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Incidence of Nontuberculous
Mycobacterial Pulmonary
Infection, by Ethnic Group,
Hawaii, USA, 2005—-2019

Rebekah A. Blakney, Emily E. Ricotta, Timothy B. Frankland, Stacey Honda,
Adrian Zelazny, Katrin D. Mayer-Barber, Samantha G. Dean,*
Dean Follmann, Kenneth N. Olivier, Yihe G. Daida, D. Rebecca Prevots

To further clarify differences in the risk for nontubercu-
lous mycobacterial pulmonary infection (NTM-PI) among
ethnic populations in Hawaii, USA, we conducted a ret-
rospective cohort study among beneficiaries of Kaiser
Permanente Hawaii (KPH). We abstracted demographic,
socioeconomic, clinical, and microbiological data from
KPH electronic health records for 2005-2019. An NTM-
Pl case-patient was defined as a person from whom >1
NTM pulmonary isolate was obtained. We performed Cox
proportional hazards regression to estimate incidence of
NTM-PI while controlling for confounders. Across ethnic
groups, risk for NTM-PI was higher among persons who
were underweight (body mass index [BMI] <18.5 kg/m?).
Among beneficiaries who self-identified as any Asian eth-
nicity, risk for incident NTM-PI was increased by 30%.
Low BMI may increase susceptibility to NTM-PI, and risk
may be higher for persons who self-identify as Asian, in-
dependent of BMI.

In the United States, studies have indicated that
risk for nontuberculous mycobacterial pulmonary
disease (NTM-PD) differs by geographic location
and ethnic group (1). Nontuberculous mycobacte-
ria are environmental bacteria that are widespread
in soil and water and can be acquired through
the natural or built environment (2). Nationally,
disease prevalence is highest in the southeastern
United States and Hawaii (1,3), and disease is asso-
ciated with selected environmental conditions (2),
as well as with higher mycobacterial abundance in

Author affiliations: National Institutes of Health, Bethesda,
Maryland, USA (R.A. Blakney, E.E. Ricotta, A. Zelazny,

K.D. Mayer-Barber, S.G. Dean, D. Follmann, K.N. Olivier,
D.R. Prevots); Kaiser Permanente Hawaii, Honolulu, Hawaii,
USA (T.B. Frankland, S. Honda, Y.G. Daida)

DOI: https://doi.org/10.3201/eid2808.212375
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household plumbing (4). However, independent of
geographic region, estimated prevalence is 2-fold
higher among persons who self-identify as Asian/
Pacific Islander than among those who self-identify
as White (1). The incidence and prevalence of NTM
infection and disease are increasing in the United
States (5), and testing and positivity rates are high-
est among persons who self-identify as Asian (6);
prevalence is also increasing in Hawaii (7) and the
US-affiliated Pacific Islands (8).

Persons classified as Asian/Pacific Islander rep-
resent diverse populations, and aggregating these
subpopulations may mask substantial heterogeneity
(9). In a prior study in Hawaii, we identified substan-
tial disparities in NTM pulmonary infection (NTM-
PI) risk within Asian and Native Hawaiian and Other
Pacific Islander (NHOPI) populations (7). To clarify
ethnic disparities in NTM-PI risk, and particularly
the role of BMI and other potential confounding fac-
tors among Asian/Pacific Islander populations, we
conducted a retrospective cohort study among Kai-
ser Permanente Hawaii (KPH) beneficiaries. This
research was approved by the KPH Institutional Re-
view Board and was classified as nonhuman subjects
research by the National Institutes of Health Office of
Human Subjects Research Protection.

Methods

Study Population

We abstracted demographic, clinical, and micro-
biological data from KPH electronic health records
(EHRs) for the years 2005-2019. We included ben-
eficiaries for each year in which they were enrolled

ICurrent affiliation: Yale University, New Haven, Connecticut, USA
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for >9 months; we excluded persons >90 years of
age according to limited dataset regulations. Lon-
gitudinal demographic data included age on July
1 for each study year, sex, postal code, and cen-
sus tract-level socioeconomic measures (median
household income, neighborhood deprivation in-
dex, percentage graduated from high school). The
neighborhood deprivation index is a measure of
neighborhood-level socioeconomic status calculat-
ed by Kaiser Permanente (10). The index captures
census tract-level measures of income, education,
employment, housing, and occupation; higher
scores indicate higher deprivation.

Demographic data included self-reported ethnic-
ity; the standard KPH beneficiary enrollment form
enables identification with >1 of 28 ethnic groups
(Table 1). Additional health variables abstracted in-
cluded height, weight, BMI, and smoking status. We
searched EHRs for a set of prespecified codes from the
International Classification of Disease, 9th and 10th
revisions (ICD-9/10), for relevant underlying condi-
tions ever coded. Although KPH does not serve the
entire population of Hawaii, comparison with census
data indicates that the KPH beneficiary population
is generally representative of Hawaii residents with
respect to age, ethnicity, and socioeconomic status
(Appendix Table 2, https://wwwnc.cdc.gov/EID/
article/28/8/21-2375-Appl.pdf) (11,12).

Microbiology and Case Definitions
We queried the KPH EHRs to identify beneficiaries
who had undergone mycobacterial testing and had
positive NTM culture results. Mycobacterial test-
ing was conducted in a KPH Clinical Laboratory
Improvement Amendments-certified laboratory; no
methods were changed during the study period. We
identified Mycobacterium avium complex by using
commercially available probes and sent other isolates
to Associated Regional and University Pathologists
Laboratories (Salt Lake City, UT, USA) for speciation.
We defined cases by using the 2020 American
Thoracic Society (ATS) microbiological criteria (13).
A confirmed case of NTM-PI was defined as either
>2 sputum cultures positive for the same pathogenic
NTM species or >1 bronchoalveolar lavage, lung bi-
opsy, or pleural fluid cultures positive for the same
NTM species. Probable NTM-PI was defined as a
single positive sputum culture. We excluded samples
from nonpulmonary body sites, Mycobacterium gordo-
nae, and samples not identified to complex or species.
We included only cultures from beneficiaries who
were residents of Hawaii (as determined by 2010 cen-
sus postal code tabulation areas) for >1 year before

1544

the year of culture collection and residents of Hawaii
during the year in which the culture was collected.

Analyses

We included beneficiaries who were >18 years of age
at study entry, defined as the first year during the
study period when the person had been a KPH ben-
eficiary for >9 months. In addition, we included only
beneficiaries who were Hawaii residents for >2 years
during the study period. Self-reported ethnic group
was termed “only” when a participant reported iden-
tification with either Asian, White, or NHOPI groups
exclusively and “any” when a participant reported
identification with any of those 3 ethnic groups (Table
1). For analysis of BMI, beneficiaries were categorized
as underweight (<18.5 kg/m?), normal weight (18.5 to
<25 kg/m?), or overweight (=25 kg/m?) according to
their first available BMI score during the study period
within 2 years of study entry.

An incident NTM-PI case-patient was defined as a
person with an eligible culture and no respiratory cul-
tures positive for NTM (excluding M. gordonae) in the
prior year. We estimated NTM-PI incidence and com-
pared it across ethnic groups. We described concurrent
conditions of interest, including pulmonary conditions
and immune disorders, by NTM-PI status and ethnic-
ity. We calculated BMI distribution by ethnic group as
well as NTM-PI incidence by BMI and ethnicity. We
further described NTM species distribution for per-
sons with confirmed and probable incident NTM-PI.

Our primary analysis was time to incident NTM-
PI. We modeled NTM-PI incidence by using multi-
variable Cox proportional hazards regression. We
used patient age as the time scale (14), starting with
patient’s age at study entry and ending with age in
2019 or the last year in which the person was a KPH
beneficiary during the study period. We used 2 ap-
proaches to categorize ethnic identification for the
purpose of comparison across groups and for mod-
eling disease incidence. For our first approach, we
restricted models to beneficiaries self-identifying as
only Asian, only White, and only NHOPI. We then
modeled ethnic group as a categorical variable with
3 levels (only Asian, only White, or only NHOPI).
For our second approach, we restricted the model
to beneficiaries who reported ethnicity and modeled
self-identifying as Asian by using a single referent
group: any Asian versus non-Asian. We modeled
Asian subgroups where sample size permitted; Japa-
nese, Chinese, South Korean, and Filipino were mod-
eled as any identification versus no identification. We
did not further disaggregate NHOPI subgroups be-
cause of small sample size.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 28, No. 8, August 2022



Incidence of NTM Pulmonary Infection, Hawaii

Table 1. NTM-PI incidence among Kaiser Permanente Hawaii beneficiaries, by ethnic group, Hawaii, USA, 2005-2019*

Incidence, cases/100,000 Incidence rate ratio

Ethnicityt Beneficiaries, % No. cases person-years (95% Cht
All reporting ethnicity 255,605 733 36 1(0.9-1.2)
White
Any White 111,583 (44) 299 35 Referent
Only White 74,289 (29) 209 38 1.1 (0.9-1.3)
Black 4,925 (2) 5 ND ND
American Indian, Aleutian, or Eskimo 5,383 (2) 4 ND ND
Asian
Only Asian 85,676 (34) 328 46 1.3 (1.1-1.5)
Any Asian 123,187 (48) 423 41 1.2 (1-1.4)
Filipino 49,869 (20) 155 39 1.1 (0.9-1.4)
Japanese 32,238 (13) 137 46 1.3(1.1-1.6)
Chinese 17,987 (7) 68 43 1.2 (0.9-1.6)
Korean 5,157 (2) 25 63 1.8 (1.2-2.7)
Other Asian 4,463 (2) 7 ND ND
Vietnamese 1,893 (1) 9 ND ND
NHOPI
Only NHOPI 27,003 (11) 36 17 0.5 (0.3-0.7)
Any NHOPI 66,120 (26) 140 27 0.8 (0.6-0.9)
Pacific Islander 51,861 (20) 114 28 0.8 (0.6-1)
Hawaiian 41,853 (16) 115 32 0.9 (0.7-1.1)
Samoan 5,642 (2) 9 ND ND
Other 18,830 (7) 34 25 0.7 (0.5-1)

*ND, calculation not done because numbers of cases and follow-up times were too low to estimate incidence; NHOPI, Native Hawaiian and Other Pacific

Islander; NTM-PI, nontuberculous mycobacterial pulmonary infection.

TEthnic groups are not mutually exclusive except noted by “only.” Ethnicity not reported by 43,218 (14%), single ethnicity reported by 177,016 (69%),
multiple ethnicities reported by 78,589 (31%). Only ethnicities for which NTM-PI prevalence was >1% are shown. Asian not presented: Laotian, Asian
Indian or Pakistani, Hmong, Kampuchean, Thai; NHOPI not presented: Fiji Islander, Micronesian, Chamorran, Guamanian, Polynesian, Tahitian, Tongan,

Melanesian, New Guinean.

fIncidence rate ratio only calculated for ethnic groups with >10 NTM-PI cases.

We first evaluated univariable models with fac-
tors known to be associated with NTM, including
sex, BMI, concurrent conditions, and socioeconomic
status. We excluded beneficiaries who did not have
a BMI measurement within 2 years from the start of
follow-up or who did not report ethnicity. On the
basis of statistical significance in univariable mod-
els and judgment of clinically important confound-
ers, we then constructed a multivariable base model
encompassing sex, BMI, pulmonary conditions
(modeled as a single binary variable indicating the
presence of chronic obstructive pulmonary disease,
emphysema, chronic asthma, chronic bronchitis, id-
iopathic pulmonary fibrosis, hypersensitivity pneu-
monia, or other unspecified lung diseases, because
of high levels of concurrence), immune mechanism
disorders, and lung cancer.

We investigated potential interactions between
sex and covariates included in the base model and
identified a statistically significant interaction be-
tween BMI score and sex; for this reason, we then add-
ed an interaction term for BMI and sex to the model.
We evaluated ethnicity in univariable models and
found that ethnic group was associated with NTM
risk. When added to the multivariable base model,
ethnic group improved model fit as evaluated by
likelihood ratio tests. We also evaluated interactions
between covariates and ethnicity by constructing

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 28, No. 8, August 2022

a model with interaction terms for ethnicity (only
Asian, only White, only NHOPI) and all covariates
and compared with likelihood ratio tests for the
nested model. We found no statistically significant in-
teractions by ethnicity.

Results

A total of 298,823 KPH beneficiaries met our analysis
inclusion criteria and were considered our population
at risk (Table 2). Of those, 739 were classified as NTM-
PI case-patients, of which 456 (62%) were confirmed
case-patients, resulting in a cumulative incidence of 247
cases/ 100,000 beneficiaries. The average annual NTM-
Pl incidence was 44.8 cases/ 100,000 beneficiaries.

The most commonly reported ethnicity was
Asian (123,187 [48%]), followed by White (111,583
[44%]) and NHOPI (66,120 [26%]) (Table 1). Overall,
31% of beneficiaries reported identification with >1
ethnic group. The highest incidence of NTM-PI was
46 cases/100,000 person-years among beneficiaries
who self-identified with only the 11 Asian ethnic
groups; within the Asian category, the highest inci-
dence was among beneficiaries who self-identified as
South Korean (63/100,000 person-years) or Japanese
(46/100,000 person-years). The lowest incidence of
17/100,000 person-years was observed among ben-
eficiaries who reported only NHOPI identification,
and incidence was similar among NHOPI subgroups.
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We compared the demographic and ethnic distri-
bution across categories of probable and confirmed
cases (Table 2). Median age was similar across case
categories: 61 (interquartile range [IQR] 51-71) years
for probable case-patients and 63 (IQR 55-71) years
for confirmed case-patients. The distribution of prob-
able and confirmed case-patients was similar across
ethnic groups. The census tract median household in-
come was similar for the any White and any NHOPI
groups but was somewhat higher for the any Asian
group (Table 3). However, the deprivation index was
higher for the any NHOPI group compared with the
any Asian or any White groups. With respect to un-
derlying conditions, the proportion of beneficiaries
with diabetes was highest (24%) among any NHOPI
compared with 21% among any Asian and 13% among
any White. Prevalence of other concurrent conditions
was low; overall rates were similar among the eth-
nic groups. Median age varied by ethnic group; the
NHOPI population was younger on average (median
age 37 years) relative to the Asian population (me-
dian age 42 years) and the White population (median
age 45 years).

Few KPH beneficiaries were categorized as
underweight (5,027 [2%]); most were in the over-
weight/obese clinical category (149,970 [62%]). BMI
varied by ethnic group; the highest proportion of
persons with normal or underweight BMI scores
was among persons self-identifying as Asian (44,552
[43%]), and a lower proportion of persons with nor-
mal or underweight BMI scores was among persons
who identified as NHOPI (11,168 [20%]) (Table 3).
In contrast, among NTM-PI case-patients, 45 (6.3%)
were underweight, 324 (45.4%) were normal weight,
and 345 (48.3%) were overweight/obese. Across all
ethnic groups, the pattern of increasing NTM-PI in-
cidence with decreasing BMI was similar (Figure);

compared with beneficiaries who were normal
weight, beneficiaries who were underweight had a
1.4- to 2.5-fold increased risk for NTM-PI. The NTM-
PIrisk among beneficiaries who were normal weight
compared with those who were overweight was also
1.4- to 1.8-fold higher.

To assess the effect of BMI change on NTM-PI
risk, we evaluated change in weight among NTM-PI
case-patients and non-NTM-PI controls. In the 2-year
period (6 months) before incident culture collection,
the weight of NTM-PI case-patients decreased; median
change was —1.9% (IQR —6.7% to 1.5%). A convenience
sample of non-NTM-PI controls included beneficiaries
>53 years of age (the first quartile age of NTM-PI case-
patients), whose first and last weight measurements
were 2 years (6 months) apart. Median weight change
for controls was generally stable, showing a slight de-
crease of —0.25% (IQR —4.2% to 3.3%).

When we evaluated the frequency of microbiologi-
cal follow-up among case-patients, the median num-
ber of acid-fast bacteria cultures performed during
the study period was 4 (IQR 3-7); range was 1-43. The
median follow-up time was 6 years (IQR 3-12 years).
Most case-patients had only 1 incident NTM-PI (608
[82%]), but 131 (18%) had >2 incident infections. The
most common NTM species isolated was M. avium
complex (69%), followed by M. fortuitum group (24 %)
and M. abscessus (21%) (Appendix Table 2). We found
little difference in Mycobacterium spp. distribution
among ethnic groups (Appendix Table 3). We further
evaluated our microbiological case definition relative
to the ICD-9/10 code for NTM-PD (ICD-9, 031.0; ICD-
10, A31.0) and found 69% sensitivity for confirmed cas-
es, 25% sensitivity for probable cases, >99% specificity,
and a positive predictive value of 73%.

In models in which ethnicity was a mutually ex-
clusive categorical variable with only White as the

Table 2. Demographic characteristics for Kaiser Permanente Hawaii beneficiaries, by nontuberculous mycobacterial pulmonary

infection status, Hawaii, USA, 2005-2019*

All, no. (%) or

Probable cases, no. (%) Confirmed cases, no. (%)

Confirmed and probable cases,

Variable median (IQR) or median (IQR) or median (IQR) no. (%) or median (IQR)
Total 298,823 283 456 739
Age, y 42 (30-55) 61 (561-71) 63 (55-71) 63 (54-71)
Sex

F 148,328 (50) 145 (51) 251 (55) 396 (54)

M 150,495 (50) 138 (49 205 (45) 343 (46)
Asian

Any 123,187 (48) 150 (54) 273 (60) 423 (58)

Only 85,676 (34) 116 (42) 212 (47) 328 (45)
White

Any 111,583 (44) 114 (41) 185 (41) 299 (41)

Only 74,289 (29) 81 (29) 128 (28) 209 (29)
NHOPI

Any 66,120 (26) 62 (22) 78 (17) 140 (19)

Only 27,003 (11) 18 (6) 18 (4) 36 (5)

*IQR, interquartile range; NHOPI, Native Hawaiian and Other Pacific Islander.
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reference group, the risk for incident NTM-PI was
increased for the only Asian group (30%) (adjusted
hazard ratio [aHR] 1.3, 95% CI 1.1-1.6). For the only
NHOPI group relative to the only White group, the
aHR for NTM-PI did not differ significantly (aHR
0.92, 95% CI 0.63-1.3) (Table 4). The aHR was simi-
lar when ethnicity was modeled as a binary variable
indicating whether the beneficiary self-identified as
any Asian or no Asian; risk for NTM-PI was increased
30% for those with identification as any Asian rela-
tive to no Asian (aHR 1.3, 95% CI 1.1-1.5). Analysis of
Asian subgroups indicated a stronger association for
Filipinos; NTM-PI risk was higher among those self-
identifying as Filipino versus not Filipino than among
those in the broader any Asian category. The associa-
tion between BMI and NTM-PI incidence varied by
sex. Decreasing BMI was associated with a higher
NTM-PI risk for women than for men. In multivari-
able models that also included concurrent conditions
and ethnicity and were controlled for age, each 1 kg/
m? increase in BMI decreased the risk for infection by
9% for women and 4% for men.

Discussion

We found that within the state of Hawaii, risk for
NTM-PI was increased among persons who self-iden-
tified with any Asian ethnicity, even after we con-
trolled for demographic and clinical risk factors. In
contrast, after adjusting for these same demographic
and clinical risk factors, risk was similar for persons
who self-identified as any NHOPI compared with
persons who self-identified as any White. A unique
aspect of our study is that we have detailed informa-
tion on Asian subgroups; the group categorized in
Hawaii as Asian represents populations originating
in several countries, primarily Japan, China, South
Korea, and the Philippines. The higher risk for NTM-
PI among persons identifying with Asian subgroups
in our study is consistent with available data from
countries in northeast Asia. Those data indicate gen-
erally higher disease burdens in Japan, South Korea,
and Taiwan compared with estimates from Europe
and other parts of the United States (15). Limited to
no data are available from the Philippines or other
countries in Southeast Asia.

A recent population-based study from South
Korea estimated an age-adjusted incidence of 17.9
cases/100,000 persons and prevalence of 33.3 cas-
es/100,000 persons for 2016 (16). In Japan, a hos-
pital survey-based NTM-PD estimate was 15 cas-
es/100,000 persons in 2015 (17). In the US-Affiliated
Pacific Islands, a laboratory-based study estimated
an NTM-PI prevalence of 48 cases/100,000 persons
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Figure. Nontuberculous mycobacterial pulmonary infection
incidence among Kaiser Permanente Hawaii beneficiaries, by
ethnicity and body mass index category, Hawaii, USA, 2005-2019.
Numbers above bars indicate incidence (cases/100,000 person-
years) by BMI category. Underweight, <18.5 kg/m?; normal weight,
18.5 to <25 kg/m?; overweight/obese, >25 kg/m?. NHOPI, Native
Hawaiian and Other Pacific Islander.

in 2011; prevalence increased during 2007-2011 (8),
similar to the average annual NTM-PI incidence of
44.8 cases/100,000 beneficiaries estimated in our
study. Average annual NTM-PI incidence in our
study is probably higher than that estimated in Japan
and South Korea because of their more specific case
criteria, which are based on full ATS NTM-PD diag-
nosis guidelines.

The reasons for the increased risk for Asian popu-
lations, those resident in Hawaii as well as in Asian
countries, are not clear. Higher risk associated with
self-described ethnicity may represent a mix of ge-
netic ancestry, behavioral, or environmental factors.
Because we did not measure specific behaviors or
exposures and do not have any precise measures of
genetic admixtures, we cannot estimate the relative
contribution of these factors to our findings. Findings
from a multiethnic cohort study (a large, ongoing,
prospective study of diet, lifestyle, and genetic risks)
suggests a role for differences in susceptibility among
populations identifying with East Asian and Native
Hawaiian ethnicity, even after lifestyle factors were
accounted for (18).

Because exposure to nontuberculous mycobac-
teria is common, particularly in a high-risk geo-
graphic area such as Hawaii (19), but disease is still
relatively rare, host susceptibility with involvement
of multiple genes and pathways probably plays a
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Table 3. Clinical and demographic features for Kaiser Permanente Hawaii beneficiaries, by ethnic group, Hawaii, USA, 2005-2019*

Any Asian, no. (%) or

Any White, no. (%) or Any NHOPI, no. (%) or

Variable median (IQR) median (IQR) median (IQR)
Age,y 42 (30-56) 45 (32-57) 37 (27-50)
Ever smoked 32,375 (28) 32,577 (31) 22,612 (37)

Census-tract socioeconomic measures
Household income, USD
Neighborhood deprivation index

72,634 (58,184-88,143)
-0.23 (-0.62 to 0.28)

68,359 (58,295-83,750)
-0.33 (=0.65 t0 0.07)

68,359 (54,470-81,464)
-0.08 (~0.48 to 0.51)

Graduation from high school 90 (84-94) 92 (88-95) 90 (85-93)
BMI
BMI, kg/m? 25.9 (22.7-30) 26.6 (23.3-31) 30.5 (25.9-35.9)
Underweight, <18.5 kg/m? 2,853 (3) 1,725 (2) 531 (1)
Normal weight, 18.5 to <25, kg/m? 41,699 (40) 35,606 (36) 10,637 (19)
Overweight or obese, >25 kg/m? 60,551 (58) 62,107 (62) 44,890 (80)
Concurrent conditions
Diabetes 25,676 (21) 14,385 (13) 15,543 (24)
Lung cancer 1,083 (1) 1,099 (1) 582 (1)
Bronchiectasis 842 (1) 518 (<1) 293 (<1)
Chronic asthma 2,726 (2) 2,795 (3) 2,044 (3)
Chronic obstructive pulmonary disease 4,788 (4) 5,709 (5) 3,004 (5)
Emphysema 1,093 (1) 1,357 (1) 630 (1)
Chronic bronchitis 1,993 (2) 2,323 (2) 1,436 (2)
Other pulmonary disease 3,099 (3) 3,319 (3) 1,747 (3)
Immune mechanism disease 457 (<1) 586 (1) 225 (1)

*BMI, body mass index; IQR, interquartile range; NHOPI, Native Hawaiian and Other Pacific Islander.

role in pathogenesis (20). Several studies have evalu-
ated the role of genetics among persons of various
ethnic groups and used a variety of approaches,
including candidate gene approaches (21), whole-
exome sequencing (22), and genome-wide associa-
tion studies (23,24). Most recently, genome-wide
association studies in Japan and South Korea have
identified single-nucleotide polymorphisms (SNPs)
associated with disease susceptibility. However, the
relative prevalence of some of those SNPs in differ-
ent populations remain unknown, and further stud-
ies are needed to compare the prevalence of these
SNPs across populations.

We found an inverse relationship between BMI
and NTM risk. Risk was highest for clinically under-
weight beneficiaries compared with those with BMlIs
categorized as normal or overweight/obese. These
findings of an increased risk for incident NTM with

decreasing BMI is consistent with findings of other
studies showing not only the role of low BMI in dis-
ease progression (25,26) but also in susceptibility to
infection or disease. A recent study that used South
Korea national insurance data and prospectively as-
certained BMI and NTM-PD over 9 years (27) found
that lower BMI at baseline as well as weight loss
during the study period were associated with higher
NTM-PD risk. Proposed mechanisms for increased
risk among persons with low BMI include fat loss
with changes in adipokines (e.g., as leptin, resistin,
and adiponectin) (28). Studies of mice have shown
that experimental fat ablation can contribute to in-
creased lung disease during mycobacterial infec-
tion (29). Leptin levels decreased with lower BMI,
and pulmonary bacterial loads after Mycobacterium
tuberculosis infection in mice that were genetically
deficient in leptin were higher (30). Nevertheless,

Table 4. Cox proportional hazards regression of risk for NTM-PI among Kaiser Permanente Hawaii beneficiaries, Hawaii, USA,

2005-2019*

Only White reference, aHR  Only Asian reference,
(95% CIt

Category

Not Asian reference,

aHR (95% CI)t aHR (95% CI)t

Body mass index§

0.96 (0.94-0.99)

0.96 (0.94-0.99) 0.97 (0.95-0.99)

F 0.91 (0.89-0.93) 0.91 (0.89-0.93) 0.91 (0.89-0.93)
Ethnicity

Only White Referent 0.77 (0.64-0.92) NA

Only Native Hawaiian and Other Pacific Islander 0.9 (0.62-1.3) 0.69 (0.48-1) NA

Only Asian 1.3 (1.1-1.6) Reference NA

Any Asian NA NA 1.3 (1.1-1.5)

*Models adjusted for pulmonary condition (chronic obstructive pulmonary disease, chronic asthma, emphysema, chronic bronchitis, idiopathic pulmonary
fibrosis, hypersensitivity pneumonia, other unclassified lung diseases); malignant neoplasm of trachea, bronchus, and lung; disorders involving the
immune mechanism. aHR, adjusted hazard ratio; NA, not applicable; NTM-PI, nontuberculous mycobacterial puimonary infections.

TNo. modeled = 161,465; no. NTM-PI cases = 554.
$No. modeled = 220,493; no. NTM-PI cases = 709.

§No. missing: only Asian and only White reference = 25,503; not Asian reference = 35,112.
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the specific effects of individual adipokines on host
resistance to mycobacterial NTM in human infection
remain unknown (28). The association between BMI
and NTM-PI depended on sex in our study popula-
tion, in which decreasing BMI was associated with
proportionally higher risk among women than men.
It is hypothesized that estrogen, leptin, and adipo-
nectin may play an additional role in susceptibility
to NTM-PD in older women (31).

A strength of our study is the large sample size
that included persons of diverse Asian and Pacific Is-
lander ethnicities in a single geographic area where
risk for NTM infection is high. Among the limitations
of our study was our reliance on the microbiological
component of the ATS case criteria because we did
not have radiographic or symptom data (13); how-
ever, other studies indicate that the microbiological
component predictive value for true cases is high. In
a similar retrospective study at an integrated health-
care system, among persons from whom >1 NTM iso-
late was obtained, 69.5% had nodules, bronchiectasis,
or cavities compatible with NTM disease (32). More-
over, the finding that the 69% of those with confirmed
cases and the 25% of those with probable cases had
ICD-9/10 codes, with an overall positive predictive
value of 73%, suggests that we are identifying a high
proportion of true disease, particularly among per-
sons with confirmed cases.

A second limitation is that follow-up was not
standardized in this beneficiary population, and
therefore the availability of BMI measurements
was associated with healthcare use. Overall, 33,269
(11%) beneficiaries did not have a BMI measure-
ment available; those who did not have a BMI mea-
surement were more likely to be younger and to not
have any underlying conditions. However, we have
no evidence that these missing data influenced the
patterns by ethnic group. Use of BMI score as a
measurement of body composition is itself a limita-
tion because it does not distinguish fat mass from
muscle mass. Last, ethnicity groupings are artifi-
cial, given that populations in Hawaii are highly
heterogenous and 31% of beneficiaries reported >1
ethnicity. In addition, Asian and NHOPI identifica-
tion is defined broadly and includes diverse sub-
populations. Caution should be taken when gener-
alizing these findings to ethnic populations outside
of Hawaii (9).

In conclusion, we found that lower BMI was as-
sociated with increased risk for NTM-PI and that
self-identifying as Asian, independent of other eth-
nic identification, was associated with a higher risk
for NTM-PI. Whereas risk for NTM-PI seemed to be

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 28, No. 8, August 2022
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lower for the NHOPI population, our findings sug-
gest that after confounders were controlled for, the
risk is similar to that for beneficiaries self-identifying
as White.
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Infectious Diseases.
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Investigation of COVID-19

Outbreak among Wildland

Firefighters during Wildfire
Response, Colorado, USA, 2020
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A COVID-19 outbreak occurred among Cameron Peak
Fire responders in Colorado, USA, during August 2020—
January 2021. The Cameron Peak Fire was the largest
recorded wildfire in Colorado history, lasting August—De-
cember 2020. At least 6,123 responders were involved,
including 1,260 firefighters in 63 crews who mobilized to
the fire camps. A total of 79 COVID-19 cases were iden-
tified among responders, and 273 close contacts were
quarantined. State and local public health investigated
the outbreak and coordinated with wildfire manage-
ment teams to prevent disease spread. We performed
whole-genome sequencing and applied social network
analysis to visualize clusters and transmission dynam-
ics. Phylogenetic analysis identified 8 lineages among
sequenced specimens, implying multiple introductions.
Social network analysis identified spread between and
within crews. Strategies such as implementing symptom
screening and testing of arriving responders, educating
responders about overlapping symptoms of smoke inha-
lation and COVID-19, improving physical distancing of
crews, and encouraging vaccinations are recommended.

he Cameron Peak Fire in Colorado, USA, began
on August 13, 2020. Because of the magnitude
of this wildfire, the response was coordinated by
various Incident Management Teams (IMT); wildfire
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responders included Colorado wildland firefighter
crews as well as crews from around the country de-
ployed to Colorado for the response. On August 25,
2020, the Larimer County Department of Health and
Environment (LCDHE) and the Colorado Depart-
ment of Public Health and Environment (CDPHE) re-
ceived notification of a wildland firefighter respond-
ing to the Cameron Peak Fire who tested positive for
SARS-CoV-2, the virus that causes COVID-19. This
firefighter initially reported difficulty breathing and
was transported to the local emergency department,
then released. The next day, he was admitted to the
hospital for continuing symptoms and tested posi-
tive for SARS-CoV-2 by reverse transcription PCR
(RT-PCR). LCDHE, in partnership with the IMT,
began contact tracing on the basis of the Centers for
Disease Control and Prevention (CDC) definition of
someone who was within 6 feet of an infected person
for a cumulative 15 minutes or more over a 24-hour
period (I). Two persons working on the same crew
and 5 additional responders at the camp were identi-
fied as close contacts and quarantined. During con-
tact interviews, it was reported that 2 crew members
of the index case-patient were experiencing cough
and headaches; both subsequently tested positive for
SARS-CoV-2. An outbreak was declared and reported
on September 2, 2020.

Wildfire response personnel operating across the
state were in contact with CDPHE throughout the
wildfire season regarding COVID-19 prevention and
response plans. In July 2020, before the Cameron Peak
Fire, CDPHE released public guidance documents ad-
dressing best practices for mitigating COVID-19 risks
at wildfire camps (2). This document supplemented
best practice guidance available from other sources
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such as CDC (3), United States Forest Service (USFS)
(4), the Fire Management Board (5), and United States
Department of the Interior (6). At the time that the
Cameron Peak Fire started, a CDPHE occupational
health epidemiologist regularly attended a morning
safety briefing call organized by the USFS, in which
incident management team representatives from all
active fires in Colorado called in with updates on
safety concerns including COVID-19.

Methods

Case Investigations

LCDHE and the Cameron Peak IMT collaborated to
conduct case investigations and contact tracing ac-
tivities. An outbreak case was defined as confirmed
or probable COVID-19 (determined using the Coun-
cil of State and Territorial Epidemiologists” 2020 In-
terim COVID-19 Case Definition) (7) in a responder
who was onsite at the Cameron Peak Fire within 14
days of symptom onset or positive test. Close contacts
were identified on the basis of the CDC definition and
quarantined. CDPHE and local hospital laboratories
conducted SARS-CoV-2 RT-PCR testing using vari-
ous platforms.

