 seronegative participants were merged. For inter-
vals S1-52 and S2-53, FOI was higher for older par-
ticipants (Figure 1). For interval S3-54, high FOlIs of
30% per year were found in participants 15-19 and
25-29 years of age.

Seroconversion RRs from Outbreak Versus

Nonoutbreak Intervals

We analyzed data from each pair of surveys, not
restricted to data from participants in all 4 surveys,
to examine differences in dengue seroconversion

Figure 1. Flowchart of participant enrollment and graphs of annual force of infection rates during a rainy season (A), a nonrainy season
(B), and the 2016 dengue outbreak (C) in study of force of infection for dengue virus, Ouagadougou, Burkina Faso, June-July 2015.
Labels along x-axes (e.g., 0-4) indicate age ranges in years. Error bars indicate 95% Cls. To be considered complete, records had to
contain lab results and basic demographic information. Seroconversion rates in the paired analyses were based solely on results from
one survey to the next (e.g., S2-S3). Dengue serostatus in previous or subsequent surveys was not considered. S, serosurvey.
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during outbreak versus nonoutbreak intervals. During  S1), showed seroconversion. During nonoutbreak in-
nonoutbreak interval S1-S2 (analysis sample = 1,494), terval S2-S3 (analysis sample = 1,488), 23 (5.2%) of 443
33 (7.3%) of 455 participants at risk (i.e., IgG negativeat  participants at risk (i.e., IgG negative at S2), showed

Table 1. Demographic and clinical characteristics of participants in study of force of infection for dengue virus, by dengue IgG status at
enroliment, Ouagadougou, Burkina Faso, June—July 2015*

Characteristics All participants,t N = 2,897  Seropositive,f n =1,920  Seronegative, n =977  p value§
Mean age, SD 22.32 (13.92) 27.02 (13.36) 13.08 (9.74) <0.001
Age group, y <0.001
1-4 208 (7.2) 37 (1.9) 171 (17.5)
5-9 410 (14.2) 142 (7.4) 268 (27.4)
10-14 384 (13.3) 189 (9.8) 195 (20.0)
15-19 379 (13.1) 243 (12.7) 136 (13.9)
20-29 694 (24.0) 560 (29.2) 134 (13.7)
30-39 410 (14.2) 357 (18.6) 53 (5.4)
40-49 264 (9.1) 249 (13.0) 15 (1.5)
50-55 148 (5.1) 143 (7.5) 5 (0.5)
Sex{ <0.001
M 1,154 (39.9) 700 (36.5) 454 (46.5)
F 1,741 (60.1) 1,218 (63.5) 523 (53.5)
Ethnicity 0.712
Burkinabé 2,871 (99.6) 1,906 (99.6) 965 (99.5)
Others 13 (0.5) 8 (0.4) 5 (0.5)
Neighborhood/sector <0.001
Sector 22 447 (18.2) 342 (20.5) 105 (13.3)
Sector 25 510 (20.7) 395 (23.6) 115 (14.6)
Juvenat fille 517 (21.0) 353 (21.1) 164 (20.8)
Pazani 433 (17.6) 281 (16.8) 152 (19.2)
Zongo 547 (22.2) 297 (17.8) 250 (31.7)
Nioko 8(0.3) 4(0.2) 4 (0.5)
Occupation <0.001
Student 1,033 (35.8) 586 (30.6) 447 (46.0)
Housewife 885 (30.7) 666 (34.8) 219 (22.5)
Small business owner 163 (5.7) 130 (6.8) 33(3.4)
Unskilled worker 153 (5.3) 124 (6.5) 29 (3.0)
Government official 92 (3.2) 77 (4.0) 15 (1.5)
Private sector employee 82 (2.8) 66 (3.5) 16 (1.7)
Merchant 55 (1.9) 46 (2.4) 9(0.9)
Retired 53 (1.8) 26 (1.4) 27 (2.8)
Farmer 49 (1.7) 35 (1.8) 14 (1.4)
Skilled worker 43 (1.5) 32 (1.7) 11 (1.1)
Service sector worker 43 (1.5) 34 (1.8) 9(0.9)
Education level <0.001
llliterate 887 (30.7) 596 (31.1) 291 (29.9)
Literate, no education 72 (2.5) 58 (3.0) 14 (1.4)
1-6 y of school 803 (27,8) 455 (23.8) 348 (35.8)
7-10y of school 551 (19.1) 388 (20.3) 163 (16.8)
11-13y of school 274 (9.5) 200 (10.4) 74 (7.6)
>University 210 (7.5) 171 (8.9) 39 (3.0)
Others# 57 (2.0) 39 (2.0 18 (1.9)
Self-reported preexisting conditions
Cardiovascular 113 (4.0) 100 (5.3) 13 (1.4) <0.001
Diabetes 10 (0.4) 7 (0.4) 3(0.3) 0.817
Lung disease 19 (0.7) 17 (0.9) 2(0.2) 0.034
Cerebrovascular 27 (0.9) 18 (0.9) 9(0.9) 0.990
Musculoskeletal 101 (3.5) 82 (4.3) 19 (2.0) 0.002
Gastrointestinal 193 (6.7) 148 (7.8) 45 (4.7) 0.002
Anemia 10 (0.4) 2(0.1) 8 (0.80) 0.002
Others 108 (3.8) 79 (4.1) 29 (3.0 0.139
Self-reported previous dengue <0.001
Yes 13 (0.5) 13 (0.7) 0
No 2,421 (84.7) 1,635 (86.0) 786 (82.1)
Unknown 426 (14.9) 254 (13.4) 172 (18.0)

*Values are no. (%) except as indicated.

1Total participants enrolled at serosurvey 1.

FResults of IgG indirect ELISA among participants at serosurvey 1.
8§p values based on x? test.

12 individuals with missing information on sex.

#Religious and other informal education.
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Figure 2. Seroprevalence, measured by IgG ELISA, of dengue IgG by age at enrollment and fitted prevalence using the FOI per year
in study of force of infection for dengue virus, Ouagadougou, Burkina Faso, June—July 2015. Graph shows observed seroprevalence at
enrollment among all 2,897 participants and fitted seroprevalence using FOI. In the FOI analysis part A, the FOI per year was 0.0595
(95% CI 0.0566-0.0624), estimated by binomial regression, with the assumption of constant risk across ages and calendar time prior to
the enrollment serosurvey, and a complementary log-log link, with log(midpoint of age) as an offset. The intercept is interpreted as the

logarithm of the FOI. FOI, force of infection.

seroconversion. During outbreak interval S3-54 (anal-
ysis sample = 1,401) 78 (17.1%) of 455 participants at
risk (i.e., IgG negative at S3), showed seroconversion.
We compiled demographic and clinical characteristics
of participants with IgG seroconversion compared
with participants who remained IgG negative during
each interval (Table 2, https:/ /wwwnc.cdc.gov/EID/
article/27/1/19-1650-T2.htm).

To assess how these variables might be associated
with changes in rates of seroconversion, we estimated
RRs of seroconversion during the intervals. We found
that older age was positively associated with an in-
creased rate of seroconversion. Compared with those
1-4 years of age, participants 25-55 years of age had
higher seroconversion over S1-S2 [RR 4.1 (95% CI
1.4-15.0)]; both 15-24-year-old participants [RR 4.6
(95% CI 1.4-17.4)] and 25-55-year-old participants
[RR 9.1 (95% CI12.9-34.2)] had higher seroconversion
over S2-S3 (Table 3).

Discussion

Our study provides data on population-based sero-
prevalence and rates of DENV seroconversion that
may help with assessing the largely undocumented
burden of dengue fever in Africa. The dengue burden
in Africa has been conjectured to be similar to that
in the Americas but has been largely unrecognized
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and masked by other illnesses with similar symptoms
(21,22). In particular, the major strength of this study
was that we longitudinally followed the same partici-
pants using 4 repeated serosurveys to measure the
FOI of dengue in Burkina Faso.

Although IgG ELISA test results might be influ-
enced by cross-reactivity with different flaviviruses,
our estimate of seroprevalence was comparable to
prevalence estimates from other studies, all tested us-
ing IgG ELISA: 61% of participants 1-65 years of age
in Colombia (25); 83.1% in participants 15-19 years
of age in Tahiti (26); 74% in participants in a low so-
cioeconomic area in Recife, Brazil (27); and 68.7% in
participants in Salvador, Brazil (28). The overall pro-
portion of IgG-positive participants remained simi-
lar across the surveys, although it was highest at S4
(68%). The small increase in seropositivity despite an
outbreak between S3 and 54 may have resulted from
different participants being lost to follow-up at each
consecutive survey. Such losses were substantial dur-
ing the S1-S2 and S3-54 intervals. The mean age of
participants lost during 51-52 was 20.7 years (95% CI
19.3-22.0) and was 23.7 (95% CI: 22.5-24.9) during S3-
S4. The mean age of the participants was 22.2 years
(95% CI 21.6-22.9) during S1-S2 and 21.6 (95% CI
21.0-22.2) during S3-54. For S1-52, the mean age was
not significantly different between nonparticipants
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and remaining participants, but lost participants
were significantly older for S3-54; participants lost
at follow-up might have tended to be IgG positive,
plausibly resulting in underestimating IgG positivity
at the follow-up survey. While decreasing representa-
tiveness is a limitation, we based FOI calculations on
seroconversion meaning they likely would not have
been substantially affected. We found apparent sero-
reversion from seropositive to seronegative in <3% of
the paired samples: 29 during S51-52, 14 during S2-S3;
and 38 during S3-54. However, we could not distin-
guish whether such cases were due to test errors or
waning immunity.

Data from the baseline serosurvey in this study
(part A) resulted in an annual FOI of 6.0%, although
this assumes that it was constant over age and calen-
dar time. This finding is comparable with estimates
from other regions, such as Sri Lanka at 14% per year
(15); Colombia at 8.7% (22); and a low socioeconomic
area in Recife, Brazil, at 5.3% (25). Our model seems
to capture the increase in baseline seroprevalence
with age (Figure 1). However, any given age profile
in a cross-sectional study can result from different
combinations of incidence varying over age or over
calendar time (27). Therefore, the estimated FOI
from the baseline survey is subject to more limita-
tions than FOIs estimated from the paired surveys.
Nonetheless, our data support that dengue may be

Dengue Virus Serosurveys, Burkina Faso

a bigger public health problem in Africa than is cur-
rently recognized.

From the repeat surveys (part B) for which we
knew the exact duration of the intervals, we could
measure the FOI more directly without assuming a
constant value over age, providing a more accurate
estimate of the magnitude of transmission. These es-
timates were higher than the 6% annual FOI based
on the enrollment survey. Among 1,269 participants
with IgG results from all 4 serosurveys, annual FOIs
were 14 % for S1-S2, 10% for S2-S3, and 20% for S3-54.
Testing of paired samples showed that 7.3% (33/455)
seroconverted during S1-S2, 5.2% (23/443) during
52-S3, and 17.1% (78/455) during S3-5S4. As we ex-
pected, the annualized estimates of rates were =2
times the simple proportions for the first 2 intervals.
For the third interval (53-54), the annualized FOI was
~1.5 times (12/8 months) the proportion seroconvert-
ing, because the conversion between proportions and
rates is less linear for higher values.

The paired survey analyses did not require an
assumption of constant FOI before the study and
showed that FOI varied markedly across time within
the study. In particular, a high annualized FOI (20%)
was observed between S53-54, coinciding with a ma-
jor outbreak. However, even during nonoutbreak in-
tervals, we found considerable dengue transmission;
annualized FOIs ranged from 10% (in a nonrainy

Table 3. Univariable binomial regression showing ratio of rates of seroconversion in study of force of infection for dengue virus, based
on results of 1gG indirect ELISA assays, Ouagadougou, Burkina Faso, June—July 2015*

S1-S2,t N =455, 1gG-S (n = 33)
vs. IgG-N (n = 422)

S2-S3,T N = 443, 1gG-S (n = 23)

S3-S4, N = 455, IgG-S (n = 78)

vs. 1gG-N (n = 420) vs. IgG-N (n = 377)

Characteristics IgG-S rate (95% CI)  p valuet IgG-S rate (95% CI)  p valuet IgG-S rate (95% CI)  p valuet
Age range, y 0.006 0.002 0.038
1-4 Referent Referent§ Referent
5-9 0.70 (0.19-2.84) 0.65 (0.31-1.37)
10-14 1.00 (0.27-4.05) 2.25(0.53-9.52) 1.00 (0.48-2.12)
15-24 1.99 (0.65-7.35) 4.55 (1.37-17.38) 1.77 (0.91-3.60)
25-55 4.11 (1.37-14.99) 9.13 (2.87-34.20) 1.29 (0.55-2.94)
Sex 0.155 0.166 0.686
M Referent Referent Referent
F 1.67 (0.84-3.51) 1.83 (0.80—4.55) 1.10 (0.70-1.72)
Preexisting conditions{ 0.016 0.017 0.433
None/unknown Referent Referent Referent
Yes 2.67 (1.13-5.67) 3.11 (1.12-7.48) 1.29 (0.64-2.34)
Occupation 0.935 0.025 0.177
Student Referent Referent Referent
At home# 1.11 (0.45-2.56) 3.81 (1.45-11.05) 1.64 (0.96-2.75)
Others** 1.15 (0.50-2.54) 1.70 (0.53-5.45) 1.16 (0.66-2.01)
Level of education 0.917 0.191 0.164
llliterate/no schooling Referent Referent Referent
Elementary 1.19 (0.52-2.89) 0.39 (0.12-1.06) 0.80 (0.45-1.42)
>Secondary 1.15 (0.48-2.85) 0.61 (0.23-1.55) 1.33(0.78-2.32)
*Bold indicates statistical significance. IgG-S, 1gG seroconverted; IgG-N, 1gG negative; S, serosurvey.
TPaired survey intervals. S1-S2: July-December 2015; S2—-S3: January 2016—May 2016; S3—-S4: June 2016—March 2017.
1p values based on x? test.
§Age groups 1-4 and 5-9 merged due to data scarcity in seroconverted participants.
fBased on self-report by participants.
#Housewife, retired, unemployed.
**Business owners, employees, workers, etc.
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season, such as S2-S3) to 14% (in a rainy season,
S1-52) (28). Little comparable information from the
region is available, but these rates are comparable to
the 8.7% per year reported from Colombia (23).

These annual rates of infection, measured by
seroconversion, may include both initial and subse-
quent heterotypic infection, because these are indis-
tinguishable by IgG ELISA. However, in our analysis,
the influence of past infection is minimal, because we
focused on participants with IgG-negative status at
enrollment for calculations of FOIs between surveys.
This study was unable to distinguish participants
with single or multiple infections during the study
period. Furthermore, among those with multiple in-
fections, cyclical dominance among DENYV serotypes
is observed in regions with better-documented den-
gue endemicity (29,30). However, cocirculation of
multiple DENV serotypes in Burkina Faso has yet
to be fully demonstrated. Thus, in our study, we cal-
culated an overall FOI, for the totality of serotypes
(20,31). still, we recognize the need for more in-depth
analyses using neutralization assays to understand
serotype-specific transmission patterns in Africa.

In part B of the study, without having to assume
that risk is constant over age, we found that FOI was
higher in older than in younger participants, although
these findings are based on small numbers, given that
most people had already seroconverted at younger
ages. FOI increased with age in the intervals of the
nonoutbreak times (S1-S2 and S2-S3), which has also
been found in Colombia (23). Our data are from IgG
seroconversion rather than clinical dengue, but inci-
dence of dengue fever in the 2016 outbreak in Burki-
na Faso was also higher among teenagers and young
adults (4,6,32). In contrast, in the outbreak interval
S3-54, the FOI was similar across ages (13%-34%),
possibly suggesting the emergence of a different sero-
type with little preexisting population immunity (20).
Without much data on serotype-specific DENV inci-
dence in Burkina Faso, previous studies and reports
of ministry of health and World Health Organization
investigations suggest that the 2016 outbreak was
mainly caused by DENV-2 (4,6,32).

Myalgia during S1-S2, arthralgia during 52-S3,
and fatigue during S3-54 were positively associated
with seroconversion with statistical significance.
Whereas cases of seroconversion may have been as-
sociated with either mild or subclinical illnesses, par-
ticipants were asked whether they had experienced
these symptoms in the interval since the previous sur-
vey. These symptoms are common in dengue illness;
myalgia and arthralgia were listed in the 1997 World
Health Organization dengue case classifications, and
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fatigue or lethargy in 2009 classifications (33-35).
However, because these self-reported symptoms
were recorded at intervals of 6-8 months, without
prompt investigation to identify a cause, we cannot
conclude that any associations with seroconversion
are causal.

This study is subject to several limitations. First,
the generalizability of this study is limited by par-
ticipants all being recruited from the urban popula-
tion in the capital city. The magnitude and patterns
of DENV transmission may differ in other regions of
Burkina Faso, including rural areas, with different
age profiles, ecologic settings, or socioeconomic con-
ditions. Also, although a large number of participants
(1,269) participated in all 4 serosurveys, a substan-
tial number of original participants missed surveys.
Those participants who missed >1 surveys were more
likely to be older than those who participated in all
surveys. This shortfall could have led us to underes-
timate prevalence.

Second, our results were based on serologic test-
ing using IgG ELISA. Further analyses using neu-
tralization assays are planned, but no confirmatory
testing was applied to verify the IgG results. For es-
timating dengue FOI, serologic cross-reaction with
other flaviviruses affecting the observed dengue IgG
rates is a commonly reported limitation (36,37). Ul-
timately, this limitation could result in inaccurate
seroprevalence and FOI estimates because antibod-
ies against nondengue flaviviruses could have been
detected (15,38). In particular, Zika virus has been re-
ported in Burkina Faso (39,40), as have outbreaks of
YF in 1998, 2003, and 2004 (41-43). Vaccine-induced
YF antibodies could also result in interference with
the specificity of IgG ELISA (38). In our data, at each
of the serosurveys, <5% of participants answered that
they had received YF vaccination; although subject to
recall bias, this rate is much lower than the coverage
rate of 85% reported by the Expanded Program on Im-
munization in 2007 (42). Using self-reported YF vac-
cination history as a proxy for YF virus seropositiv-
ity, we found no difference in IgG positivity between
participants reporting and not reporting vaccination,
a finding supported by others (38,44).

Despite the possible effect of cross-reactivity on
dengue ELISAs, 2 studies reported a concordance
level of 99% between the plaque reduction neutral-
ization test (PRNT) and dengue IgG results (37,45).
Also, when IgG ELISA results were verified by us-
ing serologic data among 13,661 participants from 13
countries to estimate dengue FOI, IgG ELISA results
were confirmed by 50% PRNT in >97% of the IgG-
positive samples (20). Samples from 277 healthy
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adults in a rural district in Malaysia were tested with
the same ELISA test used in our study, and PRNT
was performed on a subset of IgG-positive samples
(46). Evidence of past infection was found in 75.5%
(209/277) of participants and, of 96 samples ran-
domly selected to undergo PRNT testing, all 96 were
dengue-confirmed with >50% plaque reduction for
DENYV and showed that the detected antibodies were
specific to dengue virus (46).

The sensitivity of this commercial DENV IgG in-
direct ELISA was reported as 99.2% and the specific-
ity as 96.2% when compared with the hemagglutina-
tion inhibition (HI) method (47). A study compared
performance of IgG ELISA to that of HI testing in
a serosurvey of 327 children in Tahiti and reported
sensitivity and specificity, as well as agreement be-
tween the 2 tests, to be >83% for all DENV serotypes
(24). Another study reported 90.9% sensitivity and
92.9% specificity of the IgG indirect ELISA when
compared with HI, also with a high correlation be-
tween the tests (48). Whereas those data are from
outside of Africa, where a different and unknown
composition of flaviviruses may be circulating, the
results indicate a high degree of agreement between
IgG ELISA and more confirmatory and better vali-
dated tests, such as HI and PRNT.

If cross-reactivity across other flaviviruses were
to result in misclassifications, leading to a high rate of
false positives, our findings would be overestimates
of the true disease prevalence and FOI. However,
given the high concordance between IgG and PRNT
or HI assay results based on available data and be-
cause we analyzed data from paired serosurveys of
participants who were IgG negative at enrollment, we
believe that our results were minimally affected by
this issue.

In conclusion, our estimates of both seroprev-
alence and FOI were comparable with those from
dengue-endemic countries in the Americas. Re-
peated outbreaks indicate a considerable level of
DENV transmission in Ouagadougou, but the ex-
tent of transmission and hyperendemicity needs to
be further verified. Specifically, additional longitu-
dinal evaluation with confirmatory tests and linked
clinical evaluation of dengue fever in the general
population in the region would be necessary to
further validate our findings. Seroprevalence and
FOI are important factors to be considered when
making evidence-based decisions to implement in-
terventions for prevention and control, including
vaccine introduction. In the absence of other reli-
able data, our findings on dengue seroprevalence
and FOI based on consecutive serosurveys provide
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practical evidence that could be used to support
policy decisions.
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Provision of safe drinking water in the United States is
a great public health achievement. However, new wa-
terborne disease challenges have emerged (e.g., ag-
ing infrastructure, chlorine-tolerant and biofilm-related
pathogens, increased recreational water use). Compre-
hensive estimates of the health burden for all water ex-
posure routes (ingestion, contact, inhalation) and sourc-
es (drinking, recreational, environmental) are needed.
We estimated total illnesses, emergency department
(ED) visits, hospitalizations, deaths, and direct health-
care costs for 17 waterborne infectious diseases. About
7.15 million waterborne illnesses occur annually (95%
credible interval [Crl] 3.88 million—12.0 million), results in
601,000 ED visits (95% Crl 364,000-866,000), 118,000
hospitalizations (95% Crl 86,800-150,000), and 6,630
deaths (95% Crl 4,520-8,870) and incurring US $3.33
billion (95% Crl 1.37 billion—8.77 billion) in direct health-
care costs. Otitis externa and norovirus infection were
the most common illnesses. Most hospitalizations and
deaths were caused by biofilm-associated pathogens
(nontuberculous mycobacteria, Pseudomonas, Legio-
nella), costing US $2.39 billion annually.

t the beginning of the 20th century, diseases

commonly transmitted by water, such as cholera
and typhoid, were major causes of death in the Unit-
ed States (1). Reliable provision of treated, safe drink-
ing water dramatically reduced the burden of these
diseases and has been recognized as one of the great-
est public health achievements of the 20th century (2).
Despite this achievement, waterborne disease in the
United States persists (3-5).

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
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In the United States, outbreaks associated with
large public drinking water systems have sharply de-
clined in the past 40 years (3,6), likely the result of
improvements in regulation and operation. However,
transmission of disease via drinking water systems
still occurs, often attributable to aging infrastructure,
operational challenges, and the private or unregu-
lated water systems (e.g., private wells) that serve an
estimated 43 million persons (7). At the same time,
the complexity and scope of water use has increased;
drinking, sanitation, hygiene, cooling, and heating
needs are supported by 6 million miles of plumbing
inside US buildings (i.e., premise plumbing) (8,9).
Premise plumbing water quality can be compromised
by long water residency times, reduced disinfectant
levels, and inadequate hot water temperatures, creat-
ing environments where pathogens (e.g., nontubercu-
lous mycobacteria [NTM], Pseudomonas, and Legionel-
la) can amplify in biofilms (10). People can be exposed
to these pathogens through contact, ingestion, or in-
halation of aerosols (e.g., from showerheads, building
cooling towers, or decorative fountains).

As leisure time has increased, swimming pools,
waterparks, water playgrounds, and hot tubs have
proliferated (5). These venues rely largely on chlori-
nation as the major barrier against disease transmis-
sion. Cryptosporidium has emerged as the major cause
of outbreaks associated with treated aquatic venues
because it is extremely chlorine resistant and has a
low infectious dose (5,11,12). Warmer oceans have led
to Vibrio-associated wound infections farther north
than previously documented (13).

Estimates of the overall burden of foodborne dis-
ease in the United States, including both known and un-
known agents, have been useful in directing prevention
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activities and setting public health goals (14,15). Quanti-
fying the burden of infectious waterborne disease in the
United States would also be beneficial.

Previous studies have attempted to estimate the
burden of gastrointestinal illness (16,17) or all illness as-
sociated with drinking water (18) and untreated recre-
ational water (19) in the United States, but the burden
of disease from all water sources (drinking, recreational,
environmental) and exposure routes (ingestion, contact,
inhalation) has not been estimated. We present an esti-
mate of the burden of waterborne disease in the United
States that includes gastrointestinal, respiratory, and
systemic disease; accounts for underdiagnosis; and in-
cludes all water sources and exposure routes.