Outbreak response consultation calls among
CDPHE, LCDHE, and IMT were held to provide
recommendations for isolation of cases, quaran-
tine of close contacts, and prevention practices such
as improving physical distancing. CDPHE’s Rapid

Response Team hosted a testing event for Cameron
Peak Fire responders before the first positive case
was identified; surveillance and outbreak screen-
ing testing was offered to all Cameron Peak Fire re-
sponders starting August 24. Once the outbreak was
identified, widespread testing was conducted 11
more times during August 26-October 25, 2020. Af-
ter the fire, the USFS conducted a Facilitated Learn-
ing Analysis to identify lessons learned from the
outbreak response (8).

Whole-Genome Sequencing

CDPHE performed tiled amplicon whole-genome se-
quencing (WGS)on40 (51 %) availablespecimensfrom
wildfire responders (Appendix, https://wwwnc.
cdc.gov/EID/article/28/8/22-0310-Appl.pdf);
the remainder of the specimens were unavailable
for sequencing because they were not sent to the
CDPHE laboratory. We assembled sequencing data
by using the Monroe workflow and CDPHE’s publicly
available Nanopore data workflow (https://github.
com/CDPHE).

Of the specimens available for WGS, 24 resulted in
sequence determination; we used those sequences to
construct a focal phylogenetic tree of the Cameron Peak
Fire outbreak (Figure 1). In addition, to investigate the
potential for multistate lineage introduction or commu-
nity transmission, we constructed a contextual phylo-
genetic tree by using the 24 whole-genome sequences
of the Cameron Peak Fire specimens and additional

Figure 1. Phylogenetic tree of SARS-CoV-2 consensus whole-genome sequences from 24 of 42 positive specimens from Cameron Peak
firefighters available at the Colorado State Public Health Lab with >89% genome coverage. Nodes with at least 95% ultrafast bootstrap
support are labeled. Firefighter crew, sample collection date, and lineage are displayed at the tips. A visualization of the reference genome
is depicted at the top of the phylogeny. Vertical bars shown across each consensus sequence indicate positions of nucleotide changes
relative to the reference genome. High-quality consensus sequences were defined as sequences with >89% genome coverage (10x
sequence coverage depth for lllumina [https://www.illumina.com] and 20x for Oxford Nanopore [https://nanoporetech.com]) and minimum
base quality of 20. Prior to phylogenetic inference, consensus sequences were aligned to the reference genome (Genbank accession no.
NC_045512.2), and insertions were removed so that all sequences were 29,903 nt in length. Phylogenetic inference of the consensus
sequences was performed using IQTree version 2.0.3 (http://www.igtree.org) with 1,000 ultrafast bootstrap replicates and phylogenetic tree
visualization was performed using the python module ete3 version 3.1.2 (https://pypi.org/project/ete3). Pangolin v.2.4.2° (9) and Nextstrain’s
Nextclade tools (10) were used to assign lineage and clade designations to each assembled genome.
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Figure 2. Contextual phylogenetic tree and enlarged clades showing genetic relatedness of the Cameron Peak firefighter sequences to
sequences of SARS-CoV-2 collected within the United States during September—December 2020. A) Full contextual tree constructed
using 754 contextual sequences subsampled from GISAID (https://www.gisaid.org) plus 24 Cameron Peak firefighter consensus
sequences. The phylogeny has been pruned to display 164 contextual sequences and Cameron Peak firefighter sequences. Cameron
Peak sequences are highlighted in color according to their lineage assignment. Clades highlighted in gray represent potential community
and interstate transmission events. Cameron Peak sequences assigned to lineage B.1.2 (green) do not cluster together on the contextual
phylogeny to form a monophyletic group, suggesting that they are genetically divergent from one another and likely do not represent a
single transmission event, despite belonging to the same lineage. Mutation differences among these sequences are shown in detail in
Figure 1. B) Colorado clade 1. Twelve Cameron Peak firefighters formed a monophyletic group with sequences from 2 Colorado counties.
C) Colorado clade 2. A single Cameron Peak firefighter sequence formed a clade with sequences collected from 3 Colorado counties and
additional sequences collected from outside of Colorado (not labeled). Low support values for this clade may be expected because of
low sequence diversity. D) State 5 clade. The Cameron Peak firefighter sequence formed a monophyletic clade with sequences collected
from his or her state of deployment (State 5). E) State 6 clade. The Cameron Peak firefighter sequence formed a clade with sequences
collected from his or her state of deployment (state 6) and additional sequences collected from outside of Colorado and not from his or
her state of deployment (not labeled). Low support values for this clade may be caused by low sequence diversity. For panels B-E, all
sequences within a clade are assigned the same lineage. Collection dates are labeled for all tips. Cameron Peak firefighter sequences
are highlighted according to their lineage and labeled with crew. Nodes with at least 95% ultrafast bootstrap support values are labeled.
Additional information is available in the Appendix (https://wwwnc.cdc.gov/ElD/article/28/8/22-0310-App1.pdf).

whole-genome sequences that were either publicly
available or additionally sequenced at the CDPHE State
Public Health Laboratory (Figure 2; Appendix).

Social Network Analysis

We conducted social network analysis of all
SARS-CoV-2-positive responders by using R Studio
version 1.2.5033 (https:/ /www.rstudio.com) and Ge-
phi Graph Visualization and Manipulation software
version 0.9.2 (https://gephi.org). We applied this
analyis to WGS results to visualize clusters and trans-
mission dynamics among Cameron Peak Fire crews
(11). We assumed epidemiologic links of exposure be-
tween responders belonging to the same crew for net-
work construction. Data showing potential exposure
outside of crew assignments (i.e., socializing with
members of other crews) were not available. This
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activity was reviewed by CDC and was conducted
consistent with applicable federal law and CDC poli-
cy (45 C.F.R. part 46, 21 C.F.R. part 56; 42 U.S.C. Sect.
241(d); 5 U.S.C. Sect. 552a; 44 U.S.C. Sect. 3501 et seq).

Results

The outbreak among wildfire responders occurred
during August 25, 2020-January 8, 2021. (In Colo-
rado, an outbreak is considered resolved 28 days af-
ter symptom onset of the last case.) A total of 6,123
responders were involved in the response. We iden-
tified 79 cases (78 confirmed and 1 probable); 73 of
these were confirmed to be firefighters from 1 of the
63 crews, for an attack rate of 5.8% among 1,260 fire-
fighters who were deployed full-time to the incident
(Figure 3). The remainder of responder case-patients
were persons from IMT, equipment operators, and
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Figure 3. Timeline of COVID-19 outbreak among 79 firefighters during the Cameron Peak Fire, Colorado, USA, August—-December 2020.

paramedics. The 79 case-patients were deployed from
17 states. Of 63 crews, 26 (41.2%) had >1 SARS-CoV-2-
positive responder. Case-patients were primarily
men (83.5%); median age was 39 years (range 20-66
years). Twenty-four (30.4%) case-patients identified
as non-Hispanic, 21 (26.6%) identified as Hispanic or
Latino, and 34 (43.0%) did not disclose ethnicity. Race
was unknown for 34 case-patients (43.0%); 28 (35.4%)
were White, 12 (15.2%) reported other race, 4 (5.1%)
were Black or African American, and 1 (1.3%) was
Native American or other Pacific Islander. A total of
41 (51.9%) case-patients reported symptoms; 4 (5.1%)
reported no symptoms, and symptom information
was unavailable for 34 (43.0%). Thirteen (16.5%) vis-
ited an emergency department, 3 (3.8%) were hospi-
talized, and no deaths were reported.

Among the 79 case-patients, LCDHE completed
interviews with 64 (81.0%). During interviews, these
64 responders identified 273 close contacts who
were contacted by LCDHE and instructed to quar-
antine; however, responders often were unable to
provide specific locations of their camps and were
unable or unwilling to provide names of their close
contacts. Therefore, in addition to routine outbreak
case investigation, LCDHE worked closely with the
IMT’s COVID-19 liaisons for contact tracing. The
COVID-19 liaisons provided documentation of re-
sponders’ crew assignments, which proved to be
a more effective method of contact tracing among
responders than asking case-patients to identify
close contacts during interviews. Because each crew
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traveled and camped together, once a case-patient
was identified, their entire crew was considered to
be close contacts and exposed.

Forty (51%) of the 79 SARS-CoV-2-positive
specimens were available for WGS. We obtained
high-quality sequences for 24 specimens, of which
21 were collected during September 1-11, 2020, cap-
turing sequencing data for 87.5% (21/24) of the sam-
ples available from the first 3 weeks of the outbreak.
In all, we identified 8 lineages (B.1, B.1.2, B.1.240,
B.1.243, B.1.403, B.1.564, B.1.595, and B.1.1.304). Lin-
eages identified near the end of the outbreak (B.1.204,
B.1.243, and B.1.1.304) were not represented in sam-
ples sequenced earlier in the outbreak (B.1., B.1.2,
B.1.403, B.1.564, B.1.595). Two lineages were pres-
ent in >1 crew; for example, lineage B.1.403 was ob-
served in 4 crews and lineage B.1.2 was observed in
3. Three samples were assigned to lineage B.1.2 but
showed divergent nucleotide sequences, suggesting
3 separate introductions of this lineage. In addition,
>1 lineage was identified in 3 crews (Figure 1). For
example, lineages B.1.403 and B.1.2 were both present
in crew B.

We performed contextual phylogenetic analysis
to determine whether interstate or intrastate trans-
mission occurred. We constructed a full contextual
tree by using 717 contextual sequences subsampled
from the GISAID repository (https://www.gisaid.
org), an additional 37 Colorado sequences sequenced
at the CDPHE State Public Health Laboratory, and
the 24 Cameron Peak Fire consensus sequences
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(Figure 2, panel A). The analysis revealed 4 clades
that provided evidence of possible intrastate and in-
terstate transmission (Figure 2, panels B-E). Twelve
Cameron Peak Fire sequences formed a monophy-
letic clade with sequences collected from 2 Colo-
rado counties with high support values (ultrafast
bootstrap support >95% for nodes; Figure 2, panel
B). Another sequence from a Cameron Peak Fire
responder formed a clade with sequences collected
from 3 Colorado counties and additional sequenc-
es collected from outside of Colorado but with low
support values (ultrafast bootstrap support <95%
for nodes; Figure 2, panel C). In addition, in 2 cas-
es, sequences from 2 different responders formed a
clade with contextual sequences collected from their
state of deployment; 1 clade was supported with
high support values but the other was not (Figure 2,
panels D and E). Although not all clades were sup-
ported with high bootstrap values, low support val-
ues might be expected if sequence diversity is insuf-
ficient, which could result from either low diversity
of SARS-CoV-2 circulating in the United States at the
time, or low diversity among samples that were able
to be sequenced and deposited in public reposito-
ries. Short branch lengths as observed on the tree are
indicative of low divergence among sequences (12).

Social network analysis showed the 79 respond-
ers with COVID-19 clustered into 26 crews deploy-
ing from 17 states (Figure 4). Nine crews with re-
sponders from 10 states experienced >3 cases. We
observed multiple lineages within single crews,
suggesting multiple points of introduction, probable
crew intermingling, and possible lapses in preven-
tion measures such as social distancing.
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Discussion

The Cameron Peak Fire was the largest recorded wild-
fire in Colorado’s history, burning 208,913 acres. A to-
tal of 79 cases of COVID-19 were identified among
Cameron Peak Fire responders deployed from 17
states. Multiple points of SARS-CoV-2 introduction
were likely because of frequent crew turnover as the
wildfire grew, as suggested by WGS and social net-
work analysis results.

Balancing management of a large-scale wildfire
and control of COVID-19 among responders created
several challenges for disease prevention and mitiga-
tion. Frequent responder turnover because of 2- to
3-week deployments, combined with the length of the
fire, resulted in continuous opportunities for intro-
duction of COVID-19 into wildfire camps (13). COV-
ID-19 testing was available for incoming responders,
but no testing or quarantine was required upon ar-
rival, and no surveillance testing was required during
the deployment period. In addition, turnover of re-
sponders resulted in several instances in which case-
patients in isolation or contacts in quarantine were
demobilized back to their home states or deployed
to other wildfire responses before case investigation
and contact tracing could be completed. In these situ-
ations, CDPHE notified the states to which respond-
ers were demobilized, and LCDHE coordinated with
Cameron Peak IMT to ensure these responders were
immediately notified and given instructions to pro-
ceed home immediately, avoiding contact with others
and stops in indoor public settings during their trav-
el. However, the potential for multistate spread was
a major concern when responders were demobilized
and sent home or to other responses.

Figure 4. Social network
analysis of Cameron Peak
firefighter crews with
COVID-19, Colorado, USA,
August—December 2020. All
responders testing positive
for SARS-CoV-2 (nodes) are
included in this figure to show
contact within crews (edges).
Crews with >3 firefighters
positive with SARS-CoV-2
are labeled.
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The difficulty of screening responders for
COVID-19 symptoms was compounded by challeng-
es differentiating the effects of smoke and high alti-
tude from symptoms of COVID-19. Smoke inhalation
can cause several respiratory symptoms that are simi-
lar to COVID-19, including coughing, shortness of
breath, sore throat, and chest pain (14). Altitude sick-
ness symptoms also overlap with COVID-19 symp-
toms and can include headaches, fatigue, nausea,
and vomiting, as well as, in more severe cases, short-
ness of breath, weakness, and cough (15). Symptoms
of acute and chronic smoke exposure overlap with
and can worsen COVID-19 symptoms, complicating
symptom-based identification of COVID-19 (13,16).
Elevations in the fire-affected area ranged from ~5,200
feet to >10,000 feet, resulting in the potential for alti-
tude sickness for crews, particularly those coming to
Colorado from states at lower elevations.

Often, responders continued to work while they
were symptomatic and infectious and did not report
symptoms until their illness became severe or they
experienced a distinguishing symptom, such as loss
of taste or smell. COVID-19 mitigation was further
challenged by how fire camps were set up, poten-
tially increasing exposure opportunities. Crews often
camped together or worked geographically closely
before implementation of mitigation and quarantine
measures, potentially increasing exposure opportuni-
ties. Furthermore, because these camps were often lo-
cated in areas with limited cell service, Wi-Fi hotspots
provided relatively small areas where responders
could access Wi-Fi, creating additional opportuni-
ties for exposure when responders gathered closely
together in areas where Wi-Fi was available (9). Other
barriers to the public health response included some
responders’ distrust of their positive SARS-CoV-2 test
results because of lack of symptoms or overlap with
smoke inhalation symptoms. Further, many respond-
ers were employed as contractors and were not pro-
vided paid sick leave to cover quarantine or isolation.
Fire response coordinators and commanders indicat-
ed that some crew members might have been hesitant
to report symptoms or get tested because of concerns
over having to quarantine or isolate without pay.
Challenges in gathering complete symptom informa-
tion could be caused by responders’ reluctance to be
pulled from their crew, which could further strain
resources during the response. Contact tracing was
challenging early in the investigation because case-
patients were unable to identify their close contacts
or unwilling to provide names of close contacts to
avoid quarantine. Further, responders and response
commanders were resistant to implementing full
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quarantines because staffing needs were strained by
the severity of the Cameron Peak Fire and other wild-
fires happening concurrently in the region. Critical
infrastructure-modified quarantine and testing-based
strategies were used when full quarantines were not
feasible, including release from quarantine after a
negative RT-PCR result from a specimen collected 7
days after exposure (which was not a recommend-
ed practice under standard quarantine guidance at
that time) or monitoring responders for symptoms
while allowing them to continue working during
quarantine (17).

The results of WGS and social network analysis
suggest multiple SARS-CoV-2 introduction events
throughout the wildfire response, as well as spread
both between and within crews. The presence of se-
quences from a single lineage in >1 crew combined
with near-identical nucleotide changes observed
among these sequences suggest intercrew transmis-
sion or transmission between fire crews and nearby
communities (Figure 2, panel B). Contextual analy-
sis suggests possible transmission events linked to
Cameron Peak Fire responders from both outside
and within the state of Colorado; in a few instances,
analysis suggested transmission from the state from
which an individual was deployed and in other in-
stances from surrounding counties within the state of
Colorado. One state deployment introduction (state
5) and 1 Colorado county introduction (Colorado
county A) are well supported by bootstrapping, but
in the other 2 instances, support was weak. This result
of low sequence diversity across many states present
in sequences available in public repositories from this
time period.

The first limitation of our study is that COVID-19
cases were likely underreported because of insufficient
testing and lack of reporting of symptoms by respond-
ers. Surveillance testing was optional and the overlap
between COVID-19 symptoms and symptoms associ-
ated with smoke inhalation and altitude sickness might
have led some persons not to get tested when symptom-
atic. Second, only 51% of outbreak-related specimens
were available for WGS because not all specimens were
sent to the CDPHE laboratory, including those collected
through the local hospital; therefore, results might not
be complete. Finally, social network analysis epidemio-
logic links were assumed for responders on the same
crew but lacked more robust data showing intercrew
mingling during and outside of response activities.

Many lessons were learned in this COVID-19 out-
break during a wildfire response. Open communica-
tion between fire response agencies and public health
agencies enabled enhanced prevention strategies. Fire
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response agencies should consider symptom screen-
ing and testing of all arriving responders to limit in-
troduction of SARS-CoV-2 into fire camps; educating
responders about potentially overlapping symptoms
of smoke inhalation, COVID-19, and altitude (when
relevant); and improving physical distancing of crews
onsite. Surveillance testing offers the ability to detect
cases early and to prevent transmission before an out-
break occurs (18). Rapid testing options, such as the
use of rapid antigen tests, can provide many benefits
in wildfire response and other emergency manage-
ment settings, including quick turnaround of results,
which can minimize the need to quarantine critical
responders while awaiting results; encouraging ac-
tion in response to mild symptoms that might other-
wise be dismissed as the result of smoke or altitude,
because it is a quick and easy option to differentiate
symptoms; and ease of implementation in remote
and nonmedical settings, not requiring transport of
persons off-site or coordination with nearby medical
facilities. Response agencies should work with juris-
dictional public health agencies at the beginning of
each response to determine what testing options are
currently available and how best to implement test-
ing of responders. Rapidly identifying cases would
lead to timely case investigations and contact trac-
ing activities that could help mitigate spread of dis-
ease by enabling timely isolation of case-patients and
quarantine of close contacts. Policies to compensate
responders for time spent in isolation or quarantine
could improve compliance with testing and screening
procedures. During the response, fire response agen-
cies recommended mask use, especially when other
social distancing measures were difficult to maintain.
Continuing the use of masks in indoor settings or
close interactions with others could be considered in
areas of high transmission even in the absence of local
public health requirements. In current and future fire
seasons, we encourage COVID-19 vaccination and
surveillance testing, particularly given the challeng-
es of implementing other mitigation techniques in
resource-constrained fire responses. Response agen-
cies should consider collaborating with public health
agencies to ensure that appropriate disease control
measures are put in place when COVID-19 has been
identified among responders, including encouraging
cooperation of persons who are identified as case-
patients or close contacts to prevent the spread of
disease. The lessons learned during this outbreak can
contribute to developing best practices for managing
wildfire response and outbreaks of COVID-19 and
other communicable diseases among responders to
large-scale emergency events.
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Ribavirin has been used widely to treat Lassa fever in
West Africa since the 1980s. However, few studies have
systematically appraised the evidence for its use. We con-
ducted a systematic review of published and unpublished
literature retrieved from electronic databases and gray lit-
erature from inception to March 8, 2022. We identified 13
studies of the comparative effectiveness of ribavirin ver-
sus no ribavirin treatment on mortality outcomes, including
unpublished data from a study in Sierra Leone provided
through a US Freedom of Information Act request. Al-
though ribavirin was associated with decreased mortality
rates, results of these studies were at critical or serious
risk for bias when appraised using the ROBINS-I tool.
Important risks for bias related to lack of control for con-
founders, immortal time bias, and missing outcome data.
Robust evidence supporting the use of ribavirin in Lassa
fever is lacking. Well-conducted clinical trials to elucidate
the effectiveness of ribavirin for Lassa fever are needed.

Lassa virus infection, first described in 1962, is a vi-
ral hemorrhagic fever (1). It is a substantial public
health burden, causing an estimated 100,000-200,000
cases each year, mainly in West Africa (2,3). Many
cases are mild or asymptomatic and are not formally
diagnosed (4). The nonspecific clinical manifestation
makes Lassa fever difficult to recognize on clinical
grounds alone, especially in the early phases. The
case-fatality rate is estimated to be 10%-20% in hos-
pitalized patients (5,6) but increases sharply during
outbreaks (7). No vaccine is available, but studies ex-
amining recombinant vaccinia virus in animals have
entered the preclinical phase, and a DNA vaccine has
entered a phase I trial in humans (8-10). Lassa virus
is part of the US Centers for Disease Control and
Prevention’s list of category A Select Agents and is
considered a priority pathogen by the World Health
Organization (WHO) because of its epidemic poten-
tial, its severity, lack of available vaccines, and, most
important, limited therapeutic options.

The most influential study of the efficacy of
ribavirin in treatment of Lassa fever, published in
1986, reported that administration of intravenous
ribavirin within the first 6 days of illness decreased
mortality rates from severe Lassa fever from 55%
to 5% (11). These findings have underpinned the
widespread use of, and unequivocal recommenda-
tions for, ribavirin for treatment of Lassa fever. Sev-
eral retrospective observational studies document
the use of ribavirin and describe lower case-fatality
rates in patients treated with ribavirin (12-17). How-
ever, potential biases in those results make it diffi-
cult to evaluate the effectiveness of ribavirin in clini-
cal practice. Recent unpublished results obtained
through the US Freedom of Information Act, and
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secondary analysis of these results, weaken the case
for use of ribavirin (18). Therefore, we undertook
a systematic review of published and unpublished
study results, which we appraised by using a state-
of-the-art risk for bias tool (19), to evaluate ribavirin
for treating Lassa fever.

Methods

This review follows the guidelines of Preferred Re-
porting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (20) (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/28/8/21-1787-App1.
pdf). A protocol is registered on the International
Prospective Register of Systematic Reviews (PROS-
PERO 2019 CRD42019141818) (https://www.crd.
york.ac.uk/ prospero).

We conducted a comprehensive search of mul-
tiple bibliographic databases from inception to March
8, 2022: Ovid Medline, Ovid Embase, Central Regis-
ter of Controlled Trials, BIOSIS, WHO Global Index
Medicus, and Web of Science (including Science Ci-
tation Index Expanded and Conference Proceedings
Citation Index-Science). We also searched the WHO
International Clinical Trials Registry Platform, Clini-
calTrials.gov, and Pan African Clinical Trial Registry
databases to identify relevant reports. We searched
the keywords “Lassa” and “ribavirin” within Google.
com and the WHO website to retrieve gray literature
on March 8, 2022. We developed search strings for
each database (Appendix). To identify further rel-
evant studies, we checked reference lists of included
studies and papers, citing them using the Web of Sci-
ence database. We also contacted authors for clarifi-
cation and supplementary information. We applied
no restriction in language, publication type, study
design, or date in the searches.

We also included unpublished results from a
study that included the data reported by McCormick
et al. (11). The unpublished results (Birch & Davis
Associates and Sherikon Inc., US Army Medical Re-
search and Development Command, unpub. data,
https:/ /media.tghn.org/medialibrary/2019/03/
Responsive_Documents_of_Peter_Horby.pdf.pdf;
G.V. Ludwig, pers. comm., 2019 March 4, https://
media.tghn.org/medialibrary/2019/03/Dr._Lud-
wig_memo.pdf) were requested by P.W.H. through
the US Freedom of Information Act. We refer to this
study as IND 16666, its Food and Drug Administra-
tion Investigational New Drug application number.

Study Selection
We included randomized controlled trials (RCTs),
controlled trials, cohort and case-control studies
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comparing ribavirin treatment with no ribavirin
(e.g., supportive treatment) in patients having either
or both confirmed and suspected Lassa fever that
reported mortality (number of deaths or case-fatal-
ity rate). No study reported prespecified secondary
outcomes or adverse events, except McCormick et
al. (11). Therefore, we focused only on mortality in
this review.

Two authors independently screened titles and
abstracts of retrieved records by using Rayyan (21).
All records were screened twice, once by the first au-
thor (H.C.) and then by 1 of the co-authors (C.E.F,,
S.D., AM,, and A.P.S.). For records that were poten-
tially eligible, we retrieved and screened the full-text
articles, using Excel (Microsoft, https://www.mi-
crosoft.com) to record inclusion decisions and man-
age the workflow. Full-text articles were reviewed
independently (H.C. paired with C.E.F. or A.P.S.) to
assess the eligibility. We resolved any discrepancies
between authors by discussion between the paired
assessors. Two authors independently extracted
data compitled by 2 authors (H.C. paired with C.E.F.
or A.P.S.) by using a prepiloted data extraction form
in an Excel spreadsheet.

Risk for Bias Assessment

Three authors (C.E.F., L.AM., and H.C.) indepen-
dently assessed risk for bias for each study by using
the ROBINS-I tool (19). The tool consists of 7 domains
containing a series of signaling questions to judge risk
for bias as low, moderate, serious, or critical. For the
first domain, we determined bias attributable to con-
founding or potential confounding factors through
a literature review and expert opinion (A.P.S. and
P.W.H.). We identified 3 key confounding factors:
age, pregnancy status, and indicators of disease se-
verity. For the third domain, bias in classification of
interventions, we included assessment of immortal
time bias (22). We provide support for judgments in
individual results (Appendix Table 2).

Data Analysis and Presentation

As described by Salam et al. (18), we used data re-
ported in tables and an appendix within the IND
16666 report to derive aggregated datasets containing
the number of deaths according to treatment groups
and individual characteristics. On the basis of these
datasets, we estimated mortality odds ratios (ORs)
comparing ribavirin with no treatment, overall and
within subgroups defined by patient characteristics
(aminotransferase [AST] level and whether pregnant)
in the IND 16666 report. We also extracted results
from a logistic regression analysis in the IND 16666
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report in which the effect of ribavirin compared with
no treatment was adjusted for patient characteristics
(age, sex, time to admission, time to treatment, length
of stay, and log transformed AST level).

The various reports used different criteria and di-
agnostic tests to define confirmed Lassa fever cases.
Only 1 study, Shaffer et al. (12,15), provided raw data
reporting confirmed Lassa fever according to differ-
ent case definitions: based on antigen, IgM, and IgG.
In this study, we used positive antigen solely as the
criteria for the confirmed case because it was consis-
tently reported in the dataset (15). We also conducted
a sensitivity analyses estimating ORs on the basis of
other case definitions.

We estimated overall ORs and, when available,
ORs in subgroups defined by timing of treatment
(starting <7 and >7 days after disease onset). We did
not conduct meta-analyses because most results were
rated as at critical overall risk for bias (19). We dis-
played ORs and 95% Cls for the association of ribavi-
rin with no treatment in forest plots by using Stata 15
MP (StataCorp LLC, https:/ /www.stata.com).

Results

We retrieved 2,232 unique records, of which we
excluded 2,162 on the basis of titles and abstracts.
We retrieved full-text articles for the remaining 70
records for eligibility assessment, after which we
excluded 55 further records (Figure 1). One study
met the inclusion criteria but was excluded because
it reported aggregated outcome data that included
unknown treatment status (23). Other studies did
not report outcome data according to treatment sta-
tus (24-28). We contacted the authors for further in-
formation but received no responses. We extracted
results from 13 eligible studies described in 15 pub-
lished and unpublished reports and assessed the
risk for bias in these results.

Study Characteristics

We summarized the characteristics of the included
studies (Appendix Table 3). All studies were from
West Africa (6 from Nigeria and 7 from Sierra Leone)
(11,12,14,15,17,29-36; Birch & Davis Associates and
Sherikon Inc., US Army Medical Research and De-
velopment Command, unpub. data, https://media.
tghn.org/medialibrary/2019/03/Responsive_Docu-
ments_of_Peter_Horby.pdf.pdf; G.V. Ludwig, pers.
comm., 2019 March 4, https://media.tghn.org/me-
dialibrary/2019/03/Dr._Ludwig_memo.pdf;, M.-L.
Orji et al., unpub. data, https://doi.org/10.20944/
preprints202005.0269.v1). McCormick et al. (11)
and its additional data reported in IND 16666 were
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Figure 1. Study selection flowchart for a systematic review of published and unpublished studies for evidence for ribavirin treatment of
Lassa fever. ITCRP, World Health Organization International Clinical Trials Registry Platform; PACTR, Pan African Clinical Trial Registry.

described as clinical trials, but we concluded that all
studies were observational cohorts, because they did
not compare treatment groups that were assigned us-
ing randomization. The year of publication ranged
from 1986 to 2020. The length of follow up ranged
from 1 month to 15 years.

The studies ranged in size from 10 to 1,850 con-
firmed cases. Most included both child and adult pa-
tients, although 2 did not report the characteristics
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of patients comprehensively (11,34). Price et al. (34)
included pregnant women only. Dahmane et al. (14)
recruited children and women with obstetric condi-
tions. Samuels et al. (35) and Orji et al. (M.-L. Orji et
al., unpub. data) included children only. Nine of 13
studies were funded by internal or not-for-profit re-
search funders.

Criteria for confirming Lassa fever varied be-
tween studies (Appendix Table 4). Real-time PCR
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was the most common diagnostic test used, followed
by virus isolation and Lassa IgM. In IND 16666, the
criterion for the no treatment group was either or
both bring febrile and having positive Lassa IgG
whereas to receive ribavirin participants had to meet
1 of 3 specified diagnostic criteria (Appendix Table 3).

Only 4 studies reported details of ribavirin treat-
ment regimens (11,14,38; Birch & Davis Associates
and Sherikon Inc., US Army Medical Research and
Development Command, unpub. data, https:/ /media.
tghn.org/medialibrary/2019/03/Responsive_
Documents_of_Peter_Horby.pdf.pdf; G.V. Ludwig,
pers. comm., 2019 March 4, https://media.tghn.org/
medialibrary/2019/03/Dr._Ludwig_memo.pdf) (Ap-
pendix Table 4). McCormick et al. (11) reported 3 riba-
virin regimens: 1 oral and 2 intravenous. Dahmane et
al. (14) reported 1 intravenous ribavirin regimen ac-
cording to an international guideline. Although 7 riba-
virin regimens were reported in IND 16666, the treat-
ment durations and administration routes were not
clear. In all studies except Samuels et al. (35), detailed
information regarding the supportive treatment used
was lacking.Three studies reported malaria screening
and the use of antimalarial drugs and antibiotics be-
fore Lassa fever confirmation (14,34,36).

We assessed risk for bias in 14 results from 13
studies comparing the effects of ribavirin treatment

Ribavirin Treatment of Lassa Fever

with no ribavirin treatment on overall mortality out-
comes, including 2 results with and without logistic
regression adjustment from IND 16666 (Figure 2). The
overall risk for bias was rated critical for all results,
except for the logistic regression result from IND
16666, which was rated serious.

Estimated Effects of Ribavirin Treatment on Mortality,
Overall and in Subgroups

In the McCormick et al. (11) study, for which addi-
tional data was reported by IND 16666, ribavirin
treatment was associated with higher overall mortal-
ity rates in confirmed Lassa fever patients, compared
with no ribavirin treatment (Figure 3). However, the
IND 16666 study found that, after adjusting for con-
founding factors using logistic regression, ribavirin
was associated with lower overall mortality rates (OR
0.88 [95% CI 0.81-0.95]). We noted that the CI for this
logistic regression result appeared too narrow when
compared with the unadjusted result derived from
the reported numbers of patients and deaths, which
was most likely caused by an error in the statistical
analysis but could not be checked further.

When results of those studies were stratified by
AST levels, ribavirin treatment was associated with
lower mortality rates in patients with AST >150 IU/L
(OR 0.18 [0.08-0.39] in McCormick et al. [11] and OR

Figure 2. Summary of risk for bias assessment for a systematic review of published and unpublished studies for evidence for ribavirin
treatment of Lassa fever. Bias categories: D1, bias due to confounding; D2, bias in selection of participants into the study; D3, bias in
classification of interventions; D4, bias due to deviations from intended interventions; D5, bias due to missing data; D6, bias in measurement
of outcomes; D7, bias in selection of the reported result. *IND 16666, unpublished study requested by P.W.H. through the US Freedom of
Information Act (Birch & Davis Associates and Sherikon Inc., US Army Medical Research and Development Command, unpub. data, https:/
media.tghn.org/medialibrary/2019/03/Responsive_Documents_of Peter Horby.pdf.pdf; G.V. Ludwig, pers. comm., 2019 March 4, https:/
media.tghn.org/medialibrary/2019/03/Dr._Ludwig_memo.pdf). tM.-L. Orji et al., unpub. data, https://doi.org/10.20944/preprints202005.0269.v1.
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Figure 3. Estimated effects of ribavirin compared with no treatment on mortality outcomes from the McCormick (11) and IND 16666
(Birch & Davis Associates and Sherikon Inc., US Army Medical Research and Development Command, unpub. data, https://media.tghn.
org/medialibrary/2019/03/Responsive_Documents_of Peter_Horby.pdf.pdf; G.V. Ludwig, pers. comm., 2019 March 4, https://media.
tghn.org/medialibrary/2019/03/Dr._Ludwig_memo.pdf) studies in a systematic review of published and unpublished studies for evidence
for ribavirin treatment of Lassa fever. A horizontal line represents the 95% CI of a study result, with each end of the line representing the

boundaries. A point estimate of the study result is represented by a black diamond. A gray box gives a representation of the size of a

study compared with all studies in the figure.

0.48 [0.30-0.78] in IND 16666). By contrast, in patients
with AST <150 IU/L, ribavirin was associated with
higher mortality rates (OR 1.91 [0.52-6.98] in McCor-
mick et al. [11] and OR 2.90 [1.42-5.95] in IND 16666
study). In patients with measurable viremia, ribavirin
use was associated with lower mortality rates. How-
ever, those results should be interpreted with caution
because AST or viremia levels were reported to be

missing or not measurable in 20%-40% of patients in
each study.

The other studies mostly found that ribavirin was
associated with lower overall mortality rates com-
pared with no ribavirin treatment (Figure 4). However,
most of these results were rated as being at critical risk
for bias because of lack of adjustment for confounding,
immortal time bias, or both (14,17,32; M.-L. Orji et el,,

Figure 4. Estimated effects of ribavirin compared with no treatment on mortality outcomes from studies other than McCormick (11) and

IND 16666 (Birch & Davis Associates and Sherikon Inc., US Army Medical Research and Development Command, unpub. data, https:/
media.tghn.org/medialibrary/2019/03/Responsive_Documents_of Peter_Horby.pdf.pdf; G.V. Ludwig, pers. comm., 2019 March 4, https://
media.tghn.org/medialibrary/2019/03/Dr._Ludwig_memo.pdf) studies in a systematic review of published and unpublished studies for
evidence for ribavirin treatment of Lassa fever. *M.-L. Oriji et al., unpub. data, https://doi.org/10.20944/preprints202005.0269.v1. A horizontal
line represents the 95% Cl of a study result, with each end of the line representing the boundaries. A point estimate of the study result is
represented by a black diamond. A gray box gives a representation of the size of a study compared with all studies in the figure.
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Figure 5. Estimated effects of ribavirin compared with no treatment on mortality outcomes within patient subgroups in a systematic
review of published and unpublished studies for evidence for ribavirin treatment of Lassa fever. *IND 16666, unpublished study
requested by P.W.H. through the US Freedom of Information Act (Birch & Davis Associates and Sherikon Inc., US Army Medical
Research and Development Command, unpub. data, https://media.tghn.org/medialibrary/2019/03/Responsive_Documents_of Peter
Horby.pdf.pdf; G.V. Ludwig, pers. comm., 2019 March 4, https://media.tghn.org/medialibrary/2019/03/Dr._Ludwig_memo.pdf).

unpub. data), which arose because some patients did
not receive their intended ribavirin treatment because
they died before treatment could be started and were
then analyzed in the no treatment group.

Estimated associations of ribavirin treatment with
mortality rates within patient subgroups are reported
in the included studies (Figure 5). Many studies in-
cluded suspected Lassa fever cases, but only 2 stud-
ies provided usable data for estimating associations
of ribavirin treatment with deaths in suspected cases.
Results were discordant; the estimated ORs were 0.06
(95% CI 0.00-2.24) in Ajayi et al. (17) and 1.13 (0.64-
2.02) in Shaffer et al. (12,15). We calculated case-fatality
rates and ORs from Shaffer et al. (12,15) on the basis of
different case definitions (Appendix Table 5).

Two studies investigated the effects of early ver-
sus late ribavirin treatment after disease onset (11,32).
McCormick et al. (11) found that in the subgroups
AST >150 IU/L and viremia >10%*® median tissue cul-
ture infectious dose/mlL, the association of ribavirin
treatment with a lower mortality rate was more pro-
nounced for treatment within 7 days (early) than at
>7 days (late) after disease onset (11). Similar results
were noted in Ilori et al. (32); the ORs were 0.07 (95%
CI10.02-0.32) for early treatment (within 7 days of dis-
ease onset) and 0.13 (95% CI 0.03-0.53)] for late treat-
ment (>7 days after disease onset).
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Only 1 study provided a result of subgroup
analysis to compare pregnant women with nonpreg-
nant women. The IND 16666 study reported sepa-
rate results for pregnant women (OR 2.06 [95% CI
0.64-6.60]) and nonpregnant women (OR 1.12 [95%
CI 0.71-1.77]).

Discussion

This systematic review summarizes associations of
ribavirin treatment, compared with no ribavirin treat-
ment, with overall mortality outcomes in confirmed
Lassa fever, using both published and unpublished
study results. Although ribavirin treatment was gen-
erally associated with lower mortality rates, almost all
results were rated as being at critical risk for bias. In
the single adjusted result from the IND 16666 study,
ribavirin was associated with modestly lower mortal-
ity rates. However, that result was assessed as being
at serious risk for bias, and the CI appeared too nar-
row compared with the CI derived from the numbers
of patients and deaths. Although ribavirin was re-
ported to be associated with lower mortality rates in
certain subgroups, including patients with AST >150
IU/L and measurable viremia, missing data and the
post-hoc nature of the analyses limit the credibility
of these findings. By contrast, ribavirin was report-
ed to be associated with higher mortality rates than
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ribavirin treatment in other subgroups, such as pa-
tients with AST <150 IU/L. In summary, it is uncer-
tain based on the available literature whether ribavi-
rin reduces mortality rates in Lassa fever patients.

For decades, ribavirin has been used to treat
Lassa fever, supported in particular by the results
of the McCormick study (11). However, treatment
guidelines generally do not highlight the weakness of
the primary evidence, nor do they distinguish patient
subgroups (e.g., patients with AST <150 IU/L) where
benefit has not been demonstrated and, in fact, there
may be hazard from using ribavirin (37,38). Because
ribavirin causes adverse events and is expensive (up
to 5,000€/patient) (14,37), it is important to justify
its use in treating Lassa fever, especially in low- and
middle-income countries where healthcare resources
are limited. Although such uncertainty exists in the
efficacy and safety of ribavirin, we believe that it is
important to firmly establish evidence of efficacy and
safety by conducting randomized controlled clinical
trials. For example, WHO has identified the need for a
multicenter phase 2b/3 RCT with 2 possible designs:
a 4-arm factorial design with ribavirin and best sup-
portive care and a 3-arm RCT with ribavirin, best sup-
portive care, and another drug (39). In line with this
approach, a combination of ribavirin and favipiravir
treatment has been proposed by Raabe et al. (40)

Our findings agree with those of a previous sys-
tematic review (41). Both reviews identified a need
to reevaluate the safety and efficacy of ribavirin for
Lassa fever. In comparison with the prior review
(which included studies published up to March 2019),
our study included 6 additional studies, presented
more detailed results (including secondary analyses),
and provided a more detailed evaluation of the po-
tential biases in study results.

Our review was conducted using state-of-the-
art systematic review methodology. We conducted
comprehensive literature searches, including a range
of electronic databases and gray literature, without
date, language, or study design restrictions. We used
the ROBINS-I tool (19) for risk for bias assessments;
this tool is the most comprehensive and widely used
tool for assessing risk for bias in the results of non-
randomized studies of interventions. Our review in-
corporated recent changes to ROBINS-I that address
immortal time bias; evidence of such bias was identi-
fied in several of the included studies.

We conducted secondary analyses of the related
McCormick (11) and IND 16666 studies. To estimate
overall associations of ribavirin treatment with mortal-
ity outcomes, we grouped differentribavirin treatment
regimens and routes of administration. Treatment
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efficacies might differ between these regimens, but
it was challenging to distinguish the ribavirin regi-
mens used in these studies because their details were
not fully described. There may have been differ-
ences in the care given to the no ribavirin treatment
groups across studies; such care could be no medi-
cal support, minimal medical support, or supportive
treatment, and the type of care is likely to have var-
ied over time, by country and by setting. We did not
perform subgroup analyses, investigating the impli-
cations of different criteria used to define Lassa fever,
because except for Shaffer et al. (12,15), no studies
provided data that could be used for subgroup analy-
ses. We only identified studies conducted in Nigeria
and Sierra Leone, but Lassa fever is endemic in sev-
eral other countries in West Africa.

These findings have important implications for
both clinical practice and research. The serious limita-
tions of the available evidence means that although
the studies we reviewed suggest an association of
ribavirin treatment for Lassa fever with decreased
mortality rates, this conclusion must be viewed with
limited confidence. Evidence from high-quality ran-
domized trials is urgently required, and clinical and
research communities should work collaboratively to
address and overcome ethics and resource issues to
fund and conduct such trials in West Africa.
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Transmissibility of SARS-CoV-2
B.1.1.214 and Alpha Variants
during 4 COVID-19 Waves, Kyoto,
Japan, January 2020—June 2021

Yasufumi Matsumura, Miki Nagao, Masaki Yamamoto, Yasuhiro Tsuchido,
Taro Noguchi, Koh Shinohara, Satomi Yukawa, Hiromi Inoue, Takeshi Ikeda

Household transmission is a primary source of SARS-
CoV-2 spread. We used COVID-19 epidemiologic inves-
tigation data and viral genome analysis data collected
in the city of Kyoto, Japan, during January 2020—June
2021 to evaluate the effects of different settings and vi-
ral strains on SARS-CoV-2 transmission. Epidemiologic
investigations of 5,061 COVID-19 cases found that the
most common category for close contact was within
households (35.3%); this category also had the high-
est reverse transcription PCR positivity. The prevalent
viral lineage shifted from B.1.1.214 in the third wave to
the Alpha variant in the fourth wave. The proportion of
secondary cases associated with households also in-
creased from the third to fourth waves (27% vs. 29%).
Among 564 contacts from 206 households, Alpha variant
was significantly associated with household transmis-
sion (odds ratio 1.52, 95% CI 1.06-2.18) compared with
B.1.1.214. Public health interventions targeting house-
hold contacts and specific variants could help control
SARS-CoV-2 transmission.

Robust testing, isolation, and epidemiologic in-
vestigations of patients and their close contacts
by local public health authorities are key strategies
for containing SARS-CoV-2 transmission (1). In re-
sponse to the COVID-19 pandemic, the Ministry
of Health, Labour and Welfare in Japan, according
to law, implemented an all-case tracing approach
that included mandatory reporting of laboratory-
confirmed COVID-19 cases, case investigations,
and contact tracing. In Japan, after outbreaks on
cruise ships and identification of imported cases,
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COVID-19 clusters were reported in healthcare and
long-term care facilities (LTCFs), restaurants, work-
places, and events, and those became the main target
of COVID-19 interventions (2,3). Households have
become the main venue for community transmission
(4,5), and household contacts have a higher risk for
secondary infection than nonhousehold contacts (6).
Moreover, household transmission could be increas-
ingly relevant during periods of social distancing
and stay-at-home orders (7).

Specific SARS-CoV-2 variants, namely, those des-
ignated variants of concern (VOCs), generally have
higher transmissibility than non-VOCs. The Alpha
VOC was estimated to have a reproduction num-
ber 43%-90% higher than previous variants and has
spread worldwide, including throughout Japan (8).

Kyoto, an ancient capital city of Japan, has a pop-
ulation of ~1 million and is known as a tourist desti-
nation. By June 2021, Kyoto had experienced 4 waves
of COVID-19. In response to these waves, the Health
and Welfare Bureau of Kyoto City and a tertiary refer-
ral hospital of Kyoto University Hospital, which has
infectious disease and clinical laboratory specialists,
collaborated to perform epidemiologic investigations,
establish interventions for cluster-associated cases,
and conduct molecular epidemiologic surveillance.
We describe COVID-19 epidemiology in Kyoto and
focus on the effects of cluster and household trans-
mission of different SARS-CoV-2 variants.

Materials and Methods

Active Epidemiologic Investigations

The Health and Welfare Bureau of Kyoto performed
active epidemiologic investigations of all laboratory-
confirmed COVID-19 cases in the city according to
the guidelines of the National Institute of Infectious
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Diseases, Japan (9). These investigations collected the
clinical data of COVID-19 patients, behavioral histo-
ries for 14 days before symptom onset or diagnosis,
and detailed activity histories for 2 days before symp-
tom onset or diagnosis. On the basis of those data,
the bureau conducted contact tracing by identifying
potential sources of infection and close contacts. The
epidemiologic study was determined to be public
health surveillance as defined in Article 15 of the Act
on the Prevention of Infectious Diseases and Medi-
cal Care for Patients with Infectious Diseases (1999);
thus, informed consent was not required.

The bureau defined close contacts as persons who
lived with a COVID-19 patient or who had been <2 m
from a patient for >15 min without using necessary
preventive measures, such as personal protective
equipment, within 2 days before the COVID-19 pa-
tient’s symptom onset or diagnosis (9). All household
members of COVID-19 patients were considered close
contacts (9). The bureau requested that close contacts
quarantine for at least 14 days and get 1 reverse tran-
scription PCR (RT-PCR) test at the beginning of the
quarantine regardless of symptoms.

We defined a cluster as identification of >5 cas-
es at the same facility or among a group of contacts
within 14 days of symptom onset or diagnosis for any
patient, excluding household contacts. For clusters
and cases that occurred in high-risk settings such as
healthcare facilities, non-close contacts who shared
a space with COVID-19 case-patients, such as in a
workplace, also underwent RT-PCR testing to iden-
tify asymptomatic cases.

We obtained epidemiologic data from existing
local databases, and we determined the RT-PCR test
positivity of close contacts according to the source
of infection. We compared the number of household
transmissions and the number of clusters between the
third and fourth COVID-19 waves in Kyoto and be-
tween SARS-CoV-2 variants.

Epidemiologic Data

We obtained data on the number of COVID-19 cases
in Kyoto and in Japan during January 2020-June 2021
from official websites for Kyoto City and the Ministry
of Health, Labour and Welfare, Japan (10,11). We also
obtained data from these websites on the number of
persons who received RT-PCR testing at the official
laboratories of Kyoto City or Kyoto Prefecture and
commercial laboratories.

Clinical Samples

Respiratory tract samples that tested positive by
RT-PCR were sent to the reference laboratory at

1570

Kyoto University and subjected to genome analysis.
The samples were obtained from RT-PCR testing
sites, acute-care hospitals, close contacts found by
active epidemiologic investigations, and mass PCR
testing for residents and workers of adult daycare
and LTCFs.

Genome Analysis

We prepared a genome library by using an ampli-
con-based next-generation sequencing assay, the
research-use-only COVIDSeq Test (RUO Version; Il-
lumina, https://www.illmina.com), and sequenced
samples by using the NovaSeq6000, NextSeq1000,
NextSeq550, or MiniSeq platforms (Illumina). We
processed the data by using DRAGEN COVID Lin-
eage App version 3.5.3 (Illumina), and generated
consensus sequences by using the SARS-CoV-2 ref-
erence genome (GenBank accession no. NC_045512).
Using Pangolin version 3.1.20 (12), we assigned lin-
eages to sequenced genomes that had >90% breadth
of coverage of the reference genome and for genome
data from Japan obtained from the GISAID database
(https:/ /www.gisaid.org) on July 13, 2021. We de-
fined VOCs according to the World Health Organiza-
tion designations as of June 22, 2021 (13). We used 1Q-
TREE multicore version 2.1.2 COVID-edition (http://
www.iqtree.org) for phylogenetic analysis. We sub-
mitted SARS-CoV-2 sequences obtained in this study
to GISAID (Appendix 1, https://wwwnc.cdc.gov/
EID/article/28/8/22-0420-App1.xlsx).

Statistical Analysis
We calculated the secondary attack rate (SAR) by di-
viding the number of secondary cases within 14 days
of the index case-patients” positive RT-PCR test date
by the total number of household contacts. We de-
fined the index case as the first laboratory-confirmed
case in the household. We excluded households in
which coprimary cases had the same symptom onset
date or same diagnosis date as primary cases. To ana-
lyze the association between SARS-CoV-2 variant and
household transmission and to predict SAR, we used
a generalized linear mixed-effects logistic regression
model. In this model, we used random intercepts to
account for clustering by household, the dependent
variable of SARS-CoV-2 infection of contacts, and the
predictors of the age of the index case-patient, the age
of the contact, the presence of symptoms in the index
case-patient, the household size, and the SARS-CoV-2
lineage, as previously described (14).

We used Fisher exact test to compare the categori-
cal variable sex and Mann-Whitney U test to compare
the continuous variable age. We considered p<0.05
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statistically significant. We conducted statistical
analyses by using R version 4.1.3 (R Foundation for
Statistical Computing, https://www.r-project.org).
The Ethics Committee of Kyoto University Gradu-
ate School and the Faculty of Medicine approved this
study (approval no. R2379) and waived the need to
obtain informed consent from study subjects.

Results
During January 2020-June 2021, Japan had a total
of 792,256 reported COVID-19 cases, among which
11,477 cases were reported in Kyoto (Figure 1). Japan
and the city of Kyoto experienced 4 COVID-19 waves
during that period. The third (December 2020-Febru-
ary 2021) and fourth (April 2021-June 2021) waves
were larger than the first (April 2020-May 2020) and
second (July 2020-September 2020) waves (Figure 1).
We performed genomic analysis on a total of
2,600 nonduplicate samples, representing 22.7% of
COVID-19 cases in Kyoto. We determined pangolin
lineages for 2,318 samples, the median coverage of
which was 99.7% (interquartile range [IQR] 99.1%-
99.8%) of the reference genome. The primary lineage
responsible for each wave in Kyoto shifted during
the 4 waves, from B.1 (47.1%) during the first wave
to B.1.1.284 (88.6%) in the second, B.1.1.214 (85.4%)
in the third, and B.1.1.7 (Alpha; 93.4%) in the fourth
(Figure 2, panel A). During March 2021, between the
third and fourth waves, R.1 was the most common
(53.8%) lineage. We noted 2 VOCs: Alpha lineages
B.1.1.7 and Q.1 (n = 998) during January 2021-June
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2021 and Delta B.1.617.2-like (n = 9) during July 2021.
The prevalent lineages in the 4 COVID-19 waves in
Kyoto were the same as the rest of the country, except
Japan had B.1.1 dominance during the first wave (Fig-
ure 2, panel B).

Active epidemiologic investigation of 5,061
COVID-19 cases in Kyoto identified 13,562 close con-
tacts during November 2020-March 2021. The most
common contact categories were household con-
tacts (35.3%) and family living separately (10.4%),
followed by workplace (staff 17.6% and user 8.2%),
school (12.9%), and friend contacts (11.5%). Of close
contacts, 11,813 (87.1%) had RT-PCR tests and 15.1%
tested positive (Table 1). Test positivity was the high-
est among household contacts (24.9%) and friend
contacts (16.4%). The test positivity rate among the
general population during the same period was 5.9%.

We assessed the association of COVID-19 cases
with household transmission events and clusters
during the third and fourth waves in Kyoto (Table
2). Compared with cases in the third wave, the mean
number of cases per day was higher during the
fourth wave (51.0 vs. 68.5), as was the percentage of
household cases among all cases (26.7% vs. 28.9%).
The percentage of cluster-associated cases among all
cases was higher during the third wave than during
the fourth wave (15.4% vs. 10.7%), as was the medi-
an number of cases associated with each cluster (11
vs. 7), but the mean number of clusters per day was
higher during the fourth wave than the third wave
(0.70 vs. 0.44). The most common settings for clusters

Figure 1. Seven-day moving
average of cases during 4
COVID-19 waves, Kyoto, Japan,
January 2020—June 2021. Solid
black represents averages in
Kyoto City and dashed lines
represent averages in Japan.
Arrows indicate the state of
emergency designation in Kyoto
Prefecture, in which Kyoto is
located. Scales for the y-axes
differ substantially to underscore
patterns but do not permit

direct comparisons.
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Figure 2. Prevalence of major
SARS-CoV-2 viral lineages
detected among respiratory

tract specimens collected during
4 COVID-19 waves in Japan,
January 2020-June 2021. A)
Lineages detected in Kyoto

City. B) Lineages detected from
62,703 genomes obtained in
Japan and downloaded from

the GISAID database
(https://www.gisaid.org). Number
of available genomes analyzed
per month is shown above each
bar. The most common lineages
during each wave in Kyoto were
B.1 (n =8, 47.1%) during the first
wave; B.1.1.284 (n = 156, 88.6%)
during the second; B.1.1.214

(n =766, 86.0%) during the third;
and B.1.1.7 (Alpha; n = 983,
93.4%) during the fourth. B.1.48
was the second most common
lineage during the first wave
(n=7,41.2%) and R.1 was the
most common lineage during
March 2021 (n = 14, 53.8%),
between the third and fourth
waves. The most common
lineages during each wave in
Japan were B.1.1 (n = 2,561,
78.1%) during the first wave;

B.1.1.284 (n = 5,641, 73.3%) during the second; B.1.1.214 (n = 10,970, 72.1%) during the third; and B.1.1.7 (Alpha; n = 19,630,
78.8%) during the fourth. B.1.48 was the second most common lineage during the first wave (n = 313, 9.5%) and R.1 was the
second most common lineage during March 2021 (n = 2,217, 40.0%).

during the third wave were welfare facilities (60.0%)
and hospitals (25.0%), but during the fourth wave,
offices (30.2%) and adult daycare and LTCFs (16.3%)
were the most common settings (Appendix 2 Table,
https:/ /wwwnc.cdc.gov/EID/article/28/8/22-
0420-App2.pdf).

Because Alpha was the main variant during the
fourth wave, we compared the household transmis-
sion rates associated with the Alpha VOC and the
non-VOC B.1.1.214. We investigated 310 households
in which >1 member was infected with SARS-CoV-2
during November 2020-May 2021, regardless of
symptoms, and for which all members had RT-PCR

testing. We noted 245 households in which >1 house-
hold member was infected with Alpha or B.1.1.214
SARS-CoV-2 lineages. We excluded 29 households
with incomplete demographic data, 9 households
with >1 index case, and 1 household with a contact
infected >14 days after the symptom onset or diagno-
sis of the index case. Thus, we found 206 households
eligible for comparison, 106 with Alpha infections
and 100 with B.1.1.214 infections (Table 3).

Of the households with Alpha infections, we noted
106 index cases and 282 contacts; the median household
size was 3 persons. Of 100 households with B.1.1.214
infections, we noted 100 index cases and 282 contacts,

Table 1. Reverse transcription PCR test positivity for close contacts of 5,061 COVID-19 case-patients, Kyoto, Japan, November 2020—

March 2021

Contact category No. identified No. (%) tested No. (%) positive
Household members living together 4,789 4,523 (94.4) 1,128 (24.9)
Family living separately 1,415 1,038 (73.4) 150 (14.5)
School, including nursery 1,755 1,696 (96.6) 38 (2.2)
Workplace, working staff 2,384 1,966 (82.5) 169 (8.6)
Workplace, user 1,114 1,030 (92.5) 67 (6.5)
Friend 1,566 1,174 (75.0) 193 (16.4)
Others 539 386 (71.6) 39 (10.1)
Total 13,562 11,813 (87.1) 1,784 (15.1)
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Table 2. COVID-19 cases associated with households or clusters during the third and fourth disease waves, Kyoto, Japan*

Variables Third wave Fourth wave
Date 2020 Dec—2021 Feb 2021 Apr—May
Total no. cases (mean no./d) 4,592 (51.0) 4,181 (68.5)
Total no. (%) secondary cases among households 1,228 (26.7) 1,208 (28.9)
Total no. (%) cases associated with clusters 849 (18.5) 449 (10.7)
Median no. cases associated with each cluster (IQR) 11 (9-20.5) 7 (6-9)
Total no. clusters (mean no./day) 50 (0.56) 43 (0.70)
Median test positivity of each cluster, % (IQR)T 18 (9.7-37) 34 (15.6-66.3)

*IQR, interquartile range.

tCalculated by using epidemiologic data available for 48 clusters in the third wave and 35 clusters in the fourth wave.

and the median household size was 4 persons. Con-
tacts had RT-PCR testing a median of 6 (IQR 4-7) days
after the index case was tested. Comparing lineages,
we did not note statistically significant differences in
the household size, age, or sex of the index cases and
their contacts. We were able to determine lineages for
63 households with >2 (maximum of 5) members, and
the lineages among each member were concordant in
all households. The observed SAR in households with
Alpha (62.4%) was higher than in households with
B.1.1.214 (53.9%) (Table 4). In addition to differences
between lineages, the observed SAR in each category
was higher among adult (persons 19-59 years of age)
index case-patients, elderly (persons >60 years of age)
contacts, symptomatic index cases, and small house-
hold sizes (2-3 members) (Table 4). A risk factor analy-
sis conducted by using a generalized linear mixed-ef-
fects model found that index case symptoms (adjusted
odds ratio [aOR] 2.84, 95% CI 1.49-5.42; p<0.01) and
Alpha lineage (aOR 1.52, 95% CI 1.06-2.18; p = 0.02)
were significantly associated with household trans-
mission (Table 4). Persons living in households of >4
members were at a lower risk for transmission. All
model-predicted SARs were similar to the observed
SARs, indicating the model was valid.

We performed a phylogenetic analysis of 135 Al-
pha and 143 B.1.1.214 genomes obtained from all 206
households (Appendix 2 Figure). Among these ge-
nomes, 127 were obtained from >2 household mem-
bers. The average number of single-nucleotide poly-
morphism (SNP) differences among genomes from
each household was smaller than SNP differences
among other genomes in the corresponding lineage.
B.1.1.214 genomes had a median of 0 (range 0-10)
SNP differences among household members versus
14.3 SNPs from genomes outside the household, and
B.1.1.7 genomes had a median of 0.7 (range 0-5) SNP
differences within households versus 6.6 SNPs from
genomes outside the household.

Discussion
Kyoto and Japan experienced 4 waves of COVID-19
and the prevalent lineages in Kyoto’s 4 waves were
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similar to those in Japan (Figure 2). Before the first
wave (January-March 2020), SARS-CoV-2 lineag-
es A and B, which caused the initial outbreak in
China, were introduced to Japan, then lineage B.1
or B.1.1 was introduced from Europe (15). The B.1
derivatives have a spike protein D614G mutation,
resulting in increased transmissibility (16); this mu-
tation subsequently resulted in worldwide spread
and replacement of other existing lineages (17). The
first wave in Japan was characterized by B.1/B.1.1
and its derivatives, which evolved and spread do-
mestically (15). Among these lineages, B.1.48 was
a domestic lineage that has not been reported out-
side Japan. The B.1.48 lineage was the second most
common lineage in Kyoto and had a higher preva-
lence in that city than in Japan overall. This find-
ing suggests a local outbreak, although the sample
size during the first wave in Kyoto was limited. The
second and third waves were caused by 2 domes-
tic B.1 derivatives, B.1.1.284 in the second wave
and B.1.1.214 in the third wave (18). These lineages
did not harbor mutations in the spike protein, and
explanations for lineage replacement are lacking.

Table 3. Characteristics of 206 households whose members
were infected with SARS-CoV-2 B.1.1.214 or Alpha variants,
Kyoto, Japan, November 2020-May 2021*

Variables Alpha Non-VOC  p value
No. households 106 100
Median household size 3 4
IQR 34 34 0.19
Range 2-10 2-9
No. index cases 106 100
Median age, y 38 47.5
IQR 23-56 27.75-58 0.12
Range 5-93 7-91
Sex, no. (%)
M 73 (68.9) 70 (70.0) 0.95
F 33 (31.1) 30 (30.0)
No. household contacts 282 282
Median age, y 355 355
IQR 13-53 16-52 0.96
Range 0-90 1-95
Sex, no. (%)
M 129 (45.7) 130 (46.1) 0.90
F 153 (54.3) 152 (53.9)

*Alpha variant B.1.1.7 or non-VOC B.1.1.214. IQR, interquartile range;
VOC, variant of concern.
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Table 4. Secondary attack rates and risk factors for SARS-CoV-2 infection in 206 households whose members were infected with
SARS-CoV-2 B.1.1.214 or Alpha variants, Kyoto, Japan, November 2020—May 2021*

No. No. Secondary attack rate, %

Variables contacts infected Observed Predicted (IQR)T  Adjusted odds ratio (95% C)t p valuet
Overall 564 328 58.2 58.1 (46.5-71.1) NA NA
Index case age group, y

<18 57 23 40.4 40.4 (28.3-49.8) 0.67 (0.35-1.28) 0.22

19-59 419 256 61.1 61.1 (51.7-70.9) Referent

>60 88 49 55.7 55.5 (44.9-64.0) 0.73 (0.44-1.22) 0.23
Contacts age group, y

<18 167 82 49.1 49.1 (37.3-61.9) 0.72 (0.48-1.07) 0.10

19-59 344 208 60.5 60.4 (52.7-70.9) Referent

>60 53 38 7.7 71.9 (66.0-81.0) 1.75 (0.89-3.42) 0.10
Index case symptoms

Asymptomatic 58 19 32.8 32.7 (24.1-43.4) Referent

Symptomatic 506 309 61.1 61.1 (51.7-70.9) 2.84 (1.49-5.42) <0.01
Household size

2-3 171 123 71.9 71.9 (70.9-78.7) Referent

4 189 112 59.3 59.3 (52.0-69.3) 0.61 (0.38-0.97) 0.04

5 100 43 43.0 42.9 (37.3-47.5) 0.34 (0.20-0.58) <0.01

>6 104 50 48.1 48.0 (44.4-55.3) 0.46 (0.26-0.79) <0.01
SARS-CoV-2 lineage

Non-VOC, B.1.1.214 282 152 53.9 54.0 (44.9-64.0) Referent

Alpha, B.1.1.7 282 176 62.4 62.3 (65.3-72.7) 1.52 (1.06-2.18) 0.02

*IQR, interquartile range; NA, not applicable; VOC, variant of concern.

TCalculated by using a generalized linear mixed-effects logistic regression model.

Between the third and fourth waves, during March
2021, the R.1 lineage, which was predominantly
found in the United States, replaced B.1.1.214 in
Kyoto and in Japan. R.1 harbors the spike protein
mutation E484K, which is associated with immune
escape and an increased reproduction number (19).
The global origin of R.1 currently is unknown, but
it was possibly imported from a country where the
presumptive ancestor of B.1.1.316 was circulating
(18). R.1 was replaced by the Alpha variant, which
was responsible for the fourth COVID-19 wave in
Japan. The Alpha variant was first detected in Eng-
land and caused a global pandemic because of its
higher transmissibility (8,20).

Genomic sequencing to detect variants has been
performed worldwide at an unprecedented rate, but
the coverage of samples is still biased toward re-
gions and countries with high testing and sequenc-
ing capacity (21). In Japan, genome sequencing is
performed under governmental leadership in na-
tional or regional infectious disease laboratories or
large-scale private laboratories. By June 28, 2021,
~7% of SARS-CoV-2-positive samples had been ana-
lyzed (22). We determined the genomes of 20% of
cases in Kyoto through a collaboration between the
local health department and a university hospital. In
addition to genomic surveillance, the collaboration
included mass PCR testing needed for epidemio-
logic investigations, mass screening for SARS-CoV-2
antibodies among essential workers, and establish-
ing COVID-19 infection control programs targeting

small-scale hospitals and facilities for elderly or dis-
abled persons.

With the all-case investigation strategy, we were
able to test 87.1% of case-contacts. By contrast, data
from US public health authorities reported that 59%
of US cases had been investigated, 71% of contacts
were notified, and only 14.1%-54.7% of contacts had
been tested (23). We found the RT-PCR test positiv-
ity rate of contacts in Kyoto was the highest among
household members (24.9%). In addition, the posi-
tivity rate among family members living separately
was 14.5%, which was similar to the average in the
general population (15.1%), indicating that house-
holds were the main transmission venues during
the third COVID-19 wave in Kyoto (Table 1). The
importance of RT-PCR testing of close contacts was
confirmed by the higher test positivity rate (15.1%)
among close contacts than among the general popu-
lation (5.9%).

The incidence of clusters was higher during the
fourth wave than the third wave in Kyoto (Table 2).
However, the frequency of cluster-associated cases
and the number of cases per cluster was lower in
the fourth wave. Clusters occurred in hospitals and
LTCFs and were related to inappropriate use of per-
sonal protective equipment (3). Clusters also were re-
ported from other congregate settings, such as house
parties, homeless shelters, and food processing facili-
ties (24). As described, we interceded in hospitals and
adult daycare and LTCFs to improve infection pre-
vention measures, which might have contributed to
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the decreased incidence of clusters and numbers of
cases per cluster in those settings.

Two doses of a COVID-19 vaccine (BNT162b2
[Pfizer-BioNTech, https://www.pfizer.com] or
mRNA-1273 [Moderna, https://www.moderna.
com]) are highly effective against the Alpha variant
and non-VOCs (25). Japan designated healthcare
workers as a vaccine priority group and began a
vaccination program for them on May 2021; vacci-
nation for residents of LTCFs began in March 2021.
By the end of May 2021, 12.2% of Kyoto citizens
had received >1 dose of a vaccine, and 3.2% had re-
ceived 2 doses. These vaccination data suggest that
vaccination might be associated with the reduction
in cluster-associated cases but might not be associ-
ated with the number of overall cases during the
fourth wave.

Household secondary cases accounted for 26.7%-
28.9% of all COVID-19 cases in Kyoto, and these rates
increased during the fourth wave compared with the
third wave. Similarly, a study conducted in Canada
at the beginning of the pandemic (January-July 2020)
reported a 20.5% rate of household secondary cases
(5). During the third and fourth COVID-19 waves
in Kyoto, the city declared a state of emergency and
residents were advised to stay at home. This stay-at-
home recommendation might have contributed to
the suppression of community spread but also might
be associated with the increased rates of household
transmission. A modeling study in China estimated
that 51.5% of infections occurred in households dur-
ing the first outbreak, and this number increased to
69.8% after quarantine (7). During lockdown in the
United States, household transmission was estimated
to increase 25%-50% (26).