Methods
We defined waterborne disease as disease in which
water was the proximate vehicle for exposure to an
infectious pathogen. Thus, diseases such as Legion-
naires’ disease (typically transmitted via inhaled wa-
ter droplets containing Legionella bacteria) were con-
sidered waterborne. In contrast, arboviral diseases
like malaria, for which standing water can increase the
population of mosquitoes that transmit the parasite
that causes malaria, were not considered waterborne.
Algal toxins and chemical exposures were not consid-
ered. We determined the proportion of disease totals
that were attributed to domestic waterborne exposure.
For this estimate, we chose diseases for which sur-
veillance data, administrative data, or literature reports
indicated that waterborne transmission for the disease
in the United States was plausible, the disease was like-
ly to cause substantial illness or death, and data were
available to quantify associated health outcomes. Dis-
eases included in this analysis were campylobacterio-
sis, cryptosporidiosis, giardiasis, Legionnaires’ disease,
NTM infection, norovirus infection, acute otitis ex-
terna, Pseudomonas pneumonia and septicemia, Shiga
toxin-producing Escherichia coli (STEC) infection sero-
type 0157, non-0O157 serotype STEC infection, salmo-
nellosis, shigellosis, and vibriosis (including infection
by Vibrio alginolyticus, V. parahaemolyticus, V. vulnificus,
and other species). To aid in quantifying the burden
of respiratory diseases and enteric disease separately,
we considered Legionnaires” disease, NTM infection,
and Pseudomonas pneumonia primarily respiratory
diseases, whereas we considered campylobacteriosis,
cryptosporidiosis, giardiasis, norovirus infection, sal-
monellosis, and shigellosis primarily enteric diseases.
We employed methods similar to those of Scallan et
al. (14,15) to estimate the number of illnesses, treat-and-
release emergency department (ED) visits (i.e., visits
in which the person was not admitted to the hospital),
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hospitalizations, and deaths attributed to waterborne
transmission in the United States. We also quantified
the direct healthcare costs of treat-and-release ED vis-
its and hospitalizations, as measured by insurer and
out-of-pocket payments. Our overall methods are de-
scribed here; detailed methods are described in Appen-
dices 1-3 (https:/ /wwwnc.cdc.gov/EID/article/27/1/
19-0676-Appl.pdf; https:/ /wwwnc.cdc.gov/EID/
article/ 27/1/19-0676-App2.pdf; https://wwwnc.cdc.
gov/EID/ article/27/1/19-0676-App3.pdf).

Data were for 2000-2015. All estimates were
based on the 2014 US population (318.6 million per-
sons); 2014 was the most recent year for which data
were available for all surveillance sources. Estimates
were derived from statistical models; each model in-
put had uncertainty represented by a distribution of
plausible values. Inputs are described in Appendix
1 and more details on the modeling process are de-
scribed in Appendix 2. All estimates were rounded to
3 significant figures.

llinesses

The initial model input was the number of reported or
documented cases of illness for each disease, selected hi-
erarchically: data from active surveillance systems were
preferred, passive surveillance data were used if active
surveillance data were not available, and administra-
tive data were used if no active or passive surveillance
system for the disease existed (Table 1). Administrative
data sources included the Health Care Utilization Proj-
ect (HCUP) National Inpatient Sample (HCUP NIS) hos-
pitalization database, the HCUP National Emergency
Department Sample (HCUP NEDS) ED visit database,
and, in the case of otitis externa, the National Ambulato-
ry Medical Care Survey (NAMCS), which surveys visits
to physicians’ offices. These administrative data sources
use complex sample survey weighting methods and are
considered nationally representative. We multiplied
the initial reported or documented number of cases for
each disease by a series of multipliers that accounted for
underreporting and underdiagnosis (including illness
severity, medical care-seeking, likelihood of specimen
submission, proportion of laboratories capable of per-
forming a diagnostic test, and test sensitivity).

Emergency Department Visits

The surveillance systems used do not tally treat-and-
release ED visits but do capture the proportion of pa-
tients hospitalized with a given disease; we combined
this proportion with the ratio of treat-and-release ED
visits for each disease (reported in HCUP NEDS) to
hospitalizations for that disease (in HCUP NIS) to
calculate the estimated proportion of reported cases
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Table 1. Data sources used to estimate the total number of ilinesses for selected infectious diseases, United States*

Active surveillance data (name of
surveillance system)

Passive surveillance data

Administrative data

Campylobacteriosis (FoodNet)
Cryptosporidiosis (FoodNet)

Norovirus (20,21)

Salmonellosis, nontyphoidal (FoodNet)
STEC infection, 0157 (FoodNet)
STEC infection, non-O157 (FoodNet)
Shigellosis (FoodNet)

Giardiasis (NNDSS)
Legionnaires’ disease (NNDSS)
Vibrio spp. infection (COVIS)

Vibrio alginolyticus infection (COVIS)
Vibrio parahaemolyticus infection (COVIS)
Vibrio vulnificus infection (COVIS)
Other Vibrio infection (COVIS)

NTM infection (HCUP NEDS/NIS)
Otitis externa (NAMCS, HCUP NEDS/NIS)
Pseudomonas pneumonia (HCUP NEDS/NIS)
Pseudomonas septicemia (HCUP NEDS/NIS)

*COVIS, Cholera and Other Vibrio lliness Surveillance; FoodNet, Foodborne Diseases Active Surveillance Network; HCUP NEDS/NIS, Healthcare Cost
and Utilization Project’s National Emergency Department Sample and National Inpatient Sample; NAMCS, National Ambulatory Medical Care Survey;
NNDSS, National Notifiable Diseases Surveillance System; NTM, nontuberculous mycobacterial; STEC, Shiga toxin—producing Escherichia coli.

with an ED visit. Although not all patients who vis-
ited the ED would have been reported or received a
diagnosis, they were assumed to be more likely to re-
ceive a diagnosis than patients without an ED visit.
Instead of applying the higher underdiagnosis factor
used for illness, we used an underdiagnosis factor
with a modal value of 2, consistent with previous esti-
mates, and supported by a recent analysis comparing
the incidence of bacterial gastroenteritis captured in
surveillance and hospital discharge data (14,22,23).

Hospitalizations

We applied the proportion of patients hospital-
ized according to surveillance data to the estimated
number of reported cases to calculate the estimated
number of reported hospitalized patients. If sur-
veillance data were not available, the number of
hospitalizations reported in HCUP NIS for a partic-
ular disease was used. Hospitalized case-patients
were assumed to be more likely to have received
a diagnosis than nonhospitalized case-patients. In-
stead of applying the higher underdiagnosis factor
used for illness, we used an underdiagnosis factor
with a modal value of 2, consistent with previous
estimates, and, for some bacterial enteric diseases,
supported by recent work (14,22,23).

Deaths

We applied the proportion of case-patients who died,
as reported by surveillance data, to the estimated
number of reported cases to calculate the estimated
number of reported deaths. If surveillance data were
not available, we used the method of Gargano et al.
(24). In brief, we combined the number of in-hospital
deaths for each disease reported in HCUP NIS with
the number of out-of-hospital deaths reported in
death certificate records. We assumed that patients
who died were more likely have received a diagno-
sis than patients who did not die. Instead of applying
the higher underdiagnosis factor used for illness, we
used an underdiagnosis factor with a modal value of
2, consistent with previous estimates (14,22).
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Domestically Acquired Waterborne Disease

We used surveillance data, when available, to deter-
mine the proportion of persons with a given disease
who traveled outside the United States during the in-
cubation period. The remaining proportion of cases
was considered domestically acquired. When this
information was not available, we used literature es-
timates and expert consultation. We used recent attri-
bution estimates for each disease (25; E.M. Beshearse,
unpub. data), derived through structured expert
judgment (SE]), a formal process that answers ques-
tions for which data are sparse using expert opinions
(26,27), to determine the proportion of disease attrib-
utable to waterborne transmission.

Uncertainty Estimates
For each input and multiplier in the model, we used
a distribution that accounted for low, high, and
midpoint estimates. This distribution accounted for
the uncertainty in each input and multiplier and fa-
cilitated calculation of uncertainty intervals for final
estimates. For diseases with surveillance data avail-
able, we used the methods of Scallan et al. to produce
model inputs (14). For diseases with administra-
tive data only (e.g., NTM infection and Pseudomonas
pneumonia and septicemia), we used the mean hos-
pitalization count from HCUP NIS and computed the
illness count as the ratio of hospitalization count to
hospitalization rate. We assumed the distribution of
the hospitalization count to be normal, with the SD
calculated from the reported 95% CI. As we did with
surveillance data, we included the variation of hospi-
talization count over time in the model and assumed
that the distribution for each multiplier followed the
4-parameter Program Evaluation and Review Tech-
nique (PERT) distribution (28), with disease-specific
parameter values based on available publications.
Uncertainty in the final estimates is a cumula-
tive effect of the uncertainty of each model input.
Each multiplier was generated independently. Using
100,000 iterations, we obtained distributions of counts
and used them to generate point estimates of means
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and the corresponding 95% credible interval (Crl,
the 2.5th percentile through the 97.5th percentile of
the empirical distribution). We generated all-disease
totals for each outcome by sampling from the distri-
butions generated for each individual disease, using
SAS 9.4 (https:/ /www.sas.com) and R 3.5.1 (29).

Direct Healthcare Cost per ED Visit and Hospitalization
We used methods described previously (30,31) to cal-
culate the direct cost of healthcare for ED visits and
hospitalizations, using the 2012-2013 MarketScan re-
search databases (IBM Watson Health, https:/ /www.
ibm.com/watson-health). These databases contain de-
identified insurance billing data for tens of millions
of persons covered by private, Medicare (which cov-
ers primarily persons >65 years of age), and Medicaid
(which covers primarily persons with low incomes or
disabilities) health insurance plans and contain infor-
mation on insurance and out-of-pocket payments for
hospitalizations, ED visits, doctors” office visits, labo-
ratory testing, and outpatient drug prescriptions. We
used these data to calculate the sum of insurer and
out-of-pocket payments per hospitalization or visit, by
insurance source. We calculated a weighted cost per
hospitalization or visit by multiplying the mean total
payments for each insurance source by the propor-
tion of cases with the insurance source in HCUP NIS
or HCUP NEDS. We assumed that persons with other
sources of health insurance (e.g., Tricare, the US mili-
tary health insurance plan) or no health insurance have
the same costs as persons with private insurance. For
ED visit costs, we used the data described by Adam et
al. (30), except for norovirus infection (not examined
by Adam et al.) and STEC 0157 and non-O157 (catego-
rized differently by Adam et al.) (Appendix 1).

Total Direct Health Care Costs of Domestically
Acquired Waterborne Hospitalizations and ED Visits
We estimated the total direct healthcare cost of ED
visits and hospitalizations attributed to waterborne
transmission in the United States using the total
number of ED visits and hospitalizations attributed
to waterborne transmission in the United States. We
multiplied these figures by the weighted average
cost per ED visit or hospitalization, using 100,000 it-
erations, with uncertainty distributions as described
(Appendix 1).

Results
llinesses

We estimate that 33,600,000 (95% Crl 23,500,000~
48,000,000) illnesses from the diseases in this anal-
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ysis occurred in 2014, and of those, 7,150,000 (95%
Crl 3,880,000-12,000,000; 21.3%) were attributed to
waterborne transmission in the United States (Table
2). The diseases that caused the greatest number of
domestically acquired waterborne illnesses were
otitis externa (4,670,000 illnesses; 95% Crl 2,350,000~
7,290,000) and norovirus infection (1,330,000 ill-
nesses; 95% Cr 5,310-5,510,000), followed by giar-
diasis (415,000 illnesses; 95% Crl 140,000-816,000)
and cryptosporidiosis (322,000 illnesses; 95% Crl
61,700-993,000). An estimated 96,000 domestically
acquired waterborne respiratory illnesses occurred,
and 2,330,000 domestically acquired waterborne en-
teric illnesses occurred.

Emergency Department Visits

An estimated 601,000 (95% CrI 364,000-866,000) treat-
and-release emergency department visits for the in-
cluded diseases were attributed to waterborne trans-
mission in the United States in 2014 (Table 3). Otitis
externa caused the largest number of visits (567,000;
95% Crl 337,000-823,000).

Hospitalizations

We estimate that these diseases were responsible
for 118,000 (95% Crl 86,800-150,000) hospitaliza-
tions attributed to waterborne transmission in
the United States (Table 3). The diseases with the
largest number of hospitalizations were NTM in-
fection (51,400 hospitalizations; 95% Crl 26,800~
74,100), otitis externa (23,200 hospitalizations; 95%
Crl 13,900-33,600), and Pseudomonas pneumonia
(15,500 hospitalizations; 95% Crl 4,130-28,100).
An estimated 77,700 respiratory hospitalizations
were attributed to waterborne transmission, and
10,900 enteric hospitalizations were attributed to
waterborne transmission.

Deaths

The diseases examined in this analysis were re-
sponsible for 6,630 deaths (95% Crl 4,520-8,870)
attributed to waterborne transmission in the Unit-
ed States in 2014 (Table 3). The diseases with the
largest number of deaths attributed to waterborne
transmission in the United States were NTM in-
fection (3,800, 95% Crl 1,950-5,620), Legionnaires’
disease (995, 95% Crl 655-1,310), and Pseudomo-
nas pneumonia (730, 95% Crl 185-1,460). An esti-
mated 5,530 deaths from respiratory disease were
attributed to waterborne transmission (83% of all
domestically acquired waterborne deaths), and 131
deaths from enteric diseases were attributed to wa-
terborne transmission.
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Direct Healthcare Costs of ED Visits

and Hospitalizations

Pseudomonas septicemia had the highest cost per
hospital stay ($38,200; 95% CrI $6,340-$172,000),
followed by Legionnaires’ disease ($37,300, Crl
$7,950-$149,000) (Table 4). Payments for ED visits
and hospitalizations attributed to waterborne trans-
mission in the United States totaled US $3.33 billion
(95% Crl $1.37-$8.77 billion) in 2014 dollars (Table
5). This amount included $1.33 billion (95% Crl
$361 million-$4.44 billion) in commercial insurer
payments, $1.52 billion (95% CrI $338 million-$5.84
billion) in Medicare payments, and $284 million

(95% Crl $62.7 million-$906 million) in Medicaid
payments (Appendix 3 Tables 1-3). The costliest
diseases were NTM infection ($1.53 billion; 95% CrI
$272 million-$6.38 billion), otitis externa ($564 mil-
lion; 95% Crl $187 million-$1.57 billion), and Pseu-
domonas pneumonia ($453 million; 95% CrI $49.9
million-$1.95 billion). An estimated $2.39 billion in
direct healthcare costs from domestically acquired
waterborne respiratory disease were incurred (72%
of all costs from domestically acquired waterborne
disease), as were $160 million in direct healthcare
costs from domestically acquired waterborne en-
teric diseases.

Table 2. Estimated number of total cases of domestically acquired waterborne illness in 2014 for selected infectious diseases, United

States*
Estimated Multipliers Domestically
confirmed  Under- Under- Estimated total International Waterborne, acquired waterborne,
Disease or syndrome cases reporting diagnosis cases (95% Crl) travel, % % (95% Crl) no. (95% Crl)
Campylobacteriosis 54,000 1.0 28.3 1,540,000 14.4 13 171,000
(597,000-3,250,000) (1-31) (13,900-586,000)
Cryptosporidiosis 8,450 1.0 97.3 823,000 9.9 43 322,000
(243,000-2,160,000) 17-73) (61,700-993,000)
Giardiasis 17,900 1.30 45.9 1,070,000 12.3 44 415,000
(727,000-1,560,000) (16-78) (140,000-816,000)
Legionnaires’ disease 5,030 1.0 2.3 11,400 1.0 97 11,000
(8,920-13,600) (67-100) (7,430-13,300)
NTM infection 25,700 1.0 3.8 97,000 1.0 72 68,900
(75,700-122,000) (39-94) (35,800-100,000)
Norovirus NA 1.0 NA 21,800,000 11 6 1,330,000
(12,100,000 (0-25) (5,310-5,510,000)
36,000,000)
Otitis externat 1,720,000 1.0 34 5,980,000 1.3 79 4,670,000
(3,200,000— (67-95)t (2,350,000—
8,880,000) 7,290,000)
Pseudomonas 15,800 1.0 2.0 31,700 1.0 51 15,900
pneumonia (19,300-46,000) (14-80) (4,240-29,000)
Pseudomonas 13,000 1.0 2.0 26,100 1.0 22 5,760
septicemia (16,700-35,900) (3-53) (743-14,400)
Salmonellosis, 46,400 1.0 29.1 1,350,000 9.7 6 77,000
nontyphoidal (733,000-2,450,000) (0-22) (5,640-277,000)
STEC infection, 3,530 1.0 18.2 64,200 4.0 5 3,360
serotype 0157 (13,000-188,000) (1-13) (336-12,900)
STEC infection, 4,550 1.0 48.1 219,000 15.3 6 11,400
serotype non-0157 (80,000-493,000) (0-17) (0-43,900)
Shigellosis 13,600 1.0 33.1 449,000 7.8 4 17,300
(97,800-1,350,000) (1-21) (1,080-77,500)
Vibrio spp. infection 1,230 NA NA 172,000 NA NA 34,600
(126,000-231,000) (17,600-56,900)
V. alginolyticus 234 11 142.8 36,700 6.5 37 12,700
(23,600-54,800) (13-71) (4,100-25,400)
V. parahaemolyticus 593 11 141.6 92,400 6.7 24 20,800
(55,000-144,000) (7-38) (6,000-39,000)
V. vulnificus 133 1.1 1.7 249 1.5 77 188
(178-340) (40-91) (93-277)
Other Vibrio 271 1.1 142.8 42,600 14.4 2 879
(25,500-66,500) (0-23) (3-8,490)
Total illness NA NA NA 33,600,000 NA NA 7,150,000
(23,500,000— (3,880,000—
48,000,000) 12,000,000)

*Estimates rounded to 3 significant figures. Crl, credible interval; NA, not applicable; NTM, nontuberculous mycobacteria; STEC, Shiga toxin—producing

Escherichia coli.

tCombines the waterborne source attribution (25) for Pseudomonas spp. otitis externa (81%) and Staphylococcus aureus (75%) in a ratio of 2:1. More
details provided in Appendix 1 (https://wwwnc.cdc.gov/EID/article/27/1/19-0676-App1l.pdf).
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Table 3. Estimated number of treat-and-release emergency department visits, hospitalizations, and deaths from domestically acquired
waterborne transmission in 2014 for selected infectious diseases, United States*
Treat-and-release ED

visitst Hospitalizations Deaths
Domestic % Domestic Domestic
waterborne Admitted waterborne Total waterborne
Total visits  visits (95% to Total stays stays (95% % deaths deaths
Disease or syndrome (95% Crl) Crl) hospital (95% Crl) Crl) Deaths (95% Crl)  (95% Crl)
Campylobacteriosis 2,900 319 19.5 19,300 2,150 0.2 242 27
(1,620- (31-966) (8,790- (192-6,900) (0-1,150) (0-146)
4,630) 34,900)
Cryptosporidiosis 1,260 492 19.2 2,870 1,120 0.3 61 24
(742-1,880) (167-957) (439-8,060) (102-3,550) (0-320) (0-136)
Giardiasis 1,460 567 7.9 2,830 1,100 <0.1 4 1
(902-2,090) (185-1,120) (1,760-4,070) (364-2,180) (0-11) (0-5)
Legionnaires’ disease 691 667 98.1 11,200 10,800 9.0 1,030 995
(316-1,220) (289-1,200) (8,750— (7,280- (762— (655—
13,300) 13,100) 1,330) 1,310)
NTM infection 7,150 5,080 74.8 72,400 51,400 55 5,350 3,800
(5,110- (2,560— (57,300— (26,800— (4,020- (1,950-
9,620) 7,750) 89,700) 74,100) 6,920) 5,620)
Norovirus 429,000% 26,300% 0.4 78,100 4,780 <0.1 885 54
(318,000— (105— (58,500— (19-19,300) (742— (0-219)
605,000) 106,000) 104,000) 1,120)
Otitis externa 726,000 567,000 0.9 29,700 23,200 <0.1 280 219
(466,000—-  (337,000- (19,200~ (13,900- (144-452) (107-367)
994,000) 823,000) 40,600) 33,600)
Pseudomonas 580 201 97.2 30,800 15,500 4.6 1,450 730
pneumonia (321-902) (75-552) (18,700— (4,130- (786— (185—
44,700) 28,100) 2,420) 1,460)
Pseudomonas 164 36 97.2 25,300 5,590 121 3,140 695
septicemia (36-326) (2-106) (16,300— (722-14,000) (1,990- (89-1,740)
34,800) 4,430)
Salmonellosis, 3,410 194 28.4 26,600 1,520 0.5 421 24
nontyphoidal (2,100- (15-671) (11,400~ (100-5,660) (0-1,140) (0-103)
4,900) 52,800)
STEC infection, 252 12 38.5 2,640 138 0.7 36 2
serotype 0157 (92-465) (2-35) (487-7,630) (14-503) (0-314) (0-17)
STEC infection, 75 4 16.0 1,420 74 0.2 16 1
serotype non-0O157 (12-171) (0-16) (264-3,810) (0-308) (0-184) (0-12)
Shigellosis 1,650 64 24.4 6,380 245 0.1 26 1
(540-2,870)  (5-311) (929-20,300)  (12-1,140) (0-218) (0-9)
Vibrio spp. infection 366 76 NA 782 251 NA 113 60
(122-700) (14-166) (567-1,030) (153-362) (67-156) (27-92)
V. alginolyticus NAS§ NAS 15.9 74 26 0.8 4 1
(38-141) (8-58) (0-11) (0-5)
V. parahaemolyticus NAS§ NASg 22.3 264 60 1.4 16 4
(136-410) (16-112) (7-32) (1-9)
V. vulnificus NAS§ NA* 85.4 213 161 28.8 72 54
(147-297) (79-241) (38-104)  (24-85)
Other Vibrio NAS NAS§ 42.5 231 5 3.8 20 0
(134-350) (0-46) (11-33) (0-4)
Total 1,180,000 601,000 NA 310,000 118,000 NA 13,100 6,630
(877,000—-  (364,000— (263,000- (86,800— (10,600— (4,520-
1,490,000)  866,000) 360,000) 150,000) 15,900) 8,870)

*Estimates rounded to 3 significant figures. Crl, credible interval; ED, emergency department; NA, not applicable; NTM, nontuberculous mycobacterial;
STEC, Shiga toxin—producing Escherichia coli.

tTreat-and-release ED visits were defined as visits in which the person was not admitted to the hospital.

FFor norovirus infection only, ED visits in which the person was admitted to the hospital were included, for consistency with previous published estimates.
8No International Classification of Diseases, 9th Revision, Clinical Modification, codes are available for Vibrio spp. infections, only a general code for
“Vibriosis and cholera.” ED visit estimates relied on administrative data that used these codes, and thus are presented only for Vibrio infection overall.

Discussion ED visits (95% CrlI 364,000-866,000), 118,000 hos-
Domestic waterborne transmission of 17 diseases pitalizations (95% Crl 86,800-150,000), and 6,630
in the United States caused ~7.15 million (95% Crl deaths (95% CrI 4,520-8,870), and incurred $3.33 bil-
3.88-12.0 million) waterborne illnesses to occur an- lion (95% Crl $1.31-$8.71 billion) in hospitalization
nually during the study period, including 601,000 and ED visit costs. This estimate includes drinking,
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recreational, and environmental water exposures.
Although the risk of illness from enteric pathogens
readily controlled by water treatment processes still
exists, this analysis highlights the expanding role of
environmental pathogens (e.g., mycobacteria, Pseu-
domonas, Legionella) that can grow in drinking water
distribution systems; plumbing in hospitals, homes,
and other buildings; recreational water venues; and
industrial water systems (e.g., cooling towers). This
snapshot of waterborne disease transmission in the
United States circa 2014 contrasts with historical wa-
terborne disease transmission before the implementa-
tion of drinking water treatment and sanitation sys-
tems (e.g., cholera, typhoid fever, and other enteric
pathogens) (1).

Few comparable waterborne disease burden esti-
mates exist for the United States or other high-income
countries. The World Health Organization (WHO)
has estimated water, sanitation, and hygiene-related
disease and injury (i.e., diarrhea, drowning, malnutri-
tion) (32). WHO's estimated 6,600 annual US deaths
from nondiarrheal infectious diseases is within the
range of our estimate, although the infectious dis-
eases included were not specified, making direct
comparison difficult. Work from Australia used the
WHO estimates to calculate the waterborne burden of
5 enteric pathogens, whereas estimates from Canada
assessed the burden of AGI from drinking water and
the burden of 5 enteric pathogens from private wells
and small water systems (33-35). Work in Europe es-
timated the proportion of 9 primarily enteric diseases

attributable to water (36). Prior estimates of the bur-
den of waterborne disease in the United States focused
on the burden of gastrointestinal illness associated
with drinking water and an estimated 4-32 million
cases of illness each year (16-18). Our estimate dif-
fers from previous work because it focuses on specific
pathogens, includes nongastrointestinal diseases, and
considers all waterborne exposure routes.

A previous estimate of foodborne disease found
fewer illness, hospitalizations, and deaths from food-
borne disease due to known pathogens (14), although
it found more illness when unspecified agents were
considered (15). For pathogens included in both esti-
mates, underdiagnosis multipliers did not differ sub-
stantially, except for decreases in STEC multipliers
because of improved laboratory capacity. The higher
totals in this analysis reflect the diseases selected for
inclusion, some of which cause severe respiratory
diseases more likely to result in hospitalization and
death than the diseases with primarily enteric ef-
fects that were included in the foodborne estimate.
When estimates for the enteric pathogens included in
both analyses are compared, the waterborne burden
is lower than the foodborne burden. This difference
could be because drinking and treated recreational
water systems were designed to prevent enteric ill-
ness, and the intervention (disinfection) is relatively
simple compared with the manifold interventions
needed to prevent foodborne illness.