The SARs we found in Kyoto were higher than
other reported SARs, probably reflecting differences
in lineages, transmission opportunities, and case in-
vestigation strategies. We assumed a very low pos-
sibility of transmission from outside the household
during quarantine because public health centers is-
sued a strong request for citizens to stay home. Data
from 10 prefectures of Japan, not including Kyoto,
reported a 19.0% SAR during the first wave, in which
imported and cluster-associated cases were the main
sources of transmission, but we noted a 53.9% SAR
for B.1.1.214 in this study (Table 4). Those data were
mostly generated from cases during the third wave,
during which household transmission increased be-
cause of the state of emergency and prevalence of
different lineages with potentially superior trans-
missibility. A meta-analysis of worldwide data es-
timated that SARs increased over time from 13.4%
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during January-February 2020 to 31.1% during July
2020-March 2021 and that these increases might
be associated with the spread of variants with in-
creased transmissibility (27). That report also noted
SARs as high as 24.5% (range 10.9%-46.2%) for Al-
pha variants (27). In our cohort, household infection
with Alpha clearly was associated with an increased
SAR of 62.4% and a higher risk for transmission with
an aOR of 1.52 (Table 4), which probably contrib-
uted to the larger number of household secondary
cases during the fourth wave (Table 2). Delta vari-
ants are associated with a higher risk for household
transmission than Alpha variants and have an aOR
of 1.70 (28), which implies a further increase in SAR
and effects of household transmission. Vaccination
lowers the risk for household transmission of VOCs
and can be a vital strategy for reducing infections
(28,29). However, the Delta and Omicron VOCs that
emerged after Alpha have the potential for immune
escape; observational studies suggest that vaccine
effectiveness against Delta was lower than for Al-
pha (30) and that effectiveness against Omicron is
further lower than that for Delta (31). In addition,
postvaccine immunity could wane over time (25,31).
Proposed booster doses could improve vaccine ef-
fectiveness, even against Delta and Omicron vari-
ants (25,32). Improved vaccination programs that
include booster doses and evaluation studies of vac-
cine effectiveness in households could help reduce
household transmissions.

In addition to VOC:s, the risk factors for house-
hold transmission include age, fewer household
members, contact frequency, and symptomatic index
cases (5,14,33-35). Our results are consistent with pre-
vious reports that show a lower risk for persons <18
years of age to be index cases and higher risk for trans-
mission among adult contacts, small households, and
symptomatic index cases (5,14,33-35) (Table 4). In
an outbreak in China, interventions targeting house-
holds, mass isolation of patients, quarantine of house-
hold contacts, and movement restriction policies suc-
ceeded in reducing the reproduction number of index
cases by 52% and secondary cases by 63% (35). Pub-
lic health interventions targeting households, such
as public health messaging, self-quarantine at home
(35), and promoting isolation facility use (5), appear
to be effective strategies for reducing the number of
COVID-19 cases.

The strengths of this study include a high cov-
erage of epidemiologic investigations, which were
supported by a high proportion of testing among
close contacts and cluster-associated contacts, as
well as genomic surveillance. The first limitation of
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the study is that differences among the study peri-
ods in the analyses of the cases and contacts (Tables
1-4) should be noted when interpreting and gen-
eralizing the results in combination. Second, we
could not perform risk factor analyses for RT-PCR
test positivity among close contacts and those of
the cluster-associated cases because of the absence
of detailed epidemiologic data, including clinical
symptoms, vaccination status, infection prevention
measures, and RT-PCR testing delays. Thus, the ef-
fects of different variants on close contact catego-
ries other than households and on cluster-associat-
ed cases were not elucidated.

In conclusion, this study elucidates the epidemio-
logic characteristics of COVID-19 patients and their
contacts in Kyoto, Japan, and highlights the role of
household transmission, as enhanced by the Alpha
variant, by using viral genomic analysis. In addition
to current epidemiologic investigation efforts, includ-
ing contact tracing, strengthening interventions that
target household are needed for infection control.
Continued collaboration between public health de-
partments and academia can accurately illuminate
the epidemiology of COVID-19 and whether emerg-
ing VOCs have higher transmissibility.
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Dissemination of carbapenemase-encoding plasmids by
horizontal gene transfer in multidrug-resistant bacteria
is the major driver of rising carbapenem-resistance, but
the conjugative mechanics and evolution of clinically rel-
evant plasmids are not yet clear. We performed whole-
genome sequencing on 1,215 clinical Enterobacterales
isolates collected in Singapore during 2010-2015. We
identified 1,126 carbapenemase-encoding plasmids and
discovered pKPC2 is becoming the dominant plasmid
in Singapore, overtaking an earlier dominant plasmid,
pNDM1. pKPC2 frequently conjugates with many En-
terobacterales species, including hypervirulent Klebsiella
pneumoniae, and maintains stability in vitro without se-
lection pressure and minimal adaptive sequence chang-
es. Furthermore, capsule and decreasing taxonomic re-
latedness between donor and recipient pairs are greater
conjugation barriers for pNDM1 than pKPC2. The low
fitness costs pKPC2 exerts in Enterobacterales species
indicate previously undetected carriage selection in other
ecological settings. The ease of conjugation and stabil-
ity of pKPC2 in hypervirulent K. pneumoniae could fuel
spread into the community.
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The global rise of carbapenem-resistant Enterobacte-
rales (CRE) infections is posing a grave challenge to
hospital systems worldwide (1). Carbapenemase genes
usually are located on plasmids that can transmit ver-
tically along clonal lineages and horizontally between
different strains and species (2). However, the princi-
ples governing the transmission of carbapenemase-en-
coding plasmids in clinically relevant settings are com-
plex and dynamic. Plasmid properties, donor, recipient,
and ecologic factors all affect transmission (3,4).
Previously, we found a 71,861-bp pKPC2 plas-
mid, pKPC2_sgl1 (GenBank accession no. MN542377),
in all 18 carbapenem-resistant hypervirulent Klebsiella
pneumoniae isolates available in the Carbapenemase-
Producing Enterobacteriaceae in Singapore (CaPES)
collection (5,6). (Enterobacteriaceae is the former
name of Enterobacterales.) The plasmid sequence
was stable and unchanged after moving into different
bacterial hosts or when maintained in human hosts
for >200 days. This discovery prompted questions
about the extent of pKPC2_sgl dominance in clini-
cal settings in Singapore, and its transmissibility and
stability in hypervirulent K. pneumoniae. Using >1,000
CRE isolates collected from the 6 public hospitals in
Singapore during 2010-2015, a subset of which was
previously described (6), we examined the distribu-
tion of different carbapenem-encoding plasmids to
investigate the dynamics and dominance of pKPC2.

Materials and Methods
Bacterial Strains, Growth Conditions, and Plasmids

We analyzed 1,215 CRE isolates for carbapen-
emase plasmids distribution (Appendix 1 Table,
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https:/ /wwwnc.cdc.gov/EID/article/28/8/21-
2542-Appl.xlsx). We have included information on
modified and unmodified plasmids, bacterial mutant
generation and the Enterobacterales strains (Appen-
dix 2, https://wwwnc.cdc.gov/EID/article/28/8/
21-2542-App2.pdf). Unless otherwise specified, we
grew strains on Lennox L Agar lysogeny agar (LA)
(Invitrogen-ThermoFisher,  https://www.thermo-
fisher.com) at 37°C overnight before the assays.

Whole-Genome Sequencing

We performed whole-genome sequencing (WGS) by
using the MiSeq platform (Illumina, https://www.
illumina.com) and the GridION X5 system (Oxford
Nanopore Technologies, https:/ /nanoporetech.com).
To assemble genomes, we used SPAdes Genome As-
sembler version 3.11.1 (7) and Unicycler version 0.4.8
(8). For bacterial species assignment, we performed
multilocus sequence typing (MLST) by using Bacte-
rial Isolate Genome Sequence Database version 2.8
(9) or the Center for Genomic Epidemiology Bacterial
Analysis Pipeline (https://www.genomicepidemiol-
ogy.org) and Kraken (10). We identified antimicrobial
resistance genes in CRE isolates by using Abricate
version 1.0.1 (11) and the National Center for Biotech-
nology Information (NCBI) Bacterial Antimicrobial
Resistance Reference Gene Database (12). We iden-
tified virulence genes by using the Virulence Factor
Database (13) (Appendix 2).

Plasmid Annotation and Analysis

We analyzed the pKPC2 sequence (GenBank acces-
sion no. MN542377) by using GeneMarkS (14) to ac-
quire a list of predicted protein sequences and sub-
jected sequences to blastp (14). We used blastp results
to annotate genes on the plasmid, which we drew by
using the BLAST Ring Image Generator (15). We also
analyzed the plasmid sequence by using Plasmid-
Finder version 2.1 (16,17).

Replicon Analysis

We used EcoRI and BamHI restriction enzymes to
double digest pKPPC2 DNA for 1 hour at 37°C, then li-
gated the fragments to the pR6K plasmid by using T4
DNA Ligase (Promega, https://www.promega.com).
We then used Escherichia coli Stellar HST08 Competent
Cells (TaKaRa Bio, Inc., http://www.takara-bio.com)
to introduce fragments through heat shock, and select-
ed the transformants on LA with kanamycin (50 ng/
mL). However, pR6K cannot replicate in HST08 cells
because the R6K replicon protein must be provided
in trans via lambda pir. Only pR6K with ligated frag-
ments carrying a functional replicon can replicate.
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We harvested plasmids from the selected clones
and submitted these to 1st BASE (https:/ /base-asia.
com) for Sanger sequencing to determine the inserts.
We performed phylogenetic analysis on the identi-
fied trfA replicon by using ClustalW (https://www.
clustal.org) and the maximume-likelihood method in
MEGA-X version 10.2.6 (18).

Bacterial Growth Assay

We streaked bacterial strains on LA containing an-
timicrobial drugs for various plasmids: 256 pg/mL
erythromycin for pKPC2; 0.5 ng/mL meropenem for
pNDM1; and 50 pg/mL kanamycin for pKPC2%"® or
pNDM1%"® We incubated plates at 37°C overnight,
then inoculated colonies into Lennox L Broth Base ly-
sogeny broth (LB; Invitrogen-ThermoFisher) contain-
ing the same antimicrobial drugs and placed in a shak-
ing incubator set at 37°C and 150 rpm overnight. We
measured the optical density at 600 nm (optical den-
sity 600) of overnight bacterial culture and recorded
the reading before diluting it to 0.001. We added 200
uL of diluted cultures to a 96-well plate and placed
these on a Synergy H1 plate reader (BioTek, https://
www.biotek.com) at 37°C. We measured absorbance
at optical density 600 hourly for 24 hours.

Conjugation Experiments

We performed conjugation on 0.22 pm Cellulose Ni-
trate Filter (Sartorius, https:/ /www .sartorius.com) ni-
trocellulose membranes using a 1:1 ratio of donor to
recipient strains on LA. We measured plasmid transfer
kinetics from E. coli MG1655 at various timepoints up
to 4 hours at 37°C. We selected recipient strains on LA;
E. coli SLC-568 with 50 pg/mL kanamycin or K. pneu-
moniae SGH10 with 40 ng/mL fosfomycin. We used
the same antimicrobial drugs to select transconjugants
on LA plus 256 pg/mL erythromycin for pKPC2 or 0.5
pg/mL meropenem for pNDM1. For conjugation as-
says of pKPC2*"® and pNDM1*"¥, recipients carried
PACYC184“"® for selection. We selected transconju-
gants on LA with 50 ng/mL chloramphenicol and 50
pg/mL kanamycin and selected recipients without ka-
namycin. For conjugation into hypervirulent K. pneu-
moniae recipients, we replaced chloramphenicol with
40 pg/mL fosfomycin. We measured conjugation fre-
quency by dividing the number of transconjugants by
the number of recipients.

Plasmid Stability Assessment

We cultured strains in LB and 50 pg/mL kanamycin
overnight, then subcultured every day by inoculating
4.88 uL of the culture into 5 mL of antimicrobial-free
LB, as described (19). At generations 0, 30, 60, and 90,
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we serially diluted bacterial cultures and plated on
LA with and without 50 png/mL kanamycin. We fur-
ther subcultured selected bacterial strains to 300 gen-
erations and plated at generation 100, 200, and 300.
We calculated plasmid stability as the number of an-
timicrobial-resistant bacteria per total bacterial count.

To test for plasmid incompatibility, we measured
the stability of pKPC2"® in E. coli MG1655 harbor-
ing both pKPC2¥"® and pRK2-AraE as described (20),
except we first grew the strain in LB with both 35 ng/
mL gentamicin and 50 pg/mL kanamycin before sub-
culturing for 100 generations in LB with 35 pg/mL
gentamicin to select for pRK2-AraE. At every 10th
generation, we plated the cultures on LA with 35 pg/
mL gentamicin, and LA with 35 nug/mL gentamicin
and 50 pg/mL kanamycin.

Regression Analysis

To study the effect of taxonomic relatedness on
pKPC2 and pNDM1 conjugation frequencies, we
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applied a survival-analysis approach (21). We mod-
eled the donor-recipient pair as a random effect to ac-
count for unobserved heterogeneity specific to each
pair (Appendix 2).

Results

Dominant Carbapenemase-Encoding Plasmid

From 1,312 CRE isolates (817 unique patients) sub-
mitted during September 2010-April 2015 as part of
mandatory reporting to the National Public Health
Laboratory, we successfully cultured, performed
WGS on, and assembled genomes for 1,302 (99.2%)
isolates. Of those, 1,251 (96.1%) identified bacterial
species and carbapenemase genes were concordant
with laboratory data (MIC >1 mg/L or disc diffusion
zone diameter <23 mm for imipenem and merope-
nem) (6). We excluded 36 isolates because patient or
date of culture information was missing; thus, we
analyzed 1,215 (93.3%) isolates (Figure 1, Appendix

Figure 1. Flowchart of

steps used for identifying
dominant carbapenemase-
encoding plasmids in clinical
Enterobacterales isolates
and hypervirulent Klebsiella
pneumoniae, Singapore.

We collected 1,312 samples
available in the CaPES
collection and analyzed 1,215
whole-genome sequenced
samples. We identified 2
dominant clusters with large
numbers of carbapenemase-
encoding plasmids; the
bla,,.—dominant cluster
comprised pKPC2 plasmids

and the bla,,,,~dominant cluster
pNDM1 plasmids. CaPES,
Carbapenemase-Producing
Enterobacteriaceae in Singapore
(CaPES) (Enterobacteriaceae

is the former name of
Enterobacterales); WGS, whole-
genome sequencing.
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Figure 2. Percentage and distribution of dominant carbapenemase-encoding plasmids in clinical Enterobacterales isolates and
hypervirulent Klebsiella pneumoniae, Singapore. A) Percentage distribution of the total carbapenemase-encoding plasmids identified.

The bla

KPC

dominant cluster refers to those harboring pKPC2 plasmid; bla
Others indicate carbapenemase-encoding plasmids that do not carry bla

won dominant cluster refers to those harboring pNDM1 plasmid.

or bla B, C) Distribution of carbapenemase-encoding

KPC NDM*™

plasmids identified among Carbapenemase-Producing Enterobacteriaceae in Singapore (CaPES) (Enterobacteriaceae is the former
name of Enterobacterales) samples collected during September 2010—March 2015 (B) and among Enterobacterales isolates (C).

Nondominant cluster refers to other plasmids carrying bla .. or bla

encoding plasmid in Singapore during 2010-2015.

KPC

NDM*

We found that pKPC2 was the most dominant carbapenemase-

1). We successfully identified 1,126 carbapenemase-
encoding plasmids with assignments from the 1,215
isolates. We found 2 dominant carbapenemase-en-
coding plasmids: bla,,. (n = 506; 44.94%) and bla,,
(n = 505; 44.85%) (Figure 2, panel A). Among the 506
bla,,. plasmids, 364 (32.33%) were pKPC2 plasmids,
which we termed the bla, , -dominant cluster. Among
the 505 bla,,, plasmids, 276 (24.51%) were pNDM1
plasmids, which we termed the bla_., -dominant clus-

ter. Nondominant plasmids inclulgllgél other bla,. or
bla,,, plasmids that did not fall into the pKPC2 or
pNDM1 dominant clusters.

During 2010-2012, pNDM1 was predominant but
pKPC2 subsequently caught up during 2013-2015
(Figure 2, panel B; Appendix 2 Figure 1, panel A).
Those plasmids were largely found in 3 species: K.
pneumoniae (43.96%), E. coli (31.71%), and Enterobac-
ter cloacae (13.68%) (Figure 2, panel C). Bacterial se-
quence type (ST) distribution among bla,, -positive
and bla,, -positive isolates showed that both bla,,.
and bla,,, plasmids were widely distributed across
numerous STs, particularly in K. pneumoniae (Appen-
dix 2 Figure 1, panel B), indicating that widespread
distribution is unlikely due to selective clonal expan-
sion events. The bla , -dominant cluster also had
more unique isolates than the other clusters, suggest-

ing wider bla,,,.transmission (Figure 3).

Evolution of pKPC2 Features
Annotated features on the pKPC2 plasmid map show
conjugative genes from the tra and trb operons and
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complete conjugative machinery (Figure 4, panel
A). A comparison against the GenBank database
for similar plasmids revealed pKPC2 is a hybrid of
PSA20021456.2-like plasmids (GenBank accession
no. CP030221), with 74% coverage and 99.60% iden-
tity, and pKPCAPSS-like plasmids (GenBank acces-
sion no. KP008371), with 34% coverage and 99.99%
identity (Figure 4, panel A). The conjugative and

Figure 3. Violin plots showing the unique isolate counts from each
patient in a study of dominant carbapenemase-encoding plasmids
in clinical Enterobacterales isolates and hypervirulent Klebsiella
pneumoniae, Singapore. Unique isolates were defined as different
species or different sequence types from same species. We
separated unique isolates into 3 groups: bla, .. dominant (n =
196), bla,,,, dominant (n = 203), and all others (n = 504), which
included bla,,. nondominant, bla,;,, nondominant, and others.
Brackets indicate p values for nonparametric Mann-Whitney tests
between groups.
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Figure 4. Annotated plasmid maps of the dominant carbapenemase-encoding plasmid in clinical Enterobacterales isolates and hypervirulent
Klebsiella pneumoniae, Singapore. A) Annotated plasmid map of pKPC2_sg1 (GenBank accession no. MN542377), including the complete
conjugative machinery (oriT, relaxase, T4CP, and T4SS) and the resistance genes, bla,, ,, bla,,,, mph(A), and TEM family class A
B-lactamase (TEM-1). The region of pKPC2_sg1 encoding the resistance genes was found in another plasmid called pKPCAPSS (GenBank
accession no. KP008371), but the region encoding the conjugative machinery was highly similar to the sequence of pSA20021456.2
(GenBank accession no. CP030221). B) Plasmid alignment map showing other environmental or clinical plasmids with similar backbone, the
pSA20021456.2 backbone, as pKPC2. C) Graphical representation of EcoRI/BamHI digested pKPC2 region containing replicon.

plasmid maintenance genes in pKPC2 are encoded in
the pSA20021456.2-like backbone, which also is found
in several other plasmids carried by environmental or
clinical isolates (Figure 4, panel B). The region with
resistance genes matches part of pKPCAPSS, which
might have originated from Southeast Asia (22). Us-
ing PlasmidFinder 2.1 (16), we were unable to find any
replicon on pKPC2. To determine the potential origin
of replication (oriV), we used restriction enzyme diges-
tion to identify the gene fragment in pKPC2 capable of
replication (23,24). We cloned the fragments into the
lambda pir-dependent vector of pR6K. We success-
fully selected E. coli colonies with pR6K containing an
11,111-bp fragment with the trfA gene (Figure 4, panel
C), which is the prototypical protein essential for rep-
lication of incompatibility group P (IncP) plasmids
with oriV consisting of 5 17-bp tandem repeats (25).
We detected 9 similar, but not identical, 17-bp tandem
repeats immediately downstream of trfA (Appendix
2 Figure 2). We cloned the trfA and oriV region into
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pR6K and were able to successfully transform and
replicate this region in E. coli, demonstrating that the
trfA and oriV region is the minimal sequence required
for replication (Appendix 2 Figure 3).

To further examine whether the trfA replicon in
pKPC2 belongs to the IncP family, we measured the
plasmid stability of pKPC2 in presence of another
IncP plasmid, pRK2. Plasmids that belong to the same
incompatibility group cannot coexist stably in the
same host because they have similar replicons (26).
In E. coli MG1655 harboring both plasmids, pKPC2
was gradually lost when pRK2 was under selection
(Figure 5, panel A). Moreover, phylogenetic analysis
revealed that pKPC2's trfA is related to the IncP fam-
ily, but it does not belong to any existing subgroup
and is more closely related to the IncP-e subgroup,
with some divergence (Figure 5, panel B). Analysis
of pKPC2’s conjugative tra and trb operons also re-
vealed the gene arrangement typical in IncP tral and
tra2 cores (Appendix 2 Figure 4) (27).
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Figure 5. Plasmid incompatibility group analysis of
pKPC2 carbapenemase-encoding plasmid in clinical
Enterobacterales isolates and hypervirulent Klebsiella
pneumoniae, Singapore. A) Stability of pKPC2Xm?

in Escherichia coli MG1655 harboring pRK2-AraE
plasmid from IncP incompatibility group. Symbols
indicate means and error bars indicate SDs from 3
independent experiments. B) Phylogenetic comparison
of pKPC2 trfA replicon with other IncP plasmids among
isolates. Scale bar indicates nucleotide substitutions
per site.

Stability and Genetic Adaptation of pKPC2 In Vitro
pKPC2 exhibited faster conjugation kinetics, reaching
nearly 10° after 2-3 hours, than did pNDM1 (Gen-
Bank accession no. JADPQD010000004), which took
3-4 hours to reach 10° (Figure 6, panel A). With hy-
pervirulent K. pneumoniae SGH10 as the recipient, the
conjugation frequency remained higher for pKPC2
than for pPNDM1 (Figure 6, panel B).

To determine whether those plasmids exert any
fitness cost on host strains, we measured the growth
rate of host strains in presence or absence of the plas-
mids. We included plasmids tagged with kanamy-
cin resistance, pKPC2*"® and pNDM1*"®, because
they were used for subsequent experiments with
kanamycin as a robust selection marker. We found
no significant difference in growth rate for E. coli
MG1655 or K. pneumoniae SGH10 (Figure 6, panels C,
D). To simulate a nutrient-poor condition, we tested
growth rates in minimal media, which also showed
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no significant growth differences (Appendix 2 Fig-
ure 5). Furthermore, both plasmids remained stable
for up to 300 generations without selection pressure
(Figure 6, panels E, F). We compared the sequences
of the 9 pKPC2*"® plasmids from the 300th genera-
tion (pKPC2*"R_Gen300) K. pneumoniae SGH10 iso-
lates to the original pKPC2*"® plasmid using in vitro
plasmid evolution experiments and noted no major
changes in the plasmid sequence (Appendix 2 Figure
6). Among the nine 300th-generation plasmids, 6 had
2 or 4 nucleotide mismatches on p-lactamase genes.
However, sequence comparison of the pKPC2 and
pKPC2¥"® used in this study to the pKPC2_sg1 from
the clinical isolate K. pneumoniae ENT494 (GenBank
accession no. MN542377) shows the same nucleotide
polymorphism in the same genes (Appendix 2 Fig-
ure 7), indicating that these are likely the only bona
fide evolved adaptations of the plasmid. Because
host bacteria can also evolve to adapt to plasmid car-
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riage (28), we compared the genomic sequences of
nine 300th-generation K. pneumoniae SGH10 isolates
carrying pKPC2 and nine 300th-generation isolates
without pKPC2. We hypothesized that host adap-
tation would lead to an increased number of non-
synonymous mutations in the strains carrying the
plasmid versus the plasmid-null strains, leading to
changes in protein function. However, our results
indicated similar numbers of synonymous, nonsyn-
onymous, and total nucleotide polymorphism dif-
ferences in both groups.

pKPC2 Conjugation Frequency and Stability

in Enterobacterales Species

We hypothesize that the predominance of pKPC2
in our clinical isolates is due to its high conjuga-
tion frequency to different Enterobacterales spe-
cies. The conjugation frequency of pKPC2*"® from
MG1655 to other E. coli or E. cloacae recipient strains
were remarkably high, ranging from 107! to 10° (Ap-
pendix 2 Figure 8, panel A). We observed the same
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conjugation frequency for several clinical Klebsiella
strains, such as K. pneumoniae NUH29, K. quasipneu-
moniae TTSH4, K. oxytoca 8071169380, and K. vari-
icola. NUH59. However, some Klebsiella recipient
strains exhibited lower conjugation frequency, in
the 107 to 107! range. For pNDM1¥", the conjuga-
tion frequency was ~10-100-fold lower than for pK-
PC2%"R for most pairs. When we used K. pneumoniae
SGH10 as the donor to the same panel of Entero-
bacterales recipients, the conjugation frequency of
both plasmids was 10-100-fold lower than when
E. coli MG1655 was the donor (Appendix 2 Figure
8, panel B). We then swapped the donor-recipient
pairs by using the panel of Enterobacterales strains
as donors and K. pneumoniae SGH10 as the recipient
(Appendix 2 Figure 8, panel C). Overall, the con-
jugation frequency for pKPC2"® remained higher
than the frequency for pPNDM1%"® in most donor-re-
cipient pairs. However, the conjugation frequency
of the swapped donor-recipient pairs was not the
same as the original pairs, indicating the effects of

Figure 6. Characterization

of pKPC2 carbapenemase-
encoding plasmid in clinical
Enterobacterales isolates

and hypervirulent Klebsiella
pneumoniae, Singapore. A, B)
Conjugation kinetics of pKPC2
and pNDM1 from Escherichia
coli MG1655 (donor) to E. coli
SLC-568 (recipient) (A) or to K.
pneumoniae SGH10 (recipient)
(B). The donor-recipient pairs
were mixed in 1:1 ratio and
conjugated for 4 hours at 37°C
using filter matings. The number
of transconjugant and recipient
pairs were enumerated by plating.
Results from 3 independent
experiments were plotted as

the conjugation frequency
(transconjugant/recipient) over
time (minutes). Error bars
indicate SDs from 3 independent
experiments. C, D) Representative
growth curve of E. coli MG1655
(C) or K. pneumoniae SGH10
(D) with or without plasmids
pKPC2, pKPC2¢™R pNDM1,
pNDM1K™R grown in LB media

at 37°C for 24 h. E, F) Stability
of pKPC2¥™R (E) and pNDM1KmR
(F) in K. pneumoniae SGH10
and E. coli MG1655 grown in LB
up to generation 300. Symbols
indicate means and error bars
indicate SDs from 3 independent
experiments. LB, lysogeny broth.
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donor and recipient factors. Both plasmids within
the Enterobacterales strains were stable for up to 90
generations, except for E. coli UTI89, which failed to
retain the pKPC2%"® plasmid (Appendix 2 Figure 8,
panels D, E). These results align with clinical data
showing the persistence of the pKPC2 plasmid over
several months in patients without antimicrobial
drug exposure (5).

Conjugation Frequency and Stability of pKPC2

in Hypervirulent K. pneumoniae

Because pKPC2 was previously found in 18 local clin-
ical hypervirulent K. pneumoniae isolates of K1, K2,
and K20 capsular serotypes (5), we hypothesize that
the plasmid does not face constraints in transmission
to hypervirulent K. pneumoniae. Those isolates were
loosely defined as hypervirulent K. pneumoniae based
on occurrence of >2 virulence genes, such as iro and
rmpA (Appendix 2 Table 1). Indeed, we observed
high conjugation frequency for K1 strains (Appendix
2 Figure 9, panel A). On the other hand, K2 and K5
strains exhibited heterogeneity in their plasmid ac-
ceptance. However, plasmid conjugation success was
independent of capsular types because we observed
low conjugation frequency in 2 STs, K2/ST2039 and
K5/5T60, whereas other STs of the same capsular
type exhibited markedly higher conjugation frequen-
cy. Compared with pNDM1*® (Appendix 2 Figure
9, panel B), the conjugation frequency of pKPC2k"®
was ~10-100-fold higher. In fact, K2/ST2039 and K5/
ST60 strains were low conjugators for both plasmids.
Despite the low conjugation frequency, the plasmids
maintained stability over 90 generations (Appendix 2
Figure 10).

Effects of Taxonomic Factors on pNDM1 Conjugation
To examine the influence of taxonomic factors on
pKPC2 and pNDM1 conjugation frequencies, we per-
formed statistical analyses on available datasets (Ap-
pendix 2 Figures 8, 9) by using a survival-analysis
approach (21). Comparing the baseline conjugation
frequency between the same strain, we noted a statis-
tically significant decrease in pKPC2 transfer between
the same species (24.0-fold) or same genus (10.2-fold)
but no statistically significant decrease between dif-
ferent genera (Table 1). On the other hand, we noted
a statistically significant decrease in pNDMI1 trans-
fer between the same species (36.3-fold), same genus
(123.0-fold), and different genera (87.1-fold). These
results suggest that taxonomic factors have a higher
influence on pNDM1 than pKPC2, which is espe-
cially notable for transfer between the same genus or
different genera.
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Effect of Bacterial Capsule on Plasmid Conjugation
We examined a panel of isogenic deletion mutants of
K. pneumoniae SGH10 as recipients that could affect
donor-recipient pair mating dynamics. Conjugation
frequency was enhanced in ArmpA and AICEKp10
recipients, but the greatest impediment to plasmid
conjugation was the capsule (Appendix 2 Figure 9,
panel C). The Awca] recipient exhibited conjugation
efficiency approaching 10° for both plasmids (Appen-
dix 2 Figure 9, panel D). Similarly, capsule absence
increased the conjugation frequency of both plasmids
from E. coli MG1655 to capsule-null mutants of the
low conjugating hypervirulent K. pneumoniae isolates
(Appendix 2 Figure 11). However, the increases in
conjugation frequency of pNDM1**® in Awca] sug-
gests that capsule is not as much of a barrier to pKPC2
as it is to pNDMI.

Discussion
The spread of carbapenemase-encoding plasmids via
horizontal gene transfer poses a major challenge to
treatment against multidrug-resistant gram-negative
bacteria because carbapenems are often antimicrobial
agents of last resort. However, the dynamics and fac-
tors enabling the spread of these clinically significant
plasmids have not been well studied. Previously, we
found that pKPC2 is the only carbapenemase-en-
coding plasmid harbored by all the carbapenemase-
resistant hypervirulent K. pneumoniae identified (5).
Hypervirulent K. pneumoniae can cause Klebsiella-in-
duced liver abscess, a community-acquired infection
endemic in Asia-Pacific regions (29); the K1/5T23
lineage is predominantly responsible and causes 80%
of these abscesses (30). Hypervirulent K. pneumoniae
evolved through separate lineages from classical
strains that typically cause multidrug-resistant noso-
comial infections (30). Because hypervirulent K. pneu-
moniae is thought to be less receptive to horizontal
gene transfer, pKPC2 in these strains could indicate
that this plasmid has high transmission potential.
Our results showed that pKPC2 was the most
prevalent carbapenemase-encoding plasmid among
the clinical Enterobacterales isolates in CaPES. These
plasmids are largely found in K. pneumoniae, E. coli,
and E. cloacae, which also were the most prevalent
carbapenemase-encoding plasmid-harboring species
reported in other surveillance studies (31,32), show-
ing that those are major reservoirs. Although KPC-
2 has been documented on diverse plasmids and is
known to undergo frequent recombination events
(33), we uncovered a single plasmid that moves as
a discrete and intact unit among diverse strains and
species. One limitation of our epidemiologic study is
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Table. Regression coefficients for pKPC2 and pNDM1 plasmid conjugation frequencies between donor-recipient pairs in a study of
carbapenemase-encoding plasmids in clinical Enterobacterales isolates and hypervirulent Klebsiella pneumoniae, Singapore*

pKPC2 pNDM1
Taxonomic relatedness (model parameter) Mean Bootstrap 95% CI Mean Bootstrap 95% CI
Same strain (Bo) -1.73 -1.824 to -1.610 -2.31 -2.405t0 -2.212
Same species (81) -1.38 -1.599 to -1.147 -1.56 -1.771 to -1.317
Same genus (B2) -1.01 -1.162 to -0.866 -2.09 -2.258 to -1.907
Different genus (8s) 0.04 -0.1165 to 0.1988 -1.94 -2.086 to —1.808

*log base 10 conjugation frequencies and their bootstrap 95% Cl as described in for the regression equation and fitting procedure are shown.

that we do not yet know whether the same trend in
plasmid transfer persisted after 2015.

Several factors revealed by our in vitro data po-
tentially explain the high prevalence and dominance
of pKPC2 in clinical isolates. First, pKPC2 conjugates
with fast kinetics and has high transmissibility among
various host-recipient pairs. Although taxonomic re-
latedness is known to affect conjugation frequency
(21), pPNDM1 is more strongly affected by this related-
ness than pKPC2, especially for transfer within same
and other genera. This finding likely accounts for the
success of pKPC2 as the dominant carbapenemase-
encoding plasmid among Enterobacterales clinical
isolates. Second, pKPC2 has low fitness costs and is
highly adapted to host species. The persistence of
plasmids in bacterial populations over an extended
period has long been regarded as an evolutionary
dilemma (34). Although compensatory mechanisms
could account for plasmid persistence within a com-
munity with a high conjugation rate, offsetting the
disadvantage incurred by high fitness cost in the
absence of selection pressure (35), another study re-
ported that the key factor for the persistence of the
POXA48_K8 plasmid is its low fitness costs across
many clinical Enterobacteriaceae hosts in the gut,
rather than its high conjugation frequency (36,37). We
found that pKPC2 imposes low fitness cost and had
high conjugation frequency across several Enterobac-
terales isolates and a remarkable retention rate, even
in low conjugating strains. pKPC2 exhibited no muta-
tions after in vitro evolution experiments and almost
no changes compared with original clinical isolates.