This work is subject to several limitations. First,
we used a series of multipliers to generate estimates of

Table 4. Cost per hospital stay for selected diseases that can be transmitted by water, 2012—-2013 IBM MarketScan health insurance

databases, United States*

Disease/syndrome

Cost in 2014 US dollars (95% Crl)

Commercial insurance

Medicare

Medicaid

Overall

Campylobacteriosis
Cryptosporidiosis
Giardiasis

Legionnaires’ disease
NTM infection

Norovirus infectiont

Otitis externa
Pseudomonas pneumonia
Pseudomonas septicemia
Salmonellosis, nontyphoidal
STEC infection, serotype
0157

STEC infection, serotype
non-0157

Shigellosis

Vibrio spp. infection

15,200 (1,520—47,100)
17,900 (1,560-82,700)
25,300 (1,790—168,000)
45,900 (2,320-306,000)
44,100 (1,650-244,000)

13,800 (1,480-56,500)
45,100 (1,510-193,000)
63,600 (1,450-386,000)
17,200 (2,010-73,600)
25,900 (2,410-150,000)

23,600 (1,390-95,700)

19,000 (2,910-85,300)
17,400 (2,260-50,500)

15,100 (1,630-55,300)
17,300 (1,800-79,400)
22,300 (1,890-96,900)
33,600 (4,210-183,000)
27,600 (1,720-152,000)

14,400 (1,490-65,100)
28,200 (1,890—146,000)
34,400 (2,200-181,000)
17,100 (1,400-62,700)
17,200 (1,860-82,200)

31,900 (2,620-250,000)

13,500 (1,610-39,600)
18,400 (0,977-78,700)

5,900 (85—29,000)
10,700 (22—64,200)
14,300 (159-88,000)
18,700 (17-99,300)
14,800 (49-69,100)

6,680 (43-36,900)
11,600 (18-53,200)
19,800 (47-113,000)

6,940 (70-26,300)

4,530 (3-30,200)

5,020 (458-32,000)

7,710 (37-51,300)
4,600 (13-46,000)

13,600 (3,850—35,800)
16,100 (4,360-55,400)
21,800 (6,160-99,200)
37,100 (7,950-149,000)
29,600 (6,350—120,000)
6,080
12,200 (3,320-42,400)
29,300 (5,910—114,000)
38,200 (6,340-172,000)
14,900 (4,300—46,900)
19,000 (3,790-85,000)

24,200 (4,780-138,000)

14,200 (4,130-48,000)
16,000 (3,780-39,900)

*Estimates rounded to 3 significant figures. Overall cost calculated using the sum of insurer and out-of-pocket payments per stay for each payment source
multiplied by the proportion of persons in the Health Care Utilization Project’'s Nationwide Inpatient Sample with each payment source, for the
corresponding disease or syndrome. This produces a weighted average cost per stay that reflects the differing proportion of payment sources for each
disease or syndrome. Persons who had a payment source other than commercial insurance, Medicare, or Medicaid (i.e., persons covered by Tricare (the
healthcare plan for persons affiliated with the US armed services, who were uninsured, or who had an unknown source of insurance) were assumed to
have a cost per stay equivalent to the commercial insurance cost per stay. NTM, nontuberculous mycobacterial; STEC, Shiga toxin—producing

Escherichia coli.

TNorovirus costs were derived from previously published estimates that did not specify cost per insurance source or include uncertainty intervals.

146

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021



disease, and accuracy of these estimates relies on the
accuracy of the multipliers. Although we attempted
to account for the uncertainty of each data point using
uncertainty intervals, any systematic errors in multi-
pliers will produce a biased estimate. For example, wa-
terborne transmission is not the sole route of transmis-
sion for any of the diseases in this work; many of the
included diseases can be transmitted through multiple
pathways (e.g., cryptosporidiosis can be waterborne,
foodborne, or transmitted directly from animals or hu-
mans). We also relied on structured expert judgment
(SEJ) to estimate the proportions of diseases attributed

Burden and Cost of Infectious Waterborne Disease

to waterborne transmission. SEJ is an approach used
when primary data are not available, and is subject to
limitations including expert bias (26,27). For norovirus
infection, the uncertainty interval for the waterborne at-
tribution percentage was large, reflecting a lack of con-
sensus among experts, and resulting in an estimate of
illness with a wide credibility interval (1,330,000 [95%
Crl 5,310-5,510,000] illnesses). Second, this analysis is
limited to 17 infectious diseases with adequate surveil-
lance or administrative data available and does not in-
clude all disease associated with waterborne transmis-
sioninthe United States. Insufficient data wereavailable

Table 5. Total direct healthcare cost of ED visits and hospitalizations from domestically acquired waterborne transmission of selected

infectious diseases, United States, 2014*

Value (95% Crl)

Treat-and-release ED visitst Hospitalization Direct
Disease or Total no. Total cost, Cost per Total no. hospital ~ Total cost, healthcare
syndrome Cost per visit visits millions stay stays millions cost, millions
Campylobacteriosis 1,710 319 0.545 13,600 2,150 30.0 30.5
(137-5,810)  (31-966) (0.0177-2.61) (3,850- (192-6,900) (1.71-121) (2.10-121)
35,800)
Cryptosporidiosis 1,960 492 0.963 16,100 1,120 17.9 18.9
(238-6,270)  (167-957)  (0.0802-3.44) (4,360- (102-3,550) (1.10-79.5) (1.82-80.4)
55,400)
Giardiasis 1,620 567 0.917 21,800 1,100 23.9 24.8
(196-7,510) (185-1,120) (0.0861-3.78) (6,160- (364-2,180) (3.53-104) (4.21-105)
99,200)
Legionnaires’ 691 667 0.460 37,100 10,800 401 402
disease (288-1,390) (289-1,200) (0.127-1.13) (7,950- (7,280-13,100)  (79.0-1,690)  (79.5-1,690)
149,000)
NTM infection 1,610 5,080 8.17 29,600 51,400 1,520 1,530
(129-6,430) (2,560- (0.584-34.0) (6,350- (26,800-74,100) (266-6,370) (272-6,380)
7,750) 120,000)
Norovirust 1,140 26,300 30.1 6,080 4,780 29 59.1
Otitis externa 494 567,000 280 12,200 23,200 285 564
(120-1,430) (337,000— (60.2-846) (3,320~  (13,900-33,600) (67.8-1,040)  (187-1,570)
823,000) 42,400)
Pseudomonas 856 291 0.249 29,300 15,500 452 453
pneumonia (89-4,190) (75-552) (0.0162-1.27) (5,910- (4,130-28,100)  (49.8-1,950)  (49.9-1,950)
114,000)
Pseudomonas 923 36 0.0334 38,200 5,590 214 214
septicemia (95-3,190) (2-106) (0.000716— (6,340- (722-14,000) (11.4-1,030)  (11.4-1,030)
0.186) 172,000)
Salmonellosis, 1,230 194 0.240 14,900 1,520 22.6 22.8
nontyphoidal (161-4,500) (15-671)  (0.00734-1.24) (4,300- (100-5,660) (0.870-110) (1.08-110)
46,900)
STEC infection, 1,070 12 0.0130 19,000 138 2.67 2.68
serotype 0157 (109-2,350) (2-35) (0.00734- (3,790- (14-503) (0.129-14.5)  (0.141-14.5)
0.051) 85,000)
STEC infection, 1,070 4 0.00440 24,200 74 1.76 1.76
serotype non-0157  (109-2,350) (0-16) (0-0.0223) (4,780— (0-308) (0-11.0) (0.00186—
138,000) 11.0)
Shigellosis 952 64 0.0609 14,200 245 341 3.47
(115-3,980) (5-311) (0.00171- (4,130- (13-1,140) (0.106-18.9)  (0.140-19.0)
0.349) 48,000)
Vibrio spp. infection 1,030 76 0.0777 16,000 251 4.02 4.10
(293-3,330) (14-166) (0.00765— (3,780- (153-362) (0.811-10.7)  (0.891-10.8)
0.276) 39,900)
Total cost 322 3,010 3,330
(100-889) (1,120-8,410) (1,370-8,770)

*Values are 2004 US dollars except as indicated. Estimates rounded to 3 significant figures. Crl, credible interval; ED, emergency department; NTM,

nontuberculous mycobacterial; STEC, Shiga toxin-producing E. coli.

tTreat-and-release ED visits were defined as visits in which the person was not admitted to the hospital.
tFor norovirus only, costs were derived from previously published estimates that did not include uncertainty intervals. In addition, the number of ED visits

includes visits in which the patient was admitted to the hospital.
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to quantify the contribution of many viral diseases,
including sapovirus, rotavirus, and astrovirus; or free-
living ameba infections, which cause deaths in the
United States each year (5). Noninfectious diseases
(e.g., from exposure to harmful algal blooms, heavy
metals, disinfection byproducts) were not considered.
Third, these estimates used administrative data and
relied on coding from the International Classification
of Diseases, 9th Revision, Clinical Modification, which
might not accurately capture the actual disease of the
ill person. Fourth, the cost estimates consider only out-
of-pocket and insurer payments and do not account for
the total amount of time or wages lost to ill health, dis-
ability, early death, or other indirect costs. Physicians’
office visits were not included, because data were not
available. Payment totals might not reflect the actual
cost incurred by healthcare providers. Fifth, this work
did not make separate estimates for different age, de-
mographic, or risk groups. Risks could differ by group
(e.g., children swim more often and have higher rates
of cryptosporidiosis), resulting in over- or underesti-
mation of waterborne disease (37,38). Cost estimates
did not consider the contribution of immunosup-
pressing conditions or other concurrent conditions to
the healthcare costs incurred. Finally, some estimates
used data from FoodNet. In 2007, Hispanic persons
were underrepresented in FoodNet sites (39). Appen-
dix 1 contains additional pathogen-specific limitations.
Analytic strengths of these burden estimates include
the use of active surveillance data when possible, es-
timates from a comprehensive structured expert judg-
ment, and credible intervals to acknowledge the inher-
ent uncertainty in the model inputs and outputs.

The data presented here reflect the changing pic-
ture of waterborne disease in the United States and
underscore the role of environmental pathogens that
grow in biofilms. An estimated 7.15 million (95% CrI
3.88 million-12.0 million) domestically acquired wa-
terborne illnesses occur in the United States each year,
highlighting the need to focus public health resources
on the prevention and control of these diseases, in-
cluding surveillance for the diseases in this estimate
that do not have a dedicated national case surveil-
lance system (e.g., NTM infections). These findings
should serve as a foundation for improved disease
surveillance, inform waterborne disease prevention
priorities, and help measure progress in the preven-
tion of waterborne disease in the United States.
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Post—13-Valent Pneumococcal
Conjugate Vaccine Dynamics in
Young Children of Serotypes
Included in Candidate Extended-
Spectrum Conjugate Vaccines

Shalom Ben-Shimol, Noga Givon-Lavi, Leore Kotler, Bart Adriaan van der Beek, David Greenberg, Ron Dagan

After worldwide implementation of 10-valent and 13-va-
lent pneumococcal conjugate vaccines (PCV10/PCV13),
a 20-valent PCV (PCV20) was developed. We assessed
dynamics of non-PCV13 additional PCV20 serotypes
(VT20-13), compared with all other non-VT20 serotypes,
in children <2 years of age in late PCV13 (2015-2017)
and early PCV (2009-2011) periods. Our prospective
population-based multifaceted surveillance included iso-
lates from carriage in healthy children, children requir-
ing chest radiography for lower respiratory tract infec-
tions (LRTIs), and children with non-LRTI illness, as well
as isolates from acute conjunctivitis, otitis media (OM),
and invasive pneumococcal disease (IPD). After PCV13
implementation, VT20-13 increased disproportionally
in OM, IPD, and carriage in LRTI. VT20-13/non-VT20
prevalence ratio range was 0.26-1.40. VT20-13 sero-
types were more frequently antimicrobial-nonsusceptible
than non-VT20 serotypes. The disproportionate increase
of VT20-13 in respiratory infections and IPD points to
their higher disease potential compared with all other
non-VT20 as a group.

treptococcus pneumoniae is a major cause of illness

and death worldwide (1,2). It causes otitis media,
sinusitis, pneumonia, and invasive pneumococcal
diseases (IPD) (1).

Capsular polysaccharides are considered the most
important virulence factor in S. pneumoniae (3). Current-
ly, >95 capsular serotypes have been identified. Each
serotype is distinguished by the chemical structure of
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its polysaccharides, serologic response, and other ge-
netic characteristics (4). Pneumococcal capsule types
are associated with pathogenic processes including
complement deposition, inflammation, and binding to
the C-type lectin of host phagocytes (3). Pneumococcal
serotype appears to be important in determining colo-
nization, disease development, and clinical phenotype.
Indeed, in the time before pneumococcal conjugate
vaccines (PCVs), a limited number of serotypes among
the known >95 serotypes were responsible for >70% of
all IPD in children worldwide (5).

The routine use of PCVs in children worldwide has
led to a decline of vaccine serotype (VT) IPD, mucosal
diseases, and nasopharyngeal carriage (6-9). How-
ever, after PCV implementation, in spite of a decrease
in overall pneumococcal disease rates, carriage of and
disease from non-PCV serotypes (NVT) increased (5).
As of October 2020, licensed PCVs contain 7 to 13 sero-
types (7-valent [PCV7], 10-valent [PCV10], and 13-va-
lent [PCV13]). Efforts to develop extended-spectrum
(higher valency) PCVs have led to the development
of 15- and 20-valent PCVs (PCV15, PCV20), both cur-
rently in advanced stages of clinical studies. The ex-
perimental PCV20 includes, beyond the 13 serotypes
of PCV13 (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 194, 19F, 18C,
and 23F), the additional pneumococcal serotypes 8,
10A, 11A, 12F, 15B/C, 22F and 33F (10), of which 2 (se-
rotypes 22F and 33F) are also contained in PCV15 (11).
These additional PCV20 serotypes (VT20-13) have
been increasingly observed in recent years as common
IPD serotypes. However, data are scarce in regard to
their relative role in other entities such as carriage and
respiratory disease in young children.

We compared the proportion rate dynamics of
the added PCV20 serotypes (VT20-13) with PCV13
(VT13) and remaining non-VT20 (NVT20) serotypes
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in nasopharyngeal carriage of healthy young children
and in children with non-lower respiratory tract in-
fections (LRTIs) (pediatric emergency room [PER]
visits in which chest radiography was not done),
lower respiratory diseases requiring chest radiogra-
phy, IPD, and pneumococcal culture-positive acute
conjunctivitis and otitis media (OM).

Materials and Methods

Study Design

Our data derive from several ongoing, population-
based, active surveillance projects conducted by the
Pediatric Infectious Disease Unit, Soroka University
Medical Center (SUMC) during 2009-2017. We de-
fined 2 periods: early PCV (2009-2011) and late PCV13
(2015-2017). SUMC is the only hospital in southern Is-
rael providing healthcare to the entire region, which
enables us to conduct population-based studies.

Setting and Study Population

During the study period, the average total number of
annual births in the Negev district in southern Israel
was ~15,000. Over 95% of the children in the district
are born and receive medical services at the SUMC. In
the Negev district, the Jewish and the Bedouin popu-
lations live side-by-side. The socioeconomic condi-
tions and the lifestyles of the 2 groups differ, but both
have access to the same medical services. The Jewish
population, mainly urban, resembles developed pop-
ulations, whereas the Bedouin population, formerly
desert nomads in transition to a Western lifestyle, re-
sembles developing populations, with a high occur-
rence of infectious diseases including pneumococcal
disease and complex OM (6,7,9). Contact between the
children of the 2 populations is rare. During the study
period, *50% of children <2 years of age in southern
Israel were Jews and 50% were Bedouins. Our data de-
rived from 5 prospective active surveillance projects.

1) Carriage in Healthy Children (Group 1; Community

Setting, Southern Israel)

This study, initiated in 2011, included nasopharyn-
geal cultures obtained from healthy children <2 years
of age who were brought to the maternal and child
healthcare centers in southern Israel for vaccination.
A nasopharyngeal swab specimen was obtained after
parents gave written informed consent.

2) Carriage during lliness (Groups 2 and 3; Hospital

PER Setting, Southern Israel)

This study, initiated in 2009, included cultures
obtained from the PER of SUMC. Each workday,
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healthcare workers obtained nasopharyngeal cul-
tures from the first 4 Jewish and 4 Bedouin children
who were <2 years of age, residents of the Negev,
and brought to the PER for any reason (9). We de-
fined 2 groups in that surveillance: carriage in non-
LRTI (children seen at the PER for any disease except
those necessitating chest radiography); and carriage
in LRTI (children with LRTI from whom a chest radi-
ography was obtained) (6).

3) Conjunctivitis (Group 4; Both Community and Hospital
Settings, Southern Israel)

The study population included children <24 months
of age who were residents of the Negev region, re-
ceived a diagnosis of acute conjunctivitis in a commu-
nity clinic or at SUMC (either PER or hospitalized),
and had a conjunctival culture sent to the Clinical and
Microbiology Laboratory of the SUMC since 2009.

4) Otitis Media (Group 5; Both Community and Hospital
Settings, Southern Israel)

The study population included children <24 months
of age who were residents of the Negev region and
had OM judged to necessitate middle ear fluid (MEF)
culture. Cultures were obtained by tympanocentesis
or by swab of the external canal of children with acute
(<7 days) spontaneous otorrhea. Most of the children
had complex OM (nonresponsive, recurrent, sponta-
neous perforation, or chronic ear effusion) (7,12,13).
Children found to have pneumococcal MEF isolates
during 2009-2017 were included (7).

5) IPD (Group 6; Both Community and Hospital Settings,
Israel, Nationwide)

This nationwide study was conducted in all 27 medi-
cal centers routinely obtaining cerebrospinal fluid
(CSF) and blood cultures from children <24 months
old in Israel; sites included 26 hospitals and 1 outpa-
tient health maintenance organization (14). This set-
ting enabled us to cover all culture-confirmed IPD
cases among the population of Israel and calculate
national incidence. No CSF cultures and <1% of blood
cultures were obtained outside these centers. Data in
our study were for IPD episodes identified since 2009.

PCV Introduction to the Israeli National

Immunization Plan and Uptake

Israel implemented PCV7 and PCV13 vaccination dur-
ing July 2009-November 2010 on a schedule of 2, 4,
and 12 months; catch-up vaccines were also adminis-
tered for PCV7 in children <2 years. Vaccine uptake
evaluation methods were as previously described (14).
By June 2011, ~80% of children 7-11 months of age had
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received >2 doses of PCV7, PCV13, or both, and ~90%
by December 2012; thereafter, *95% had received >2
PCV13 doses. By June 2011, a total of 36% of children
24-35 months of age had received >3 PCV7/PCV13
doses; that number increased to 87% by December
2012, and thereafter, >90% received >3 PCV13 doses.

Bacteriology

Nasopharyngeal Cultures

Nasopharyngeal samples were obtained as previous-
ly described (9). In brief, we used a flexible Dacron-
tipped swab, introduced through the nostrils. These
swabs were inoculated into modified Stewart trans-
port medium (Medical Wire and Equipment Co., Ltd,
https:/ /www.mwe.co.uk) and were processed with-
in 16 hours at SUMC’s clinical microbiology labora-
tory. Material from swabs was plated on Columbia
agar with 5% sheep blood and 5.0 mg/mL gentamicin
and incubated for 48 h.

We presumptively identified S. pneumoniae on the
basis of the presence of a-hemolysis and inhibition
by optochin; we confirmed the identity of the bacte-
ria present by a positive slide agglutination test re-
sult (Phadebact; MKL Diagnostics AB, http:/ /www.
mkldiagnostics.com).

Conjunctivitis Cultures

We enrolled in the study all patients <24 months of
age who received a diagnosis of conjunctivitis from
pediatricians at SUMC or at the primary clinical ser-
vice in southern Israel and whose conjunctival swabs
were cultured at SUMC’s clinical microbiology labo-
ratory and grew S. pneumoniae. Swabbing methods
were described previously (15). Specimen swabs were
placed in transport medium and were processed in a
similar manner to the nasopharyngeal swabs.

Otitis Media and Middle Ear Fluid Cultures
Specimen swabs were sent in transport medium.
They were processed in a similar manner to the naso-
pharyngeal and conjunctival swabs.

IPD

Pneumococcal isolates from blood and CSF were ini-
tially identified by each center using local standard
procedures as described previously (14,16).

Serotypes

All strains were serotyped by Quellung reaction us-
ing the antisera of Statens Serum Institute, Copenha-
gen, Denmark. Methods of specimen transport were
described previously (7,9,14).
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Antimicrobial Susceptibility Testing

We performed antimicrobial susceptibility test-
ing by Etest (AB Biodisk, http://www.abbiodisk.
com) and Kirby-Bauer disk diffusion in accordance
with Clinical Laboratory Standards Institute rec-
ommendations (17). Antimicrobial nonsusceptibil-
ity among isolates was defined as MIC above or a
zone diameter below the susceptibility breakpoint.
For penicillin, we defined 2 nonsusceptibility cutoff
values: MIC >0.1 mg/L and MIC >1.0 mg/L. We
used 2 nonsusceptibility values because the low
cutoff (MIC >0.1 mg/L) indicates nonsusceptibility
to oral penicillin (used for mucosal infections) and
parenteral penicillin for CNS infections, whereas
the high MIC (MIC >1.0 mg/L) indicates the pos-
sibility of nonsusceptibility to parenteral penicillin
for non-CNS infections. We used MIC >1.0 pg/mL
for ceftriaxone. For all other antimicrobial drugs,
we tested susceptibility by the Kirby-Bauer method:
for erythromycin, a zone diameter of <21 mm; for
trimethoprim/sulfamethoxazole, <19 mm; for tet-
racycline, <23 mm; for chloramphenicol, <20 mm;
and for clindamycin, <19 mm. Isolates nonsuscep-
tible to >3 of the antimicrobial categories were de-
fined as multidrug resistant (MDR). In this study,
we present antimicrobial susceptibility testing data
for the late PCV13 period (2015-2017), for compari-
son of the current resistance patterns of VT20-13
versus the NVT20 serotype.

Statistical Analysis

We conducted statistical analysis using SPSS Statis-
tics 25.0 software for Windows (https://www.ibm.
com/analytics/spss-statistics-software); p<0.05 was
considered statistically significant. We analyzed data
from active surveillance during 2009-2017 by epi-
demiologic years, July through June. We calculated
prevalence rate ratios (RRs) with 95% Cls, compar-
ing VT13, VT20-13, and NVT20 proportions in late
PCV13 (2015-2017) versus early PCV (2009-2011)
periods. Prevalence RRs were adjusted for age and
ethnicity (Table 1, https://wwwnc.cdc.gov/EID/
article/27/1/20-1178-T1.htm; Figure 2).

Results

During the study period, a total of 9,089 isolates were
analyzed: 2,638 from carriage in healthy children,
2,450 from carriage in non-LRTI, 1,819 from carriage
in LRTI, 477 conjunctivitis, 756 OM, and 949 IPD
isolates. Overall, throughout the study, 23.9% of all
isolates were VT13, 23.3% were VT20-13, and 52.7%
were NVT20 (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/27/1/20-1178-Appl.pdf).
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VT13, VT20-13 and NVT20 Proportions
during the Early PCV Period
To enable better appreciation of disease potential of
the 3 serotype groups (VI13, VT20-13 and NVT20)
before PCV13 implementation, we analyzed the early
PCV period separately. In the early PCV period, VI13
predominated in all groups. The proportions of VI13
of all isolates were 43.9% in carriage in non-LRTI,
52.1% carriage in LRTI, 45.1% conjunctivitis, 65% OM,
and 71.8% IPD. Data for carriage in healthy children
in this period were not available (Table 1; Figure 1).
For VT20-13, proportions were 17.8% for carriage
in non-LRI, 13.4% in carriage in LRI, 20.5% conjuncti-
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vitis, 14.1% OM, and 14.8% IPD. For NVT20, propor-
tions were 38.4% in carriage in non-LRI, 34.4% car-
riage in LRI, 34.4% for conjunctivitis, 20.9% OM, and
13.4% IPD.

Proportion Dynamics of VT13, VT20-13, and NVT20
Comparing Late PCV13 Period with Early PCV Period
The proportions of VT13 of all isolates declined sig-
nificantly by 73%-86% in all groups when compar-
ing late-PCV13 period with early-PCV period. During
the late-PCV13 period, VT13 were identified in only
9%-14% of all pneumococcal isolates in the various
groups (Figures 1, 2).

Figure 1. Postvaccine dynamics of pneumococcal conjugate vaccines in children <24 months of age, Israel, July 2009-June 2017. A)
Healthy children; B) children with non—LRTIs; C) children with lower respiratory infections; D) children with conjunctivitis; E) children
with otitis media (isolates from middle ear fluid were tested); and F) children with invasive pneumococcal disease (isolates from blood
and cerebrospinal fluid were tested). Data show VT13, VT20-13, and NVT20 as the proportion of each serotype of all pneumococcal
isolates. p<0.05 for all comparisons comparing 2015-2017 versus 2009-2011, except for VT20-13 in conjunctivitis. LRTI, lower
respiratory tract infection; NVT, nonvaccine serotype; VT, vaccine serotype.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021
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Figure 2. Prevalence rate

ratios of pneumococcal VT13,
VT20-13, and NVT20 of all
pneumococcal isolates in
carriage, conjunctivitis, OM, and
IPD in children <24 months of
age, Israel, comparing the late
PCV13 period (2015-2017) to
the early PCV period (2009—
2011). The comparison could not
be done for carriage in healthy
children due to the nonavailability
of data for the early PCV period.
p<0.05 for all comparisons.
Error bars indicate 95% Cls.
IPD, invasive pneumococcal
disease; LRTI, lower respiratory
tract infection; NVT, nonvaccine
serotype; OM, otitis media;
PCV, pneumococcal conjugate
vaccine; PCV13, 13-valent PCV;
VT, vaccine serotype.

Proportions of VI20-13 did not increase signifi-
cantly in conjunctivitis and carriage in non-LRI illness
(Table 1; Figure 2). In contrast, we observed a signifi-
cant increase of carriage in LRI, OM, and IPD (p<0.05
by test for trend in proportion for all groups). Dur-
ing the last study year, the proportions of VI20-13
of all identified pneumococcal isolates were 20%-25%
in carriage in healthy children, carriage in non-LR-
TI, and conjunctivitis; 33% in carriage in LRTI; 40%
in carriage in OM; and 51% in IPD. The fraction of
VT20-13 became the leading one in IPD during the
late-PCV13 period. The proportion rate ratios (2015-
2017 vs. 2009-2011) for carriage in LRI, OM, and IPD
were similar, whereas ratios for all 3 were significant-
ly higher than those for conjunctivitis and carriage in
non-LRTI disease.

Proportions of non-NVT20 increased in all
groups, ranging from 66%-200% increase. The in-
crease in IPD was significantly higher than in carriage
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in non-LRI and carriage in LRTI, but other increases
did not differ significantly (Figure 2).

VT20-13/NVT20 Ratio

To assess the relative role of VT20-13 among all NVT,
we calculated the ratio between VT20-13 and NVT20.
In the early PCV period, VT20-13/NVT20 ratio was
the lowest for carriage in LRTI (0.39) followed by car-
riage in non-LRTI (0.46), conjunctivitis (0.60), OM
(0.68), and IPD (1.19) (Table 2). In the late-PCV13
period (2015-2017), VI20-13/NVT20 ratio was the
lowest in conjunctivitis (0.26), followed by carriage
in healthy children (0.37) and carriage in non-LRTI
diseases (0.35) (Figure 3). The ratios for OM and car-
riage in LRTI were significantly higher than for the
conjunctivitis, carriage in non-LRTI, and carriage in
healthy children groups. The highest ratio was ob-
served for IPD (1.40), significantly higher than all
other outcomes.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021



13-Valent Pneumococcal Conjugate Vaccines, Israel

Table 2. Proportions of VT20-13/NVT20 ratios in children age <24 mo, Israel, 2009—2011 and 2015-2017*

2015-2017 vs.

2009-2011 2015-2017 2009-2011

VT20-13, NVT20, VT20-13/NVT20 VT20-13, NVT20, VT20-13/NVT20 VT20-13/NVT20
Clinical characteristic % % ratio (95% CI) % % ratio (95% CI) ratio (95% CI)
Carriage in healthy NA NA NA 24 66 0.37 (0.33-0.41) NA
children
Carriage in non-LRTI 18 38  0.46 (0.38-0.56) 23 66 0.35 (0.30-0.40) 0.80 (0.65-0.98)
Conjunctivitis 20 34 0.60 (0.39-0.91) 19 72 0.26 (0.17-0.40) 0.57 (0.35-0.94)
Carriage in LRTI 13 34 0.39 (0.30-0.50) 32 57 0.56 (0.48-0.65) 1.26 (1.00-1.60)
oM 14 21 0.68(0.49-0.94) 34 52 0.60 (0.44-0.81) 0.91 (0.66-1.25)
IPD 15 13 1.19 (0.79-1.80) 52 38 1.40 (1.12-1.73) 1.05 (0.84-1.31)

*No data were available for healthy children in 2009-2011. IPD, invasive pneumococcal disease; LRTI, lower respiratory tract infection; NA, not
applicable; NVT20, serotypes not included in PCV20; OM, otitis media; PCV, pneumococcal conjugate vaccine; VT20-13, additional 20-valent PCV

(PCV20) serotypes, not included in PCV13.

Serotype-Specific VT20-13 Dynamics

Of all 2,126 VT20-13 isolates, serotype 15B/C was the
most common (40.7%), followed by serotypes 11A
(16.9%), 12F (12.8%), 33F (10.4%), 10A (9.6%), 22F
(7.6%), and 8 (2.0%). (Figure 4; Appendix Table 2). Of
note, serotype 15B/C was the most common VT20-13
serotype in all clinical syndromes; it constituted 37%-
49% of all VT20-13 in each group, except for IPD, in
which serotype 12F was the most common (50% of all
VT120-13).

Antimicrobial Nonsusceptibility Rates among

VT20-13 and NVT20 during the Late PCV13 Period
Antibiotic nonsusceptibility was higher among V120~
13 as a group than NVT20 for erythromycin, tetracy-
cline, trimethoprim-sulfamethoxazole, clindamycin,
and for MDR (Table 3, https://wwwnc.cdc.gov/
EID/article/27/1/20-1178-13.htm; Figure 5). Simi-
larly, in IPD, proportions of isolates with penicillin
nonsusceptibility (MIC >0.1 pg/mL) were higher in
VT20-13 compared with NVT20. In contrast, penicil-
lin nonsusceptibility (MIC >0.1 pg/mL) was more
prevalent in NVT20 than in VI20-13 in the all out-
comes group; for penicillin nonsusceptibility with

Figure 3. Ratio of prevalence of pneumococcal VT20-13/NVT20
ratio in children <24 months of age, Israel, during the late PCV13
period (2015-2017). Error bars represent 95% CI. IPD, invasive
pneumococcal disease; LRTI, lower respiratory tract infection;
NVT, nonvaccine serotype; PCV, pneumococcal conjugate
vaccine; PCV13, 13-valent PCV; VT, vaccine serotype.

MIC 21.0 pg/mL, we observed these trends in car-
riage in healthy children, carriage in non-LRTI, and
carriage in LRTL

Discussion

Widespread implementation of PCVs has universally
resulted in complete or near-complete nasopharyngeal
colonization replacement of VI by NVT (9,18,19). This,
in turn, resulted in increased disease by NVT to a vari-
able extent, depending mainly on the disease entity
(i.e., mucosal or invasive diseases) and environmental
and host factors (3,4). The currently licensed PCVs con-
tain <13 serotypes, and the remaining >85 serotypes
constitute potential replacing serotypes. However,
not all serotypes are equally capable of progressing
from colonization to disease, and not all are equally
successful colonizers, resulting in selection of specific
serotypes that will eventually be frequently associated
with disease. Furthermore, the most successful colo-
nizers will likely increasingly become nonsusceptible
to the commonly used antimicrobial drugs (20-22).
Therefore, although invasive and mucosal pneumo-
coccal disease are invariably reduced in children after
PCV implementation, the remaining potential disease
may be related disproportionally to a relatively small
fraction of the remaining serotypes. In this study, we
have shown that as a group, the 7 serotypes selected
to be included in PCV20 are indeed disproportional-
ly associated with disease and were frequently more
drug-nonsusceptible than the other remaining NVT20.
Although VT20-13/NVT20 ratios declined through-
out the study for carriage in non-LRTI and conjunc-
tivitis, these ratios increased or remained stable for
carriage in LRTI, OM, and IPD. These trends point to
the high disease potential of VT20-13 compared with
NVT20 for IPD (in which VT20-13 caused >50% of all
episodes in the last study period), and possibly for cer-
tain pneumococcal mucosal diseases such as OM and
LRTI (in which VT20-13/NVT20 ratio increased, but
NVT20 caused >50% of all episodes). We believe that
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these trends were driven by the vaccine-induced near-
disappearance of the generally invasive PCV13 sero-
types and the gradual differential replacement of those
serotypes by NVT in different clinical syndromes, ac-
cording to the specific NVT disease potential.

Several of the 7 additional PCV20 serotypes have
been previously shown to have a high disease potential
for IPD and other pneumococcal diseases (4,5,23-26).
Nevertheless, all 7 serotypes were recognized as caus-
ing diseases and therefore were included in the 23-va-
lent polysaccharide vaccine (PPV23), commonly used

for the prevention of IPD in adults and in children >2
years of age with immunodeficiency and certain chron-
ic medical conditions (4,27,28). Specifically, serotype
12F emerged as a major serotype in multiple countries,
causing IPD and pneumonia (5,10,22-24,29,30). Its
expansion was multiclonal, excluding a single hyper-
invasive clone outbreak (26). This pattern bears simi-
larities with the expansion of serotype 7F that occurred
following PCV7 implementation; both serotypes were
not expected to increase because they were frequently
associated with low carriage. Serotype 8 was relatively

Figure 4. Serotype-specific VT20-13 pneumococcal isolates in children <24 months of age, Israel, 2009-2017. A) Healthy children; B)
children with non—lower respiratory tract infections; C) children with lower respiratory tract infections; D) children with conjunctivitis; E)
children with otitis media (isolates from middle ear fluid were tested); and F) children with invasive pneumococcal disease (isolates from

blood and cerebrospinal fluid were tested). VT, vaccine serotype.
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Figure 5. Proportion of antimicrobial drug—nonsusceptible isolates of all
pneumococcal isolates in VT20-13 versus non-VT20 pneumococcal isolates in the
late PCV13 period (2015-2017) in children <24 months of age in southern Israel. A)
Healthy children; B) children with non—lower respiratory tract infections; C) children
with lower respiratory tract infections; D) children with conjunctivitis; E) children with
otitis media (isolates from middle ear fluid were tested); F) children with invasive
pneumococcal disease; and G) all children. Chl, chloramphenicol; Clinda, clindamycin;
CTX, ceftriaxone; Ery, erythromycin; MDR, multidrug resistance; PCV, pneumococcal
conjugate vaccine; PCV13, 13-valent PCV; Pen, penicillin; Tetra, tetracycline; TMP/
SMX, trimethoprim and sulphametoxazole; VT, vaccine serotype.

uncommon in the current study but has emerged as
one of the most prominent replacing serotypes in IPD
in adults after PCV implementation, including in Israel
(23-25,31). However, reports of this serotype in chil-
dren are also emerging (26). Serotypes 22F and 33F,
which are also included in an experimental 15-valent
PCV currently in an advanced stage of clinical studies
(11,32,33), were recognized as important serotypes in
IPD and pneumonia (11,24,25,34). In the United States,
proportions of IPD caused by serotype 22F were 11% in
children <5 years and 13% in adults >18 years, whereas
serotype 33F caused 10% of residual IPD cases in chil-
dren <5 years and 5% in adults >18 years (11,32). In
addition, serotypes 10A, 11A, and 15B/C, considered
to have lower disease potential than serotypes 12F, §,
22F, and 33F, have been reported frequently following
PCV implementation worldwide (5,10,23-25).

Despite the importance of VT20 as a group, sev-
eral NVT20 have been shown to be able to have the
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potential to cause large outbreaks (i.e., pneumococcal
serotype 2 responsible for large IPD outbreaks in Is-
rael) (35) or reported as emerging IPD-causing sero-
types (i.e., serotype 24F) (5,6,22). Others, considered
less invasive NVT20 serotypes have been also report-
ed in several sites (i.e., serotypes 15A and 16F) (36-38).

This study adds important information not only
on the proportions of specific serotypes causing IPD
in the PCV13 era, but also with regard to the propor-
tions of specific serotypes in carriage in healthy chil-
dren versus children with IPD and mucosal diseases.
These data are relevant because carriage during dis-
ease probably reflects relative disease potential in the
various clinical entities. We found that both the rates
of incidence and the relative proportion of VT20-13
seen in IPD, OM, and carriage in LRTI requiring chest
radiography were significantly higher than those in
conjunctivitis and in carriage in non-LRTI not requir-
ing chest radiography. Specifically, in IPD, serotype
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12F emerged as the most common serotype causing
IPD in children <2 years of age, with #25% of all IPD
caused by this serotype in recent years. Thus, the ad-
dition of serotype 12F coverage in PCV20 is expected
to further decrease overall IPD rates in this popula-
tion. Similarly, serotype 15B/C was the most com-
mon serotype in pneumococcal carriage and mucosal
diseases (=*10% of all pneumococcal isolates).

We found that antimicrobial nonsusceptibility
was significantly more frequent among VT20-13 than
among NVT20; other studies have also shown such
increases among PCV20-13 serotypes (21,22,39,40). In
the pre-PCV era, most nonsusceptible strains belonged
to serotypes included in PCV7/PCV13. Although non-
susceptibility is still higher among those strains or
even increasing, the overall nonsusceptibility has been
reduced in countries which successfully implemented
PCVs (21,22,39). However, high selective pressure con-
tinues to occur with excessive antibiotic consumption,
especially in dominating carriage serotypes. The most
successful replacing serotypes are now those frequent-
ly exposed to antimicrobial drugs during carriage,
resulting in increased antimicrobial nonsusceptibil-
ity compared with the less successful colonizers often
found among NVT20 (21,22,39,40). Of interest, isolates
causing noninvasive disease tend to have higher rates
of antimicrobial resistance than those causing IPD (21),
similar to the observations in our study.

The main strengths of our study include relatively
long-term surveillance duration, large number of epi-
sodes, and the ability to assess multiple clinical out-
comes in the same populations. Nonetheless, our study
has several limitations. First, we did not have data on
the pre-PCV period. However, we still could follow the
dynamics of the non-PCV7/PCV13 serotypes because
the data from the first year of implementation are in-
cluded. Second, with regard to carriage in healthy chil-
dren, data are only available from 2011-2012. Howev-
er, the similarity of the proportion rates for 2010-2011
when carriage in healthy children is compared with
that of children with non-LRTI and children with con-
junctivitis (the most superficial mucosal disease, poten-
tially explaining the higher proportion of noninvasive
serotypes in the disease compared with other diseases)
lends support to the suggestion that there are similari-
ties between these groups and healthy children during
the entire study period. Third, our data derive from
multiple studies in the setting of a single country. How-
ever, as discussed above, similarities with other reports
from other countries suggest that our conclusion may be
generalized, at least to some extent.

In conclusion, S. pneumoniae VT20-13 are dispro-
portionally associated with IPD, OM, and carriage in
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LRTIL, compared with the other remaining NVT20,
suggesting higher disease potential for these diseases
than NVT20. In addition, the VT20-13 serotypes were
more often nonsusceptible to various antimicrobial
drugs than the NVT20 group. These findings suggest
that PCV20 introduction may result in substantial de-
crease in the rates of IPD, OM, and possibly LRTI, as
well as antimicrobial nonsusceptibility in children.
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Precise Species Identification
by Whole-Genome Sequencing
of Enterobacter Bloodstream
Infection, China

Wenjing Wu,* Li Wei,* Yu Feng, Yi Xie, Zhiyong Zong

The clinical importance of Enterobacter spp. remains
unclear because phenotype-based Enterobacter spe-
cies identification is unreliable. We performed a genomic
study on 48 cases of Enterobacter-caused bloodstream
infection by using in silico DNA-DNA hybridization to
identify precise species. Strains belonged to 12 species;
Enterobacter xiangfangensis (n = 21) and an unnamed
species (taxon 1, n = 8) were dominant. Most (63.5%)
Enterobacter strains (n = 349) with genomes in Gen-
Bank from human blood are E. xiangfangensis; taxon 1
(19.8%) was next most common. E. xiangfangensis and
taxon 1 were associated with increased deaths (20.7%
vs. 15.8%), lengthier hospitalizations (median 31 d vs.
19.5 d), and higher resistance to aztreonam, cefepime,
ceftriaxone, piperacillin-tazobactam, and tobramycin.
Strains belonged to 37 sequence types (STs); ST171 (E.
xiangfangensis) was most common (n = 6). Four ST171
strains belonged to a defined clone. Precise species
identification has greater implications for epidemiology
and infection control than treatment.

Enterobacter spp. belongs to the family Enterobacte-
riaceae and is a common pathogen in a variety of
infections, such as bloodstream and intraabdominal
infections, most of which are healthcare associated ().
Enterobacter spp. is the third most common human
pathogen, after Escherichia coli and Klebsiella pneumoniae,
and is therefore of clinical importance (1). Enterobacter
consists of several closely related species (1) that cannot
typically be identified precisely by common phenotypic
tests. The taxonomy of Enterobacter is complicated by
the reassignment to other genera of some species that
formerly belonged to the Enterobacter genus. For ex-
ample, E. aerogenes has been moved to genus Klebsiella
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(2), E. agglomerans to genus Pantoea (3), and E. sakazakii
to genus Cronobacter (4). Currently, 14 Enterobacter spp.
with validly published names exist, and 3 additional En-
terobacter spp. have tentative species designations await-
ing validation under the rules of the International Code
of Nomenclature of Bacteria (Bacteriological Code)
(Appendix 1 Table 1, https://wwwnc.cdc.gov/EID/
article/27/1/19-0154-App1.pdf).

Several Enterobacter spp., such as E. asburiae,
E. cloacae, and E. hormaechei, cause infections in hu-
mans (1). Enterobacter strains extracted from clinical
samples are usually reported as E. cloacae, and some-
times E. asburiae, E. hormaechei, or E. kobei, by auto-
mated microbial identification systems such as Vi-
tek II (bioMérieux, https://www.biomerieux.com).
However, such phenotype-based tests are unreliable
for species identification of Enterobacter and can result
in misidentification (1). For instance, all Enterobacter
spp. have a positive reaction for p-galactosidase, ar-
ginine dihydrolase, citrate utilization, sucrose, amyg-
dalin, arabinose, and D-glucose but are negative for
lysine decarboxylase, H,S production, urease activity,
indole production, deaminase, and gelatinase (5-7).
Differentiating Enterobacter spp. by biochemical reac-
tions commonly used in clinical microbiology labora-
tories is therefore difficult. The differences in clinical
importance of each Enterobacter species remain large-
ly unknown because they are regularly misidentified
in clinical microbiology laboratories.

Because of the substantial reduction in cost of
whole-genome sequencing for bacterial strains, we
are entering the era of genomic microbiology (8).
Newly created methods can determine the overall
nucleotide identities between genome sequences
and therefore enable more precise species identifica-
tion (9). Calculation of average nucleotide identity
(ANI) between genomes is widely used for species
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identification. It has been proposed that ANI >96%
would guarantee species assignation, whereas ANI
of <93% can be considered species differentiation
(10). However, ANI values in the range of 93%-96%
represent a vague zone in which the boundary of
a species might fall (10). DNA-DNA hybridization
(DDH) remains the standard for species identifica-
tion, with a >70% cutoff recommended to define a
species. However, DDH is cumbersome, prone to
fluctuation, and requires the availability of type
strains. To overcome the shortcomings of DDH, in
silico DDH (isDDH) mimics DDH by comparing
genome sequences and can be a reliable and conve-
nient tool for species assignation. To provide insight
into the potential clinical importance of different En-
terobacter spp., we performed a genomic study using
isDDH to identify bloodstream infection (BSI)-caus-
ing Enterobacter strains to the species level.

Materials and Methods

Strain and Susceptibility Tests

We collected nonduplicate Enterobacter strains re-
covered from blood cultures during January 2016-
June 2018 at West China Hospital of Sichuan Uni-
versity (Appendix 2 Table 1, https://wwwnc.cdc.
gov/EID/article/27/1/19-0154-App2.xlsx). ~ West
China Hospital is a 5,000-bed major referral hospital
in western China. Initial species identification and
in vitro susceptibility testing were performed by us-
ing Vitek II. We determined MICs of colistin by us-
ing the broth microdilution method of the Clinical
and Laboratory Standards Institute (CLSI) and inter-
preted susceptibility following CLSI guidelines (11).
For colistin and tigecycline, no CLSI breakpoints are
available, so we used breakpoint standards defined
by the European Committee on Antimicrobial Sus-
ceptibility Testing (https://www.eucast.org). Mul-
tidrug resistance was defined based on the criteria
for Enterobacteriaceae (12).

Patient Data

West China Hospital has a comprehensive hospital
information system, which allowed us to retrieve
patient data including age, sex, length of hospital-
ization, and clinical outcomes (death or discharge)
from electronic medical records. One patient (with
strain 090040) had an unusually long hospital stay
(578 d) because of a medical dispute and was re-
moved from our analysis of length of stay. Accord-
ing to social customs in China, dying at home is
preferred over the hospital; it is likely many pa-
tients chose to stop treatment and return home if
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treatment was not working and patients felt death
was imminent. We categorized patients who chose
to be discharged but were likely to die in the hos-
pital (judged by the consensus of 2 physicians re-
viewing blind data) as patients with predicted
death. BSI, the type of BSI (primary or secondary
to infection of other sites), central line-associated
BSI (CLABSI), and healthcare-associated infection
were determined by using criteria established by
the Centers for Disease Control and Prevention’s
National Healthcare Safety Network (13,14). We
conducted the study in accordance with the amend-
ed Declaration of Helsinki. The Ethics Committee
of West China Hospital approved the study and
waived informed consent.

Short-Read Genome Sequencing, Analysis,

and Precise Species Identification

All strains underwent whole-genome sequenc-
ing by using the HiSeq X10 platform (Illumina,
https:/ /www.illumina.com). Genomic DNA was
prepared by using the QlAamp DNA mini kit
(QIAGEN, https://www.qiagen.com). We used
Unicycler version 0.4.3 (15), in the conservative
mode for increased accuracy, to perform a de novo
hybrid assembly. Precise species identification was
established by determining the pairwise isDDH be-
tween the genome sequence of the query strain and
those of type strains of Enterobacter spp., including
the validly published species and the species await-
ing validation (Appendix 1 Table 1). This process
was performed by using the Genome-to-Genome
Distance Calculator, formula 2 (16). A >70% cut-
off was applied to define a species. In addition, we
determined the pairwise ANI of the genome se-
quence of the query strain and those of type strains
of Enterobacter spp. (Appendix 1 Table 1) by using
JSpecies software (https://imedea.uib-csic.es/
jspecies) with a >96% ANI cutoff to define a spe-
cies (10). Sequence types (STs) were determined by
using the genomic sequences to query the multilo-
cus sequence typing database of E. cloacae (https://
pubmlst.org/ecloacae). Antimicrobial resistance
genes were identified from genome sequences by
using the ABRicate program (https://github.com/
tseemann/abricate) to query the ResFinder data-
base (https://genomicepidemiology.org).

The genome sequences of all Enterobacter strains
recovered from human blood (n = 349, Appendix 2
Table 2) were retrieved from GenBank (accessed 2018
Nov 1). These Enterobacter genomes were subjected to
precise species identification by using the Genome-
to-Genome Distance Calculator as described.
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Clonal Relatedness on the Basis of

Single-Nucleotide Polymorphisms

We performed single-nucleotide polymorphism
(SNP) calling for genome sequences to untangle the
clonal relatedness of ST171 strains and to investigate
whether the ST171 strains in this study are clonally
related to strains recovered elsewhere. All genome
sequences of ST171 Enterobacter strains (n = 102), re-
gardless of types of the host source (human, nonhu-
man, or unknown) and source (blood, nonblood, or
unknown), were retrieved from GenBank. We used
the complete chromosome sequence of ST171 strain
34798 (GenBank accession no. CP012165), which was
recovered from a bile sample in the United States in
2011, as our reference for mapping. Genome sequenc-
es of the strains were mapped against the reference ge-
nome by using Snippy version 4.3.6 (https://github.
com/tseemann/snippy) at default settings. The re-
sulting core SNPs (n = 1,918) were concatenated and
used to infer a phylogenomic tree by using RAXML
version 8.2.12 (17) under the general time-reversible
plus gamma model with a 1,000-bootstrap test.

Long-Read Genome Sequencing and Plasmid

Analysis for ST171 Strains

We determined plasmid replicons of all ST171 strains
in this study by using PlasmidFinder version 2.0
(https:/ /cge.cbs.dtu.dk/services/PlasmidFinder).
The first bla,, .~harboring ST171 strain (090011) in
this study and the only bla, , .~harboring ST171 strain
(045001) were selected for whole-genome sequencing
by using the long-read MinlON sequencer (Nanopore,
https:/ /nanoporetech.com) to obtain complete chro-
mosomal and plasmid sequences. De novo hybrid as-
sembly of short lllumina reads and long MinlON reads
was performed by using Unicycler version 0.4.3 (15)
in conservative mode for increased accuracy. Com-
plete circular contigs were then corrected by using
Pilon version 1.22 (18) with Illumina reads for several
rounds until no further improvements were reported.
Short reads of the remaining four bla,, .~harboring
ST171 strains (090022, 090023, 090055, and 090059)
were mapped against the bla -carrying plasmid
(designated pNDM5_090011) of strain 090011 by using
BWA version 0.7.17 (H. Ling, unpub. data, https://
arxiv.org/abs/1303.3997) at default settings.

Statistical Analysis

Continuous variables were presented as median
and interquartile range and were compared by us-
ing rank-sum test. We used the Pearson x? test,
Yates correction for continuity, or Fisher exact test
to compare disparities between different groups
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for categorical variables. Pearson x? test was used
when sample size (n) was >40 and theoretical fre-
quency (T) >5, Yates correction for continuity when
n>40 and 1<T<5, and Fisher exact test when n<40 or
T<1. We used SPSS Statistics 21.0 (IBM Inc., https://
www.ibm.com) to perform statistical analyses. All
p values were 2-tailed, and p<0.05 was considered
statistically significant. We used PASS version 11.0
(NCSS, https:/ /www.ncss.com) to calculate statisti-
cal power after using the Wilcoxon test to conduct
nonparametric adjustment.

Draft genome sequences of the strains in this
study were deposited into GenBank (accession num-
bers in Appendix 2 Table 1). The complete genome se-
quence of strain 090011 was deposited into GenBank
under accession nos. CP036310-2. and the sequence
for strain 045001 was deposited under accession
nos. CP043382-5.