We noted that both the conjugative machinery
and plasmid maintenance genes in pKPC2 are encod-
ed by the pSA20021456.2-like backbone. Several plas-
mids with a similar backbone have been described
(Figure 4, panel B), including the multidrug-resistant
pHS102707 and the pJJ1886_4 plasmids found in clini-
cal E. coli strains (38,39). This finding raises the concern
that plasmids with this backbone might have simi-
lar dissemination potential or be able to recombine
with plasmid fragments bearing multidrug-resistant
genes and a suitable oriV to become dominant under
antimicrobial drug selection pressure. Although we
might never know the origins and the evolutionary
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steps taken by pKPC2, one clue is its phylogenetic
relatedness to IncP-e plasmids, which have been ob-
served to be vectors in the spread of antimicrobial
drug resistance in agricultural systems (40).

The high transmissibility of pKPC2 was also
seen in hypervirulent K. pneumoniae clinical isolates.
Hypervirulent K. pneumoniae is thought to face con-
straints in horizontal gene transfer, and its low gene
content diversity further supported the idea that the
thick capsular polysaccharide is a barrier to trans-
fer (41). Reports of Awca] in 4 different strains of K.
pneumoniae showed an 8-20-fold increase in plas-
mid conjugation over 1 hour (42). Capsule deletion
increased conjugation frequency by 10-100-fold in
PNDM1 compared with pKPC2. This increase shows
the capsule is more of a hindrance to pPNDM1 than to
pKPC2, suggesting that pKPC2 has a competitive ad-
vantage over pNDMLI in its transmission to encapsu-
lated strains. This finding might explain why pKPC2
is the only carbapenemase-encoding plasmid among
all the hypervirulent/carbapenem-resistant K. pneu-
moniae isolates we discovered (5). The high transmis-
sibility of pKPC2 to the antimicrobial-sensitive, com-
munity-acquired hypervirulent K. pneumoniae strains
suggests that pKPC2 or its predecessors might have
undergone carriage selection for high transmissibil-
ity and persistence in isolates from ecologic settings
that harbor similar features to hypervirulent K. pneu-
moniae. Although our mechanistic studies of plasmid
transmission are limited to in vitro experiments, these
studies provide insights and potential explanations
on the pattern of transmission observed clinically.

In summary, this study underscores the need
to track the spread and dominance of clinically rel-
evant carbapenemase-encoding plasmids in health-
care settings and examine transmission character-
istics. Our findings reveal increasing dominance of
pKPC2 over other carbapenemase-encoding plas-
mids during a 5-year period. pKPC2 appears to be a
highly adapted hybrid plasmid exhibiting increased
transmissibility and persistence among Enterobac-
terales and hypervirulent K. pneumoniae strains.
These highly evolved and adapted plasmids act as
agents that move easily between various hosts and
exert negligible fitness costs, facilitating their long-
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term carriage even without selection pressure. We
propose that the pKPC2 plasmid has already under-
gone carriage adaptation and been in circulation for
some time. Insights gained on the transmission po-
tential of pKPC2 and other similarly evolved plas-
mids could translate into better infection prevention
measures or improved surveillance.
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INncreasing and More Commonly
Refractory Mycobacterium
avium Pulmonary Disease,
Toronto, Ontario, Canada

Daan Raats,! Sarah K. Brode, Mahtab Mehrabi, Theodore K. Marras

In mid-2014, Public Health Ontario Laboratories iden-
tified coincident increasing Mycobacterium avium iso-
lation and falling M. xenopi isolation in the Toronto,
Ontario, Canada, area. We performed a retrospective
cohort of all patients in a Toronto clinic who began
treatment for either M. avium or M. xenopi pulmonary
disease during 2009-2012 (early period) or 2015-2018
(late period), studying their relative proportions and
sputum culture conversion. We conducted a subgroup
analysis among patients who lived in the Toronto-York
region. The proportion of patients with M. avium was
higher in the late period (138/146 [94.5%] vs. 82/106
[77.4%]; p<0.001). Among M. avium patients, conver-
sion was lower in the late period (26.1% vs. 39.0%; p
= 0.05). The increase in the proportion of patients with
M. avium pulmonary disease and the reduction in the
frequency of sputum culture conversion is unexplained
but could suggest an increase in environmental M.
avium exposure.

ulmonary infection with nontuberculous myco-

bacteria (NTM) is a chronic, often progressive,
debilitating disease. Most published data show that
the frequency of NTM pulmonary disease (NTM-
PD) is increasing worldwide (1-6), as are its sub-
stantial medical costs (7,8). The cause of this rise has
not yet been elucidated. NTM are widespread in the
environment but disease is uncommon, suggesting
that host susceptibility is critical, although exposure
magnitude is also likely key (9-11). Some observa-
tions indicate that the Mycobacterium avium complex
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(MAC) might be a main driver for the increased oc-
currence of NTM-PD (2,5,12).

In Ontario, Canada, a rising prevalence of NTM-
PD has been demonstrated previously, and, in the
most recent years that have been studied, that in-
crease was driven largely by an increase in MAC (2).
More recently, in the spring of 2014, the Public Health
Ontario Laboratory (PHOL) observed a sustained
increase of >50% in the total number of M. avium
isolates from pulmonary samples and persons with
positive cultures for M. avium (13). A coincident re-
duction in M. xenopi isolates occurred without change
in other NTM species. Curiously, this occurrence was
only observed in the city of Toronto and the region
immediately north (Regional Municipality of York),
located between Lake Ontario and Lake Simcoe,
which together encompass an area of 2,392 km? and
had ~4.1 million inhabitants as of 2018. In Ontario, at
least 95% of NTM isolates are identified at the PHOL
(14), permitting population-based study. Laboratory
techniques at PHOL did not change at the time of in-
creased isolation. Although the sudden increase in
isolation frequency could suggest increased environ-
mental exposure, the reason remains unclear.

Whether and how those changes relate to treat-
ment outcomes of patients with NTM-PD caused
by M. avium and M. xenopi has not been evaluated.
In recent years, we observed that patients with M.
avium pulmonary disease (Mav-PD) more often had
microbiologically refractory disease and that we
were encountering fewer patients with M. xenopi
pulmonary disease (Mx-PD). On the basis of those
observations, we studied relative proportions,
culture conversion, culture reversion, and clinical
treatment success of patients with Mav-PD and
Mx-PD before and after 2014.

'Current affiliation: Ziekenhuis Oost-Limburg, Genk, Belgium.
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Methods

We designed this retrospective cohort study to com-
pare patients with Mav-PD and Mx-PD treated before
and after 2014. All patients assessed at the Toronto
Western Hospital outpatient NTM clinic during July
1, 2003-December 31, 2019, were evaluated for eligi-
bility. The NTM clinic is a tertiary care clinic, usually
seeing patients after referral from infectious disease
or pulmonary specialists. To be eligible for the study,
patients were required to meet the American Tho-
racic Society/Infectious Diseases Society of America
criteria for Mav-PD or Mx-PD (15) and to have be-
gun treatment for NTM-PD during January 1, 2009-
December 31, 2012, or January 1, 2015-December 31,
2018. These 4-year periods were selected to fall before
and after the local surge in M. avium isolation and to
permit adequate treatment follow-up among all pa-
tients in the early period, before the increase in M.
avium isolation occurred. To be eligible, patients also
were required to have been treated for >6 months
with >2 antimycobacterial drugs (significant treat-
ment). Patients with non-M. avium MAC species or
those with confirmed macrolide resistance were ex-
cluded. Patients with multiple NTM species meet-
ing the microbiologic criterion (15) over their clinical
course were included, as long as they did not meet
the criteria for both Mav-PD and Mx-PD at the start of
their treatment. Patients previously treated for NTM-
PD with a start date outside of the specified periods
were also included, but a 6-month treatment-free in-
terval was required for inclusion. Patients included in
the first period were excluded from the second. The
study was approved by the University Health Net-
work Research Ethics Board; the need for informed
consent was waived.

We collected demographic, clinical, microbio-
logic, and radiologic data until the first-occurring
event of death, loss to follow up, or end of follow-up
period. Patients started on treatment during 2009-
2012 (early period) were followed until December
31, 2013. Patients started on treatment during 2015-
2018 (late period) were followed until December 31,
2019. Follow-up time was measured from treatment
initiation to death, loss to follow up, or follow-up
end date. Treatment initiation and regimen were
decided by the attending physician on the basis of
contemporary guidelines.

Baseline clinical characteristics were age, sex,
smoking history, comorbidities, body mass index,
pulmonary function, corticosteroid use, current or re-
cent chemotherapy, housing, and previous treatment
for NTM-PD. Baseline data consisted of recorded
observations preceding and closest available to the

1590

start of treatment. Significant oral corticosteroid use
was use of >7.5 mg prednisone (or equivalent) daily,
for >30 days, within the 180 days before the baseline
visit (16). The predominant radiologic pattern was
nodular-bronchiectatic, fibrocavitary, or other, on the
basis of computed tomography (CT) results obtained
closest to treatment start (17). Antibiotics were listed
only if prescribed for >3 months for oral or inhaled
antibiotics, and only if prescribed for >1 month for in-
travenous antibiotics, to exclude antibiotics given for
concurrent infections or discontinued early because
of intolerance.

We assessed treatment outcomes by bacterial
species (M. avium or M. xenopi), comparing patients
who started NTM-PD treatment in the early period
to those who started in the late period. Culture con-
version within 12 months was the primary outcome,
defined as >3 consecutive negative mycobacterial
cultures collected >4 weeks apart (18). We consid-
ered the date of the first negative sample to be the
date of culture conversion. We assessed the differ-
ence in culture conversion rate within and outside of
the Toronto-York region in predefined subgroups on
the basis of patients’ residential postal codes. Culture
reversion was defined as reappearance of the caus-
ative species in >2 samples in a patient still receiv-
ing treatment who had previously achieved culture
conversion. Radiologic evolution was graded as im-
provement, stability, or progression on the basis of
the radiologist’s interpretation and was subsequently
used to determine clinical treatment success. We con-
sidered patients with symptomatic improvement and
at least radiologic stability or patients with radiologic
improvement and at least symptomatic stability as
demonstrating clinical treatment success. We evalu-
ated that status on the basis of first available data 12
months after treatment initiation. For patients whose
treatment was interrupted or incomplete, we used the
last available data, but only if they were recorded af-
ter >6 months of treatment.

Continuous data were tested for normality
through visual inspection and the Shapiro-Wilk
test. Most continuous data were not normally dis-
tributed, and so we presented all data as medians
with interquartile ranges (IQRs) for uniformity. We
tested differences between groups by using Fisher
exact tests or Mann-Whitney U tests as appropri-
ate and used x? tests for larger contingency tables.
We excluded missing baseline data from respective
analyses. We regarded patients with missing data
for one of the outcomes as if they had not reached
the respective outcome, so that if any bias would be
introduced by including these outcomes, it would
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be bias toward the null. We performed all statis-
tical analyses using GraphPad Prism version 8.4
(https:/ /www.graphpad.com).

Results

During the study period, 984 patients were assessed
in the NTM clinic; MAC or M. xenopi were isolated in
880 patients at some point. Significant NTM-PD treat-
ment was started in the specified periods in 301 pa-
tients. We excluded 6 patients for not meeting Ameri-
can Thoracic Society/Infectious Diseases Society of
America criteria (15), 36 patients for having non-M.
avium MAC-PD, 1 patient for potentially having both
Mav-PD and Mx-PD, 5 patients because of macrolide
resistance, and 1 patient in whom outcomes could not
be assessed. A total of 252 patients were eligible.

Increasing Mycobacterium avium Pulmonary Disease

Among eligible patients, the relative proportion
with Mav-PD was higher in the late period (138/146
patients [94.5%]) than in the early period (82/106 pa-
tients [77.4%]; p<0.001). The proportion excluded for
non-M. avium MAC-PD remained constant over both
periods (data not shown).

We compared the general and NTM disease
characteristics of the eligible patients (Tables 1, 2).
Among patients with Mav-PD, comorbidities, lung
function, and CT pattern were similar between pe-
riods. Inhaled corticosteroids were used more often
in the early period than the late period (47.6% of pa-
tients vs. 26.2%), but this difference was not statisti-
cally significant (p = 0.12). Patients in the early period
were less likely to have had a positive smear for acid-
fast bacilli (64.6% vs. 81.2%; p = 0.01). Patients with

Table 1. Baseline characteristics of patients with Mycobacterium avium and M. xenopi pulmonary disease, Toronto, Ontario, Canada*

Mycobacterium avium

Mycobacterium xenopi

Early period, Late period, Early period, Late period,
Characteristic n=_82 n=138 p value n=24 n=8 p value
Median age, y (IQR) 66.3 (59.5-72.7) 68.8 (59.1-76.0) 0.16 57.4 (47.4-72.5) 61.7 (58.2-68.5) 0.51
Sex
F 54 (65.9) 82 (59.4) 0.39 14 (58.3) 5 (62.5) Referent
M 28 (34.1) 56 (40.6) 10 (41.7) 3(37.5)
Race
White 57 (69.5) 95 (68.8) Referentt 20 (83.3) 8 (100) 0.55t1
East Asian 22 (26.8) 28 (20.3) 3(12.5) 0
South Asian 2(2.4) 12 (8.7) 14.2) 0
Black 1(1.2) 3(2.2) 0 0
Smoking history
Never 46 (56.1) 72 (52.2) 0.561 8 (33.3) 1(12.5) 0.39t1
Prior 26 (31.7) 53 (38.4) 12 (50.0) 3(37.5)
Current 10 (12.2) 13 (9.4) 4 (16.7) 4 (50.0)
Median BMI, kg/m? (IQR) 21.1 (18.5-23.2) 21.4 (19.1-24.3) 0.40 21.3(19.4-24.3) 21.5(20.7-25.2) 0.35
% Predicted FEV, (IQR) 64.0 (46.5-75.0) 64.0 (46.3-79.8) 0.88 64.0 (45.5-75.5)  80.5 (43.0-95.0) 0.32
% Predicted FVC (IQR) 80.0 (64.8-93.0) 78.0 (65.3-94.0) 0.98 83.0 (68.0-91.0) 101.0 (87.3-109.0) 0.03
Comorbidities
COPD 22 (26.8) 46 (33.3) 0.37 12 (50.0) 4 (50.0) Referent
Asthma 13 (15.9) 18 (13.0) 0.56 5(20.8) 3(37.5) 0.38
Interstitial lung disease 2(2.4) 6 (4.4) 0.71 0 0 NA
Previous tuberculosis 9 (11.0) 11 (8.0) 0.47 3(12.5) 0 0.55
Cystic fibrosis or PCD 1(1.2) 3(2.2) Referent 0 0 NA
Previous chest 5(6.1) 14 (10.1) 0.33 4 (16.7) 0 0.55
radiotherapy
Autoimmune disease 14 (17.1) 24 (17.4) Referent 0 0 NA
GERD 16 (19.5) 38 (27.5) 0.20 6 (25.0) 2 (25.0) Referent
Aspiration 5(6.1) 8 (5.8) Referent 2 (8.3) 0 Referent
Medication use
Inhaled corticosteroids 39 (47.6) 50 (26.2) 0.12 12 (50.0) 4 (50.0) Referent
Oral corticosteroids 4 (4.9) 9 (6.5) 0.77 0 1(12.5) 0.25
Current or recent 1(1.2) 5(3.6) 0.42 14.2) 0 Referent
chemotherapyt
Housing§
Detached single-family 33 (40.2) 52 (37.7) 0.55 12 (50.0) 5 (62.5) 0.53
Attached single-family 16 (19.5) 22 (15.9) 1(4.2) 1(12.5)
Low-rise multi-family 10 (12.2) 12 (8.7) 4 (16.7) 0
High-rise multi-family{ 23 (28.0) 50 (36.2) 7(29.2) 2(25.0)

*Values are no. (%) except as indicated. Bold indicates significance. BMI, body mass index; COPD, chronic obstructive pulmonary disease; FEV1, forced
expiratory volume in 1 s; FVC, forced vital capacity; GERD, gastroesophageal reflux disease; IQR, interquartile range; PCD, primary ciliary dyskinesia.
tFisher exact tests comparing White and non-White persons and persons who have ever smoked with persons who have not.

FRecent chemotherapy was defined as within 2 years of treatment initiation.
§Missing data for 2 M. avium patients in the late period.
fBuildings with >5 stories were classified as high-rise.
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Table 2. NTM disease characteristics of patients with Mycobacterium avium and M. xenopi pulmonary disease, Toronto, Ontario,

Canada*
M. avium M. xenopi
Early period, Late period, Early period, Late period,

Characteristic n=_82 n=138 p value n=24 n=8 p value
Previous NTM treatmentt

Same species 10 (12.2) 23 (16.7) 0.47 2(8.3) 1(12.5) Referent

Any species 12 (14.6) 27 (19.6) 5(20.8) 2 (25.0)

History of positive AFB smear 53 (64.6) 112 (81.2) 0.01 13 (54.2) 5 (62.5) Referent
CT pattern

Nodular-bronchiectatic 60 (73.2) 89 (64.5) 0.33 7 (29.2) 1(12.5) 0.07

Fibrocavitary 17 (20.7) 34 (24.6) 16 (66.7) 4 (50.0)

Other 5(6.1) 15 (10.9) 1(4.2) 3(37.5)
CT cavitation, any size 33 (40.2) 57 (41.3) 0.89 18 (75.0) 4 (50.0) 0.22
Median time from initial visit to 1.5(-15.3t017.5) 0.0(-5.0t09.0) 0.39 0.5(-8.5t017.3) 0.5(-1.0to0 3.75) 0.91

treatment initiation, mo (IQR)

*Values are no. (%) except as indicated. Bold indicates significance. AFB, acid-

nontuberculous mycobacteria.

fast bacilli; CT, computed tomography; IQR, interquartile range; NTM,

TAIll except 1 M. avium patient with previous treatment history had a record of a single previous treatment episode; all M. xenopi patients with previous
treatment history had a record of a single previous treatment episode. P values compare previous treatment for any species

Mav-PD were older than patients with Mx-PD (me-
dian age 67.6 [IQR 59.2-74.9] vs. 57.4 [IQR 51.8-70.1]
years; p = 0.03), had COPD less frequently (68/220
[30.9%] vs.16/32[50.0%]; p = 0.04), and less frequent-
ly had fibrocavitary disease (51/220 [23.2%] vs. 20/32
[62.5%]; p<0.001).

Patients were followed for an average of 40.1
months. Ten patients with Mav-PD left follow up
within 12 months of treatment initiation; of those, 8
were treated in the late period. Four patients with
Mx-PD left follow up within 12 months of treatment
initiation; 3 of those were treated in the early period.

Antibiotic treatment differed somewhat between
periods among patients with Mav-PD (Table 3).

Rifamycins were used more often in the late period
than in the early period (79.0% vs. 62.2%; p = 0.008);
fluoroquinolones were used less often in the late pe-
riod than the early period (13.0% vs. 56.1%; p<0.001).
In the late period, 23 patients (16.7%) were started
on treatment with 2 drugs, compared with just 2 pa-
tients (2.4%) in the early period, but this factor did
not result in more frequent treatment changes later.
The type of treatment used for Mx-PD was similar in
both periods. Treatment duration in the early and late
period was comparable for Mav-PD and Mx-PD.
Culture conversion among patients with Mav-
PD was less frequent in the late period than the early
period (26.1% vs. 39.0%; p = 0.05) (Table 4). Culture

Table 3. Antibiotic treatment in early and late period used for patients with Mycobacterium avium and M. xenopi pulmonary disease,

Toronto, Ontario, Canada*

M. avium M. xenopi
Early period, Late period, Early period, Late period,
Treatment n =82 n=138 p value n=24 n=8 p value
Initial treatment
Macrolide 82 (100) 138 (100) Referent 23 (95.8) 8 (100) Referent
Ethambutol 78 (95.1) 126 (91.3) 0.42 21 (87.5) 8 (100) 0.55
Rifamycin 51 (62.2) 109 (79.0) 0.008 14 (58.3) 6 (75.0) 0.68
Fluoroquinolone 46 (56.1) 18 (13.0) <0.001 9(37.5) 3(37.5) Referent
IV amikacin 1(1.2) 2(1.5) Referent 1(4.2) 0 Referent
Other 0 2 (1.5)t 0.53 2 (8.3)% 0 Referent
Total initial drugs
2 drugs 2(2.4) 23 (16.7) 0.001 5(20.8) 1(12.5) 0.66
3 drugs 67 (81.7) 111 (80.4) 16 (66.7) 5 (62.5)
>3 drugs 13 (15.9) 4 (2.9) 3(12.5) 2 (25.0)
Amikacin added
\Y, 20 (24.4) 23 (16.7) 0.62 7(29.2) 1(12.5) 0.68
Inhaled only 1(1.2) 7 (5.1) 2(8.3) 1(12.5)
Treatment adapted 16 (19.5) 36 (26.1) 0.33 11 (45.8) 3(37.5) Referent
Treatment intensified 7 (8.5) 15 (10.9) 0.65 9(37.5) 2 (25.0) 0.68
Median total duration, mo 21 (13.3-31.5) 18 (13.0-28.8) 0.38 15.5(10.8-26.0) 18 (10.8-20.5) Referent

(IQR)

*Values are no. (%) except as indicated. Bold indicates significance. Drugs were counted toward initial treatment if started within the first 3 months of
treatment. Changes in treatment were regarded as treatment adaptations if they took place after the first 3 months of treatment. Treatment adaptations

were considered intensification if they resulted in a higher number of drugs used. IV, intravenous.

tClofazimine in 1 patient, inhaled amikacin in 1 patient.
fClofazimine in 1 patient, linezolid in 1 patient.
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Table 4. Outcomes of treatment in patients with Mycobacterium avium and M. xenopi pulmonary disease, Toronto, Ontario, Canada*

M. avium M. xenopi
Early period, Late period, Early period, Late period,

Qutcome n=_82 n=138 p value n=24 n=38 p value

Mean duration of follow up after 31.0 (19.3-44.0) 31.0(18.3-39.0) 0.23 28.0 (14.8-53.0) 18.5(12.8-25.8) 0.32

treatment initiation, mo (IQR)

Culture conversiont 32 (39.0) 36 (26.1) 0.05 16 (66.7) 5 (62.5) Referent
Toronto-York regiont 29/68 (42.6) 26/109 (23.9) 0.01 14/19 (73.7) 5/6 (83.3) Referent
Outside Toronto-York region 3/14 (21.4) 10/29 (34.5) 0.49 2/5 (40.0) 0/2 Referent

Culture reversion 4 (12.5) 11 (30.6) 0.09 1/16 (6.25) 0/5 Referent

Clinical treatment success§ 56 (68.3) 88 (63.8) 0.47 15 (62.5) 5 (62.5) Referent

*Values are no. (%) except as indicated. Bold indicates significance. Culture reversion is presented as no. (% of patients out of those who had culture
conversion). Patients with insufficient samples submitted for evaluation of culture conversion were deemed not converted. Patients with missing follow up

computed tomography results were considered not clinically successful.

tOverall insufficient samples: M. avium early period, 19 (23.2%); M. avium late period, 23 (16.7%); M. xenopi early period, 4 (16.7%); M. xenopi late

period, 2 (25%).

TInsufficient samples among Toronto-York region patients: M. avium early period, 12 (17.6%); M. avium late period, 16 (14.7%); M. xenopi early period, 3

(15.8%); M. xenopi late period, 0.

§Missing computed tomography results: M. avium early period, 4 (5.0%); M. avium late period, 9 (6.5%); M. xenopi early period, 1 (4.2%); M. xenopi late

period, 1 (12.5%).

reversion to positive after conversion to negative
was numerically higher in the late period (30.6% vs.
12.5%; p = 0.09). Culture conversion among patients
with Mx-PD was stable between the 2 periods and
much higher (21/32 patients [65.6%]) than conver-
sion among patients with Mav-PD (68/220 patients
[30.9%]; p<0.001). Although we assumed a failure
to culture convert if inadequate samples were sub-
mitted, recalculating after excluding patients with
incomplete data did not change our comparative
outcomes. Clinical treatment success was fairly con-
sistent between periods and species.

Discussion

After the increase in isolation frequency of M. avium
in Toronto and the Regional Municipality of York,
we observed a rise in the relative proportion of pa-
tients treated for Mav-PD at our center. The patients
with Mav-PD who were treated after this increase
occurred achieved culture conversion less often and
had a numerically (but not statistically) higher risk
for culture reversion, although their baseline char-
acteristics were comparable and clinical treatment
success did not differ.

A sudden population-based increase in the fre-
quency of M. avium isolation, as was recently ob-
served in parts of Ontario, has not been reported
elsewhere. Meanwhile, we observed a relative in-
crease in treated NTM-PD caused by M. avium but
not NTM-PD caused by M. intracellulare. The increase
in M. avium isolation is broadly consistent with previ-
ous observations in Ontario (14), parts of the United
Kingdom (12), Catalonia (19) and Hawaii, USA (in-
creased MAC isolation) (20), and more specifically in
the Netherlands (increased M. avium isolation) (21).
In Queensland, Australia, the magnitude of increase
in M. intracellulare exceeded that of M. avium (1). In
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Madrid, Spain, the isolation rate of M. avium was sta-
ble, whereas in Belgium the rate of M. intracellulare
increased and the rate of M. xenopi decreased (22,23).
The frequency of NTM-PD and MAC-PD in Denmark
was relatively stable during 1997-2008 (24), but the
prevalence of NTM-PD in Hawaii doubled from 2005
to 2013 (20). In addition, in the United States, substan-
tial increases in NTM-PD overall have been identified
in Medicare beneficiaries during 1997-2007 (25) and
in both commercial managed care and Medicare set-
tings during 2008-2015 (26). Species-level population-
based data for Japan are unavailable, but regional data
demonstrated that increases in MAC-PD consisted of
increases caused by M. avium and M. intracellulare in
both Nagasaki prefecture (27) and Kyoto (28).

Although the increase in isolation of M. avium ob-
served in Ontario was temporally associated with a
higher frequency of Mav-PD in our cohort, this asso-
ciation alone does not demonstrate causality. The lack
of changes at the laboratory level suggests a change
either in the number of persons with M. avium isola-
tion or higher clinician awareness and more investi-
gations (sputum sampling and CT scans). However,
no coinciding proportional increase in sputum sub-
mission to the PHOL occurred during the increase in
M. avium isolation (13). Although an increase in use
of chest CT has been described in Ontario, the in-
crease was nearly linear during 2007-2016 (29). Given
the lack of obvious detection bias, the abrupt rise in
pulmonary M. avium isolation is likely reflective of
a population-based phenomenon of more persons
with M. avium-positive sputum, which in turn led to
the changes observed in the clinic. However, the evi-
dence remains circumstantial.

For patients with Mav-PD in our cohort, culture
conversion in the early period (39%) was lower than
the =60% that would be expected on the basis of a
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meta-analysis from 2017 (30). Although this difference
might be accounted for by the setting and severity of
disease, culture conversion in the late period was even
lower, occurring in only 26 % of patients. In our second-
ary analysis, we included only patients living in the
Toronto and York regions, which resulted in an even
more substantial decrease in culture conversion over
time. In addition, in the early period, we observed a
frequency of culture reversion that was comparable to
a large retrospective series (14% microbiologic recur-
rence on treatment, similar to the definition of rever-
sion used in our study) (31), whereas reversion seemed
to be more frequent in the late period.

The reduction in culture conversion between pe-
riods could be related to treatment regimens. Even
though a third drug was more often omitted in the
late period, this omission was mostly because of less
frequent use of fluoroquinolones, and their effective-
ness in treating M. avium is debatable (32). In addition,
rifampin was used more often in the late period, mak-
ing 3-drug treatment more often in line with current
guidelines. Our low overall proportion of culture con-
version could be seen as surprising. Accordingly, fac-
tors influencing culture conversion, despite not being
the primary focus of this study, merited further consid-
eration. In light of the large proportion of patients with
cavitation on their CT results, the paucity of injectable
amikacin therapy in the initial regimen might suggest
inadequate treatment. We generally initiate oral thera-
py first and allow time for the patient to acclimate and
for adjustment of drugs and doses before adding ami-
kacin, which is usually added after ~12 weeks and thus
not classified in our initial 12-week regimen. In addi-
tion, we did not employ a minimum-size criterion for
cavitation, so a large proportion of patients classified
as such likely had small cavities (<2 cm), which might
represent foci of bronchiectasis without substantial ex-
trabronchial parenchymal destruction, for which par-
enteral therapy might not be required. The proportion
of patients with Mx-PD who received amikacin was
lower still. The reasons for this difference are unclear,
although anecdotally, a substantially larger proportion
of patients with M. xenopi might have declined the rec-
ommendation for peripherally inserted central cath-
eter placement and intravenous therapy. On the other
hand, acquiring new strains after treatment has begun
might explain sputum culture reversion after success-
ful conversion (33). Exposure to new strains because of
higher levels of exposure might also be a factor in both
the overall low conversion rate and the further reduc-
tion in the late period.

Because M. avium is acquired from the environ-
ment, probably more likely from water aerosols
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than from soil (9-11,34), and higher levels of expo-
sure have been linked with more frequent NTM-PD
(10,35), increased exposure is a plausible mechanism
for the changes that were observed in Ontario. Host
susceptibility also plays a role in acquiring disease
(6,36) but would be expected to change only gradu-
ally over time. Alterations in behavior, such as in-
creased shower use (10) or climate changes leading
to different surface water microbiome or higher at-
mospheric water content (9), could increase expo-
sure but would not be restricted to such a narrowly
defined region. M. avium colonizing municipal wa-
ter and household plumbing might be a substantial
source of Mav-PD (34). Also, all of the drinking water
for Toronto and a large proportion of drinking water
for the York region is sourced from Lake Ontario and
treated in 1 of 4 water treatment plants, all of which
use the same protocols for filtration and disinfection,
before the water is pumped northward to consumers
in Toronto and much of the York region. Although
definitive proof is lacking, changes in the municipal
water or its complex distribution system could poten-
tially be causes of increased exposure. This serious
public health issue needs additional research, ideally
including evaluation of water samples at different
sites. Toronto Public Health did not find geographic
clustering within Toronto, but whether water testing
was performed is unclear (13), and Ontario drinking
water regulations do not mandate testing for NTM.
Other potential confounding factors could not be
evaluated in this study.

The consistent clinical treatment success for Mav-
PD between periods, despite microbiologic outcomes,
is encouraging. It appears that clinical results of treat-
ment in our setting are not exclusively dependent
upon culture conversion. For example, patients with
more extensive disease at start of treatment might
have lower chances of conversion but could still have
a good clinical result, presumably associated with a
reduction in burden of the organism. We lacked de-
tailed data regarding the burden of organism (i.e.,
colony counts on solid media) and tried to remediate
this shortcoming by looking at sputum smear conver-
sion, but not enough useful data were available. In
addition, the possibility of acquisition of new strains
of M. avium during treatment could not be addressed.

A strength of our study is that comparing out-
comes of patients before and after the increase in
M. avium isolation at the largest NTM referral clinic
within the area of increase provides data on a large
sample of relevant patients divided over distinct time
periods. In addition, by applying broad selection cri-
teria, we were able to include most patients that were
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treated for NTM-PD caused by M. avium or M. xenopi
at our center, and the number of patients who did not
complete follow up was low.

The first limitation of our study is that several pa-
tients in the late period were likely infected before the
increase in M. avium isolation was observed, because
NTM-PD is a chronic disease and treatment initiation
might not accurately represent timing of infection.
Nevertheless, treatment initiation is undoubtedly re-
lated to the infection progressing, which in turn could
be influenced by increased exposure, so this approach
was most suited to our objectives. Second, patients
that were previously treated could have lower con-
version rates. Because we excluded patients from the
late period who were included in the early period, we
expected previous treatment to be more frequent in
the early period, and this factor could have reduced
the likelihood of detecting a difference in outcomes.
However, both Mav-PD groups had comparable lev-
els of previous treatment, so the effect on our results
was likely not substantial. Third, we would ideally
have studied only patients living in Toronto and the
York region, but because we only possessed patients’
addresses at the time of data collection and patients
could have moved in or out of the area during treat-
ment, we had to limit this evaluation to a secondary
analysis. Last, because sputum samples were collect-
ed at the discretion of the treating physician and ac-
cording to patients’” willingness, the timing and num-
ber of samples varied considerably between patients.
However, we could not discern any sort of sampling
bias that could have influenced the outcomes. We as-
sumed a failure to culture convert if inadequate sam-
ples were submitted, but recalculating conversion
frequencies after excluding patients with incomplete
data did not change our comparative outcomes.