Results

Precise Species Identification of Enterobacter Strains
A total of 48 nonduplicated Enterobacter strains were
recovered from blood during our 2.5-year study period
and were collected for study (Table 1; Appendix 2 Table
1). Whole-genome sequencing results, isDDH, and ANI
values of these strains are summarized in Appendix 2
Table 1. The 48 strains were identified as E. cloacae (n
=42), E. asburige (n = 3), and E. kobei (n = 3) by Vitek II.
However, precise species identification on the basis of
isDDH revealed that the most common species was ac-
tually E. xiangfangensis (n = 21) (Table 2); the next most
common was an Enterobacter sp. (n = 8) that has no as-
signed species name but was previously known as En-
terobacter cluster 111, as defined by Hoffman etal. (6). This
species is most closely related to E. xiangfangensis with a
66.6% isDDH value and is temporarily assigned taxon 1
here (Appendix 2 Table 2). The remaining strains were
assigned to 10 Enterobacter species: E. bugandensis (n = 4),
E. cloacae (n = 3), E. asburiae (n = 2), E. hormaechei (n = 2),
E. huaxiensis (n = 2), E. roggenkampii (n = 2), E. chuanda-
ensis (n=1), E. ludwigii (n =1), E. sichuanensis (n = 1), and
an unnamed Enterobacter sp. (n = 1) (Table 2). The un-
named species is most closely related to E. roggenkampii
with a 65.4% isDDH value (Appendix 1 Table 2) and is
temporarily assigned taxon 2 here.

Of 349 Enterobacter strains in GenBank that were
recovered from human blood, most (221, 63.3%) are
also E. xiangfangensis; taxon 1 is the second most com-
mon species with 69 strains (19.8%) (Table 2). The
remaining 59 strains (16.9%) belong to 14 species:
E. asburiae (n =14 [4.0%)]), E. kobei (n =10 [2.9%)]), E. bu-
gandensis (n =7 [2.0%]), E. roggenkampii (n =7 [2.0%]),
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Table 1. Enterobacter strains in genomic study of Enterobacter bloodstream infection, China*

BSI types Hospitalization, d
Strain Date Species, by isDDH STt Carbapenemase P S CLA HA Before BSI After BSI Death
090034 201706 Enterobacter asburiae N12 + 0 27
090058 201805 E. asburiae 879 + + + 22 18
090031 201711 E. bugandensis N10 + 1 0 +
090283 201610 E. bugandensis N16 + + 7 6
090210 201607 E. bugandensis 499 + 1 16
090029 201709 E. bugandensis 718 NDM-5 + + 71 16 +
090028 201708 E. chuandaensis N9 + 1 11
090005 201706 E. cloacae 1 NDM-1 + + + 29 11
090016 201703 E. cloacae 519 + + 17 24
090014 201712 E. cloacae 922 + + 0 10
090027 201704 E. hormaechei 528 + + 24 38
090003 201705 E. hormaechei 696 + + 0 15
045002 201609 E. huaxiensis N1 + 0 7
090008 201709 E. huaxiensis N1 + + 3 23
090017 201702 E. ludwigii 12 + + 6 8
045158 201607 E. roggenkampii N2 + + 3 7
090037 201608 E. roggenkampii 984 + + + 14 8
090032 201712 E. sichuanensis N11 + + + 6 16 +
090004 201706 E. xiangfangensis N3 + + 6 13
090006 201707 E. xiangfangensis N4 + + 12 8
090007 201707 E. xiangfangensis N5 + + 24 19
090012 201711 E. xiangfangensis N6 + 0 3
090018 201705 E. xiangfangensis N7 + + 12 14 +
090020 201712 E. xiangfangensis N8 + + + 4 60
090057 201804 E. xiangfangensis N15 NDM-1 + + 36 43
090015 201712 E. xiangfangensis 50 + 0 2
090026 201704 E. xiangfangensis 50 + + 11 52
090035 201712 E. xiangfangensis 127 + + 13 20
045001 201801 E. xiangfangensis 171 NDM-1 + + + 8 33
090011 201710 E. xiangfangensis 171 NDM-5 + + 7 14 +
090022 201802 E. xiangfangensis 171 NDM-5 + + 40 20
090023 201802 E. xiangfangensis 171 NDM-5 + + + 26 19
090055 201806 E. xiangfangensis 171 NDM-5 + + 14 14
090059 201805 E. xiangfangensis 171 NDM-5 + + + 17 31
090043 201612 E. xiangfangensis 337 + + 11 4 +
090013 201711 E. xiangfangensis 418 NDM-5 + + + 28 10 +
090038 201609 E. xiangfangensis 418 + + 3 33
090060 201806 E. xiangfangensis 550 + + + 20 8 +
090042 201611 E. xiangfangensis 828 + + 5 3
090036 201605 Taxon 1 N13 + + + 13 22
090019 201706 Taxon 1 78 + + 16 62
090030 201709 Taxon 1 78 + + + 0 15
090039 201610 Taxon 1 78 + + 12 8 +
090021 201801 Taxon 1 97 + + + 5 28
090009 201709 Taxon 1 104 + + 5 66
090033 201704 Taxon 1 316 + + 10 3
090056 201803 Taxon 1 568 + + 11 7
090040 201611 Taxon 2 N14 + + + 208 370

*BSI, bloodstream infection; CLA, central line—associated; HA, healthcare associated; iSDDH, in silico DNA-DNA hybridization; P, primary; S, secondary;

ST, sequence type.

tThere are 16 new sequence types, which are temporarily assigned N1-N16 (Appendix 1 Table 3, https://wwwnc.cdc.gov/ElD/article/27/1/19-0154-

Appl.pdf).

E. ludwigii (n =6 [1.7%]), E. cloacae (n = 4 [1.1%]), taxon
1 (n=2), E. chengduensis (n = 1), E. mori (n =1), E. sich-
uanensis (n = 1), and 4 species without assigned species
names (n =1 or 2 for each species, 6 in total; Table 2).
The 4 unnamed species were assigned taxon 3-6 (Table
2); the closest species of taxon 3-6 are listed in Appen-
dix 1 Table 2 and are also shown in a phylogenomic
tree in Appendix 1 Figure 1. E. xiangfangensis and taxon
1 are closely related as shown by their phylogenetic
position in the phylogenomic tree of Enterobacter spp.
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and by their common 66.6% isDDH value (close to the
70% cutoff to define a species). We therefore combined
the 2 species in the following analysis.

BSI Types and Characteristics

Most of the 48 BSI cases (n = 36, 75%) were prima-
ry BSls, including 16 cases of CLABSI. BSIs in the
remaining 12 cases were secondary; original sources
were intraabdominal infection (n = 5), cholangitis (n
= 3), urinary tract infection (n = 2), wound infection
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(n = 1), and gastrointestinal tract infection (n = 1).
Most (n = 41, 85.4%) BSls caused by Enterobacter spp.
were healthcare-associated infections. E. xiangfangen-
sis and taxon 1 were more likely to cause primary
BSI (82.8% vs. 63.2%), CLABSI (27.9% vs. 17.2%), and
healthcare-associated BSI (93.1% vs. 73.7%) than were
other Enterobacter spp. However, the differences were
not statistically significant (Table 3).

Two patients who had Enterobacter BSIs (1 E.
xiangfangensis and 1 taxon 1) died in the hospital. In
addition, 7 patients with Enterobacter BSIs (4 E. xiang-
fangensis, 2 E. bugandensis, and 1 E. sichuanensis) did
not respond to treatment and were discharged in crit-
ical condition. These 7 case-patients were categorized
as patients in whom death was predicted. The death
rate for Enterobacter BSI was 18.8% (9/48); the death
rate (20.7% [6/29]) of BSI caused by E. xiangfangensis
or taxon 1 was not statistically different (15.8% [3/19]
p>0.05) (Table 3) from that of BSI caused by other En-
terobacter spp. Of note, 2 of the 4 patients with E. bu-
gandensis-caused BSI had poor outcomes (predicted
death) (Table 1). BSIs caused by E. xiangfangensis or
taxon 1 were more common in younger patients and
resulted in lengthier overall hospitalizations (median
33 vs. 19.5 d; p>0.05) (Table 3) than BSIs caused by
other Enterobacter spp. This difference was largely be-
cause of the prolonged length of stay (median 11 d vs.
4.5 d; p>0.05) before the episode of BSI.

Antimicrobial Susceptibility and Antimicrobial
Resistance Genes

The antimicrobial susceptibility and antimicrobial re-
sistance gene repertoire of the 48 Enterobacter strains
are shown in Appendix 2 Table 1. E. xiangfangensis and
taxon 1 had substantially higher rates of resistance
to aztreonam (48.3% vs. 10.5%), cefepime (41.4% vs.
10.5%), ceftriaxone (58.6% vs. 15.8%), piperacillin/
tazobactam (41.4% vs. 10.5%), and tobramycin (44.8%

Enterobacter Bloodstream Infection, China

Table 2. Proportion of Enterobacter species recovered from
blood in genomic study of Enterobacter bloodstream infection,
China

No. (%)

Strains from blood Strains from
Species* in this study blood in GenBank
Enterobacter 21 (43.8) 221 (63.3)
xiangfangensis
Taxon 1 8 (16.7) 69 (19.8)
E. bugandensis 4(8.3) 7 (2.0)
E. cloacae 3(6.3) 4(1.1)
E. asburiae 2(4.2) 14 (4.0)
E. roggenkampii 2(4.2) 7 (2.0)
E. hormaechei 2(4.2) 0
E. huaxiensis 2(4.2) 0
E. ludwigii 1(2.1) 6 (1.7)
E. sichuanensis 1(2.1) 1(0.3)
E. chuandaensis 1(2.1) 0
Taxon 2 1(2.1) 2 (0.6)
E. kobei 0 10 (2.9)
Taxon 3 0 2(0.6)
Taxon 4 0 2 (0.6)
Taxon 5 0 1(0.3)
Taxon 6 0 1(0.3)
E. chengduensis 0 1(0.3)
E. mori 0 1(0.3)
Total 48 (100.0) 349 (100.0)

*Taxons 1-6 represent 6 Enterobacter spp. without assigned names. Their
most closely related Enterobacter spp. are listed in Appendix 1 Table 2
and shown in Appendix 1 Figure 1
(https://wwwnc.cdc.gov/EID/article/27/1/19-0154-Appl.pdf).

vs. 5.3%) (Table 4) and were substantially more likely
to be multidrug resistant (55.2% vs. 10.6%) (Table 3).
There were 10 carbapenem-resistant strains (8 E. xiang-
fangensis, 1 E. bugandensis, and 1 E. cloacae), all of which
carried a bla,  gene (bla,, ., n=7;bla, ., n=3)(Ta-
ble 1; Appendix 2 Table 1), and they belonged to 5 STs
(ST171 [n=6],ST718 [n=1],ST1 [n=1], ST418 [n=1],
and a new ST [n = 1]). No carbapenemase genes were
identified in carbapenem-susceptible strains.

Sequence Types and Clonal Relatedness
The 48 Enterobacter strains belonged to 37 STs (Table 1;
Appendix 1 Table 3) but only ST171 (E. xiangfangensis)

Table 3. Patient demographics, types of bloodstream infection, and outcomes in patients with bloodstream infection caused by E.

xiangfangensis plus taxon 1 and other Enterobacter species, China*

E. xiangfangensis and Other species, n

Characteristic taxon 1, n =29 =19 x? p value Powert
Age, y, median (IQR) 15 (8-32) 52 (16-71) - 0.958 0.085
Male sex 19 (65.5) 14 (73.7) 0.356 0.551 0.084
MDR 16 (55.2) 2 (10.6) 9.763 0.002 -
Primary BSI 24 (82.8) 12 (63.2) 1.423 0.233 0.317
CLABSI 11 (27.9) 5(17.2) 0.697 0.404 0.115
HA BSI 27 (93.1) 14 (73.7) 2.091 0.148 0.430
Deaths 6 (20.7) 3(15.8) 0.176 0.675 0.053
Total time hospitalized, d, median (IQR)$ 33 (19-47) 20 (2-40) - 0.098 0.265
Time hospitalized before BSI onset, d, median (IQR)* 11 (5-7) 5(1-18) - 0.154 0.070
Time hospitalized after BSI onset, d, median (IQR) 15 (8-32) 13 (8-19) — 0.357 0.384

*Values are no. (%) except as indicated. Bold indicates significance. BSI, bloodstream infection; CLABSI, central line—associated bloodstream infection;
HA BSI, healthcare-associated bloodstream infection; IQR, interquartile range; MDR, multidrug resistance; —, not calculated.

TStatistical power was calculated for parameters without statistical significance (p>0.05).

$One patient belonging to the other species group had an unusually lengthy hospitalization (578 d) because of a medical dispute and was therefore

removed from the analysis of hospitalization time.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 1, January 2021

165



RESEARCH

and ST78 (taxon 1) contained >3 strains (6 for ST171
and 3 for ST78). We performed analysis of clonal relat-
edness based on SNPs for ST78 and ST171 strains. In
the 3 ST78 strains, there were 306 to 1,052 SNPs differ-
ence, suggesting no recent shared origins (Appendix 1
Table 4). The 6 ST171 strains were all resistant to car-
bapenems and carried bla,,, . (n =5) or bla,,, , (n=1).
Among the 6 ST171 strains, 4 (all carrying bla, ) had
0-2 SNPs difference (Table 5) and were recovered from
patients in the same ward (cardiac surgery). One pa-
tient infected with strain 090011 died but the remain-
ing 3 patients recovered.

The remaining 2 ST171 strains, 045001 (carrying
bla\,,) and 090055 (carrying bla,,.), were 81-82
SNPs different from the 4 previously mentioned
strains and were 38 SNPs different from each other.
These 2 strains were recovered from patients in 2
different wards (medical and respiratory intensive
care units). The 6 ST171 strains isolated in our study
formed a phylogenetic cluster with strain CCBH10892,
which was isolated from a rectal swab sample in Bra-
zil in 2012 (GenBank accession no. JSBO00000000),
and strain EC_849, which was isolated from a sputum
sample in South Africa in 2012 (GenBank accession
no. LRIZ00000000) (Appendix 1 Figure 2). The cluster
contained 98 to 107 SNPs difference (Table 5; Appen-
dix 1 Figure 2). Of note, both CCBH10892 and EC_849
carried bla, .. By contrast, the 6 strains were >300
SNPs different from other ST171 strains with genome
sequences deposited in GenBank (Appendix 2 Table 3).

Plasmid Analysis of ST171 Strains

The complete genome sequences of bla,, .~harbor-
ing strain 090011 and the bla, ,~harboring strain
045001 were obtained. Strain 090011 had a 4.64-Mb
circular chromosome and 2 plasmids (a 102.5-kb

plasmid containing IncFIA, IncFIB, and IncR rep-
licons and a 46.1-kb plasmid containing an IncX3
replicon) (Appendix 1 Table 5). The bla,,, . gene in
strain 090011 was carried on the 46.1-kb IncX3 plas-
mid, designated pNDM5_090011. The short reads of
the remaining 4 bla,,,, .~harboring strains were then
mapped against pNDM5_0900117. The 4 strains had
contigs showing 100% coverage and 100% identity
with pNDM5_090011, suggesting a common plasmid
in all 5 bla,,, .~harboring ST171 strains in our study.
Strain 045001 had a 4.70-Mb circular chromosome
and 3 plasmids (an 85.7-kb IncFII plasmid, a 78.2-kb
plasmid, and a 2.5-kb plasmid) (Appendix 1 Table 5).
The replicon type of the latter 2 plasmids could not
be determined by the current replicon-typing scheme.
The bla,, . gene in strain 045001was carried on the
85.7-kb IncFII plasmid.

Discussion

Although genome sequences deposited in GenBank
might be biased in sampling, they can provide com-
plementary information on the species distribution of
Enterobacter in cases of BSI. Examination of our set of
strains and those available in GenBank demonstrates
that a variety of Enterobacter spp. can cause BSI, but
most BSl-causing Enterobacter strains belong to ei-
ther E. xiangfangensis or, less commonly, taxon 1. E.
xiangfangensis and taxon 1 are closely related, with a
66.6% isDDH value (near the 70% cutoff to define a
species). Why the 2 species account for most Entero-
bacter BSls, however, remains unknown. Although
the colonization of the human gastrointestinal tract
by Enterobacter has not been investigated to the level
of precise species identification, E. xiangfangensis and
taxon 1 could be the most common Enterobacter spe-
cies colonizing there, which warrants further study.

Table 4. Antimicrobial resistance rates in E. xiangfangensis plus taxon 1 and other Enterobacter spp. in genomic study of Enterobacter

bloodstream infection, China*

No. (%)

E. xiangfangensis

Antimicrobial agent +taxon 1, n =29 Other species, n = 19 $2 p value  Powert
Amikacin 2(6.9) 0 - 0.512 ND
Gentamicin 9(31.0) 1(5.3) 3.192 0.074 0.600
Tobramycin 13 (44.8) 1(5.3) 8.698 0.003 -
Aztreonam 14 (48.3) 2 (10.5) 7.361 0.007 0.829
Cefepime 12 (41.4) 2 (10.5) 5.289 0.021 -
Ceftriaxone 17 (58.6) 3(15.8) 8.664 0.003 -
Imipenem 8 (27.6) 2 (10.5) 1.123 0.289 0.258
Piperacillin/tazobactam 12 (41.4) 2 (10.5) 5.289 0.021 -
Ciprofloxacin 11 (37.9) 0 7.326 0.007 ND
Levofloxacin 11 (37.9) 0 7.326 0.007 ND
Colistin 10 (34.5) 6 (31.6) 0.044 0.835 0.052
Tigecycline 5(17.2) 0 2.043 0.153 ND
Trimethoprim/sulfamethoxazole 12 (41.4) 0 8.392 0.004 ND

*Bold indicates significance. ND, not determined; —, not calculated.

TStatistical power was calculated for parameters without statistical significance (p>0.05) but could not be calculated for any parameters being 0.
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Table 5. Single-nucleotide polymorphisms between the 6 ST171 strains in genomic study of Enterobacter bloodstream infection,
China, and strain EC_849 from South Africa and strain CCBH10892 from Brazil*

Strain 090011 090022 090023 090059 045001 090055 EC_849 CCBH10892
090011 - 1 0 1 81 81 106 102
090022 1 - 1 2 82 82 107 103
090023 0 1 - 1 81 81 106 102
090059 1 2 1 - 82 82 107 103
045001 81 82 81 82 - 38 103 99
090055 81 82 81 82 38 - 103 99
EC_849 106 107 106 107 103 103 - 98
CCBH10892 102 103 102 103 99 99 98 -

*— not calculated.

Alternatively, E. xiangfangensis and taxon 1 could be
more pathogenic than other Enterobacter spp., which
also requires further study.

BSIs caused by E. xiangfangensis and taxon 1 were
more likely to occur in younger patients and result in
longer overall hospital stays, although the differenc-
es in length of hospitalization between the 2 groups
were not statistically significant (p>0.05). This find-
ing might be because of the relatively small sample
size (power <0.8) (Table 3). Resistance rates to certain
antimicrobial agents, including aztreonam, cefepime,
ceftriaxone, piperacillin/tazobactam, and tobramycin
and prevalence of multidrug resistance in E. xiangfan-
gensis and taxon 1 were substantially higher than in
other Enterobacter spp. This difference suggests that
the identification of Enterobacter strains to precise spe-
cies level also has implications in options of antimi-
crobial treatment. Although BSI caused by E. xiang-
fangensis and taxon 1 was not associated with higher
death rates, 2 of the 4 patients with E. bugandensis had
poor outcomes (predicted death). E. bugandensis has
been reported to be a highly pathogenic species asso-
ciated with life-threatening BSIs and sepsis (19). The
virulence of this species warrants further study.

As previously noted, 4 bla,,, ~harboring ST171
strains had 0-2 SNPs difference (Table 5) and were
taken from patients in the same ward (cardiac sur-
gery). The first patient with BSI caused by a strain
belonging to the clone (090011) had Enterobacter BSI
before being transferred to West China Hospital from
another facility. Although the particular Enferobacter
strain from the first hospital was not available for
analysis, it is very likely that 090011 was introduced
to West China Hospital by transfer of this patient.
The next 3 cases were acquired in West China Hos-
pital, highlighting both interhospital and intrahospi-
tal transmission of a common strain. BSI in 2 of the 3
cases was CLABSI. These findings suggest that the 4
strains belong to a common clone that caused a clus-
ter of BSI cases. In the hospital ward, central lines
were commonly used for drawing blood but were not
properly decontaminated after each use; in addition,
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healthcare workers were observed by anonymous
interns to have low compliance (24.8%) with hand
hygiene standards established by the World Health
Organization. There have been no further Enterobac-
ter BSIs after restricting access to central lines and
promoting hand hygiene among healthcare workers,
which resulted in the compliance rate increasing to
45.5%.

The remaining 2 ST171 strains, 045001 (harbor-
ing bla,, ) and 090055 (harboring bla,, .), belong
to 2 clones (38 SNPs between each other) which dif-
fered from the aforementioned clone by 81-82 SNPs.
The relatively low number of SNPs among the 3
ST171 clones also suggests recent divergence within
the lineage. In addition, the 6 ST171 strains in this
study were clustered together with 2 bla,  ~har-
boring strains, strain CCBH10892 isolated from Bra-
zil in 2012, and strain EC_849 from South Africa in
2012, with 98 to 107 SNPs, but had >300 SNPs with
other ST171 strains that had genome sequences de-
posited in GenBank. This finding suggests that the
6 strains identified in this study, CCBH10892, and
EC_849 represent a subclade of ST171, which carries
bla,,, has an international distribution, and might
have emerged within the past 10 years. In addition,
although 090055 and the other 4 bla,, ~harboring
strains (090011, 090022, 090023, and 090059) belonged
to 2 different clones, they had the same IncX3 plasmid
carrying bla, ., which suggests that the spread of
bla,,, s in the hospital was both clonal (vertical) and
plasmidborne (horizontal).

The association of ST171 E. xiangfangensis with
outbreaks is not rare; repeated reports from differ-
ent geographic locations have demonstrated the
same association (20-24). This association suggests
that ST171 is a lineage of Enterobacter, which might
be well adapted to causing infections in healthcare
settings. Previous reports have demonstrated that
ST171 E. xiangfangensis is a high-risk clone mediat-
ing the spread of carbapenem resistance (21,23). Its
emergence was initially documented in 2015 and 2016
by 2 studies in the United States (24,25). Subsequent
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studies have revealed the international distribution of
ST171 (21-23). Almost all carbapenem-resistant ST171
E. xiangfangensis strains have bla,. (21), and only a
small number of strains carry bla,, instead (21,26).
In this study, we identified in-hospital transmission
of carbapenem-resistant ST171 strains, which carried
bla,, - rather than bla,,. as seen in previous studies
(21,23). The ability to acquire different carbapene-
mase genes and its adaptability to healthcare settings
might be major drivers in the emergence of ST171,
which warrants further study.

Our investigation demonstrates the value of
whole-genome sequencing for precise species identi-
fication. However, this study has several limitations.
First, because it is a single site study, the application
of our findings could be limited. However, we ana-
lyzed genomes available in GenBank to provide the
most comprehensive information possible. Second,
the relatively small sample size in this study might
not have adequate power to examine statistical sig-
nificance in BSI type and patient outcomes. However,
this study provided useful information on the clinical
importance of E. xiangfangensis and its closely related
taxon 1. Larger-scale studies are warranted.

In conclusion, most Enterobacter strains recovered
from human blood in China were not E. cloacae but
E. xiangfangensis. Most Enterobacter BSI cases in our
study were healthcare-associated and primary infec-
tions. E. xiangfangensis ST171 is a major lineage of car-
bapenem-resistant Enterobacter, has an intercontinen-
tal distribution, is usually healthcare associated, and
carries bla,  rather than bla,,,. in China. Precise spe-
cies identification of Enterobacter has clinical impor-
tance in antimicrobial therapy and infection control.

Addendum: Since submission and acceptance
of this manuscript, the taxonomy of Enterobacter has
been substantially updated. The updated Enterobacter
taxonomy is available at https://doi.org/10.1128/
mSystems.00527-20. The update of new taxa iden-
tified in this study is shown in Appendix 3 Table
(https://wwwnc.cdc.gov/EID/article/27/1/19-
0154-App3.pdf).
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Delineating and Analyzing
Locality-Level Determinants
of Cholera, Haiti

Karolina Griffiths, Kenny Moise, Martine Piarroux, Jean Gaudart,
Samuel Beaulieu, Greg Bulit, Jean-Petit Marseille, Paul Menahel Jasmin,
Paul Christian Namphy, Jean-Hugues Henrys, Renaud Piarroux, Stanislas Rebaudet

Centre Department, Haiti, was the origin of a major chol-
era epidemic during 2010-2019. Although no fine-scale
spatial delineation is officially available, we aimed to ana-
lyze determinants of cholera at the local level and identify
priority localities in need of interventions. After estimating
the likely boundaries of 1,730 localities by using Voronoi
polygons, we mapped 5,322 suspected cholera cases re-
ported during January 2015-September 2016 by locality
alongside environmental and socioeconomic variables. A
hierarchical clustering on principal components highlight-
ed 2 classes with high cholera risk: localities close to rivers
and unimproved water sources (standardized incidence
ratio 1.71, 95% CI 1.02—-2.87; p = 0.04) and urban locali-
ties with markets (standardized incidence ratio 1.69, 95%
Cl 1.25-2.29; p = 0.0006). Our analyses helped identify
and characterize areas where efforts should be focused
to reduce vulnerability to cholera and other waterborne
diseases; these methods could be used in other contexts.

aiti experienced a large and lasting cholera epi-
demic that began in October 2010. The epidem-
ic originated in Centre Department in a hamlet host-
ing a camp of United Nations peacekeepers, then
contaminated the Artibonite River and coastal plain
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(1,2). During 2010-2019, >820,000 suspected cholera
cases and 9,792 deaths were reported (3). However,
since February 2019 no suspected deaths have oc-
curred, and no positive test results have been re-
ported from >1,000 samples collected from patients
with acute watery diarrhea.