The increased isolation of M. avium in Ontario was
temporally associated with a higher relative number
of patients with Mav-PD, less frequent culture con-
version, and a trend toward more frequent culture re-
version in Mav-PD patients in our NTM clinic in To-
ronto. Our findings suggest the presence of a causal
relationship between the increased frequency of M.
avium isolation and clinical events, and by extension,
the importance of investigations into the cause and
public health consequences of the higher number of
M. avium isolates.
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Dog Ownership and Risk for
Alveolar Echinococcosis, Germany

Julian Schmidberger," Janne Uhlenbruck,! Patrycja Schlingeloff,
Pavlo Maksimov, Franz J. Conraths, Benjamin Mayer, Wolfgang Kratzer

Human alveolar echinococcosis is caused by the para-
site Echinococcus multilocularis, and dog ownership has
been identified as a risk factor. We sought to specify the
factors of dog ownership underlying this risk by conduct-
ing a case—control study among dog owners in Germany.
The analysis revealed an increased odds ratio of ~7-fold
for dog owners whose dogs roam unattended in fields,
13-fold for dog owners who feed their dogs organic
waste daily, 4-fold for dog owners who take their dog to
a veterinarian only in case of illness, and 10-fold for dog
owners who have never been informed by a veterinarian
about the risk for infection. The results highlight the risk
for infection associated with various factors of dog own-
ership and the value of veterinarians informing owners
about prevention.

uman alveolar echinococcosis is a rare disease
that can be caused by the parasite Echinococcus
multilocularis (1,2). The pathogen E. multilocularis and
human cases of the disease are predominantly dis-
tributed in the northern hemisphere (3,4). The most
heavily affected countries in central Europe include
Germany, France, Switzerland, and Austria (1,5), but
large parts of Russia and China are also affected (1,5).
Approximately 70%-80% of human cases in Germany
are distributed in the main E. multilocularis-endemic
areas of Baden-Wiirttemberg and Bavaria. High-risk
areas are found in the area of the Swabian Alb, the
Alps, and the Alpine foothills (6). The prevalence of
E. multilocularis infections in foxes in those areas is
40%-60% (7).
The life and development cycle of E. multilocularis
parasites involves definitive and intermediate hosts.
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Adult E. multilocularis parasites usually colonize the
small intestine of carnivores, mostly red foxes (Vulpes
vulpes), dogs, and cats (2,8,9). These hosts excrete in-
fectious worm eggs into the environment in their feces,
through which small mammals, such as field mice (Mi-
crotus arvalis), voles (Arvicolinae), bank voles (Myodes
glareolus), and other species can become infected. In
the intermediate hosts, larval E. multilocularis stages
(metacestodes) usually grow in the liver, where they
cause alveolar echinococcosis and travel with the
blood or lymph to other organs, behaving similarly
to malignant tumors. In this process, the parasite can
irreversibly damage the organs of the intermediate
host, which can lead to death (1,8,9). A diseased in-
termediate host represents easier prey for the final
host, because of its disease manifestations and symp-
toms, closing the development cycle. Humans can
be terminal intermediate hosts who, similar to other
intermediate hosts, inadvertently ingest worm eggs
(fecal-oral route) and produce metacestodes. In >98%
of cases of human infection, the liver is the primary
organ affected (2).

Risk factors for human alveolar echinococcosis
have so far been incompletely investigated. The cur-
rently available case-control studies of risk factors
are relatively old or cannot be applied to the situation
in Germany (10-13). Studies in France, Austria, and
Alaska (USA), suggest that dog ownership is one of the
most significant risk factors for infection with E. mul-
tilocularis and development of alveolar echinococcosis
(11-13). A case-control study conducted in Germany
in 2004, involving 40 patients and 120 controls, found
increased odds ratios (ORs) for owners of dogs that
poach and run unattended outdoors; persons who live
close to fields, live in a farmhouse, farm, chew grass,
and gather wood; and cat owners (10). To date, factors
that could not be confirmed as significant include eat-
ing unwashed strawberries, picking berries far from the
ground, and collecting mushrooms. A meta-analysis
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considered those risk factors, including dog ownership
(14). A systematic review and meta-analysis, in which
28 cross-sectional studies and 14 case-control studies
were analyzed, also showed strong evidence for trans-
mission by direct contact with dogs (15).

Data from the National Echinococcosis Registry
Germany (https://www.fuchsbandwurm.eu), based
on 673 patients with alveolar echinococcosis recorded
during 1992-2018, show that 60%-75% of recorded
patients own, have owned, or have had regular con-
tact with >1 dogs. In Germany, according to a joint
survey by the Central Association of Pet Owners
(Zentralverband Zoologischer Fachbetrieb, https://
www.zzf.de) and the Pet Supplies Industry Asso-
ciation (Industrieverband Heimtierbedarf, https://
www.ivh-online.de), an estimated 9.4 million dogs
lived in 19% of households in 2018. This estimate
represents an increase of 2 million dogs since 2011
(16,17). Our aim with this case-control study was to
further specify and examine in more detail the fac-
tors of dog ownership that are potential risk factors
for human alveolar echinococcosis.

Methods

Study Design

For this case-control study, we recruited patients
with alveolar echinococcosis from the National Echi-
nococcosis Registry Germany and recruited healthy

volunteers from veterinary and veterinary medical fa-
cilities listed in the Veterinary Online Directory Ger-
many (Figures 1, 2). We conducted a written survey
of case-patients and controls during January 2019-
February 2020 by using a questionnaire with 45 ques-
tions with dichotomous expressions and a 3-5-point
Likert scale prepared for this purpose. The question-
naire included general questions about the dog (e.g.,
breed, coat length, sex) and its dietary behavior, de-
worming, grooming, and cleaning, as well as human
dog-ownership habits.

Alveolar Echinococcosis Case-Patients

The National Echinococcosis Registry Germany is
a national disease registry that is part of a Deutsche
Forschungsgemeinschaft-funded project in coopera-
tion with the Robert Koch Institute (6). The registry
records on a voluntary basis all cases of the disease di-
agnosed in Germany since 1992 (n = 626 as of Decem-
ber 31, 2018). Compared with the cases reportable to
the Robert Koch Institute within the framework of the
reporting obligation according to the Infection Protec-
tion Act (https://www.gesetze-im-internet.de), cases
in the National Echinococcosis Registry Germany in-
clude extensive information on epidemiology, risk fac-
tors, diagnostics, treatments, and patient care. In accor-
dance with the study design, we selected cases from
Baden-Wiirttemberg, an area in southern Germany
where alveolar echinococcosisis is highly endemic.

Figure 1. Inclusion and exclusion process for 43 case-patients and 214 controls in case—control study of dog ownership and human risk
for alveolar echinococcosis, Baden-Wirttemberg, Germany, January 2019—-February 2020.
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Dog Ownership and Risk for Alveolar Echinococcosis

Figure 2. Distribution of 60
alveolar echniococcosis case-
patients and 324 controls, Baden-
Wirttemberg, Germany, January
2019—February 2020.

During 1992-2018, a total of 298 case-patients re-
siding in Baden-Wiirttemberg were registered in the
national disease registry. Of these, we recruited 60
case-patients who, according to their medical histo-
ry, owned dogs. Case-patients were excluded if their
last visit to the hospital was >8 years earlier, if they
had died, or if their case definition was only possible
according to World Health Organization-Informal
Working Group on Echinococcosis criteria (2) or no
information on dog ownership was available (n = 238
excluded patients). From the 60 contacted case-pa-
tients, we received 43 completed questionnaires from
43 dog owners with alveolar echinococcosis, resulting
in a response rate of 71.7% (Figure 3, panel A).

Control Group
The Veterinary Online Directory Germany (https://
www.tierarzt-onlineverzeichnis.de)  includes all

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 28, No. 8, August 2022

veterinary facilities in Germany registered on a vol-
untary basis. We identified 324 veterinary facilities
for Baden-Wiirttemberg. We sent 2 questionnaires
to each veterinary facility in Baden-Wiirttemberg (n
= 648) and distributed them to dog owners without
known alveolar echinococcosis. We received com-
pleted questionnaires back from 239 dog owners,
resulting in a response rate of 36.9%. Of these ques-
tionnaires, we used 214 in the final analysis (Figure 3,
panel B) and excluded 25 because of missing informa-
tion about dog ownership.

Statistical Analyses

For statistical analyses, we used SAS version 9.4
(https:/ /www.sas.com). We initially analyzed
the data descriptively. We determined mean val-
ues tSDs and median, minimum, and maximum
values and presented them as absolute or relative
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Figure 3. Choropleth map showing the distribution and frequency of 43 patients with alveolar echinococcosis (A) and 214 controls (B)
who participated in case—control study of dog ownership and human risk for alveolar echinococcosis, by 2-digit postal code region,

Baden-Wadrttemberg, Germany, January 2019—-February 2020.

frequencies. For variables that may influence the
occurrence of alveolar echinococcosis, we used a
multivariable logistic regression model to deter-
mine adjusted odds ratios (aORs), 95% Cls, and p
values. Confounding variables determined a priori
were included in the adjusted logistic regression
model. We used Pearson x? and Fisher exact tests
to identify possible relationships and differences
in frequency distributions between dichotomous
variables. The significance level was set at o = 0.05.
Dot-density maps and choropleth maps of cases
and controls and their distributions were created
by using the QGIS geographic information system
version 3.16.0 (https:/ /www.qgis.org).

Ethics Statement

The study was approved by the local ethics commit-
tees of the University of Ulm (approval no. 125/20)
and conducted according to the Declaration of Hel-
sinki. Written informed consent was obtained from
all case-patients and controls.

Results

The study included 43 persons with cases that fit
the World Health Organization case definition
of confirmed or probable (case-patients) and 214
controls from Baden-Wiirttemberg. The mean age
of the case-patients was 50.09 + 17.62 years and
of controls was 44.23 + 15.23 years (p = 0.0347).
The proportion of women was significantly lower
among case-patients (26/43 [60.47%]) than con-
trols (177/214 [82.71%]) (x* = 10.6757; p = 0.0011).

1600

A total of 41/43 (95.35%) case-patients and 182/214
(85.05%) controls reported that they had lived in
Baden-Wiirttemberg for >20 years (p = 0.0839 by
Fisher exact test) (Table 1). The main country of
origin is Germany for dogs owned by case-patients
21/24 (87.50%) and 89/128 (69.53%) for dogs owned
by controls (p = 0.08417 by Fisher exact test). No in-
formation was available for the origin of the dogs
for 19/43 (44.19%) of the case-patients and 86/214
(40.19%) of the controls.

Dog Ownership

The duration of dog ownership and regular contact
with dogs was >20 years for 27/43 (62.79%) of the
case-patients and 116/214 (54.21%) of the controls.
The duration of dog ownership and regular contact
with dogs was 11-20 years for 10/43 (23.26%) of the
case-patients and for 48/214 (22.43%) of the controls.
Thus, duration of dog ownership and regular contact
with dogs did not differ significantly between the
groups (x* = 1.2533; p = 0.2629).

The number of dogs owned also did not differ
significantly between the groups (x* = 3.6938: p =
0.0546) but was remarkably discrepant between the
groups (Table 1). In the case group, the proportion of
dog owners with 1 dog was 32/43 (74.42%), and in
the control group it was 122/214 (57.01%). The sur-
vey further revealed that 6/43 (13.95%) of the case-
patients and 56/214 (26.17%) of the controls owned
2 dogs. The percentage of dog owners with >3 dogs
was 3/43 (6.98%) for case-patients and 14 /214 (6.54%)
for controls (Table 1).

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 8, August 2022



Risk Behavior and Habits of Dog Owners

The aOR for alveolar echinococcosis increased by
~7-fold for owners whose dogs roamed unattended
in fields compared with owners whose dogs roamed
unattended in yards (aOR 7.081, 95% CI 1.523-
32.931; p = 0.0126) (Table 2). For dog owners whose
dogs rarely rolled in other animals” feces, odds of
acquiring alveolar echinococcosis were lower (aOR
0.205, 95% CI 0.078-0.538; p = 0.0013). Furthermore,
the analysis revealed a nearly 13-fold increase in OR
for alveolar echinococcosis among dog owners who
fed their dogs organic waste daily (aOR 12.840, 95%
CI 1.127-146.278; p = 0.0398) (Table 2). ORs were
potentially increased but not statistically significant
for dog owners from rural communities (aOR 4.175,
95% CI 0.711-24.534, p = 0.9559) and those whose
dogs ate carrion or rodents (aOR 2.125, 95% CI
0.542-8.340, p = 0.2798). Odds increased 7-fold for
those who owned a herding dog (aOR 6.831 95%, CI
1.028-45.371), and having a dog with an undercoat
seemed to be significantly protective (aOR 0.319,
95% CI0.102-0.997) (Table 2).

Dog Cleaning and Prevention Behavior

Multivariable logistic regression adjusted for age and
sex revealed an almost 4-fold increased odds ratio
for dog owners who took their dog to a veterinary
facility only for illness compared with dog owners
who sought veterinary care >1 time/year (aOR 3.657,
95% CI1.480-9.039; p = 0.0050). For dog owners who

Dog Ownership and Risk for Alveolar Echinococcosis

never received information from a veterinarian about
their own risk for E. multilocularis infection and pos-
sible prevention, the analysis further revealed a 10-
fold increase in odds for alveolar echinococcosis (aOR
10.006, 95% CI 4.282-23.383; p<0.0001) (Table 2).

In contrast, for dog owners who never had their
dog’s feces tested for worm eggs, the odds for alveolar
echinococcosis were not significantly increased (aOR
2.262,95% CI 0.598-8.562; p = 0.2292) (Table 2). Odds
were increased by 7-fold for dog owners who never
cleaned their dog’s coat compared with dog owners
who cleaned their dog’s coat daily (aOR 7.567, 95% CI
0.655-87.406; p = 0.1050), but the difference was not
statistically significant. Furthermore, odds were not
significantly increased between case-patient and con-
trol groups with regard to dog deworming (p>0.05).

Discussion

Our case-control study of the potential contributions
of factors of dog ownership to the risk for human
alveolar echinococcosis in Baden-Wiirttemberg was
based on the findings of previous case-control studies
and systematic reviews that described dog ownership
as an evident risk factor for human alveolar echino-
coccosis (10-15). We found a significantly increased
risk for alveolar echinococcosis among dog owners
whose dogs roamed unattended in fields. Other fac-
tors that may increase risk are ownership of dogs in
rural communities, dogs that roll in the feces of other
animals, and dogs that eat carrion or prey.

Table 1. Characteristics of 257 dog owners with alveolar echinococcosis and healthy controls in case—control study of dog ownership
and human risk for alveolar echinococcosis, Baden-Wiirttemberg, Germany, January 2019-February 2020*

Characteristic Case-patients, n = 43 Controls, n = 214 p value
Sex, no. (%) 0.0011
F 26 (60.47%) 177 (82.71%)
M 17 (39.53%) 37 (17.29%)
Age, y, no. (%) <0.0001
18-30 8 (18.60%) 56 (26.17%)
31-50 13 (30.23%) 71 (33.18%)
51-70 15 (34.88%) 80 (37.38%)
>70 7 (16.28%) 7 (3.27%)
Age, y 0.0347
Mean + SD 50.09 + 17.62 44,23 +15.23
Median (range) 51.00 (18.00-79.00) 44.00 (19.00-88.00)
Time lived in Baden-Wirttemberg, y 0.0839
5-20 2 (4.65%) 32 (14.95%)
>20 41 (95.35%) 182 (85.05%)
Dogs owned, no. (%) 0.0546
1 32 (74.42) 122 (57.01)
2 6 (13.95) 56 (26.17)
3 2 (4.65) 22 (10.28)
>3 3 (6.98) 14 (6.54)
Regular contact with dogs, y, no. (%) 0.2629
0-5 4 (9.30) 16 (7.48)
6-10 2 (4.65) 34 (15.89)
11-20 10 (23.26) 48 (22.43)
>20 27 (62.79) 116 (54.21)
*Boldface indicates significance (p<0.05).
Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 28, No. 8, August 2022 1601
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Table 2. Multivariable logistic regression analysis with estimations of odds of acquiring alveolar echinococcosis, Baden-Wirttemberg,

Germany, January 2019—February 2020*

Alveolar echinococcosis

Variable aOR (95% CI) p valuet
Community type, no. residents
Large city, >100,000 Referent
Middle city, 20,000—-100,000 0.127 (0.009-1.789) 0.1263
Small city, 5,000-20,000 1.054 (0.161-6.917) 0.9559
Rural community, <5,000 4.175 (0.711-24.534) 0.9559
Unattended
Garden Referent
Field 7.081 (1.523-32.931) 0.0126
Forest 1.221 (0.362—4.120) 0.7473
Dog eats carrion or prey
Frequently 2.125 (0.542-8.340) 0.2798
Rarely 0.514 (0.233-1.135) 0.0998
Never Referent
Dog rolls in feces from other animals
Frequently 2.570 (0.962-6.865) 0.0598
Rarely 0.205 (0.078-0.538) 0.0013
Never Referent
Dog hunts mice or prey
Frequently 0.664 (0.242-1.821) 0.4260
Rarely 0.766 (0.334-1.756) 0.5292
Never Referent
Dog eats organic waste from other animals
Daily 12.840 (1.127-146.278) 0.0398
Weekly <0.001 (<0.001—>999.999) 0.9843
Monthly <0.001 (<0.001—>999.999) 0.9908
Never/ sporadic Referent
Frequency of fur cleaning
Daily Referent
Weekly 0.472 (0.163-1.368) 0.1665
Monthly 0.400 (0.075-2.140) 0.2840
When soiled 0.543 (0.216-1.366) 0.1945
Never 7.567 (0.655-87.406) 0.1050
Veterinary visits
Only in case of illness 3.657 (1.480-9.039) 0.0050
1 vistly 2.003 (0.767-5.233) 0.1560
>1 visitly Referent
Deworming frequency
1 time/mo Referent
3—4 timesly 0.183 (0.031-1.061) 0.0582
1 timely 0.799 (0.125-5.091) 0.8124
If infection is suspected 0.190 (0.022-1.599) 0.1264
Never 0.734 (0.064-8.437) 0.8040
Feces tested for worm eggs
Regularly Referent
If infection is suspected 0.225 (0.045-1.118) 0.0681
Never 2.262 (0.598-8.562) 0.2292
Owner received education from veterinarian
Yes Referent
No 10.006 (4.282—23.383) <0.0001
Purpose of dog ownership
Hunting 0.332 (0.083-1.329) 0.1192
Herding 6.831 (1.028-45.371) 0.0467
Sporting 0.668 (0.077-5.808) 0.7148
Guard/watch dog 2.776 (0.819-9.412) 0.1011
Breeding <0.001 (<0.001—>999.999) 0.1011
Pet Referent
Other 2.132 (0.149-30.566) 0.5773
Coat length of the dog
Short, 1-2 cm Referent
Medium, 2-7 cm 0.902 (0.371-2.192) 0.8205
Long, >7 cm 0.709 (0.205-2.446) 0.5860
Undercoat 0.319 (0.102-0.997) 0.0493

*Model adjusted for age and sex. Boldface indicates significance (p<0.05).
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Kern et al. demonstrated increased risk for own-
ers of dogs that poach, owners of dogs that run unat-
tended outdoors, and persons who live close to a field
(10). Those results and ours are consistent with the
fact that in the rural areas of the study region, there is
a potential reservoir of the parasite in wildlife popu-
lations, particularly foxes (definitive hosts) and their
natural prey (i.e., small mammals) (18). The overall
risk may be elevated by increased environmental
contamination with E. multilocularis eggs, including
increased prevalence of dog feces in the environment.

Studies suggest that the prevalence of E. multi-
locularis parasites in dogs as the final host can vary
greatly, depending on the study region, and may play
a subtantial role in transmitting the pathogen (19-25).
In rural areas, such as southern Germany, dogs that
roam unattended in fields and prey on rodents have
an increased chance of injesting infected prey and
thus enabling completion of the parasite’s life and
development cycle. If dogs then excrete worm eggs,
it is plausible that their owners’ risk of contracting al-
veolar echinococcosis is increased. However, the gen-
eral risk for persons living in rural, echinococcosis-
endemic areas is also likely to be increased because of
the higher level of environmental contamination with
E. multilocularis eggs.

We found also a significantly increased risk for
alveolar echinococcosis for dog owners who took
their dog to a veterinarian only if it was ill, who had
never been informed by a veterinarian about their
own risk for infection with the fox tapeworm E. mul-
tilocularis, and who dewormed their dog(s) infre-
quently. These results seem plausible because studies
have shown that dogs in rural areas where risk for
infection is higher receive less veterinary care (8,22)
and that dogs in rural areas, specifically unattended
dogs, are more likely to be infected (21). Studies of
dog feces from different countries show E. multilocu-
laris infestation rates of 1.5%-20%, depending on the
study setting (19-25). PCR analysis of 21,588 dog fe-
ces samples collected during 2004-2005 in Germany
indicated an overall E. multilocularis prevalence of
0.24% (43/17,894); prevalence was higher in southern
Germany (0.35%, 31/8,941) than in northern Germa-
ny (0.13%, 12/8,953) (26). The authors estimated that
the chance of a dog becoming infected with the para-
site within 10 years was 8.7%. Knapp et al. found that
the high occurrence of dog feces in the cities studied,
despite a lower prevalence of E. multilocularis infec-
tion, posed a clear risk for humans (27). Accordingly,
dogs kept for private reasons were less likely to be
carriers of the parasite (<1.5%) than were herding or
hunting dogs that had free range and hunted rodents
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(3%-8%). Towes et al. also found higher proportions
of infected animals among hunting and herding dogs
that were allowed to roam freely (21), as did we in
our study.

Strube et al. argued that, depending on the ac-
tive ingredient and anthelmintic, 62.4% (312/500) of
dogs should be dewormed 12 times per year, accord-
ing to European Scientific Counsel Companion Ani-
mal Parasites (28). Those guidelines also said that
another 30.8% (154/500) of the dogs studied should
be dewormed according to category C, 4.8% (24/500)
4 times/year and 2.0% (10/500) 1 or 2 times/year.
The study showed poor deworming practices, with
an average of only 2.07 dewormings/year. Dog fur
contaminated with E. multilocularis eggs may be an-
other source of transmission to humans (29). That
possibility contrasts with our finding that a dog hav-
ing an undercoat is protective. Given the denseness
of this coat structure, the possibility of transmission
can be assumed. The study by Nagy et al. shows that
contamination via the coat is possible, which in turn
means that inadequate coat care may be associated
with increased risk for disease, as our study sug-
gests (29). Thus, lack of education and knowledge
about the potential risk for infection with E. multi-
locularis parasites and poor canine hygiene/groom-
ing may be associated with higher odds of possible
human infection.

We do not have a plausible explanation for the
increased risk for dog owners who feed dogs organic
waste on a daily basis. Possibly this feeding behav-
ior is confounded by the behavior of dogs with a cer-
tain purpose (e.g., hunting, herding, and guarding
[watch dogs]).

Limitations of our study are the heterogeneous
distribution of case-patients and controls, as well as
possible recall bias. Because patients with alveolar
echinococcosis and the risk factor of dog ownership
in Baden-Wiirttemberg are in a highly selected, het-
erogeneously distributed group, this potential con-
founding factor may be overcome only by conducting
an international study, perhaps in a multicentered
format. Because of the small number of cases and
often heterogeneous group sizes, values may scatter
substantially, and Cls can vary widely.

Our study shows that certain factors of dog owner-
ship are associated with increased odds of human alve-
olar echinococcosis and provides an overview of other
potential risk factors. Considering the rapidly increas-
ing number of dog owners in Germany, the results
emphasize the role of veterinary facilities and others in
informing dog owners about preventing or reducing
their risk for infection with E. multilocularis parasites.

1603



RESEARCH

The study was supported by the German Research
Foundation funded projects “Establishment of a national
database for alveolar echinococcosis” (reference no.

KA 4356/3-1) and “Implementation of interfaces for the
standardization of national database systems for alveolar
echinococcosis and its transformation processes”
(reference no. KR 5204 /1-2). It was further supported by
the Ministry of Rural Areas and Consumer Protection
Baden-Wiirttemberg “Fuchsbandwurm-Erkrankung;:

eine Baden-Wiirttembergische Erkrankung” (reference no.
AZ:14-(33)-8402.43 /419E), and by the Bavarian State
Government in the context of the funding of the “National
Echinococcosis Database Germany” (reference no.

AZ: K1-2490-PF-2020-FBW).

About the Author

Dr. Schmidberger is a research scientist at the Department
of Internal Medicine I at Ulm University Hospital and

an expert in public health, specializing in infectious
disease epidemiology.

References

1. Kratzer W, Schmidberger J, Hillenbrand A, Henne-Bruns D,
Gréter T, Barth TFE, et al. Alveolire echinokokkose: eine
herausforderung fiir diagnostik, therapie und klinisches
management. Epid Bull. 2019;41:423-30.

2. Brunetti E, Kern P, Vuitton DA; Writing Panel for the
WHO-IWGE. Expert consensus for the diagnosis and
treatment of cystic and alveolar echinococcosis in humans.
Acta Trop. 2010;114:1-16. https:/ /doi.org/10.1016/
j-actatropica.2009.11.001

3. Oksanen A, Siles-Lucas M, Karamon J, Possenti A,

Conraths FJ, Romig T, et al. The geographical distribution
and prevalence of Echinococcus multilocularis in animals

in the European Union and adjacent countries: a systematic
review and meta-analysis. Parasit Vectors. 2016;9:519.
https:/ /doi.org/10.1186/s13071-016-1746-4

4. Conraths FJ, Deplazes P. Echinococcus multilocularis:
Epidemiology, surveillance and state-of-the-art diagnostics
from a veterinary public health perspective. Vet Parasitol.
2015;213:149-61. https:/ /doi.org/10.1016/j.vetpar.2015.07.027

5. BaumannS, Shi R, Liu W, Bao H, Schmidberger J, Kratzer W,
et al.; Interdisciplinary Echinococcosis Working Group Ulm.
Worldwide literature on epidemiology of human alveolar
echinococcosis: a systematic review of research published in
the twenty-first century. Infection. 2019;47:703-27.
https:/ /doi.org/10.1007 /s15010-019-01325-2

6. Schmidberger J, Kratzer W, Stark K, Griiner B;
Echinococcosis Working Group. Alveolar echinococcosis
in Germany, 1992-2016. An update based on the newly
established national AE database. Infection. 2018;46:197-206.
https:/ /doi.org/10.1007/s15010-017-1094-0

7. Conraths FJ, Maksimov P. Epidemiology of Echinococcuis
multilocularis infections: a review of the present knowledge
and of the situation in Germany. Ber]l Munch Tierarztl
Wochenschr. 2020,0A-133. https:/ /doi.org/10.2376/
0005-9366-2020-5

8. Deplazes P, van Knapen F, Schweiger A, Overgaauw PA.
Role of pet dogs and cats in the transmission of helminthic

1604

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

zoonoses in Europe, with a focus on echinococcosis and
toxocarosis. Vet Parasitol. 2011;182:41-53. https:/ /doi.org/
10.1016/j.vetpar.2011.07.014

Kapel CM, Torgerson PR, Thompson RC, Deplazes P.
Reproductive potential of Echinococcus multilocularis in
experimentally infected foxes, dogs, raccoon dogs and cats.
Int J Parasitol. 2006;36:79-86. https:/ /doi.org/10.1016/
j-ijpara.2005.08.012

Kern P, Ammon A, Kron M, Sinn G, Sander S, Petersen LR,
et al. Risk factors for alveolar echinococcosis in humans.
Emerg Infect Dis. 2004;10:2088-93.

Piarroux M, Piarroux R, Knapp J, Bardonnet K, Dumortier J,
Watelet ], et al.; FrancEchino Surveillance Network.
Populations at risk for alveolar echinococcosis, France.
Emerg Infect Dis. 2013;19:721-8. https:/ /doi.org/10.3201/
€id1905.120867

Kreidl P, Allerberger F, Judmaier G, Auer H, Aspock H,
Hall AJ. Domestic pets as risk factors for alveolar

hydatid disease in Austria. Am ] Epidemiol. 1998;147:978-81.
https:/ /doi.org/10.1093/ oxfordjournals.aje.a009388
Stehr-Green JK, Stehr-Green PA, Schantz PM, Wilson JF,
Lanier A. Risk factors for infection with Echinococcus
multilocularis in Alaska. Am ] Trop Med Hyg. 1988;38:380-5.
https:/ /doi.org/10.4269/ ajtmh.1988.38.380

Conraths FJ, Probst C, Possenti A, Boufana B, Saulle R,

La Torre G, et al. Potential risk factors associated with
human alveolar echinococcosis: systematic review and
meta-analysis. PLoS Negl Trop Dis. 2017;11:e0005801.
https://doi.org/10.1371/journal.pntd.0005801

Torgerson PR, Robertson L], Enemark HL, Foehr J,

van der Giessen JWB, Kapel CMO, et al. Source attribution
of human echinococcosis: a systematic review and
meta-analysis. PLoS Negl Trop Dis. 2020;14:e0008382.
https://doi.org/10.1371/journal.pntd.0008382
Zentralverband Zoologischer Fachbetrieb, Industrieverband
Heimtierbedarf. Der Deutsche heimtiermarkt 2016 [cited
2019 Aug 29] https:/ /www.zzf.de/fileadmin/files/ ZZF /
Marktdaten/ZZF_IVH_Der_Deutsche_Heimtiermarkt_
2016_A4.pdf

Zentralverband Zoologischer Fachbetrieb, Industrieverband
Heimtierbedarf. Der Deutsche heimtiermarkt 2017 [cited
2019 Aug 29]. https:/ /www.zzf.de/fileadmin/files/ ZZF /
Marktdaten/IVH_ZZF_Der_Deutsche_Heimtiermarkt_
Anzahl_Heimtiere_2017.pdf

Schelling U, Frank W, Will R, Romig T, Lucius R.
Chemotherapy with praziquantel has the potential to reduce
the prevalence of Echinococcus multilocularis in wild foxes
(Vulpes vulpes). Ann Trop Med Parasitol. 1997;91:179-86.
https:/ /doi.org/10.1080/00034983.1997.11813128

Poulle ML, Bastien M, Richard Y, Josse-Dupuis E, Aubert D,
Villena I, et al. Detection of Echinococcus multilocularis and
other foodborne parasites in fox, cat and dog faeces collected
in kitchen gardens in a highly endemic area for alveolar
echinococcosis. Parasite. 2017;24:29. https:/ / doi.org/10.1051/
parasite/2017031

Karamon J, Sroka ], Dabrowska J, Bilska-Zajac E, Zdybel ],
Kochanowski M, et al. First report of Echinococcus
multilocularis in cats in Poland: a monitoring study in

cats and dogs from a rural area and animal shelter in a
highly endemic region. Parasit Vectors. 2019;12:313.
https://doi.org/10.1186/s13071-019-3573-x

Toews E, Musiani M, Checkley S, Visscher D, Massolo A.

A global assessment of Echinococcus multilocularis infections
in domestic dogs: proposing a framework to overcome past
methodological heterogeneity. Int ] Parasitol. 2021;51:379-92.
https://doi.org/10.1016/j.ijpara.2020.10.008

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 8, August 2022



22.

23.

24.

25.

26.

Hegglin D, Deplazes P. Control of Echinococcus
multilocularis: strategies, feasibility and cost-benefit analy-
ses. Int ] Parasitol. 2013;43:327-37. https:/ /doi.org/
10.1016/j.ijjpara.2012.11.013

Liu CN, Xu YY, Cadavid-Restrepo AM, Lou ZZ, Yan HB,
LiL, et al. Estimating the prevalence of Echinococcus in
domestic dogs in highly endemic for echinococcosis.

Infect Dis Poverty. 2018;7:77. https:/ /doi.org/10.1186/
$40249-018-0458-8

Hao L, Yang A, Yuan D, Guo L, Hou W, Mo Q, et al.
Detection of Echinococcus multilocularis in domestic dogs

of Shiqu County in the summer herding. Parasitol Res.
2018;117:1965-8. https:/ / doi.org/10.1007 /s00436-018-5862-2
Ziadinov I, Mathis A, Trachsel D, Rysmukhambetova A,

Abdyjaparov TA, Kuttubaev OT, et al. Canine echinococcosis

in Kyrgyzstan: using prevalence data adjusted for
measurement error to develop transmission dynamics
models. Int ] Parasitol. 2008;38:1179-90. https:/ / doi.org/
10.1016/j.ijpara.2008.01.009

Dyachenko V, Pantchev N, Gawlowska S, Vrhovec MG,
Bauer C. Echinococcus multilocularis infections in domestic
dogs and cats from Germany and other European countries.

Dog Ownership and Risk for Alveolar Echinococcosis

Vet Parasitol. 2008;157:244-53. https:/ /doi.org/10.1016/
j-vetpar.2008.07.030

Knapp J, Giraudoux P, Combes B, Umhang G, Boué F,
Said-Ali Z, et al. Rural and urban distribution of wild and
domestic carnivore stools in the context of Echinococcus
multilocularis environmental exposure. Int J Parasitol.
2018;48:937-46. https:/ / doi.org/10.1016/j.ijpara.2018.05.007
Strube C, Neubert A, Springer A, von Samson-
Himmelstjerna G. Survey of German pet owners quantifying
endoparasitic infection risk and implications for deworming
recommendations. Parasit Vectors. 2019;12:203.
https://doi.org/10.1186/s13071-019-3410-2

Nagy A, Ziadinov I, Schweiger A, Schnyder M, Deplazes P.
Hair coat contamination with zoonotic helminth eggs of farm
and pet dogs and foxes [in German]. Berl Munch Tierarztl
Wochenschr. 2011;124:503-11.

27.

28.

29.

Address for correspondence: Julian Schmidberger,
Department of Internal Medicine I, University Hospital Ulm,
Albert-Einstein-Allee 23, 89081 Ulm, Germany; email:
julian.schmidberger@uniklinik-ulm.de

The Public Health Image Library

Emerging Infectious Diseases * www.

The Public Health Image Library
(PHIL), Centers for Disease
Control and Prevention, contains
thousands of public health—
related images, including
high-resolution (print quality)
photographs, illustrations,

and videos.

PHIL collections illustrate current

events and articles, supply visual
content for health promotion
brochures, document the

effects of disease, and enhance
instructional media.

PHIL images, accessible to PC
and Macintosh users, are in the
public domain and available
without charge.

Visit PHIL at:
http://phil.cdc.gov/phil

cdc.gov/eid « Vol. 28, No. 8, August 2022 1605



RESEARCH

Characterization of Emerging
Serotype 19A Pneumococcal
Strains in Invasive Disease

and Carriage, Belgium

Stefanie Desmet, Heidi Theeten, Lies Laenen, Lize Cuypers, Piet Maes,
Wouter Bossuyt, Liesbet Van Heirstraeten, Willy E. Peetermans, Katrien Lagrou

After switching from 13-valent to 10-valent pneumo-
coccal conjugate vaccine (PCV10) (2015-2016) for
children in Belgium, we observed rapid reemergence
of serotype 19Ainvasive pneumococcal disease (IPD).
Whole-genome sequencing of 166 serotype 19A IPD
isolates from children (n = 54) and older adults (n =
56) and carriage isolates from healthy children (n =
56) collected after the vaccine switch (2017-2018)
showed 24 sequence types (STs). ST416 (global
pneumococcal sequence cluster [GPSC] 4) and
ST994 (GPSC146) accounted for 75.9% of IPD strains
from children and 65.7% of IPD (children and older
adults) and carriage isolates in the PCV10 period
(2017—-2018). These STs differed from predominant
19A IPD STs after introduction of PCV7 (2011) in Bel-
gium (ST193 [GPSC11] and ST276 [GPSC10]), which
indicates that prediction of emerging strains cannot be
based solely on historical emerging strains. Despite
their susceptible antimicrobial drug profiles, these
clones spread in carriage and IPD during PCV10 use.

Pneumococcal serotype19A isone of the 100 known
serotypes of Streptococcus pneumoniae (1). The high
potential of serotype 19A to cause invasive pneumo-
coccal disease (IPD), its high rates of antimicrobial
drug resistance, the variable inclusion of this sero-
type in conjugate vaccines, and its high genetic plas-
ticity makes it one of the most studied pneumococcal
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serotypes (2-4). Serotype 19A became more prevalent
after 7-valent pneumococcal conjugate vaccine
(PCV7) was introduced into childhood vaccination
programs. As a consequence of the decrease of PCV7
serotype IPD, serotypes not included in PCV7, such
as serotype 19A, became a more critical issue be-
cause of process called serotype replacement. In the
United States, capsular switching and antimicrobial
drug resistance played a major role in the increase of
serotype 19A after introduction of PCV7 (2,3).

In Belgium, introduction of the 13-valent vaccine,
which includes serotype 19A, resulted in a 10-fold
decrease of serotype 19A incidence in the youngest
children (5). As in Belgium, in most countries that
use PCV13, a decrease in serotype 19A IPD in chil-
dren was observed, resulting in a low residual sero-
type 19A IPD incidence during PCV13 use (6,7). By
an indirect effect, use of PCV13 in children also re-
sulted in a decrease in the incidence of serotype 19A
IPD in older adults in Belgium and other countries
(7,8). However, serotype 19A has remained one of
the major serotypes, accounting for 5.6% of IPD cases
in older adults during 2015 (9). In addition, in other
countries (e.g., England and Wales), serotype 19A did
not completely disappear after PCV13 introduction,
and the number of serotype 19A IPD cases remained
on a plateau (10).

For >20 years, a stable national laboratory-
based surveillance of IPD has been in place in
Belgium (5). Since 2016, a national nasopharyn-
geal carriage study investigating pneumococcal
carriage in children attending day care centers
was also conducted in parallel with IPD surveil-
lance (11). These 2 parallel surveillances make
it possible to study in detail changes over time
in the pneumococcal population (4,5,11). After
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a decrease in pediatric IPD incidence after the
switch from PCV7 to PCV13 in Belgium, a major
increase in IPD incidence in the youngest children
was again observed during 2017-2018, two years
after the switch from PCV13 to PCV10 (2015-2016)
(6). This increase was attributed mainly to the
major increase in serotype 19A IPD (from 2.2 cas-
es/100,000 children <2 years old in the PCV13 pe-
riod to 12.5 cases/100,000 children <2 years old in
PCV10 period) (5). In older adults, an increase in
the proportion of serotype 19A IPD was detected
from 5.6% during 2015 to 13.2% during 2019 (9). In
parallel, an increase in the proportion of serotype
19A in nasopharyngeal carriage of young children
in Belgium was observed from 0.4% during 2016 to
6.4% during 2017-2018 (11).

To elucidate the rapid increase in serotype 19A
IPD and carriage, we performed phenotypic and mo-
lecular characterization of the serotype 19A strains
isolated during 2017-2018. We investigated whether
the same serotype 19A strains were detected in chil-
dren and adults who had IPD, and if they correspond
to the ones carried by the youngest children during
2017-2018. Moreover, we aimed to compare these se-
rotype 19A strains from Belgium with serotype 19A
IPD strains that were detected after introduction of
PCV7 in Belgium and other countries to investigate
whether there was a clonal expansion of previous
dominant clones and whether capsular switching or
antimicrobial drug resistance played a role in reemer-
gence of serotype 19A.

Materials and Methods

Bacterial Strains

We included in the study all serotype 19A S. pneu-
moniae isolates sent to the Belgian Reference Centre
for Invasive S. pneumoniae and collected from a nor-
mally sterile site (e.g., blood culture, cerebrospinal
fluid, pleural fluid, or synovial fluid) during 2010,
during 2012-2018 from children <2 years of age (IPD
children), and during 2018 from older adults (65-85
years of age) (IPD older adults). Data collection was
part of the national passive surveillance network that
showed a mean representativeness for IPD in Bel-
gium of 90.5% (2007-2018) (5).

We collected serotype 19A pneumococcal
strains carried by young healthy children 6-30
months of age during a national nasopharyngeal
carriage study (carriage children). This study has
been described in detail (12). Healthy children were
recruited in randomly selected daycare centers in 3
regions of Belgium (Flanders, Wallonia, and Brus-
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sels). We obtained a nasopharyngeal flocked swab
specimen from 1,855 children during the winter of
years 2 (2016-2017) and years 3 (2017-2018). For
this study, we included only serotype 19A strains
collected during 2017 and 2018. We defined 2010 as
the PCV7 year, January 2012-December 2014 as the
PCV13 period, and January 2017-December 2018 as
the PCV10 period.

Phenotypic Characterization

We performed serotyping of pneumococcal strains
by detection of the Quellung reaction using serotype-
specific antisera (SSI Diagnostica, https:/ /ssidiagnos-
tica.com). We conducted antimicrobial susceptibility
testing by using disk diffusion for penicillin (oxacil-
lin), erythromycin, tetracycline, trimethoprim/sulfa-
methoxazole, and levofloxacin. If the oxacillin zone
diameter was <20 mm, we determined the MIC by
using Etest (bioMérieux, https://www.biomerieux.
com) for penicillin and cefotaxime. We interpreted
results by using the European Committee on Antimi-
crobial Susceptibility Testing (https://www.eucast.
org) 2019 guidelines. We interpreted a penicillin MIC
>0.064 mg/L and a cefotaxime MIC >0.5 mg/L as in-
dicating resistance.

Genotypic Characterization

We extracted DNA by using the DSP DNA Mini Kit
on the QIAsymphony SP/AP Instrument (QIAGEN,
https:/ /www.qiagen.com) and the protocol for
gram-negative bacteria. We prepared libraries by us-
ing the Nextera XT DNA Library Prep Kit (Illumina,
https:/ /www.illumina.com) and the Echo 525 Lig-
uid Handler Instrument (Beckman-Coulter, https://
www.beckmancoulter.com), followed by solid-phase
reversible immobilization bead purification (Hamil-
ton, https:/ /www.hamiltoncompany.com).

We used a genomic DNA concentration of 0.2
ng/pL dissolved in 500 nL of nuclease-free water. We
prepared a Nextera library according to the manu-
facturer’s (Illumina) protocol with a tagment DNA
buffer to amplicon tagment mixture ratio of 2:1 and
tagmentation time of 15 min at 55°C. We performed
amplification of the library by using 12 PCR cycles of
95°C for 10 s, 55°C for 30 s, and 72°C for 30 s.

We purified beads by using Hamilton NGS Star
and AMPure XP beads (Beckman-Coulter) at a ratio of
30%. We verified library quality by using Bioanalyzer
(Agilent, https://www.agilent.com) and a quantita-
tive PCR (Kapa Biosystems, https:/ /kapabiosystems.
com). We performed sequencing by using the MiSeq
System with MiSeq version 3 PE300 reagents and
Hiseq2500 with version 2 reagents (Illlumina). We

1607



RESEARCH

submitted read data for all S. pneumoniae serotype 19
isolates to the National Center for Biotechnology In-
formation Short Read Archive (BioProject accession
no. PRINA780376).

We analyzed demultiplexed sequence reads by
using 2 pipelines. First, we used an in-house cloud-
based pipeline based on Kraken 2, the Centers for
Disease Control and Prevention StrepLab pipeline,
and SeroBA (13,14). We used Kraken 2 and infor-
mation about identification of the strain to check
whether there was contamination with other bac-
terial species (15). Combining of the Centers for
Disease Control and Prevention StrepLab pipeline
and SeroBA resulted in an output of serotype, mul-
tilocus sequence typing (MLST) results, presence of
pilus genes, presence of antimicrobial drug resis-
tance genes, assignment of penicillin-binding pro-
tein (PBP) profile, and prediction of antimicrobial
drug susceptibility of the strain.

Second, we used the INNUca pipeline (https://
innuca-nf.readthedocs.io) for performing quality con-
trol and de novo assembly of the genome. We per-
formed quality control of reads by using FastQC ver-
sion 0.11.5 (https://guix.gnu.org), and cleaned and
trimmed reads by using Trimmomatic version 0.36
(https:/ /kbase.us/applist/apps/kb_trimmomatic/
run_trimmomatic/release).

We assembled the genome by using SPAdes ver-
sion 3.11.0 (https://cab.spbu.ru) and subsequently
polished the genome by using Pilon version 1.18
(https:/ / github.com/broadinstitute/pilon). We used
the assembled genome for assignment of global pneu-
mococcal sequence clustering (GPSC) by using Patho-
genwatch (Welcome Sanger Institute, https:/ /patho-
gen.watch) (16). We used PopPUNK 2.4 (https://
poppunk.readthedocs.io) and a newer GPSC refer-
ence database (n = 42,000) for strains that had a novel
GPSC assignment by Pathogenwatch (accessed on
January 11, 2021).

Data Analysis

We compared phenotypic and genotypic character-
istics of serotype 19A strains causing IPD in older
adults and carried (isolated during 2017-2018) by
healthy young children with serotype 19A IPD strains
isolated from children during the PCV7 period (2010),
the PCV13 period (2012-2014), and the PCV10 period
(2017-2018). We compiled descriptive statistics for
these comparisons.

Results

A total of 255 serotype 19A strains were included in
this study, of which 166 strains were isolated in the
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PCV10 period (2017-2018): 54 IPD strains from chil-
dren, 56 IPD strains from older adults, and 56 carriage
strains from children. A total of 89 strains that were
isolated in children <2 years old in the PCV7 (2010)
(n = 67) and PCV13 period (2012-2014) (n = 23) were
included to analyze the evolution over time of the se-
rotype 19A strains in children <2 years of age.

Antimicrobial Drug Susceptibility and Pilus Genes

of Serotype 19A Strains Isolated during 2017-2018
Resistance rates for serotype 19A strains were 9.0% for
penicillin, 23.5% for erythromycin, 0.0% for levofloxa-
cin, and 22.3% for tetracycline. Higher resistance rates
for penicillin were detected in IPD strains (13.0% for
children and 11.1% for older adults) compared with
carriage strains (5.4%). For erythromycin and tetra-
cycline, higher resistance rates were observed in IPD
strains from children (29.6% and 27.8%) compared
with IPD strains from older adults (17.9% and 17.9%)
and carriage strains (23.2% and 21.4%) (Table 1). The
pilus 1 gene was found in 47.6% of the serotype 19A
strains in the PCV10 period, with a similar proportion
in the different groups (range 46.3%-48.2% pilus-1-
positive strains in each group). Both pilus 1 and pilus
2 genes were detected in only 3 strains causing IPD in
young children, 2 strains causing IPD in older adults,
and 4 strains carried by young children in the PCV10
period. A total of 77 (46.4%) of the 166 serotype 19A
strains had no pilus genes.

MLST Types of Serotype 19A Isolated during 2017-2018
We detected 24 MLST types. ST416 (47.6%, 79/166),
ST994 (18.1%, 30/166), ST2081 (5.4%, 9/166),
ST320 (3.0%, 5/166), and ST419 (3.0%, 5/166) were
the predominant types (Table 2, https://wwwnc.
cdc.gov/EID/article/28/810/21-2440-T2.htm). We
detected 11 STs only once: ST63, ST1756, ST2013,
ST2669, ST2927, ST3012, SST9387, ST13097, ST13701,
ST16628, and ST16627. ST16628 and ST16627 were
assigned as new pneumococcal STs. Of the predomi-
nant STs, we detected ST416, ST994, and ST320 in
all 3 groups, and these STs accounted for >60% of
the strains in each group: 43/54 (79.6%) for IPD
young children, 36/56 (64.3%) for IPD older adults,
and 35/56 (62.5%) for carriage strains. We detected
ST416 in all groups, and it was the most predomi-
nant ST, accounting for 45%-48% of the strains in
each group. ST2081, ST419 and ST1848 accounted for
26.8% (15/56) of carriage strains but were not detect-
ed as the cause of IPD in young children and only
rarely (3.6%, 2/56) in older adults who had IPD. We
detected 5 STs in children who had IPD, but we did
not detect those STs in carriage. We detected ST994
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Table 1. Characteristics and antimicrobial drug susceptibility for serotype 19A strains of pneumococci isolated during the period after

the PCV13 to PCV10 switch, Belgium*

Characteristic IPD, young children  IPD, older persons  Carriage, young children Total
No. strains 54 56 56 166
Year of isolation 2017-2018 2018 2017-2018 2017-2018
Age
0-11 mo 41 0 8 49
13-23 mo 13 0 32 45
2-3y 0 0 15 15
34y 0 0 1 1
65-85y 0 56 0 56
Sex, M/F 32/22 27129 28/28 87
Source of isolation
Blood 48 56 0 104
CSF 5 0 0 5
Pleural fluid 1 0 0 1
Nasopharyngeal swab specimen 0 0 56 56
Penicillin resistant 7 (13.0) 5(11.1) 3(5.4) 15 (9.0)
Levofloxacin resistant 0(0) 0(0) 0 (0) 0(0)
Erythromycin resistant 16 (29.6) 10 (17.9) 13 (23.2) 39 (23.5)
Tetracycline resistant 15 (27.8) 10 (17.9) 12 (21.4) 37 (22.3)
Pilus 1 25 (46.3) 27 (48.2) 27 (48.2) 79 (47.6)
Pilus 1 and pilus 2 3 (5.6) 2 (3.6) 4(7.1) 9(5.4)

*Values are no. or no. (%). CSF, cerebrospinal fluid; IPD, invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine.

at a higher proportion in IPD (15/54; 27.8%) than in
carriage (6/56, 10.7%) in children.

Comparing the strains causing IPD in children
and older adults in the PCV10 period indicated the
same predominant STs (5T416 and ST994). Two STs,
ST199 and ST276, accounted for 14.3% (8/56) of 19A
strains in older adults; we did not detect those STs in
the IPD cases in young children. Conversely, 4 STs
we detected in young children who had IPD were not
found in older adults.

Serotype 19A strains from the PCV10 period
grouped into 9 GPSCs. Strains that had the same
ST always grouped together into 1 GPSC. A total of
6 GPSCs consisted of different STs. A total of 63.3%
(105/166) of the strains grouped in GPSC4, and 18.1%
(30/166) grouped in GPSC146. The other GPSC ac-
counted for <5% of the strains.

Genomic Characterization of Predominant

MLST Types during 2017-2018

ST416 strains are mainly pilus 1 gene positive
(76/79), and all are penicillin susceptible, based on
the 0-0-0 PBP profile in 74 of the 79 strains. A total
of 20.2% (16/79) had the erm(B) gene, and all those
strains were erythromycin resistant. In 20.2% of
ST416 strains, we detected the tet(M) gene, confer-
ring phenotypically tetracycline resistance in these
strains. ST416 is part of clonal complex 199 and is
a double-locus variant of the worldwide distributed
penicillin nonsusceptible ST199. According to the
pubMLST database (https://pubmlst.org), ST416
has been associated with serotype 19A and to a
lesser extend with serotype 19F (only 3 strains in the
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database as of May 14, 2021). ST416 strains belonged
to GPSC4, which is the GPSC with the highest
number of serotype 19A strains in the GPSC data-
base (Pathogenwatch, https://www.pneumogen.
net; 25,731 pneumococcal genomes as of May 14,
2021). The ST994 strains from Belgium clustered in
GPSC146, which is a small GPSC with only 23 public
genomes assigned, all ST994 strains.

Of the other predominant 19A strains, ST994 and
ST2081 did not have pilus genes and had no eryth-
romycin or tetracycline resistance genes detected;
they were phenotypical susceptible to all tested an-
timicrobial drugs. ST994 has been identified in only
77 isolates, all serotype 19A except 1 serotype 19C
isolate, which indicates that it is even less frequently
described than ST416 (179 isolates) in the pubMLST
database. It is unlikely that this ST results from a se-
rotype switch.

Conversely, ST320 strains carried the 13-11-16
PBP profile associated with penicillin resistance. We
also detected erm(B), mef(A), and tet(M) genes in all
ST320 strains, which correlated with the phenotypical
resistance to erythromycin and tetracycline.

Comparing Pre-PCV10 to PCV10 Serotype 19A Clones
Comparing serotype 19A strains causing IPD in
children in the PCV7 period (2010) and PCV13 pe-
riod (2012-2014) to those from the PCV10 period
(2017-2018) indicated a change in predominant
STs and GPSCs over time (Table 3; Figure). The
predominant clones in the PCV10 period, ST416
(GPSC4) and ST994 (GPSC146), which account-
ed for 75.9% (41/54) of serotype 19A IPD strains
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during 2017-2018, were also detected in the PCV7
and PCV13 period but at much lower proportions:
11.9% (8/67) for the PCV period and 30.4% (7/23)
for the PCV13 period. Of the clones that were pre-
dominant during the PCV7 period, ST193 (GPSC11)
and ST276 (GPSC10) (together 40/67; 59.7%), only
1 ST193 (GPSC11) isolate was detected as the cause
of IPD in the youngest children during the PCV10
period. ST416, ST994, ST193 and ST276 clustered in
4 different GPSC, indicating they were not closely
related to each other.

Discussion

After the PCV13 to PCV10 switch in Belgium, a
rapid emergence of serotype 19A occurred in IPD
and nasopharyngeal carriage in the youngest chil-
dren. Emergence in both groups was associated
with the increase in a variety of mainly penicillin-
susceptible serotype 19A clones. Two serotype 19A
clones, ST416 (GPSC4) and ST994 (GPSC146), ac-
counted for most 19A isolates. Those clones were
not only predominant in the youngest children but
were also the predominant clones causing IPD in
adults after vaccine switch. These emerging clones

differed from the serotype 19A clones (ST193 and
ST276) that were mainly responsible for the in-
crease in serotype 19A IPD in children after PCV7
introduction in Belgium and other countries in Eu-
rope (17-20).

The 2 predominant STs are greatly involved
in carriage in the youngest children, as well as in
invasive disease in the youngest children and older
adults, which might indicate that these strains have
an advantage to spread compared with other STs
of serotype 19A. Although ST416 and ST994 were
already on the increase before the vaccine switch
in Belgium, they were not the predominant sero-
type 19A STs in childhood IPD at that time. Instead,
ST193 and ST276 still accounted for most of the
serotype 19A strains causing IPD in the youngest
children during the PCV7 and PCV13 periods.
The number of ST193 and ST276 serotype 19A IPD
strains in young children did not increase after the
vaccine switch. We observed that after introduction
of PCV7 and PCV10, an increase in serotype 19A
was detected, but the effect on the microepidemiol-
ogy of serotype 19A was different because of emer-
gence of different clones.

Table 3. GPSC and ST assignment for serotype 19A invasive pneumococci isolated during PCV7 period (2010), PCV13 period (2012—
2014), and PCV10 period (2017-2018), from children <2 years of age, Belgium*

No. isolated
PCV7 period, PCV13 period, PCV10 period,
GPSC Sequence type 2010 2012-2014 2017-2018 Total
GPSC4 Total 7 4 28 39
ST199 2 0 0 2
ST416 2 4 26 32
ST876 1 0 0 1
ST3012 2 0 0 2
ST3017 0 0 1 1
ST15414 0 0 1 1
GPSC11 Total 31 5 1 37
ST193 26 5 1 32
ST1228 1 0 0 1
ST2927 2 0 0 2
ST16995 1 0 0 1
ST16996 1 0 0 1
GPSC10 Total 20 6 3 29
ST276 14 6 0 20
ST2013 4 0 1 5
ST15077 0 0 2 2
ST16994 2 0 0 2
GPSC146 ST99%4 6 3 15 24
GPSC1 Total 1 1 3 5
ST320 1 1 2 4
ST9387 0 0 1 1
GPSC9 ST63 1 1 1 3
GPSC18 Total 0 2 0 3
ST4831 0 1 0 1
ST99 0 0 0 1
ST1848 0 1 0 1
GPSC109 ST13096 0 0 2 2
Unknown Total 1 1 1 1
Total Total 67 23 54 143

*GPSC, global pneumococcal sequence cluster; PCV, pneumococcal conjugate vaccine; ST, sequence type.
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Figure. Number and ST distribution of pneumococcal serotype 19A strains isolated from invasive disease and carriage, Belgium.
Shown are IPD cases in young children during 2010, 2012-2014, and 2017-2018; serotype 19A strains isolated from IPD cases in
older persons during 2018; and serotype 19A strains carried by children during 2017—2018. Different colors indicate different STs. IPD,
invasive pneumococcal disease; PCV, pneumococcal conjugate vaccine; ST, sequence type.

Although serotype 19A is well known for its high
level of antimicrobial drug resistance, emergence of
serotype 19A after introduction of PCV10 in Belgium
is driven mainly by drug-susceptible pneumococci.
Although the penicillin resistance rate is somewhat
higher in serotype 19A IPD strains (13.0% in adults
and 11.1% in young children) compared with carriage
strains (5.4%), those resistance rates are much lower
than the resistance rates for serotype 19A IPD strains
isolated from children before the PCV13 period (e.g.,
38.6% in 2011; data from the Belgian Reference Centre
for Invasive S. pneumoniae).

An influencing factor could be different an-
timicrobial drug pressure during the PCV7 pe-
riod in comparison with the PCV10 period. In the
PCV10 period (2015-2018; 23.4 defined daily doses
[DDDs]/1,000 inhabitants/day) a slightly lower
consumption of systemic antimicrobial drugs in
community and hospital settings was detected
than during the PCV7 period (2007-2010; 23.9
DDDs/1,000 inhabitants/day) (21). In addition,
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during 2007-2015, macrolide consumption gradu-
ally increased (2.7 to 3.7 DDDs/1,000 inhabitants/
day), and nonpenicillin 3-lactam (code JO1D in the
World Health Organization ATC classification sys-
tem, https://www.whocc.no/atc_ddd_index; 2.73
to 1.8 DDDs/1,000 inhabitants/day) consumption
gradually decreased (21). However, because ST416
and ST994 strains are mainly macrolide suscepti-
ble, it is unlikely that the modest increase in macro-
lide antimicrobial drug pressure is the driver of the
spread of these specific clones.

Looking into more detail for ST416 and ST994 is
useful to clarify why these STs expanded in compari-
son with other serotype 19A STs. In contrast to the
ancestral ST199, ST416 strains were all penicillin sus-
ceptible in this study. Some diversity was observed
regarding macrolide and tetracycline resistance within
the emerging ST416 strains in Belgium, but the re-
sistant strains were seen in equal proportions in the
3 studied groups (IPD children, IPD adults, and car-
riage children). ST416 has been detected in countries in
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Europe at relatively low frequencies. In Germany,
France, Spain, and Finland, it has been detected af-
ter PCV introduction, but it was only responsible for
<10% of serotype 19A strains (17-20). Also in Belgium,
ST416 has sporadically been detected before the PCV13
to PCV10 vaccine switch. An exception is Italy, where
ST416 accounted for >60% of serotype 19A IPD strains
and was the driver of the increase of serotype 19A IPD
after introduction of PCV7 (17). These data for Italy
underscores the potential of ST416 to rapidly increase.

Before 2015, ST994 was sporadically detected in
Belgium and in other countries in Europe (e.g., Ger-
many, Spain, and the Netherlands). ST994 was also
the predominant 19A clone in children <5 years old
after PCV10 introduction in Finland.

A detailed comparison of 19A strains from Bel-
gium with 19A strains from countries using PCV13
and PCV10 is needed to investigate a correlation
between presence of ST994 and use of PCV10. Pub-
licly available databases do not contain genome
sequences with relevant metadata for ST994 and
ST416 serotype 19A strains to investigate whether
the serotype 19A from Belgium is distinct from the
serotype 19A strains from other countries in Eu-
rope using PCV13 or PCV10. To study this possibil-
ity in detail, collaboration between national refer-
ence centers is needed.

Pilus genes are major virulence factors pro-
moting adhesion, invasion, and spreading of the
pneumococcus in the human host. Almost all ST416
strains carry the pilus 1 gene, which might be a com-
petitive advantage for this clone. In general, <40%
of all invasive pneumococci carry pilus genes, and
the presence of pilus genes has been associated with
serotype 19A. Presence of pili is frequently associ-
ated with antimicrobial drug resistance in pneumo-
coccal strains. In contrast, in this study, pilus genes
were detected in penicillin-susceptible strains. The
emerging ST416 accounts for most of these pilus 1-
positive strains. ST416 and ST994 could also carry
other virulence factors, which could explain their
competitive advantage compared with other STs.

Only some serotype 19A clones are detected in
carriage but not in IPD and vice versa. Children act
as a reservoir for the pneumococci that cause invasive
disease in older adults, but the dynamics between
pneumococcal carriage in young children and IPD
in the same age group and older age groups are not
yet fully understood (22-24). In this study, the same
predominant clones of serotype 19A are responsible
for the emergence of serotype 194, indicating an as-
sociation between strains that are carried by young
children and strains that cause invasive disease in
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children and adults. Other invasive serotypes (e.g.,
serotype 1, 8, and 12F) are not frequently carried in
the youngest children, which suggests that also other
factors are essential for the spread of pneumococci
that cause invasive disease.

Based on the increase of total IPD and serotype
19A IPD in the youngest children in Belgium, PCV10
was again replaced by PCV13 in September 2019
(25,26). Data from Belgium for emerging serotype
19A clones in adults and children are useful for other
countries that switched from PCV13 to PCV10 or that
plan to make changes on the dose schedule and type of
vaccine. Close monitoring of IPD epidemiology by sur-
veillance is needed to rapidly detect emerging clones.
Investigation of the microepidemiology of serotype
19A after this switch back from PCV10 to PCV13 will
be useful for further investigation of correlations be-
tween the use of the different PCVs and the circulation
of specific serotype 19A clones. However, confounding
variables caused by the coronavirus disease pandemic
and its related containment measures during 2020 and
2021, which resulted in a perturbation of the IPD epi-
demiology in Belgium and other countries, will make
this analysis more complicated (27,28).
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INnvasive Pneumococcal Disease

and Long-Term

Mortality Rates

IN Adults, Alberta, Canada

Kristen A. Versluys, Dean T. Eurich, Thomas J. Marrie, Gregory J. Tyrrell

The relationship between increased short-term mortal-
ity rates after invasive pneumococcal disease (IPD) has
been frequently studied. However, the relationship be-
tween IPD and long-term mortality rates is unknown. IPD
patients in Alberta, Canada, had clinical data collected
that were linked to administrative databases. We used
Cox proportional hazards modeling, and the primary
outcome was time to all-cause deaths. First IPD events
were identified in 4,522 patients, who had a median fol-
low-up of 3.2 years (interquartile range 0.8-9.1 years).
Overall all-cause mortality rates were consistently high-
er among cases than controls at 30 days (adjusted haz-
ard ratio [aHR] 3.75, 95% CI 3.29-4.28), 30-90 days
(aHR 1.56, 95% CI 1.27-1.93), and >90 days (aHR
1.43, 95% CI 1.33-1.54). IPD increases risk for short,
intermediate, and long-term mortality rates regardless of
age, sex, or concurrent conditions. These findings can
help clinicians focus on postdischarge patient plans to
limit long-term effects after acute IPD infection.

Despite introduction and recommendation of the
capsular polysaccharide pneumococcal vaccine in
Canada during 1989 to persons >65 years of age, Strep-
tococcus pneumoniae is still a cause of major illness and
death in Canada and worldwide (1-3). The most seri-
ous manifestation of infection is invasive pneumococ-
cal disease (IPD), which is characterized by bacteria
invading normally sterile body sites, such as blood,
lungs, or cerebrospinal fluid. In Canada, the incidence
of IPD is around 8.8-9.9 cases /100,000 persons (4,5) and
consistently highest in persons >60 years of age (27.1
cases /100,000 men and 20.2 cases/ 100,000 women) (6).

Short-term 30-day mortality rates after IPD have
been frequently studied (estimated case-fatality
rate within 30 days ranging from 13% to 21%) (7,8).
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Increasing age and concurrent conditions are associ-
ated with increased case-fatality rates (7,8). However,
studies on long-term mortality rates after IPD have
been largely deficient, despite IPD being a reportable
disease in Canada since 2000 (9).

Two studies conducted in Norway and the Nether-
lands investigated 1-year and 5-year mortality rates af-
ter IPD compared with those for age- and sex-matched
controls in the general population (7,10). In persons
who survived initial hospitalization or survived 30
days after acute infection, IPD mortality rates were
higher for cases than for controls (1-year mortality
rate 10%-30% for cases vs. 1%-3% for controls; 5-year
mortality rate 35%-42% for cases vs. 7%-15% for con-
trols) (7,10). However, the study noted that, in the
Netherlands, most deaths occurred within the first 30
days (case-mortality rate 17%) (7). Thus, it remains un-
clear whether IPD increases long-term mortality rates.
Moreover, these were highly selected samples because
both studies used data from only 1 hospital in a large
urban center, which are unlikely to be representative of
the broader IPD population (7,10).

Widespread pneumococcal vaccination has seen
major success (11). However, with an aging popu-
lation at risk for IPD, and pneumococcal serotypes
changing to evade current vaccinations, IPD remains
a disease of public health concern (12). We have
shown a change in serotypes and associated potential
increases in severity of disease among IPD patients in
Alberta, Canada (13). To determine how IPD is affect-
ing mortality rates, we investigated short, intermedi-
ate, and long-term mortality outcomes for persons
who had IPD compared with age- and sex-matched
controls in Alberta over a 20-year period.

Methods
IPD Cases

Community cases of IPD were defined by laboratory-
confirmed isolation of S. pneumoniae from a sterile site,
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including blood, cerebrospinal fluid (CSF), and pleu-
ral fluid (14). In Alberta, all IPD cases are reported to
Alberta Health; thus, case ascertainment is accurate
and complete. Data were collected on all adult IPD
patients (>18 years of age) in Alberta during 1999-
2019. The population of Alberta was estimated at 2.9
million at the start of follow-up and 4.3 million by the
end of follow-up (15). Data for case-patients were col-
lected by using standardized case reports. These data
included demographic information, concurrent con-
ditions, pharmacy data, laboratory results, diagnostic
imaging, and vitals for the entirety of their hospital
stay. Concurrent conditions for IPD patients have
been described (16). This study was approved by the
University of Alberta Health Ethics Research Board
(Pro00071271) and Alberta Health Services.

Matched Controls

We age- and sex-matched case-patients with up to
2 population controls who did not have a history of
IPD. Because case-patients were hospitalized, where
possible, hospital controls were preferred because
both groups probably had poorer underlying health
than nonhospitalized controls. Hospitalized controls
were defined as being alive at the time of the index
case, the same age (£1 year) and sex, and hospitalized
within a £3-month time frame as the case IPD diagno-
sis date. If >2 controls were identified, we randomly
selected 2 controls from the pool of eligible controls
for that case-patient. If no suitable hospitalized con-
trols were available, we selected nonhospitalized age-
and sex-matched controls from the Alberta general
population registry. Unlike case-patients, who had
extensive data collected as part of their hospital stays,
controls had no specific data collected, other than ad-
ministrative data.