Fecal contamination of water, food, or hands by
toxigenic strains of the bacterium Vibrio cholerae O1 is
the common mode of cholera transmission. The Na-
tional Plan for the Elimination of Cholera, launched
by the Ministry of Public Health and Population
(Ministere de la Santé Publique et de la Population
[MSPP]) in Haiti and co-authored by Haiti’s National
Drinking Water and Sanitation Directorate (La Direc-
tion Nationale de I’'Eau Potable et de I’ Assainissement
[DINEPAY]), is now in its third phase, focusing on rein-
forcing access to clean drinking water and sanitation
(4,5). Reducing population vulnerability to cholera
and other waterborne diseases at a community level
is vital. However, with the constraints of limited re-
sources, the most pertinent at-risk geographic zones
must be prioritized for sustainable water sanitation
and hygiene (WaSH) interventions.

Previous studies have performed spatial analyses at
communal levels, but data at a finer scale are limited.
High-resolution mapping is needed to understand the
heterogeneous transmission patterns and to adapt spe-
cific intervention strategies at the community level (6-9).
Although a previous study by Allan et al. (6) provided
maps of the origin of cholera patients at a subcommunal
level for the neighboring Artibonite Department, these
maps are still at a relatively large scale, demonstrat-
ing communal sections hosting 10,000-30,000 persons.
That study reported neighboring sections within the
same commune with clear differences in relative risk
for cholera in a mosaic pattern, highlighting the need
for further locality-level investigation to guide WaSH
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interventions. However, the mapping of rural localities
in Haiti is sparse and no spatial delineation has been
established, presenting a challenge in identifying mi-
crospots with recurrent cases and analyzing associated
factors (6). A previous study collected fine-scale spatial
data in Haiti by using spatial videos for cholera investi-
gations; however, it was limited to intraurban areas and
did not include case data (10).

Previous studies highlight the challenges in col-
lecting fine-scale spatial data in Haiti, with limited
official information on informal settlements (10-12).
Our objective was to analyze the spatial determinants
of cholera and to identify the priority localities in need
of prevention interventions in the Centre Department
in Haiti. We chose Centre Department because it was
at the origin of the epidemic and had a high incidence
of cholera that persisted for several years.

Methods

Study Design and Setting

We conducted an observational, ecologic study at the
locality (hamlet) level in the Centre Department, Haiti
(Figure 1), which covers an area of 3,487 km?, is >80%
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rural, and in 2015 had a population of 746,236 (13).
Centre is administratively subdivided into 12 civil
townships, known as communes, each of which has an
urban area (Figure 2, panel A). Each commune is fur-
ther subdivided into communal sections, the smallest
official administrative unit, which include several hun-
dred localities. Localities are groups of residences and
are the smallest spatial unit culturally used to define
the place of residence for rural populations. However,
the number, spelling, and delimitations of rural locali-
ties are not officially established, and only estimated
geolocalization and populations are available (14).

The largest towns in Centre are Hinche and Mire-
balais. Centre has a mean altitude of 447 m (range 84-
1,820 m) and is situated northeast of the Montagnes
Noires and Montagnes de Trou d’Eau mountain
ranges and south of the Massif du Nord. Hundreds
of rivers and streams provide natural water sources
in the department.

Materials

We obtained the deidentified case list of suspected
cholera cases in Centre during January 2015-Septem-
ber 2016 from the MSPP. The case list provided the

Figure 1. Topographical
map of Haiti and its
departments, highlighting
Centre Department (red
outline). Altitude increases
from light green to dark
green. Inset shows Haiti
in relation to neighboring
continents.
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Figure 2. Geographic and
demographic details of Centre
Department, Haiti. A) Outline of the
department’'s 12 communes, principal
urban areas, altitude raster, rivers,
roads, and position of markets.

B) Polygon outline and estimated
population for each locality, positions
of unimproved and improved water
sources, and vaccinated areas.

locality of residence for each patient and was collected
by the Health Departmental Directorate of the MSPP
to guide case-area targeted interventions conducted
by rapid response teams (15). All patient identifiers
were removed previously.

The mapping of rural localities in Haiti is incom-
plete (6). We collected point global positioning sys-
tem (GPS) coordinates for each locality from field
visits by mobile response teams, authors” field visits,
or satellite photos and from geographic repositories,
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including Haitian Institute of Statistics and Com-
puter Science (http://ihsiht/publication_cd_atlas.
htm), Index Mundi (https:/ /www.indexmundi.com),
OpenStreetMap  (https:/ /www.openstreetmap.org),
Google Earth (https://earth.google.com), and Google
Maps (https:/ /www.google.fr/maps). We verified
GPS coordinates against official data from Centre Na-
tional d'Information Geospatiale (CNIGS), when avail-
able. Further data validation was performed by using
computerized participatory mapping techniques to
integrate spatial information from local community
stakeholders in each commune, either individually
or in small groups. These stakeholders included local
healthcare professionals from mobile response teams,
WaSH technicians, and local government personnel.
We checked and unified locality names and used sat-
ellite imagery-assisted visual mapping techniques to
validate the estimated GPS coordinates. This process
ensured coherence with local knowledge of the terrain
and identified inconsistencies, which was vital for ru-
ral areas without road access.

As part of a collaborative project financed by
World Vision (https://www.worldvision.org),
DINEPA and the nongovernmental partner organi-
zation Haiti Outreach (https://www haitioutreach.
org) collected an inventory of water sources and
provided GPS coordinates by visiting each water
point and validating data with local partners (16)
(Figure 2, panel B). Water sources were classified
as improved or unimproved according to the Joint
Monitoring Program for Water Supply Sanitation
and Hygiene (17,18).

We obtained the location of rivers, roads, and al-
titude for Centre from CNIGS (Figure 2, panel A). We
obtained history of previous oral cholera vaccination
campaigns by communal section from MSPP (Figure
2, panel B). We geolocated markets during field inves-
tigations in Centre.

We calculated Voronoi polygons from estimated
point coordinates for each locality. These polygons,
or proximity diagrams, consist of all locations closer
to the locality point coordinate than any other point
coordinate, providing estimated boundaries. We
used Voronoi polygons as the basis for all variables
to maintain spatial unit consistency and to reduce ag-
gregation bias. We estimated the number of houses
per polygon by using a satellite-based house detec-
tion shapefile from CNIGS and completed maps by
using Google Earth and OpenStreetMap. We multi-
plied the number of houses by the mean number of
household members in the area to estimate the popu-
lation and incidence rates in each locality (13). The
distances from each house to an unimproved water
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source, improved water source, river, and road were
calculated and averaged for each polygon. The mean
altitude was calculated for each polygon by using ras-
ter terrain analysis and rounded to the nearest meter.

Statistical Analysis

We assessed variables for normal distribution by us-
ing histograms, quantile-quantile plots, and Shapiro-
Wilk test. For continuous nonnormally distributed
variables, we calculated the median and interquartile
range (IQR); for categorical variables, we calculated
counts and percentages. We categorized continuous
variables, including altitude and distances to a road,
to an improved water source, to an unimproved wa-
ter source, and to a river, by using information from
quartiles and histograms to form 4 classes. We per-
formed univariate nonparametric statistical tests by
using Kruskal-Wallis rank test and Spearman corre-
lation coefficients on cholera incidence and environ-
mental variables. We performed spatial analysis for
hotspot detection by using SatScan (https://www.
satscan.org).

We performed multistep nonsupervised analysis
to classify the localities according to their environ-
mental and spatial characteristics. Hierarchical clus-
tering on the principal components of a multiple cor-
respondence analysis (MCA) was detailed previously
(19,20); we used these data to classify neighborhoods
in towns in Haiti (12). The first step is an MCA, which
is an exploratory method that considers the relation-
ship between variables and reduces complex datasets
into fewer dimensions (21). We performed MCA by
using the original categorical variables and the cat-
egorized continuous variables. Active variables in-
cluded the presence of a market, urban or rural loca-
tion, vaccination status, and area averaged: altitude,
distance to a road, distance to an improved water
source, distance to an unimproved water source, and
distance to a river. We retained quantitative informa-
tion only as supplementary variables and did not use
these in the determination of the principal compo-
nents. To reduce basal noise and ensure a more stable
classification, we retained the principal components
that summarized 95% of the data. We performed hier-
archical ascendant classification on the first 16 princi-
pal components’ coordinates, which provided classes
independent of the number of cholera cases. Then,
we compared these classes to cholera cases in a gen-
eral additive model (GAM) with quasi-Poisson dis-
tribution. For spatial autocorrelation, we performed
Moran I tests on the number of cases and the GAM
residuals. To model spatial dependence, we tested a
trend-surface GAM,, fitting the geographic location by
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using 2 dimensional splines on latitude and longitude
coordinates, as previously demonstrated (22-24). We
accounted for the increasing population by using an
offset of the log population and estimating standard-
ized incidence ratios (SIRs) for each class. We consid-
ered p<0.05 statistically significant.

We used QGIS version 2.14.3 (QGIS Development
Team, http://qgis.osgeo.org) as a geographic infor-
mation system (GIS) for mapping. We performed all
statistical analyses by using R version 3.3.0 (R Foun-
dation for Statistical Computing, https://www.r-
project.org). We used the FactoMineR package in R
for classification analysis (19) and mgcv for GAMs,
with generalized cross validation criteria for smooth-
ing parameter estimations and the gam.check func-
tion to verify residual plots (22,25).

All data remained anonymous with no patient
identifiers, in accordance with national and inter-
national ethics guidance (26). Ethics approval was
obtained from the National Bioethics Committee in
Haiti, MSPP (reference no. 1516-73).

Results

A total of 5,322 suspected cholera cases were record-
ed in Centre during January 2015-September 2016,
and 1,730 localities were identified and mapped. The
median locality size was 1.77 km? (IQR 1.15-2.58 km?)
and median population 300 (IQR 153-530) persons.
Among 1,730 localities, 689 (40%) had >1 suspected
cholera case (Table 1). The median incidence ratio for
all localities was 0 (IQR 0-61.9) per 10,000 persons. In-
cidence ranged from 0-6,050.9/10,000 persons; 25 lo-
calities had an incidence >1,000/10,000 persons (Fig-
ure 3). In univariate analysis, the categorical variables
statistically significant for incidence were altitude,
distance to an unimproved water source, distance to
an improved water source, distance to road, distance
to a river, presence of market, rural or urban location
(p<0.0001), and cholera vaccination (p<0.0001 for all

variables) (Table 1; Appendix, https://wwwnc.cdc.
gov/EID/article/27/1/19-1787-Appl.pdf).

Hierarchical Clustering on Principal Components
Hierarchical clustering on MCA provided 4 differ-
ent classes of localities (Table 2; Appendix Figure 1),
demonstrating different environmental and spatial
characteristics, which we mapped (Figures 4, 5). The
categorical variables that best characterize the por-
tioning into 4 classes were distance to a river, pres-
ence of a market, altitude, distance to an unimproved
water source, urban or rural location, and distance to
a road (p<0.0001 for all).

Class 1 (n = 621) was most strongly associated
with being far from a river, at high altitude, and far
from a road (Table 2). Class 1 localities also were re-
mote and farther than average from both unimproved
water sources (median 576 m) and improved water
sources (median 1,213 m), had no markets, were ru-
ral, and had more vaccinated persons.

Class 2 (n = 941) was associated with being a me-
dium distance to the river and at the lowest altitudes
(Table 2). Class 2 localities also were associated with
being a medium distance from a road, having no mar-
kets, being rural, and having more unvaccinated per-
sons. These rural intermediary localities were slightly
closer than the average distance to both improved
water sources (median 712 m) and unimproved water
sources (median 439 m) and lower than average dis-
tances to a road (median 390 m).

Class 3 (n = 61) was most notably associated with
being closer to rivers (<200 m) and unimproved wa-
ter sources (<150 m). Class 3 localities also had lower
than average distances to a road (median 210 m).

Class 4 (n = 77) was most strongly associated with
markets and urban localities. These localities were
closer than average to unimproved water sources (me-
dian 347 m) and improved (median 338 m) sources and
alower than average distance to a road (median 135 m).

Table 1. Summary descriptive statistics for each locality and variables used for classification analysis used in delineating and

analyzing locality-level determinants of cholera, Haiti

Locality information

All localities, n = 1,730 Association with incidence, p value

Median no. suspected cholera cases (IQR)
Median no. houses (IQR)

Median estimated population (IQR)
Median estimated incidence/10,000 (IQR)

0 (0-2) -
65 (33-115) -
300 (152-530) -
0 (0-61.85) -
<0.0001

Median altitude, m (IQR)*t 360 (264-620)

Median distance to nearest improved water source, m (IQR)*t 842 (464-1,476) <0.0001
Median distance to nearest unimproved water source, m (IQR) *t 451 (307-702) <0.0001
Median distance to nearest river, m (IQR)*t 1,263 (554-2,706) <0.0001
Median distance to nearest road, m (IQR) 638 (185-1,493) <0.0001
No. markets (%)* 50 (2.9) <0.0001
No. rural locations (%)* 1,686 (97.5) <0.0001
No. cholera vaccinations administered (%)* 556 (32.1) <0.0001

*Active variables used in classification analysis, statistically significant in nonparametric univariate analysis (p<0.05).
tValues transformed to categorical variables by using quartiles to form 4 classifications for analysis.
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Figure 3. Estimated incidence
of suspected cholera cases per
10,000 persons for each locality
in Centre Department, Haiti,
January 2015-September 2016.

Taking class 1 as the reference and taking geo-
graphic coordinates and population into consider-
ation, we used a quasi-Poisson GAM to compare
the classes and estimate SIRs (Table 2; Appendix).
The model confirmed the statistically significantly
higher cholera incidence in class 3 (SIR 1.71, 95% CI

1.02-2.87; p = 0.0425) and class 4 (SIR 1.69, 95% CI
1.25-2.29; p = 0.0006). We found class 2 had a slightly
increased risk for cholera compared with class 1, with
an SIR of 1.28 (95% CI 0.96-1.71), although this differ-
ence was not statistically significant at the 5% level (p
=0.0896) (Figure 6).

Table 2. Characteristics for each classification identified for analysis of locality-level determinants of cholera, Haiti*

Information for each locality Class 1, n =651 Class 2, n =941 Class 3, n=61 Class 4,n=77
Median no. suspected cholera cases (IQR) 0(0-1) 0 (0-3) 0 (0-3) 6 (1-17)
Median no. houses (IQR) 46 (23-86) 79 (42-127) 52 (26-79) 146 (75-315)
Median estimated population (IQR) 212 (106-396) 364 (194-585) 240 (120-364) 673 (346-1,452)
Median estimated incidence, cases/10,000 0 (0-15.80) 0 (0-72.31) 0 (0-111) 83.0 (8.6-197.2)

population (IQR)

Median altitude, m (IQR)*t

Median distance to nearest improved water source,
m (IQR)*t

Median distance to nearest unimproved water
source, m (IQR)*t

Median distance to nearest river, m (IQR)T%
Median distance to nearest road, m (IQR)t%

284 (227-414)
721 (263-1,357)

339 (265-461)
338 (233-585)

665 (520-816)
1,213 (665-1,819)

287 (232-352)
712 (429-1,203)
576 (331-1,080) 439 (317-593) 163 (136-183) 347 (274-533)
805 (447—1,346)

390 (133-816)

0

177 (156-193)
210 (70-594)

578 (353-1,407)
135 (29-279)

2,932 (2,047—4,434)
1,544 (882-2,462)

No. (%) marketst 0 2(3) 48 (62)

No. (%) rural locationst 651 (100) 941 (100) 57 (93) 40 (52)

Standardized incidence ratio (95% ClI), p value Referent 1.28 (0.96-1.71), 1.71(1.02-2.87), 1.69 (1.25-2.29),
0.0896 <0.05 <0.01

*Class 1 was the reference class, situated at high altitude, and furthest from river and sources. Class 2 was not much more at risk, characterized by a
medium distance to roads. Classes 3 and 4 were much more at-risk. Class 3 localities were closer to a river or an unimproved water source and class 4
localities were more often urban with a market.

TActive variables used in classification analysis.

fTransformed to categorical variables for analysis.
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Figure 4. Classification
analysis of localities regarding
environmental variables based
on hierarchical clustering on
principal components of multiple
correspondence analysis, Centre
Department, Haiti. A) Cluster
dendrogram demonstrating
the division of localities into 4
classes: green, class 1; blue,
class 2; purple, class 3; red,
class 4. Height indicates the
order at which the clusters
were joined. B) Factor map
demonstrating the 4 classes
on the first 2 dimensions of
the multiple correspondence
analysis with the following
variables: altitude, distance to
an unimproved water source,
distance to an improved water
source, distance to road,
distance to a river, presence
of market, rural or urban, and
cholera vaccination. The x
and y axes represent the first
2 dimensions of the multiple
correspondence analysis; the
percentage of the total dataset
inertia is represented by each
dimension. Each pointis a
locality, with the shaded areas
representing the 4 classes, as in
panel A.

Discussion
Our analysis identified 2 main classes of localities at
higher risk for cholera: localities close to both rivers
(<200 m) and unimproved water sources (<150 m)
and urban localities with markets. These criteria are
simple ways of identifying high-risk localities for
source-based interventions within a large department
like Centre. We identified total of 138 higher risk lo-
calities, accounting for 8% of all localities.

Reducing population vulnerability to diarrheal
illnesses in a low-resource setting has complex chal-
lenges, which was confounded in Centre by the large
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geographic area and difficult terrain. Prioritizing
strategies on an easily identifiable number of sources
and localities might have implications for preventing
cholera outbreaks in Haiti and elsewhere. Whereas
previous research emphasized the importance of com-
mune-level data focused on WaSH interventions (27),
we highlight the importance of fine-scale mapping
and using the spatial unit most logical at an opera-
tional level. Mapping of localities in Centre Depart-
ment previously was unavailable, rendering the anal-
ysis of case lists impossible. Mapping performed in
this study opens doors for further analysis related to
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Figure 5. Localities of Centre
Department, Haiti, mapped
according to hierarchical
clustering on principal
components classification
analysis. Classification analysis
determined 2 large lower-risk
classes: class 1 localities were
remote and higher altitude, and
class 2 localities were rural
intermediary areas. Two high-risk
classes were identified: class 3
localities are closer to rivers and
unimproved water sources, and
class 4 localities have markets
and are in urban areas.

cholera and to other health conditions. Furthermore,
cholera can be considered as a proxy for vulnerability
to waterborne diseases, and targeting these high-risk
localities can prevent other disease outbreaks.
Cholera case distribution seems to be linked to
geographic patterns, specifically related to environ-
mental hygiene and water source contamination (28).
Previous studies have demonstrated a substantial as-
sociation between cholera and populations living in
proximity to water bodies (29-32), lakes (28,33,34),
and rivers and to river density (32). Increasing eleva-
tion has been inversely linked to cholera distribution
(35). However, due to geographic heterogeneity, the
relationship between environmental factors does not
fully explain cholera distribution in Haiti. Under-
standing environmental causation between water
sources and cholera is confounded by the difficulties
of sampling rivers and water sources and challenges
in determining whether these sources are perennial
reservoirs or temporary sources of pathogens (36,37).
Other studies have highlighted the change in local
populations” preferences and behaviors to type of wa-
ter access (38,39). Furthermore, alongside the proxim-
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ity to environmental factors, the role of population
movement and social factors in the spatial determina-
tion of cholera must be considered (28,40).
Consistent with our results, previous cholera
outbreak investigations have reported hotspots in
proximity to busy markets (9,12) and main roads
(32,41), presuming the role of population mobility in
creating cholera transmission hubs through the fe-
cal-oral route (9,29). These social and environmental
characteristics must be considered when examining
the spatial determinants of cholera in a region. This
reinforces the notion that context matters. Our results
demonstrate 2 different high-risk classes and high-
light the heterogeneous factors across localities, even
within the same communal section. We cannot point
to a single clear high-risk variable but instead noted
patterns of risk depending on the socioenvironmental
context of each locality. Our study adds to the litera-
ture by using this adaptive contextualized approach
at a fine scale across a department, not just limited to
smaller urban areas, as seen previously (9,12).
Numerous reasons can explain an increased chol-
erarisk in localities with markets (9). The regular large
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Figure 6. Comparison of the
most strongly associated risk
factors for cholera between

2 high-risk classes, Centre
Department, Haiti. The most
strongly associated risk factors
for suspected cholera cases
were distance <200 m to a

river, distance <150 m to an
unimproved water source, low
altitude, distance to a road <150
m, presence of a market, and
urban areas. Class 3 and class
4, both at higher risk for cholera,
were close to a road but differed
for the other identified risk
factors.

flux of persons increases the risk for contact with chol-
era cases. In addition, the poor sanitary conditions
of marketplaces increase risk because of inadequate
waste disposal, lack of handwashing points, no or poor
drainage systems, and the poor hygienic standards of
food stalls and latrines, if available. Open defecation
areas have been highlighted near Mirebalais market
as a source of cholera (42). However, the association
to markets might be confounded by the geographic
proximity of treatment centers, which both often are
located in urban areas where a concentration of ill pa-
tients aids cholera transmission via contamination of
food and water.

Our results highlight the importance of distance
to a road in both high-risk classes. Road distance
<150 m was statistically significantly associated with
class 3 (p<0.0006) and class 4 (p<0.0001). This find-
ing can be interpreted in 2 ways. First, it confirms
that cholera is propagated by population movement
along main roads. However, main transport hubs
also link localities and treatment centers; therefore,
cases from localities with easier road access also are
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more likely to be notified. We used average estimat-
ed distances from a locality to a road as an accessible
proxy for population mobility, but other informa-
tion could be used, such as travel time to the nearest
town (43). Information on actual population mobil-
ity by using mobile phone data could be a promising
tool to examine spatial spread and improve outbreak
preparedness strategies (40).

Of note, the association with distance to an im-
proved water source was not a decisive factor in the
classification. Increasing distance from an improved
water source was associated more with the low-risk
class 1, but unimproved water sources were also at
a greater median distance. Furthermore, proximity
to an improved water source was associated with
the high-risk class 4. This finding suggests that the
presence of improved water sources in a locality
might not fully prevent diarrheal illnesses unless
all other potential sources are considered for WaSH
improvements. An improved water supply should
be available within a 30-minute round trip, accord-
ing to post-2015 Sustainable Development Goals
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(18), but this availability cannot improve cholera
incidence if an unimproved water source is still
used for reasons of accessibility and affordability.
Our study at the locality level did not consider in-
dividualized or household methods of drinking
water collection or treatment because no piped wa-
ter networks are available outside towns and those
in towns do not function all the time. Instead, we
studied the distance from a house to a water source,
including rivers, averaged for the whole locality.
However, this variable on geographic accessibility
could be confounded by subsequent contamination
during travel or storage.

Our study demonstrates the feasibility of fine-
scale geographic analysis over a large, mainly rural
area to study incidence and spatial epidemiology
of cholera in relation to socioenvironmental char-
acteristics and water sources. We used a grassroots
approach incorporating expertise from local health
and sanitation experts to define a list of localities and
comprehensive documentation of water sources. Our
approach has potential benefits for future studies by
researchers in public health and other disciplines.

As can be common in resource-limited settings
with multiple users, the case list required a lengthy
data cleaning process. Limitations of the case list in-
clude possible missing data from patients who did
not go to healthcare centers. However, we believe the
case list provided the most comprehensive informa-
tion available and impressive detail considering the
setting constraints.

As demonstrated in previous studies, our field
study corroborates that risk for cholera is associated
with intertwined socioeconomic and environmental
factors and highlights marketplaces located near wa-
ter bodies and roads in high-density neighborhoods,
such as Mirebalais (29), as risk factors. By analyzing
a wide range of variables, without preceding pre-
sumptions on their relationship or correlation, we
were able to conduct an exploratory analysis by using
MCA. This analysis enabled inclusion of numerous
variables despite collinearity and classification of the
reduced dimensions in a multivariate model to out-
line the spatial determinants of cholera.

One limitation of our study was the lack of infor-
mation regarding excrement management, a recog-
nized predisposing risk factor (29,44). We attempted
to retrieve this information by identifying the loca-
tion of municipal latrines, but heterogeneous excre-
ment disposal activities make this process futile be-
cause open defecation is a common practice (45). A
recent survey of 13,405 households in Haiti reports
only 31% of households have improved, nonshared
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toilets; in urban areas, 43% have such amenities, but
half as many (23%) are found in rural areas (45). An-
other limitation is that trend-surface GAM does not
fully address spatial autocorrelation by smoothing
the spatial coordinates; however, it does account for
trends in geographic data. Nonetheless, trend-surface
GAM is a recognized method to model the spatial de-
pendence in the systematic part of the model (22-24).
Furthermore, we were unable to incorporate tem-
poral analyses due to the relatively short timeframe
(only 1 dry season). Therefore, we cannot account for
all factors associated with cholera incidence, particu-
larly the movement of cholera between localities. In
addition, the geographic analysis could not incorpo-
rate meteorological information, which is unavail-
able at the locality level. However, our aim was not
to model cholera incidence and dynamics of trans-
mission, which previously has been studied (46-50).
Instead of identifying individual patterns of risk, we
used classification analysis to reduce the dimensions
of numerous correlated variables to define local-scale
risk profiles within a large area affected by cholera.
Our study provides information to guide strategies
to reduce vulnerability to diarrheal illnesses within a
realistic setting, taking the social and environmental
context into account.

With no confirmed cholera cases in Haiti since
February 2019, the focus in this postepidemic period
must be on reducing the vulnerability of the popula-
tion of Haiti to cholera and other diarrheal illnesses.
Our results highlight different typologies of risk at
the locality level across a department, defining high
risk by access to unimproved water sources and pres-
ence of markets in urban localities. Focusing hygiene
awareness and prevention strategies in localities with
known high-risk factors can help concentrate limited
resources and improve efficiency in the fight against
future cholera and other waterborne disease epidem-
ics in Haiti and elsewhere.
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Elizabeth Beshearse, Beau B. Bruce, Gabriela F. Nane, Roger M. Cooke, Willy Aspinall,
Tine Hald, Stacy M. Crim, Patricia M. Griffin, Kathleen E. Fullerton, Sarah A. Collier,
Katharine M. Benedict, Michael J. Beach, Aron J. Hall, Arie H. Havelaar

llinesses transmitted by food and water cause a major
disease burden in the United States despite advance-
ments in food safety, water treatment, and sanitation.
We report estimates from a structured expert judgment
study using 48 experts who applied Cooke’s classical
model of the proportion of disease attributable to 5 major
transmission pathways (foodborne, waterborne, person-
to-person, animal contact, and environmental) and 6 sub-
pathways (food handler—related, under foodborne; recre-
ational, drinking, and nonrecreational/nondrinking, under
waterborne; and presumed person-to-person-associated
and presumed animal contact-associated, under environ-
mental). Estimates for 33 pathogens were elicited, includ-
ing bacteria such as Salmonella enterica, Campylobacter
spp., Legionella spp., and Pseudomonas spp.; protozoa
such as Acanthamoeba spp., Cyclospora cayetanensis,
and Naegleria fowleri; and viruses such as norovirus, ro-
tavirus, and hepatitis A virus. The results highlight the im-
portance of multiple pathways in the transmission of the
included pathogens and can be used to guide prioritiza-
tion of public health interventions.

llnesses transmitted commonly by food and wa-
ter result in a major disease burden on both a na-
tional and a global scale (1). Each year in the United
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States, 9.4 million illnesses, 56,000 hospitalizations,
and 1,351 deaths are caused by 31 known pathogens
transmitted through food (2). Previous estimates of
the burden of waterborne disease in the United States
have largely focused on the burden of gastrointestinal
illness associated with drinking water; an estimated
4-32 million cases of illness occur each year (3,4).
Source attribution is a process of estimating the pro-
portion of illnesses resulting from various exposures
for specific pathogens. Attributing illnesses to sources
can guide decisions about where to target prevention
and control efforts by apportioning illnesses to specific
sources, thus aiding in the development of specific in-
terventions (5). Attributing to the comprehensive set of
transmission pathways considered in this study (food-
borne, waterborne, person-to-person, animal contact,
and environmental) is challenging for many reasons,
including limited data and difficulty combining exist-
ing data from multiple sources. For example, outbreak
surveillance data, such as those collected through the
National Outbreak Reporting System (NORS), can
provide information on sources of illness but are sub-
ject to reporting biases and may not be representative
of endemic disease (6). Other studies have also raised
concerns of publication bias toward novel, unique, or
large foodborne outbreaks, limiting the utility of sys-
tematic reviews of published outbreaks in assessing
source attribution (7,8). One method to address these
barriers is structured expert judgment (SEJ), a method
to use and combine estimates produced by experts and
quantify uncertainty for the purpose of risk analysis
when the ability to gather data is hindered by high
expense, data scarcity, or lack of reliable data. This
method, when executed well, is formal, reproducible,
and mathematically and scientifically rigorous (9-11).
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The Centers for Disease Control and Prevention
(CDC) works to control and prevent illness caused by
foodborne and waterborne pathogens in the United
States. To accomplish this, CDC supports states and
territories in tracking disease, detects and responds
to outbreaks, and uses surveillance and sentinel site
data to estimate the burden of these diseases in the
United States. To inform this work, we implemented
an SEJ study using Cooke’s classical model to estimate
the proportion of domestically acquired illnesses for
33 pathogens transmitted through food and water
that can be attributed to each of 5 major transmission
pathways and 6 subpathways (12).

Methods

The process was divided into 3 stages: preparation,
elicitation, and postelicitation (11). These stages are
detailed in the following sections.

Preparation
Selection of Pathogens

We included all pathogens transmitted commonly
through food or water that were examined by Scallan

llinesses Transmitted by Food and Water

et al. (2) and Collier et al. (13) except those for which
the only syndrome of interest was considered to have
>95% foodborne transmission (e.g., Listeria monocyto-
genes, Clostridium botulinum); we added 3 free-living
amoebae (2,13). For some pathogens, subdivisions
into categories by serotype, patient age, or clinical
manifestations of interest were included because
transmission pathways were assumed to be different.
For example, for Salmonella, the 5 most common se-
rotypes were included along with 2 groups of rarer
serotypes based on a ranking of their coefficients of
variation (CVs) calculated from the patients’ ages,
sexes, states of residence, and the year and month
specimens were obtained (group 1, lowest CVs; group
2, highest CVs) as described by Boore et al. (14). This
compilation resulted in a total of 33 pathogens and 47
target questions, or categories, for estimation. The 47
target questions were grouped into 15 panels on the
basis of similarities between pathogen microbiology
and ecology (Table 1).

Transmission Pathway Definitions
We used definitions for 5 major pathways that were
mutually exclusive and comprehensive (i.e., covering

Table 1. Pathogen panels, target questions, and number of experts providing estimates, structured expert judgment, United States,

2017
No. experts who No. experts who
Pathogen and clinical manifestation target provided estimates in  No. experts who provided re-elicitation
Panel questions initial elicitation revised estimates estimates
Panel 1 Acanthamoeba spp., Balamuthia mandrillaris, 14 4 Not required
Naegleria fowleri
Panel 2 Astrovirus, norovirus, rotavirus, sapovirus 17 3 Not required
Panel 3 Brucella spp., Mycobacterium bovis 16 5 Not required
Panel 4 Campylobacter spp., Yersinia enterocolitica 19 5 Not required
Panel 5 Cryptosporidium spp.,Giardia spp. 21 5 Not required
Panel 6 Cyclospora cayetanensis 21 4 Not required
Panel 7 Enterotoxigenic Escherichia coli, other 21 3 Not required
diarrheagenic E. coli, Shigella spp.
Panel 8 Hepatitis A virus 19 2 Not required
Panel 9 Legionella spp., nontuberculous Mycobacterium 9 1 Not required
spp.
Panel 10 Pseudomonas spp., otitis externa, pneumonia, 16 7 7
septicemia
Panel 11 Salmonella enterica, nontyphoidal: all serotypes 14 3 Not required
and ages, <5 y of age; Enteritidis, Typhimurium,
Newport, | 4,[5],12:i:-, Javiana; other serotypes
group 1,* other serotypes group 2t
Panel 12 Shiga toxin—producing E. coli 0157 and non- 18 4 Not required
0157
Panel 13 Staphylococcus aureus, group A Streptococcus 19 4 Not required
Panel 14 Toxoplasma gondii 16 3 Not required
Panel 15 Vibrio alginolyticus, AGI, non-AGl; V. cholerae, 15 6 9

nontoxigenic, AGI, non-AGlI; V.
parahaemolyticus, AGI, non-AGl; V. vulnificus,
non-AGl;

Vibrio spp., other, AGI, non-AGlI

*Group 1: serotypes such as Agona, Anatum, Braenderup, Hadar, Heidelberg, Infantis, Oranienburg, Saintpaul, Senftenberg, Thompson. AGlI, acute

gastrointestinal iliness.

tGroup 2: serotypes such as Bareilly, Gaminara, Give, Mississippi, Norwich, Pomona, Rubislaw, Tennessee, Urbana, Weltevreden.
fClinical manifestations of interest for initial elicitation were bacteremia and wound infections.
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Table 2. Major transmission pathway definitions, structured expert judgment, United States, 2017

Major transmission pathways Description

Foodborne Transmission occurs through eating food. Contamination can originate anywhere in the food
production chain from primary production, to retail, and then to the home or restaurant. This pathway
applies to all nonwater beverages and items ingested by humans as food (e.g., including raw milk and
excluding items consumed for medicinal purposes).

Waterborne Transmission occurs through the consumption of or direct contact with water or inhalation of aerosols

originating from water. This includes drinking water, bottled water, recreational water (treated and
untreated), and other water sources, such as water within buildings, used in medical devices, or for

industry/manufacturing.

Person-to-person

Transmission occurs by direct contact with infected persons or their bodily fluids, or by contact with the

local environment where an exposed person is simultaneously present with an infected person or

visible excreta.

Animal contact

Transmission occurs through direct contact with an animal, its bodily fluids (excluding raw milk or other

fluids consumed as food), fur, hair, feathers, scales, or skin, or by contact with the local environment
where an infected animal, its visible excreta, fur, hair, feathers, scales, or skin was simultaneously
present with the exposed person (e.g., barns, petting zoos, and pet stores). This pathway includes
domestic animals, farm animals, wildlife, and pets.

Environmental

Transmission occurs through exposure to naturally occurring agents (e.g., free-living ameba or radon)

or contact with contaminated air, mud, soil, or other outdoor or indoor surfaces or objects not
attributable to foodborne, waterborne, person-to-person, or animal contact transmission, as defined for

this project.

100% of transmission modes) and that reflect those
used by CDC for outbreak surveillance (15,16; Tables
2, 3). We defined 3 mutually exclusive waterborne
subpathways (recreational water, drinking water, and
nonrecreational nondrinking water) that were com-
prehensive (i.e., all waterborne pathway transmission
fell into 1 of the 3 subpathways). We also defined and
elicited 1 foodborne (food handler-related) and 2 en-
vironmental (presumed animal associated, presumed
person-to-person) subpathways that accounted for
only a portion of transmission within their main
pathway. We calculated the unelicited proportion

remaining of their respective main pathways during
analysis and assigned it to the subpathways other food-
borne and other environmental. For all transmission
pathways, we defined the point of attribution as the
point of exposure (i.e., the event during which a person
ingested, or was otherwise exposed to, the pathogen).

Expert Identification and Selection

We identified 182 experts representing a range of sci-
entific backgrounds (e.g., epidemiologists, laboratory
scientists, and environmental engineers from govern-
ment, academia, nongovernmental organizations,

Table 3. Transmission subpathway definitions, structured expert judgment, United States, 2017

Subpathway Description

Foodborne subpathway
Food handler—related

When food processed or prepared for others is contaminated by an infected person.

Waterborne subpathways
Recreational water, treated or untreated

Water that is used for recreational activities, such as in an aquatic facility or natural body

of water. Can be treated or untreated. Treated water has undergone a systematic
disinfection process (e.g., chlorination and filtration) with the goal of maintaining good
microbiologic quality for recreation; untreated water has not undergone a disinfection or
treatment process to maintain good microbiological quality for recreation (e.g., lakes,
rivers, oceans, and reservoirs).

Drinking water

Water that is used primarily for drinking but including other domestic uses, such as

washing or showering; can come from a public water system, a private well, or
commercially bottled sources.

Nonrecreational, nondrinking water

Water that is used for purposes other than recreation or drinking (e.qg., for agriculture,

industry, medical treatment, backcountry streams or flood waters). Agricultural water
includes water that is used to grow fresh produce and sustain livestock. Industrial water
includes water used during manufacturing or in cooling equipment. Medical water
includes any water used within medical devices or water used for washing surgical tools
and equipment, and water used for hydrotherapy. This subcategory does not include
transmission that can be accounted for by another major pathway, such as food or

animals

Environmental subpathways
Presumed animal contact associated

When a person becomes ill from exposure to soil, mud, or surfaces contaminated by an

animal without direct contact or simultaneous presence with the animal, or when an
infection is suspected to be animal associated because of previous knowledge about the

pathogen.
Presumed person-to-person associated

When a person becomes ill from an exposure indirectly associated with an ill person.
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and industry) on the basis of publication records,
experience, expertise, or previous participation in
source attribution studies. We contacted the experts
directly and invited them to apply for participation
(Figure 1). Fifty-eight returned a curriculum vitae
and publication record and completed a question-
naire about their professional interest, knowledge,
and experience for each of the 33 pathogens using a
4-level Likert scale (high, medium, low, or none) by
the requested deadline. We asked experts to suggest
additional experts to be considered; the 3 who were
suggested were also invited.

Assignment to Panels

We evaluated expert applications based on area of
expertise, education, work history, professional in-
terest, experience, and knowledge of the individual
pathogens in this study. Publication record was not
used to determine eligibility because it could have led
to elimination of qualified experts who do not publish
frequently. We used maximum bipartite matching in
R version 3.3.1 with the igraph package version 1.0.1
to assign experts to panels based on their curricula vi-
tae, publication records, and questionnaire responses
(17,18). Final assignment ensured that experts were
not on pathogen panels for which they reported none
or low experience. Individual experts were on panels
for <15 pathogens (Appendix 1, https:/ /wwwnc.cdc.
gov/EID/article/27/1/20-0316-Appl.pdf).
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Calibration Questions

The study administrators used unpublished data
to develop calibration questions (Appendix 2,
https:/ /wwwnc.cdc.gov/EID/article/27/1/20-
0316-App2.pdf). We developed 14 questions to
evaluate the experts’ statistical accuracy and in-
formativeness by probing the experts’ ability to
provide reliable estimates under uncertainty. The
subject domain of the questions aimed to represent
expertise in public health surveillance of foodborne
and waterborne diseases, food consumption pat-
terns in the United States, and human exposure
and occurrence data about pathogens in food, wa-
ter, and the environment.

Target Questions

Target questions asked the proportion of illnesses
transmitted through the 5 major pathways and 6 sub-
pathways for all study pathogens. Study administra-
tors blocked transmission pathways and subpath-
ways for some pathogens based on their microbiology
and ecology (Table 4). We created individualized Mi-
crosoft Excel version 14.7.7 (http:/ /www.microsoft.
com) files with separate sheets for calibration ques-
tions, target questions for each assigned pathogen,
and additional instructions for each expert. We in-
cluded verification aids in the worksheets to assist the
experts (Appendix 3, https:/ /wwwnc.cdc.gov/EID/
article/27/1/20-0316-App3.xlsm).

Figure 1. Expert selection
process for study of attribution
of illnesses transmitted by food
and water to comprehensive
transmission pathways using
structured expert judgment,
United States, 2017.
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Dry Run Exercise

We conducted a dry run exercise using video web
conferencing to assess calibration questions, target
question answer sheets, and expert training ma-
terials for completeness, clarity, and ease of use.
Six persons from academia, state health depart-
ments, and CDC participated in this trial exercise,
but not in the formal elicitation itself. We modified
the elicitation materials based on feedback from
this exercise.

Expert Orientation
Before the formal elicitation, experts attended a
training webinar to learn definitions of transmission
pathways, subpathways, and point of attribution. To
ensure common understanding of the definitions, ex-
perts completed a 20-question review of knowledge
after the webinar (Appendix 4, https:/ /wwwnc.cdc.
gov/EID/article/27/1/20-0316-App4.pdf).

We provided a background document summa-
rizing current surveillance data, when available, and

Table 4. Source attribution results for major transmission pathways, structured expert judgment, United States, 2017*

Mean % (95% uncertainty interval)

Pathogen name Foodborne Waterborne  Person-to-person _Animal contact Environmental
Bacteria
Brucella spp. 45 (13-77) 10 (0-42) Blocked 36 (10-73) 9 (0-32)
Campylobacter spp. 57 (30-80) 13 (1-31) 7 (0-23) 16 (3-35) 7 (0-30)
Enterotoxigenic Escherichia coli 69 (37-91) 9 (0-38) 7 (0-38) Blocked 15 (2-33)
STEC 0157 60 (40-77) 5 (1-13) 16 (4-33) 12 (3-25) 7 (1-17)
STEC non-0157 50 (26-75) 6 (0-17) 15 (2-34) 21 (2-46) 8 (0-24)
E. coli, other diarrheagenic 55 (27-80) 9 (0-30) 16 (2-39) 9 (0-33) 12 (0-33)
Legionella spp. Blocked 97 (67-100) 0(0-1) Blocked 2 (0-28)
Mycobacterium bovis 75 (36-98) 1(0-9) 9 (0-39) 13 (0-50) 2 (0-12)
Nontuberculous Mycobacterium spp. Blocked 72 (39-94) 4 (0-21) 2 (0-35) 22 (0-49)
Pseudomonas spp., otitis externa Blocked 81 (67-95) 3(0-13) 1(0-4) 15 (1-,25)
Pseudomonas spp., septicemia Blocked 22 (3-53) 2 (0-19) 2 (0-11) 74 (41-94)
Pseudomonas spp., pneumonia Blocked 51 (14-80) 4 (1-32) 0(0-2) 45 (15-80)
Salmonella enterica, nontyphoidal 66 (48-81) 6 (0-22) 7 (0-16) 11 (3-24) 9 (2-21)
S. enterica, nontyphoidal, age <5y 46 (20-66) 7 (0-26) 18 (6-35) 13 (2-30) 16 (2-36)
S. enterica serotype Enteritidis 80 (63-92) 4 (0-11) 7 (1-16) 5 (0-19) 4 (1-14)
S. enterica serotype | 4,[5],12:i:- 66 (40-82) 6 (1-15) 8 (1-17) 12 (2-27) 7 (0-20)
S. enterica serotype Javiana 56 (29-76) 7 (1-20) 9 (2-22) 14 (3-33) 14 (2-29)
S. enterica serotype Newport 74 (50-86) 2 (0-9) 7 (1-16) 8 (1-19) 8 (2-18)
S. enterica serotype Typhimurium 59 (27-78) 7 (1-18) 8 (2-19) 14 (3-29) 13 (2-30)
S. enterica, all other serotypes group 1 60 (29-79) 6 (1-18) 9 (2-21) 12 (2-29) 12 (3—,29)
S. enterica, all other serotypes group 2 40 (10-65) 7 (1-24) 10 (2-26) 17 (1-40) 26 (6-51)
Shigella spp. 8 (1-36) 4 (1-21) 81 (48-93) Blocked 6 (0-26)
Staphylococcus aureus Blocked 75 (23-98) 18 (1-71) 1 (0-5) 5 (0-37)
Streptococcus spp., group A 4 (0-33) 1(0-6) 92 (55-99) 1(0-12) 2 (0-19)
Vibrio alginolyticus 60 (24-84) 37 (13-71) 0(0-1) 1(0-4) 2 (0-11)
V. alginolyticus, non-AGlI 2 (0-17) 97 (79-100) 0(0-1) 0(0-2) 0(0-2)
V. cholerae nontoxigenic 92 (61-100) 6 (0-30) 1(0-3) 0 (0-4) 0 (0-3)
V. cholerae nontoxigenic, non-AGI 33 (8-59) 65 (39-90) 0(0-1) 0(0-1) 2 (0-13)
V. parahaemolyticus 74 (59-91) 24 (7-38) 0(0-2) 0(0-2) 1(0-5)
V. parahaemolyticus, non-AGI 8 (2-39) 90 (57-97) 0(0-1) 0(0-1) 2 (0-8)
V. vulnificust 20 (7-54) 77 (40-91) 0 (0-3) 1 (0-9) 2 (0-12)
V. vulnificus, non-AGI 20 (9-34) 78 (58-89) 0 (0-1) 1 (0-16) 2 (0-9)
Vibrio spp., other AGI 96 (69-100) 2 (0-23) 0 (0-1) 0 (0-2) 1(0-8)
Vibrio spp, other non-AGI 95 (58-100) 3 (0-27) 0(0-1) 0(0-2) 2 (0-15)
Yersinia enterocolitica 77 (44-100) 9 (0-37) 3(0-17) 4 (0-16) 8 (0-33)
Protozoa
Acanthamoeba spp. Blocked 82 (46-100) Blocked 0 (0-0) 18 (0-54)
Balamuthia mandrillaris Blocked 54 (5-95) Blocked 0 (0-0) 46 (5-95)
Cryptosporidium spp. 7 (0-25) 43 (17-73) 20 (2-49) 21 (4-48) 8 (0-34)
Cyclospora cayetanensis 83 (59-99) 6 (0-25) 3 (0-14) 1(0-9) 7 (0-28)
Giardia spp. 10 (0-35) 44 (16-78) 27 (3-59) 10 (0-38) 8 (0-37)
Naegleria fowleri Blocked 88 (61-100) Blocked Blocked 12 (0-38)
Toxoplasma gondii 28 (4-60) 5 (0-27) Blocked 58 (24-86) 9 (0-29)
Viruses
Astrovirus 15 (1-38) 6 (0-25) 73 (44-94) Blocked 6 (0-18)
Hepatitis A virus 42 (9-78) 8 (0-33) 41 (8-77) Blocked 8 (0-34)
Norovirus 19 (6-37) 6 (0-25) 70 (46-88) Blocked 5 (0-18)
Rotavirus 5 (0-20) 7 (0-28) 81 (57-98) Blocked 5 (0-21)
Sapovirus 13 (0-34) 8 (0-30) 75 (49-94) Blocked 4 (0-16)

*Blocked indicates pathways blocked by study administrators. AGI, acute gastrointestinal disease; STEC, Shiga toxin—producing Escherichia coli.
tClinical manifestations of interest for initial elicitation were bacteremia and wound infections.
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relevant research findings for each pathogen. The
document contained links to selected research ar-
ticles. Experts were encouraged to use any data they
felt were informative to make their estimates; they
were not limited to only this document.

Elicitation

For the formal elicitation, 48 experts representing a
wide range of professional and scientific backgrounds
participated at a 2-day, in-person workshop in May
2017. During the workshop, experts participated in a
2-hour information session on probabilistic methods
and providing estimates under uncertainty.

Calibration Questions

Experts were not expected to know true values pre-
cisely and provided low (5th percentile), median
(50th percentile), and high (95th percentile) estimates
to represent their uncertainty on the answers pro-
vided to the calibration questions. Experts were not
allowed access to any additional resources while an-
swering the calibration questions and, after they had
they had finished, they could not return to this sec-
tion to change their responses.

Target Questions

After completion of the calibration questions, experts
provided 5th, 50th, and 95th percentile estimates for
the proportion of domestically acquired illnesses that
are transmitted through each major pathway and
subpathway annually for each pathogen and target
question in each panel to which they were assigned.
The experts were also asked to indicate if they did not
agree with the pathways blocked by study admin-
istrators. One pathway, person-to-person transmis-
sion for Legionella spp., was unblocked based on this
feedback, and experts provided this estimate with the
others at the in-person elicitation. Experts could ac-
cess resources and discuss them with colleagues, if
desired. However, we emphasized that the final es-
timates should represent the expert’s individual re-
sponses, not a group consensus.

Postelicitation

Re-Elicitation

After the in-person elicitation was completed, we de-
termined that re-elicitation for some pathogens was
necessary. More granular detail was needed beyond
the single estimate for Pseudomonas, so estimates were
re-elicited for otitis externa, septicemia, and pneumo-
nia. Based on feedback we received during the elicita-
tion, we re-elicited estimates for non-acute gastroin-
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testinal infections (non-AGI) for nontoxigenic Vibrio
cholerae, V. parahaemolyticus, V. vulnificus, and V. algi-
nolyticus. Experts were provided with feedback with
updated surveillance data and given the opportunity
to adjust their original estimates if new data led them
to reconsider their previous estimates (Figure 1). The
re-elicitations were completed through follow-up
emails and web conferences.

Data Analysis

We analyzed data using EXCALIBUR (19). We com-
bined all individual expert assessments by linear
pooling into a single uncertainty assessment for each
target question (11). For equal-based weighting, all
experts’ assessments contributed to the combined
uncertainty assessment evenly. We computed per-
formance-based weighting by combining the statis-
tical accuracy and information scores of experts in
each panel. The weighted combination of experts is
referred to as the decision maker. We used the item
weight decision maker because this calculates and
applies weights per individual target question rather
than for all questions an expert answered. We per-
formed optimization to determine the threshold by
which an expert’s responses would be included in the
final estimate or not. This was done separately per ex-
pert for each panel, based on each expert’s statistical
accuracy score (12).

We performed a subgroup analysis to determine
whether separate schools of thought existed as a re-
sult of experts’ self-identified background (catego-
rized as mainly foodborne, mainly waterborne, or
both). This analysis was completed by 2 independent
reviewers who analyzed EXCALIBUR panel outputs
for each target question to determine whether wide
divergence existed among individual responses.

We normalized random samples from the
weighted distributions for major transmission path-
ways and waterborne subpathways such that on
each sample the values across pathways summed to
1. This process was done by resampling the cumu-
lative distribution functions generated by EXCALI-
BUR 5,000 times in R version 3.4.3 for each patho-
gen, while dividing all sampled values by the sum
of their values per iteration. Point estimates and 95%
uncertainty intervals (Uls) for each target question
and pathway were produced. We performed robust-
ness analysis and out-of-sample validation to assess
the performance of the method and to evaluate the
effect of individual experts and individual calibra-
tion questions on the final distribution (Appendix
5, https://wwwnc.cdc.gov/EID/article/27/1/20-
0316-App5.pdf) (12).
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Results represent scenarios at the boundaries among different
transmission pathways. For 17 (85%) questions, >75%
Knowledge Review of participants answered with the correct major path-

The 20 questions were designed to be challenging, to way, and of these questions, 13 (76%) were answered
emphasize application of the study definitions, and to ~ with the correct subpathway as well (Appendix 4).

Figure 2. Source attribution results for major transmission pathways of bacteria in study of attribution of illnesses transmitted by food
and water to comprehensive transmission pathways using structured expert judgment, United States, 2017.
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Figure 3. Source attribution results for major transmission pathways of protozoa and viruses for study of attribution of illnesses
transmitted by food and water to comprehensive transmission pathways using structured expert judgment, United States, 2017.

Major and Subpathway Results

Table 4 and Figures 2 and 3 show the proportion and
Ul of domestically acquired illnesses attributed to the
5 major transmission pathways; Tables 5 and 6 show
the subpathway results. For all panels, a satisfactory
number of accurate and informative experts were
included. Differing schools of thought based on ex-
perts” backgrounds were not identified (Appendix 5).

Bacteria

Most of the pathogens in this study were bacteria; they
encompassed 35 of the 47 target questions. More than
half of transmission (>50%) was attributed to the food-
borne pathway for Campylobacter spp.; enterotoxigenic
Escherichia coli; Shiga toxin-producing Escherichia coli
(STEC) O157; other diarrheagenic E. coli; Mycobacterium
bovis; nontyphoidal Salmonella enterica (all ages and se-
rotypes); S. enterica serotypes Enteritidis, [ 4,[5],12:i:-, Ja-
viana, Newport, Typhimurium, and group 1 serotypes;
Vibrio alginolyticus; V. cholerae nontoxigenic; V. parahae-
molyticus; Vibrio spp., other AGL; Vibrio spp, other non-
AGI; and Yersinia enterocolitica. In addition, Legionella
spp.; nontuberculous Mycobacterium spp.; Pseudomonas
spp., otitis externa; invasive Staphylococcus aureus; V.
alginolyticus, non-AGL V. cholerae nontoxigenic, non-
AGL V. parahaemolyticus, non-AGl; and V. vulnificus
were all estimated to have majority transmission from
the waterborne pathway. Most transmission for Shigel-
la spp. and group A Streptococcus were estimated to be
through person-to-person transmission. No bacterial
pathogen had majority transmission through animal
contact. Pseudomonas spp. septicemia was attributed
primarily to the environmental pathway.
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Protozoa

Cyclospora cayetanensis was the only protozoan es-
timated to have majority transmission through the
foodborne pathway. Acanthamoeba spp. and Naegleria
fowleri both had >80% transmission attributed to the
waterborne pathway, and 54% (Ul 5%-95%) of Bala-
muthia mandrillaris infections were estimated to occur
through waterborne transmission. No protozoa had
majority person-to-person or environmental trans-
mission. Waterborne transmission was estimated at
43% (UL 17%-73%) for Cryptosporidium spp. and 44%
(UI16%-78%) for Giardia spp. Among all pathogens,
Toxoplasma gondii had the highest attribution to ani-
mal contact transmission, 58% (UI 24%-86%).

Viruses

Most transmission for astrovirus, norovirus, rotavi-
rus, and sapovirus was attributed to the person-to-
person pathway. Hepatitis A virus was estimated
to have the highest proportion of illness transmit-
ted by the foodborne pathway at 42% (UI 9%-78%).
Of this, 48% (U12%-93%) was considered food han-
dler related. Of foodborne transmission, 50%-71%
was estimated to be food handler related for as-
trovirus, norovirus, and sapovirus. For all viruses,
67%-88% of environmental transmission was at-
tributed to the subpathway of presumed person-to-
person transmission.

Discussion

This study presents a novel method for estimating
the proportion of illnesses from pathogens transmit-
ted commonly by food and water in the United States

189



RESEARCH

through comprehensive and mutually exclusive path-
ways. It includes estimates for food handler-related,
recreational water, drinking water, nonrecreational
nondrinking water, and various environmental sub-
pathways. This method enabled estimates to be in-
formed by multiple data sources, including outbreak
surveillance data, studies of sporadic illnesses, case

reports, and experts’ professional knowledge. The
use of calibration to weight expert responses is a dis-
tinguishing characteristic of the classical model and
introduces mathematical rigor not found with other
elicitation methods.

Similar SEJ studies have been conducted in nu-
merous countries, including Australia, Canada, and

Table 5. Source attribution results for foodborne and environmental transmission subpathways, structured expert judgment, United

States, 2017*

Mean % (95% uncertainty interval)

Foodborne Environmental
Food handler— Other Presumed Presumed Other
Pathogen name related foodborne person-to-person animal contact environmental
Bacteria
Brucella spp. Blocked 100 (100-100) Blocked 41 (2-96) 59 (4-98)
Campylobacter spp. 12 (0-58) 88 (42-100) 12 (0-46) 62 (3-100) 26 (0-89)
Enterotoxigenic Escherichia coli 23 (1-71) 77 (29-99) 8 (0-43) Blocked 92 (54-100)
STEC 0157 8 (0-55) 92 (45-100) 10 (0-46) 76 (16-100) 13 (0-73)
STEC non-0157 5 (0-29) 95 (71-100) 21(2-49) 65(19-91) 14 (0-55)
E. coli, other diarrheagenic 7 (0-54) 93 (46-100) 59 (3-100) 9 (0-39) 31 (0-91)
Legionella spp. Blocked Blocked 0 (0-6) Blocked 99 (91-100)
Mycobacterium bovis 1 (0-13) 99 (87-100) 3(0-34) 45 (0-100) 53 (0-100)
Nontuberculous Mycobacterium spp. Blocked Blocked 3 (0-35) 6 (0-87) 91 (0-100)
Pseudomonas spp., otitis externa Blocked Blocked 8 (0-51) 2 (0-11) 90 (16-100)
Pseudomonas spp., septicemia Blocked Blocked 9 (0-59) 1(0-4) 91 (39-100)
Pseudomonas spp., pneumonia Blocked Blocked 10 (0-61) 1 (0-6) 88 (22-100)
Salmonella enterica, nontyphoidal 10 (0-38) 90 (62-100) 20(2-52) 45 (5-89) 35 (0-83)
S. enterica, nontyphoidal, under 5y 10 (0-39) 90 (61-100) 35 (5-78) 45 (6-84) 20 (0-75)
S. enterica serotype Enteritidis 11 (0-51) 89 (49-100) 22 (2-56) 44 (3-88) 34 (0-84)
S. enterica serotype | 4,[5],12:i:- 10 (0-38) 90 (62-100) 21 (3-52) 45 (3-89) 34 (0-84)
S. enterica serotype Javiana 11 (0-48) 89 (52-100) 36 (4-80) 44 (5-84) 20 (0-75)
S. enterica serotype Newport 10 (0-39) 90 (61-100) 21 (3-53) 48 (5-89) 30 (0-82)
S. enterica serotype Typhimurium 10 (0-39) 90 (61-100) 21 (2-50) 49 (6-88) 31 (0-81)
S. enterica, all other serotypes group 1 10 (0-38) 90 (62-100) 21 (2-52) 48 (6-89) 31(0-81)
S. enterica, all other serotypes group 2 10 (0-39) 90 (61-100) 35 (5-79) 44 (5-83) 20 (0-74)
Shigella spp. 71 (17-96) 29 (4-83) 90 (31-100) Blocked 10 (0-69)
Staphylococcus aureus Blocked Blocked 76 (30-97) 3(0-43) 21 (0-66)
Streptococcus spp., group A 51 (0-100) 49 (0-100) 94 (29-100) 2 (0-33) 4 (0-70)
Vibrio alginolyticus, AGI 5 (0-89) 95 (11-100) 2 (0-19) 2 (0-36) 96 (9-100)
V. alginolyticus, non-AGI 0(0-2) 100 (98-100) 1(0-3) 96 (45-100) 3 (0-54)
V. cholerae nontoxigenic AGI 1(0-5) 99 (95-100) 6 (0-83) 9 (0-97) 85 (0-100)
V. cholerae nontoxigenic, non-AGl 0 (0-1) 100 (99-100) 1(0-4) 96 (26-100) 3(0-73)
V. parahaemolyticus AGI 5 (0-52) 95 (48-100) 2 (0-7) 2(0-24) 96 (18-100)
V. parahaemolyticus, non-AGl 0 (0-2) 100 (98-100) 1(0-3) 96 (30-100) 3 (0-69)
V. vulnificust 5 (0-72) 95 (28-100) 3(0-48) 3 (0-50) 94 (0-100)
V. vulnificus, non-AGI 0(0-2) 100 (98-100) 1(0-3) 96 (29-100) 3(0-70)
Vibrio spp., other AGI 3 (0-70) 97 (30-100) 1 (0-5) 2 (0-27) 96 (21-100)
Vibrio spp., other non-AGI 3 (0-43) 97 (57-100) 1(0-2) 2 (0-31) 97 (38-100)
Yersinia enterocolitica 9 (0-55) 91 (45-100) 23 (0-67) 56 (8-99) 20 (0-82)
Protozoa
Acanthamoeba spp. Blocked Blocked Blocked 1 (0-6) 97 (45-100)
Balamuthia mandrillaris Blocked Blocked Blocked 2 (0-12) 97 (37-100)
Cryptosporidium spp. 24 (0-87) 76 (13-100) 18 (0-61) 61 (7-99) 21(0-81)
Cyclospora cayetanensis 10 (0-68) 90 (32-100) 51 (0-100) 6 (0-70) 43 (0-100)
Giardia spp. 19 (0-72) 81 (28-100) 26 (1-66) 23 (0-86) 51 (0-97)
Naegleria fowleri Blocked Blocked Blocked Blocked 97 (47-100)
Toxoplasma gondii Blocked 100 (100-100) Blocked 80 (22-100) 20 (0-78)
Viruses
Astrovirus 50 (0-100) 50 (0-100) 73 (1-100) Blocked 27 (0-99)
Hepatitis A virus 48 (2-93) 52 (7-98) 86 (27-100) Blocked 12 (0-72)
Norovirus 71 (29-99) 29 (1-71) 73 (2-100) Blocked 27 (0-98)
Rotavirus 27 (0-98) 73 (2-100) 88 (35-100) Blocked 11 (0-65)
Sapovirus 51 (0-99) 49 (1-100) 67 (0-100) Blocked 33 (0-100)

*Blocked indicates pathways blocked by study administrators. AGI, acute gastrointestinal disease; STEC, Shiga toxin—producing Escherichia coli.
TClinical manifestations of interest for initial elicitation were bacteremia and wound infections.
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Table 6. Source attribution results for waterborne transmission subpathways (means and 95 uncertainty interval), structured expert

judgment, United States, 2017*

Mean % (95% uncertainty interval)

Pathogen name

Recreational water

Nonrecreational,

Drinking water nondrinking water

Bacteria
Brucella spp. 45 (0-100) 8 (0-97) 47 (0-100)
Campylobacter spp. 32 (0-97) 44 (0-99) 24 (0-99)
Enterotoxigenic Escherichia coli 31 (3-85) 57 (8-94) 12 (0-58)
STEC 0157 69 (33-94) 26 (3-60) 5 (0-28)
STEC non-0157 51 (18-77) 12 (0-43) 38 (12-69)
E. coli, other diarrheagenic 20 (2-53) 70 (34-92) 10 (0-38)
Legionella spp. 9 (2-35) 52 (19-78) 39 (13-69)
Mycobacterium bovis 21 (0-100) 14 (0-100) 65 (0-100)
Nontuberculous Mycobacterium spp. 13 (0-43) 67 (33-93) 20 (0-51)
Pseudomonas spp., otitis externa 95 (75-100) 3(0-21) 2 (0-11)
Pseudomonas spp., septicemia 7 (2-37) 16 (1-50) 77 (37-94)
Pseudomonas spp., pneumonia 48 (17-74) 6 (1-33) 46 (18-76)
Salmonella enterica, nontyphoidal 18 (2-53) 75 (37-93) 7 (0-26)
S. enterica, nontyphoidal, <5y 19 (3—-49) 69 (38-91) 12 (1-30)
S. enterica serotype Enteritidis 20 (3-49) 71 (38-92) 9 (1-27)
S. enterica serotype | 4,[5],12:i:- 18 (2-49) 74 (38-93) 9 (0-35)
S. enterica serotype Javiana 21 (3-53) 67 (29-90) 12 (0-42)
S. enterica serotype Newport 17 (2-48) 74 (40-94) 9 (0-39)
S. enterica serotype Typhimurium 19 (3-51) 73 (39-93) 8 (1-29)
S. enterica, all other serotypes group 1 19 (3-51) 72 (36-93) 9 (0-39)
S. enterica, all other serotypes group 2 19 (2-50) 69 (36-91) 12 (1-40)
Shigella spp. 77 (41-95) 3 (0-25) 20 (3-50)
Staphylococcus aureus 91 (50-100) 5 (0-29) 4 (0-43)
Streptococcus spp., group A 73 (0-100) 10 (0-95) 18 (0-100)
Vibrio alginolyticus AGI 97 (66—100) 1 (0-6) 2 (0-21)
V. alginolyticus, non-AGl 96 (49-100) 2 (0-36) 3 (0-47)
V. cholerae nontoxigenic AGI 96 (56-100) 2 (0-11) 2 (0-22)
V. cholerae nontoxigenic, non-AGI 96 (50-100) 2 (0-14) 3(0-43)
V. parahaemolyticus 98 (62-100) 1(0-10) 1(0-13)
V. parahaemolyticus, non-AGI 97 (50-100) 2 (0-35) 2 (0-37)
V. vulnificust 98 (66—100) 1(0-9) 2 (0-24)
V. vulnificus, non-AGlI 96 (49-100) 2 (0-37) 2 (0-43)
Vibrio spp., other AGI 69 (0-100) 4 (0-69) 27 (0-100)
Vibrio spp, other non-AGI 70 (0-100) 4 (0-69) 26 (0-100)
Yersinia enterocolitica 51 (6-100) 28 (0-83) 21 (0-79)

Protozoa
Acanthamoeba spp. 52 (8-88) 15 (0-51) 33 (3-76)
Balamuthia mandrillaris 48 (6-88) 4 (0-26) 48 (7-89)
Cryptosporidium spp. 66 (21-96) 24 (0-68) 11 (0-41)
Cyclospora cayetanensis 39 (0-99) 32 (0-97) 29 (0-100)
Giardia spp. 49 (9-93) 33 (2-82) 18 (0-67)
Naegleria fowleri 85 (51-98) 3 (0-27) 12 (1-45)
Toxoplasma gondii 37 (0-100) 27 (0-100) 36 (0-100)

Viruses
Astrovirus 39 (0-99) 47 (0-100) 13 (0-92)
Hepatitis A virus 35 (0-100) 44 (0-100) 21 (0-97)
Norovirus 47 (8-90) 45 (6-86) 8 (0-42)
Rotavirus 41 (7-84) 50 (8-86) 9 (0-41)
Sapovirus 55 (11-97) 37 (0-84) 8 (0-41)

*AGlI, acute gastrointestinal disease; STEC, Shiga toxin—producing Escherichia coli.
TClinical manifestations of interest for initial elicitation were bacteremia and wound infections.

the Netherlands, as well as for global subregions, by
the World Health Organization. Each of these used
different transmission pathway definitions, study de-
signs, and elicitation methods (20-23). This and other
variations in methods limit comparison of estimates
across studies, but provide support for some of the
differences between our study results and previous
US pathway attribution estimates. Previous estimates

of foodborne transmission for 33 pathogens and ani-
mal contact transmission for 6 pathogens included
in our study are available (2,24). We compared pub-
lished foodborne and waterborne attribution studies
with this study (Tables 7, 8).

Differences from previously published work
on foodborne transmission attribution proportions
were noted, including for Campylobacter spp., STEC
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non-O157, other diarrheagenic E. coli, nontyphoidal
S. enterica, M. bovis, Shigella spp., Y. enterocolitica, C.
cayetanensis, T. gondii, astrovirus, rotavirus, sapovi-
rus, and hepatitis A virus. These differences could be
the result of changes in data availability or analytic
methods. For example, previous US foodborne illness
estimates used data from surveillance, risk factor
studies, and literature review (2). Based on available
data for S. enterica (a case-control study of sporadic
illness and unpublished outbreak data [2,25]), a
study used an estimate of 94% foodborne transmis-
sion, notably higher than this study’s estimate of 66 %
(UI 48%-81%). Estimates more similar to the current
study were reported in SEJ studies in the Netherlands
(55%), Canada (63%), and Australia (71%) (21,22);
these studies examined attribution to similar major

pathways to those included in this study versus food-
borne transmission only. Our estimates of foodborne
transmission of astrovirus (15%), rotavirus (5%), and
sapovirus (13%) are much higher than the estimate of
<1% for each in an earlier study (2); reports of food-
borne outbreaks caused by these viruses in CDC’s
outbreak surveillance systems informed our esti-
mates. Reporting of enteric disease outbreaks trans-
mitted by nonfoodborne routes has improved, and
experts probably used these new data to inform their
estimates (26).

This study provides noteworthy estimates for
the food handler-related subpathway. For hepati-
tis A, both the World Health Organization and this
study estimate 42% foodborne transmission, of which
this study estimated 48% (Ul 2%-93%) to be food

Table 7. Comparison of proportion of illnesses attributed to foodborne transmission from this and earlier studies*

Study
Hald et al. Havelaar et al. Butler et al.
Details Scallan et al. (2) (20) (21) (22) Vally etal. (23)  This study
Country United States AMR A Netherlands Canada Australia United
(Canada, States
Cuba, USA)
Type Outbreak SEJ SEJ SEJ SEJ SEJ
surveillance data
or published
studies
Bacteria
Brucella spp. 50 75 NE 34.6 NE 45
Campylobacter spp. 80 73 42 62.3 76 57
STEC 0157 68 59 40 614 Combined as all 60
STEC, 55
STEC non-0157 82 NE 42 59.7 Combined as all 50
STEC, 55
Enterotoxigenic Escherichia coli 100 (only 36 NE 44.4 Combined as 69
foodborne) other pathogenic
E. coli, 24
E. coli, other diarrheagenic 30 NE NE 41 Combined as 55
other pathogenic
E. coli, 24
Mycobacterium bovis 95 NE NE NE NE 75
Salmonella spp. 94 73 55 62.9 71 66
Shigella spp. 31 12 NE 25.9 11 8
Vibrio vulnificus 47 NE NE 70.6 NE Non-AGl,
20
Vibrio parahaemolyticus 86 NE NE 82.8 NE AGI, 74
Non-AGl, 8
Vibrio spp. other 57 NE NE 88.9 NE AGlI, 96
Non-AGlI-
95
Yersinia enterocolitica 90 NE NE 82.8 NE 77
Protozoa
Cryptosporidium spp. 8 16 12 11.3 NE 7
Cyclospora cayetanensis 99 NE NE 83.1 NE 83
Giardia spp. 7 11 13 7.2 NE 10
Toxoplasma gondii 50 60 56 51.4 NE 28
Viruses
Astrovirus <1 NE NE 9.9 NE 15
Hepatitis A virus 7 42 11 29.5 12 42
Norovirus 26 23 17 18.4 17 19
Rotavirus <1 NE 13 7.3 NE 5
Sapovirus <1 NE NE 16.9 NE 13

*NE, not estimated; SEJ, structured expert judgment; STEC, Shiga toxin—producing Escherichia coli.
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Table 8. Comparison of proportion of illnesses attributed to waterborne transmission from this and earlier published studies*

Study
Details Hald et al. (20) Butler et al. (22) Vally et al. (23) This study
Country AMR A (Canada, Canada Australia United States
Cuba, USA)
Type SEJ SEJ SEJ SEJ
Bacteria
Brucella spp. 1 4 NE 10
Campylobacter spp. 11 9.3 6 13
STEC 0157 7 13.3 Combined as all STEC, 8 5
STEC non-0157 NE 11.4 Combined as all STEC, 8 6
Enterotoxigenic Escherichia coli 42 15.3 Combined as other E. coli, 9
14
E. coli, other diarrheagenic NE 15.6 Combined as other E. coli, 9
14
Salmonella spp. 2 8 5 6
Shigella spp. 10 12.2 4 4
Vibrio vulnificus NE 23.2 NE Non-AGl, 78
V. parahaemolyticus NE 11 NE AGlI, 24; non-
AGlI, 90
Vibrio spp. other NE 7.6 NE AGlI, 2; non-
AGI, 3
Protozoa
Cryptosporidium spp. 37 36.8 NE 43
Cyclospora cayetanensis NE 7.7 NE 6
Giardia spp. 42 NE NE 44
Toxoplasma gondii 19 8.8 NE 5
Viruses
Astrovirus NE 6.8 NE 6
Hepatitis A virus 1 6.2 4 8
Norovirus 22 7.4 3 6
Rotavirus NE 5.9 NE 7
Sapovirus NE 1.4 NE 8

*NE, not estimated; SEJ, structured expert judgment; STEC, Shiga toxin—producing Escherichia coli.

handler-related (20). However, this study was con-
ducted before widespread awareness of a massive
increase in person-to-person transmission in the
United States (27). Previous estimates of foodborne
transmission were 11% in the Netherlands and 7%
in the United States (2,21). The use of different path-
way definitions, points of attribution, and inclusion
of travel-related illness in these other studies might
have contributed to these differences (21,28). For nor-
ovirus, 71% (UL 29%-99%) of foodborne transmission
in our study was attributed to the food handler sub-
pathway, which is supported by studies of outbreaks
in the United States (29,30).

For the waterborne transmission pathway, attri-
bution in the context of the other pathways has not
been done before in the United States. Furthermore,
these estimates include subpathway estimates and
non-gastroenteritis clinical outcomes. For bacterial
pathogens, the estimates suggest that the propor-
tion of illnesses linked to water is higher than pre-
viously appreciated. The estimates for waterborne
bacterial pathogens were associated with high rates
of illness and death, including nontuberculous Myco-
bacterium spp., Pseudomonas spp., and Legionella spp.
Of note, neither Giardia spp. nor Cryptosporidium spp.,
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parasites traditionally understood to be waterborne,
were assessed as predominantly waterborne; instead,
person-to-person and animal contact, particularly for
Cryptosporidium, were key pathways. For the free-liv-
ing amebae Acanthamoeba spp., B. mandrillaris, and N.
fowleri, limited data are available on exact exposures
associated with these rare illnesses (31,32). The pro-
portion of viral pathogens transmitted by water was
estimated to be relatively low (6%-8%), although for
norovirus this represents a substantial proportion of
estimated annual waterborne disease illnesses (32).
This study also provides estimates for 3 waterborne
disease subpathways. Of note is the proportion of
otitis externa infections caused by Pseudomonas spp.
that were attributed to recreational water exposure,
and the combined contribution of drinking and non-
recreational, nondrinking water exposures to nongas-
troenteritis outcomes of Pseudomonas spp. (excluding
otitis externa), nontuberculous Mycobacterium spp.,
and Legionella spp. CDC has used results from this SE]J
to help estimate that 7.2 million waterborne illnesses
occur from 17 pathogens annually, including 600,000
emergency department visits, 120,000 hospitaliza-
tions, and 7,000 deaths, incurring $3.2 billion (2014 US
dollars) in direct healthcare costs (33).
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Whereas the primary focus of this SEJ study was
illnesses transmitted commonly by food and water,
including person-to-person, animal contact, and en-
vironmental transmission was integral to the study
and led to notable findings. For example, this study
estimated animal contact transmission of STEC O157
at 12% (UI 3%-25%) and of STEC non-O157 at 21%
(UI 2%-46%). Previous US animal contact estimates,
which were based on a FoodNet case-control study
and outbreak surveillance data, estimated STEC O157
at 6% and STEC non-O157 at 8% (24). This discrep-
ancy may be the result of differences in pathway defi-
nitions and the inclusion of additional data.

As with other SE] studies, this study is subject to
limitations that can affect the interpretation of results.
Estimates for many pathogens had wide Uls, high-
lighting areas in which data gaps remain and further
investment into public health surveillance and re-
search may be warranted. More detailed attribution,
such as by food category, was beyond the scope of this
study. This study considered attribution at a national
level and does not represent the geographic variability
that exists for some pathogens. Experts provided es-
timates considering data available during the elicita-
tion session, but infectious disease epidemiology can
change rapidly, so these results may not reflect cur-
rent transmission patterns. New information should
be considered when applying these estimates (e.g., for
disease burden calculations). Expert fatigue may have
been a factor for participants who were asked to pro-
vide estimates for a large number of pathogens. For in-
tervention and policy-making purposes, these results
should be considered in context with results from oth-
er data-driven approaches, such as those done by the
Interagency Food Safety Analytics Collaboration and
for the Model Aquatic Health Code (34,35).

In conclusion, our findings provide a balanced
understanding of multiple routes of transmission for
33 pathogens. This information can be used to sup-
port appropriate targeting of resources to prevent in-
fections transmitted by all pathways and to invest in
research and surveillance.
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