Linkage to Administrative Data

Using lifetime personal healthcare numbers (PHNS),
we linked patients to the provincial administrative
health databases. This linkage included Alberta Vital
statistics to determine mortality rate (the provincial
registry system that captures all migration within the
province). We obtained all hospitalizations, ambulato-
ry visits, and physician claims from the Discharge Ab-
stract Database, the National Ambulatory Care Report-
ing System, the Ambulatory Care Classification System,
and Physician Claim data. We used the standardized
International Classification of Diseases, 9th and 10th
Revisions (ICD-9 and ICD-10), for diagnostic coding
preceding IPD date, hospitalization date for controls, or
pseudodiagnosis date for nonhospitalized controls, for
up to 5 years, to identify concurrent conditions.
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Outcome Measures

The primary outcome was time to all-cause mortality
after IPD diagnosis date or pseudodiagnosis date for
controls. We assessed short-term (<30 days after IPD),
intermediate-term (30-90 days), and long-term (>90
days) mortality rates to determine the relationship
between infection and survival. Mortality rates with-
in 30 days are expected to be directly associated with
acute IPD infection, as noted (7,8); intermediate and
long-term mortality rates might not explicitly be from
acute infection but rather a result of downstream, yet
unknown, sequelae.

Statistical Analysis
To describe the relationship between IPD patients
and mortality rates, we performed logistic regression
and survival analysis. Time zero was defined as date
of IPD diagnosis, or pseudo-date for matched con-
trols. Patients were followed up until death, censor-
ing (person left the province) or March 31, 2019, if the
person was alive at the end of the follow-up period.
The maximum follow-up time possible was 20 years.
If death or censoring preceded the start of the inter-
mediate or long-term follow-up (for 30-90-day and
>90-day analyses), we subsequently excluded those
persons so as to observe the effects of IPD on these
outcomes among persons who survived to these time
periods. Completing the segmented analysis enabled
a clearer picture of long-term mortality rates to be un-
derstood, after removing the shorter mortality rates
from the estimates. Finally, an analysis was complet-
ed to look at overall survival over the entire poten-
tial 20 years of follow-up (i.e., 30-day, 30-90-day, and
>90-day time periods were not assessed). If multiple
IPD episodes occurred, only the first event was used.
We used Kaplan-Meier survival curves and log-
rank tests to describe mortality rates over time, which
we stratified by age and sex. We divided age catego-
ries into <45, 45-60, 60-75, and >75 years. To charac-
terize the population, we identified all relevant diag-
nostic codes (ICD-9 and ICD-10 classifications) in the
administrative databases, including hospitalization,
ambulatory, and physicians claims before each per-
sons’s respective diagnosis date. We also calculated
the Elixhauser comorbidity index (17), which incor-
porates 31 comorbidities, each comorbidity category
is dichotomous: it is either present or absent based on
administrative coding. Thus, a person could have a
range of no comorbidities (0) or upwards of all comor-
bidities identified (18). We also included 3 additional
cardiovascular risk factors (hyperlipidemia, previous
stroke, and previous ischemic heart disease), because
cardiovascular disease is associated with increased
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risk for IPD. Scores were categorized into 2 groups,
0-1 comorbidities or >2 comorbidities, which is often
used a marker of multimorbidity in health services
research (19).

We used Cox proportional hazard modeling to
compare case-patients and controls. We performed
adjusted analyses by using models that had case-
patient/control status, age categories, and Elixhauser
comorbidity categories, but we used no specific mod-
el building strategy. We forced the Elixhauser comor-
bidity score into the model to ensure that differences
in outcomes were not driven by differences in comor-
bidity. We also included age in our models to control
for any residual confounding. We performed strati-
fied analysis by using age, comorbidity category, and
sex. In addition, to determine whether mortality rate
trends have changed over time, we stratified IPD cas-
es occurring >10 years ago, 5-10 years ago, and <5
years ago and measured this trend by using a linear
trend test. Finally, we tested interactions between case
status with age, sex, and comorbidity score. We tested
a Cox proportional hazards assumption by using log-
log plots and Schoenfeld residuals. A p value <0.05
was considered significant in modeling. All analyses
were performed by using Stata software version 15
(StataCorp LLC, https:/ /www.stata.com).

In a sensitivity analysis, we excluded all IPD
cases (and their controls) if no hospitalized controls
were identified for the IPD case. In addition, we also
excluded all IPD case-patients who had >1 IPD event
to ensure these events were not influencing our mor-
tality rate estimates.

Results

Patient Characteristics

Our study comprised 4,522 IPD case-patients, and
4,315 (95%) were matched with 8,837 controls; there
were 2 controls/case-patient (Figure 1). Overall, 4,357
(96.4%) IPD case-patients had >1 hospitalized control;
for some IPD case-patients (n = 165, 3.6%), nonhospi-
talized controls were required. The mean (+SD) age
of case-patients was 55.8 (+17.7) years, and 56.7% of
case-patients were male; this distribution remained
consistent over time (Table 1; Appendix Table 1,
https:/ /wwwnc.cdc.gov/EID/article/28/8/21-
2469-Appl.pdf).

Data on site of infection were available for pa-
tients only during 1999-2014. Of those patients, 67%
had S. pneumoniae identified in >1 sterile body site.
There were 2,008 (44.4%) cases of invasive pneu-
monia, of which 1,961 (97.7%) also had a positive
blood culture; the remaining 2.3% had S. pneumoniae
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isolated from another sterile body site (pleural fluid,
pericardial fluid, and peritoneal fluid). There were
116 (2.6%) cases of meningitis, 2,315 (51.2%) cases
of bacteremia/sepsis, and 646 (14.3%) cases from an
unspecified/other sterile source (not mutually exclu-
sive) (Table 1).

All-Cause Mortality Rate within 30 Days

Within 30 days of the IPD diagnosis date (or pseudo-
date for controls), there were 614 deaths among IPD
cases (1,915 deaths/1,000 person-years), compared
with 348 deaths in the control group (510 deaths /1,000
person-years) (Figure 2, panel A). After adjustment,
IPD cases were strongly associated with increased
risk for 30-day mortality rate (adjusted odds ratio
[aOR] 4.08, 95% CI 3.54-4.69; adjusted hazard ratio
[aHR] 3.75, 95% CI 3.29-4.28) compared with controls
(Table 2; Appendix Table 2).

We observed a major increase in risk for mortal-
ity rate in IPD case-patients in every age category
for both male and female patients, as well as level
of Elixhauser comorbidity category (Table 3). No in-
teractions with age categories or Elixhauser scores
were noted.

When stratified by year of IPD occurrence, we
found that mortality rate differences decreased over
time. These decreases were for case-patients >10
years ago (1999-2009) (aHR 4.66, 95% CI 3.75-5.78),
for case-patients 5-10 years ago (2009-2014) (aHR
4.07, 95% ClI 3.09-5.35), and for case-patients within
the past 5 years (2014-2019) (aHR 2.88, 95% CI 2.33-
3.56; p<0.001 for trend).

Figure 1. Flowchart diagram of case inclusion for study of IPD
long-term mortality rates in adults, Alberta, Canada. AHCIP, Alberta
Health Care Insurance Plan; IPD, invasive pneumococcal disease.

1617



RESEARCH

Table 1. Characteristics for case-patients and controls for invasive pneumococcal disease long-term mortality rates in adults, Alberta,

Canada*
Characteristic Case-patients Controls
Total 4,522 (100.0) 8,837 (100.0)
Sex
M 2,565 (56.7) 4,994 (56.5)
F 1,957 (43.3) 3,843 (43.5)
Age, y
<45 1,324 (29.3) 2,579 (29.2)
45-60 1,388 (30.7) 2,735 (30.9)
60-75 1,054 (23.3) 2,060 (23.3)
>75 756 (16.7) 1,463 (16.6)
Mean age, y (+SD) 55.8 (17.7) 55.8 (17.7)
Type of IPD
Pneumonia 2,008 (44.4)
Positive blood culture 1,961 (97.7)
Positive pleural fluid 16 (0.8)
Positive pericardial fluid 3(0.1)
Positive peritoneal fluid 2(0.1)
Unknown 26 (1.3)
Meningitis 116 (2.6)
Bacteremia/sepsis 2,315 (51.2)
Unspecified type 646 (14.3)
Unknown 1,496 (33.0)
Median comorbidity score (IQR) 5 (2-9) 5 (2-8)
Comorbidities
Asplenia 25 (0.6) 22 (0.5)
Solid organ transplant 113 (2.5) 187 (4.2)
HIV infection 136 (3.0) 41 (0.9)
Other immunosuppression conditionst 1,456 (32.2) 2,252 (50.0)
Malignancies 1,052 (23.3) 1,889 (41.9)
Chronic obstructive pulmonary disease 1,193 (26.4) 1,469 (32.6)
Other respiratory diseasest 771 (17.1) 1,139 (25.3)
Asthma 1,045 (23.1) 1,506 (33.4)
Chronic renal disease 502 (11.1) 881 (19.6)
Hypertension 1,790 (39.6) 2,744 (60.9)
Ischemic heart disease 990 (21.9) 1,925 (42.7)
Arrhythmias 1,662 (36.8) 2,785 (61.8)
Valvular heart disease 244 (54.0) 512 (11.4)
Congestive heart failure 645 (14.3) 1,207 (26.8)
Chronic liver disease 806 (17.8) 863 (19.2)
Diabetes 1,057 (23.4) 1,768 (39.2)
Smoking 907 (20.1) 1,136 (25.2)
Harmful alcohol use§ 1,968 (43.5) 2,503 (55.6)

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

TNeutropenia, leukopenia, leukocyte disease, functional and genetic leukocyte cell abnormalities, myelofibrosis, disorders of immune mechanism.
FAcute bronchitis, pneumoconiosis, pneumonitis, pulmonary embolism, and other pulmonary circulation disorders.

§Alcohol related disorders, toxic effects of alcohol, alcoholic polyneuropathy, alcoholic cardiomyopathy, alcoholic gastritis, alcoholic fatty liver disease,
alcoholic cirrhosis, alcoholic liver disease, alcohol abuse counseling and surveillance.

All-Cause Mortality Rates at 30-90 Days

After removing IPD cases (and controls) who
died or were censored within 30 days, we found
that 3,888 case-patients (86.0%) and 8,459 (95.7%)
controls remained. Compared with age- and
sex-matched controls, for which 220 deaths (107
deaths/1,000 patient-years) occurred, case-patients
had 149 total deaths (158 deaths/1,000 patient-
years) during 30-90 days after the diagnosis date
(Figure 2, panel B). Both unadjusted and adjusted
models demonstrated an increased risk for death
for persons who had IPD (unadjusted HR [uHR]
1.49, 95% CI 1.21-1.83; unadjusted OR [uOR] 1.49,
95% CI 1.21-1.84; aHR 1.56, 95% CI 1.27-1.93;
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aOR 1.58, 95% CI 1.28-1.96) (Table 2; Appendix
Table 2).

When we stratified patients by age group, we
observed an increased risk for death only among
those >75 years of age. We observed a major in-
creased risk for death for male and female patients,
as well as by level of Elixhauser comorbidity cat-
egory (Table 3). However, few events occurred in
patients who had only 0-1 comorbidities (n = 31,
1.2%). No major interactions with age or comorbid-
ities were noted.

Case-patients entering the study >10 years ago
had higher observed mortality rates during 30-90
days after diagnosis date than did controls (aHR
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Figure 2. Invasive pneumococcal disease long-term mortality rates in adults, Alberta, Canada. Overall Kaplan-Meier survival estimates
comparing case-patients with population controls. A) <30-day survival estimates; B) 30—90-day survival estimates. C) >90-day

survival estimates.

2.12,95% CI11.55-2.92). Case-patients identified dur-
ing 5-10 years ago had an aHR of 1.40 (95% CI 0.84-
2.33), and those identified <5 years ago had an aHR
1.19 (95% CI 0.85-1.66; p<0.001 for trend).

All-Cause Mortality Rate after 90 Days

After removing IPD case-patients (and controls) who
had an event within 90 days, we followed those who
survived (and were not removed before 90 days)
through March 31, 2019. At the end of this follow-
up period, 1,174 case-patients (49 deaths/1,000 PYs)
and 2,086 controls (37 deaths/1,000 PYs) died (Figure
2, panel C). Again, there was a major difference ob-
served in mortality rates between case-patients and
controls (uHR 1.32, 95% CI 1.23-1.42; uOR 1.35, 95%
CI 1.24-1.47; aHR 1.43, 95% CI 1.33-1.54; aOR 1.49,
95% CI 1.36-1.64) (Table 2; Appendix Table 2).

Both groups that had 0-1 and >2 comorbidi-
ties showed higher mortality rates, as did every
age group with the exception of patients >75 years
of age. Again, female and male case-patients had
similar increased risks when compared with con-
trols. No interactions were noted. Cases identified
>10 years ago had an aHR of 1.50 (95% CI 1.37-
1.64), cases from 5-10 years ago had an aHR of 1.41

(95% CI 1.20-1.67), and cases from <5 years ago had
an aHR of 1.26 (95% CI1.06-1.51) (p<0.001 for trend).

All-Cause Overall Mortality Rates

When observing the entire follow-up period of 20
years, we found that the median follow-up period was
3.9 (interquartile range 1.3-10.2) years. Overall, 1,937
case-patients died (81 deaths/1,000 PYs) compared
with 2,654 controls (47 deaths/1,000 PYs) (Figure 2).
By age, event rates in cases were as follows: <45 years,
1,324 case-patients (29.3%), 88 deaths (14.3%); 45-60
years, 1,388 case-patients (30.7%), 170 deaths (27.7%);
60-75 years, 1,054 case-patients (23.3%), 173 deaths
(28.2%); and >75 years, 756 case-patients (16.7%), 183
deaths (29.8%). Unadjusted and adjusted models pro-
vided similar results: uHR 1.66 (95% CI 1.56-1.76),
uOR 1.75 (95% CI 1.62-1.88), aHR 1.77 (95% CI 1.67-
1.88), and aOR 1.97 (95% CI 1.81-2.14) (Table 2; Ap-
pendix Table 2).

Models stratified by age, sex, and comorbid-
ity category showed that case-patients had increased
mortality rates when compared with controls (p<0.01)
(Table 3). Interaction models were tested, and none
were noted. log-minus-log plots and Schoenfeld re-
siduals were generated, and no violations were noted.

Table 2. Death outcomes of invasive pneumococcal disease (IPD) patients compared with age- and sex-matched controls, Alberta,

Canada*
Controls Case-patients log-rank
No. No. No. No. test
Time, positive/no. events/ positive/no. events/ OR (95% ClI), p value value, p HR (95% CI), p value
days tested (%) 1,000 PYs tested (%) 1,000 PYs Unadjusted  Adjusted value Unadjusted  Adjusted
<30 348/8,837 510 614/4,522 1,915 3.83 4.08 431.40, 3.65 3.75
(3.9) (13.6) (3.34—4.39), (3.54-4.69), <0.001 (3.204.17), (3.29-4.28),
<0.001 <0.001 <0.001 <0.001
30-90 220/8,459 107 149/3,888 158 1.49 1.58 14.09, 1.49 1.56
(2.6) (3.8) (1.21-1.84), (1.28-1.96), <0.001 (1.21-1.83), (1.27-1.93),
<0.001 <0.001 <0.001 <0.001
>90 2,086/8,236 37 1,174/3,733 49 1.35 1.49 57.44, 1.32 (1.23- 1.43
(25.3) (31.4) (1.24-1.47), (1.36-1.64), <0.001 1.42), (1.33-1.54)
<0.001 <0.001 <0.001 <0.001
Overall 2,654/8,837 47 1,937/4,522 81 1.75 1.97 291.34, 1.66 1.77
(30.0) (42.8) (1.62-1.88), (1.81-2.14), <0.001 (1.56-1.76), (1.67-1.88),
<0.001 <0.001 <0.001 <0.001
*HR, hazard ratio; OR, odds ratio, PY, person-year.
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Table 3. Stratified hazard ratios for case-patients versus controls for invasive pneumococcal disease long-term mortality rates in

adults, Alberta, Canada

Hazard ratio (95% CI), p value

Characteristic

<30d

30-90d

>90d

Overall

Age <45y
Age 4560y
Age 60-75y
Age >75y

8.88 (5.46-14.42), <0.001
4.66 (3.56-6.09), <0.001
3.85 (3.00—4.95), <0.001
2.54 (2.05-3.15), <0.001

1.75 (0.88-3.47), 0.110
1.44 (0.94-2.21), 0.098

1.79 (1.28-2.50), 0.001

2.41 (1.97-2.95), <0.001
1.64 (1.43-1.89), <0.001
1.36 (1.19-1.55), <0.001
1.10 (0.97-1.26), 0.137

2.97 (2.49-3.53), <0.001
2.02 (1.80-2.27), <0.001
1.69 (1.51-1.89), <0.001
1.41 (1.27-1.56), <0.001

Male
Female

3.57 (3.00—4.25), <0.001
4.02 (3.29-4.91), <0.001

),
),
1.36 (0.92-2.00), 0.127
).
),

1.48 (1.12-1.94), 0.005
1.71 (1.24-2.35), 0.001

1.40 (1.27-1.54), <0.001
1.50 (1.34-1.66), <0.001

1.71 (1.58-1.85), <0.001
1.86 (1.71-2.04), <0.001

Elixhauser score 0—1
Elixhauser score >2

6.41 (4.01-10.24), <0.001
3.55 (3.10-4.08), <0.001

16.73 (5.09-55.06), <0.001

1.32 (1.06-1.65), 0.015

1.72 (1.47-2.02), <0.001
1.36 (1.26-1.48), <0.001

2.16 (1.87-2.49), <0.001
1.70 (1.59-1.81), <0.001

Case-patients identified >10 years ago (aHR 1.80,
95% CI 1.66-1.94]), 5-10 years ago (aHR 1.85, 95% CI
1.62-2.11]), and in the past 5 years (aHR 1.67, 95% CI
1.48-1.89) had similar estimates over time (p<0.01).
However when compared with controls, we found
that case-patients still had higher mortality rates (Fig-
ure 3; Appendix Table 3).

Sensitivity Analysis

In a sensitivity analysis, after excluding all IPD case-
patients (and their controls) if no hospitalized controls
were identified for the case-patient (n = 164, 3.6%),
we found that our results were unchanged (<30 days
aHR 3.71, 95% CI 3.24-4.24; 30-90 days aHR 1.43, 95%
CI 1.16-1.78; >90 days aHR 1.37, 95% CI 1.27-1.47;
overall mortality rate aHR 1.70, 95% CI 1.61-1.81). In
addition, after we excluded IPD case-patients (and
their matched controls) who had >1 IPD event (n =
142, 3.1%), we observed similar results (<30 days aHR
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3.92, 95% CI 3.43-4.48; 30-90 days aHR 1.59, 95% CI
1.29-1.97; >90 days aHR 1.39, 95% CI 1.29-1.49; over-
all mortality rate aHR 1.75, 95% CI 1.65-1.86).

Discussion

This study showed that an episode of IPD increases
the risk for death not only in the short term, which
is expected, but is also a prognostic marker in the
intermediate- and long-term periods. The observed
aHR for 30-day mortality rate was the highest es-
timate because acute infection is believed to be
directly associated with death. As time after infec-
tion increases, risk for death is believed to be in-
fluenced by lasting sequalae after acute infection,
which this study showed remains substantial (20).
Although the absolute difference in events per PY
between cases and controls was nearly 4-fold high-
er in the initial 30-day period, the absolute event
rate remained almost 50% higher throughout the

Figure 3. Invasive
pneumococcal disease (IPD)
long-term mortality rates in
adults, Alberta, Canada. aHRs
describing illness risk comparing
IPD cases versus controls after
adjusting for age and Elixhauser
comorbidity scores. Primary
analysis: short (<30 days),
intermediate (30-90 days), and
long-term (>90 days) and overall
(entire time period) follow-up.
Secondary analysis: IPD cases
and matched controls identified
<5 years ago, 5-10 years ago,
and >10 years ago. Error bars
indicate 95% Cls. aHR, adjusted
hazard ratio.
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entire follow-up period, irrespective of age or co-
morbidity level.

Out results were similar to those of previous
studies (30-day mortality rate of 14% vs. 13%-21%
published, >90-day mortality rate of 31% compared
with 10%-42% previously published) (7,8,10,21).
In terms of specific risk groups, like others, we
observed a higher absolute rate difference in case-
patients who had multimorbidities compared with
those without multimorbidities irrespective of time
frame (7,8,22). However, the relative HRs compared
with those for controls were highest in persons who
did not have a comorbidity. A similar trend was seen
with increasing age. Although persons <45 years of
age had the lowest absolute rate difference in terms
of events per PY, the relative increase in deaths com-
pared with that of controls was the highest among
persons <45 years of age, and the relative difference
decreased with increasing age. Although published
reports frequently describe male sex as being a risk
factor for increased death from IPD (7,8), our find-
ings differ. We observed few differences in sex with
respect to short- or long-term deaths. The reason
for the discrepancy is unknown, but several previ-
ous studies were completed in specific populations
and locations, whereas our analysis was a large pop-
ulation-based approach, which might partially or
fully explain the reported differences. In addition,
unknown confounding in previous studies or ours
might also explain the differences.

Because our study spanned a wide period, it
is useful to recognize advancements in medicine
and preventive care for IPD. There have been de-
creases of aHRs over time, and the gap has de-
creased particularly in the past 5 years. Although
the exact mechanisms of why this decrease is oc-
curring is unknown, some possible explanations
are increased use of vaccinations, herd immunity
protection, and advances in use of antimicrobial
drugs and supportive care (1). In Canada, vaccine
recommendations have been consistent with the
23-valent pneumococcal polysaccharide vaccine
recommended for immunocompetent adults >65
years of age (the recommended target population)
and immunocompromised adults 18-65 years of
age. Estimated vaccine uptake in adults >65 years
of age during 2014 was ~37% (in Canada) (3) and
increased to =53% during 2020-2021 (in Alberta)
(23). One possible reason for the increase might be
related to policy changes that enabled pharmacists
in Alberta to provide routine 23-valent pneumo-
coccal polysaccharide vaccine to eligible adults.
In addition, changing serotype distribution and
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pathogenicity might have influenced differences in
mortality rates observed between different periods.

Our study evaluated outcomes for up to 20 years
in a cohort of IPD patients, covered a large sample size
of persons who were identified from rural and urban
areas, and had case ascertainment that is complete as
a result of the provincial surveillance system and re-
portable requirements of IPD, but several limitations
to our study should be recognized. First, because of the
nature of the data, we were unable to account for some
clinical differences (e.g., clinical markers such as blood
pressure) that might have existed between patients
who had IPD and controls. However, we adjusted for
a well-known and validated Elixhauser comorbidity
index, and controls were matched on site of care. Al-
though it is not possible to adjust for every variable,
our control matching on sex and age and adjustments
for comorbidities provide a good understanding of
IPD mortality rates. Second, the source of infection
was not investigated for this study. It is hypothesized
that persons who have nosocomial infections have
worse outcomes than persons who have communi-
ty-acquired infections (8), and our sample was IPD
based on community-acquired infections. Third, the
statistical power was low in some stratum analyses in
which there were fewer deaths, in particular persons
who had limited comorbidities. Thus, CIs were wide
and should be interpreted with caution. Moreover,
all-cause death was used as the outcome as opposed
to a more cause-specific death (i.e., infectious-related
death), and cause of death data were not fully available
for the cohort, particularly in the early years. Fourth,
history of comorbidities was based on the well-validat-
ed Elixhauser comorbidity index by using a 5-year his-
tory before diagnosis. Thus, comorbidities that might
have occurred before this period for which the patient
never received any subsequent care or follow-up for
the condition could potentially be misclassified. More-
over, it is possible that residual confounding might ex-
ist at the level of the individual person (e.g., adherence
to treatments, severity of illness) or at the population
level (e.g., access to clinical care), which we could not
account for in our analyses. Thus, if potential differ-
ences exist in this regard between case-patients and
controls, the estimates of mortality rates could be po-
tentially confounded. Fifth, enrollment was limited to
a single province in Canada, which might limit gen-
eralizability of our findings, However, Alberta has a
population of >4 million persons, so we do not see this
limitation as a major concern.

In conclusion, IPD confers increased short, in-
termediate, and long-term mortality rates, irrespec-
tive of age or comorbidity. In particular, short-term
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mortality rate outcomes are most noticeable com-
pared with those for controls. However, persons who
survive past 30 days are still at increased risk for
death. In aging populations at risk, combined with
increasing pneumococcal serotype switching and an-
timicrobial drug resistance (12,13), IPD remains a ma-
jor disease. Thus, focused efforts on prevention of IPD
and how best to prevent downstream sequalae are re-
quired. We believe that our findings might help front-
line clinicians in recognizing the high-risk nature of
IPD patients, even after the acute event has been man-
aged, and might assist in long-term postdischarge
care plans and preventive strategies to mitigate the
risk for longer-term adverse events in these patients.

This study was supported by a grant-in-aid from Pfizer,
Canada.
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COVID-19 Symptoms and
Deaths among Healthcare
Workers, United States
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We evaluated whether demographics and COVID-19
symptoms predicted COVID-19 deaths among health-
care workers (HCWs) in the United States by compar-
ing COVID-19 deaths in HCWs with 3 control groups
(HCW nondeaths, non-HCW deaths, and non-HCW
nondeaths) using a case—control design. We obtained
patient-level data of 33 variables reported during Janu-
ary 1, 2020—October 12, 2021, in all US states. We used
logistic regression analysis while controlling for con-
founders. We found that persons who were >50 years
of age, male, Black, or Asian experienced significantly
more deaths than matched controls. In addition, HCWs
who died had higher risks for the most severe clinical
indicators. We also found that the most indicative symp-
toms were preexisting medical conditions, shortness of
breath, fever, cough, and gastrointestinal symptoms. In
summary, minority, male, and older HCWs had greater
risk for COVID-19 death. Severe clinical indicators
and specific symptoms may predict COVID-19—related
deaths among HCWs.

OVID-19 is one of the longest-lasting and larg-

est global pandemics in history (1), but its typi-
cal symptoms and relevant clinical predictors are
still unknown. By March 2022, >79 million Ameri-
cans had contracted COVID-19, and >963,000 had
died (2,3). Multiple studies have found that older
adults (4,5) and persons with chronic medical con-
ditions, such as diabetes, hypertension, and renal
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failure, were particularly susceptible to contracting
COVID-19 (6,7).

Healthcare workers (HCWs) are another highly
susceptible subpopulation (8-10) because of their
time spent caring for COVID-19 patients (11). Of im-
portance, 40% of HCWs identify as a racial minority;
of those, 16% are Black, 13% Hispanic, and 7% Asian/
other (12-14). Kirby reported that doctors from racial
and ethnic minority communities were twice as likely
to deal with patients without access to personal pro-
tective equipment (PPE) than White colleagues (15).
Available data suggest that Black persons are more
likely to hold jobs considered essential (e.g., HCW,
medical assistant, food preparation, home care aide)
than their White counterparts. In addition, ethnic mi-
norities work disproportionately in the top 9 occupa-
tions exposed to COVID-19 and, therefore, are at high
risk for infection (16). However, they are less likely to
publicly express their workplace safety concerns for
fear of job loss (17).

The initial surge in COVID-19 cases led to a pro-
found increase in HCWs’ exposure to the virus. How-
ever, the extent to which increased exposure in HCWs
led to increased risk for death—and which demo-
graphic characteristics, severity indicators, and symp-
toms best predict this risk—remains unclear. Most
previous research has used non-HCWs as controls,
leading to biases due to differences in occupation, ed-
ucation, and treatment accessibility. In addition, a na-
tionwide study evaluating COVID-19 symptoms and
deaths among HCWs is lacking, especially one that
accounts for the second and third COVID-19 surges.

To fill these knowledge gaps, we used COVID-19
surveillance data from the Centers for Disease Control

"This author was the principal investigator and first author.
°These senior authors contributed equally to this article.
3These authors contributed equally to this article.
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and Prevention (CDC) to compare the differences in
demographic characteristics and symptoms between
HCWs who died and those who did not (HCW deaths
and nondeaths) and compared to the general popula-
tion (non-HCW deaths and nondeaths). We also ex-
amined the temporal trends of COVID-19 infection
and deaths in HCWs versus the general population.

Methods

Study Design and Controls

Our study population included all COVID-19 infec-
tion cases reported by the CDC. We used a case-
control design to compare demographics and symp-
toms between HCW deaths and HCW nondeaths
(control 1). HCW nondeaths were the primary control
group, representing the source population and con-
trolling for important confounders, including occu-
pation, education, medical knowledge, and access to
medical care. To compare our findings with previous
research, we added 2 other reference groups from the
US general population: non-HCW deaths (control 2),
which is commonly used by other studies, and non-
HCW nondeaths (control 3).

Data Acquisition

We obtained data on laboratory-confirmed COVID-19
cases, probable cases, and deaths across the United
States from the Restricted Access Dataset operated by
the CDC. In January 2020, COVID-19 data collection
commenced, and COVID-19 was added to the nation-
ally notifiable condition list; on April 5, 2020, COV-
ID-19 was classified as immediately notifiable, urgent
(within 24 hours) (interim-20-ID-01). All states and
territories were encouraged to enact laws in their ju-
risdictions to submit case notifications to CDC. CDC
also requested that public health departments report
all COVID-19 cases using standardized case report
forms and case definitions for laboratory-confirmed
or probable cases. This surveillance system includes
patient-level data reported by all US territories and
states. This study covers the timeframe January 1,
2020-October 12, 2021.

We obtained demographic and medical infor-
mation for each record in this dataset, including
COVID-19 case status (confirmed or probable case),
date of first positive specimen collection, and de-
mographics (sex, age group, race, ethnicity, and
county and state of residence) (Table 1). We also
obtained information on presence of severe COV-
ID-19 clinical indicators and of less severe symp-
toms (Table 2). CDC suppressed data cells report-
ing <5 records and uncommon combinations of
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demographic characteristics (recoded to NA) to
prevent releasing personally identifiable data.

Outcomes and Predictors

The health outcomes in this study were COVID-19-
related deaths. Among HCW deaths and control
groups 1, 2, and 3, a total of 97.8% were confirmed
COVID-19 cases, and 2.2% were probable cases. We
calculated fatality as the number of COVID-19 deaths
divided by all COVID-19 cases in the United States.
We used 20 predictors in the analysis, including de-
mographic variables, severe COVID-19 clinical indi-
cators, and less severe reported symptoms.

Statistical Analysis and Confounders

We first compared all 20 predictor variables between
HCW deaths and the 3 control groups using x* tests.
We then developed logistic regression models by
regressing fatality against each symptom predictor
while controlling for potential confounders, includ-
ing sex, age group, race, ethnicity, and periods of dif-
ferent SARS-CoV-2 variants and COVID-19 vaccines.
We selected these confounders because they were
associated with SARS-CoV-2 infection and various
symptoms based on the literature and our data. We
defined viral variant periods when specific SARS-
CoV-2 variants were dominant in the United States
(18): the original variants were dominant until March
20, 2021; the Alpha variant during March 21-May 30,
2021; the Delta variant during May 31-December 10,
2021; and Omicron since December 11, 2021. Howev-
er, Omicron was not included because its dominance
fell outside our study period (January 1, 2020-Octo-
ber 12, 2021). In addition, the first vaccine was given
in America on December 14, 2020 (19). To account for
these confounders, we included 3 dummy variables
representing the periods of different SARS-CoV-2
variants and when vaccinations started in the United
States and controlled these variables in each symp-
tom model. Finally, we examined and compared the
temporal trends of confirmed cases and deaths among
HCWs and the general population. To reduce the in-
stance of false-positive findings due to multiple test-
ing, we conducted sensitivity analyses using the Bon-
ferroni test method (Tables 1-3). We accomplished all
data cleaning, analysis, and results using R version
3.6.1 (https:/ / www.r-project.org).

Results

Among 6,271,313 laboratory-confirmed COVID-19
cases reported during January 1, 2020-October 12,
2021, by CDC, 7.02% (440,044) were in HCWs. The
fatality rate among HCWs was 0.33% versus 24.64%
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for non-HCWs. The percentages we report represent
the proportion of each specific variable (numerator)
among HCW deaths or 1 of the 3 control groups (de-
nominator) (Table 1). A total of 1,469 HCW deaths
were reported among 440,044 cases. The proportion
of male HCWs was significantly higher in HCW
deaths (39.21%) compared with HCW nondeaths
(control 1: 18.64 %), although it was still lower than for
non-HCWs (55.03% for deaths [control 2] and 48.93%
for nondeaths [control 3]). The percentage of persons
in the 50-59-year age group among HCW death cas-
es was 28.05% and in the 60-69-year group, 37.51%;

these rates were higher than those from all 3 control
groups (8.08%-17.24% in the 50-59-year age group
and 8.36%-17.24% in the 60-69-year group). The per-
centage of Hispanic persons in the HCW deaths cat-
egory (19.71%) was not significantly different from
other reference groups except for control 3 (30.89%).
Furthermore, the percentages of Black (27.17%) and
Asian (21.47%) persons in the HCW deaths category
were greater than those in all 3 control groups (Black,
13.39%-15.66%; Asian 4.37%-7.58%).

Of note, we found that COVID-19 deaths among
HCWs increased from March to June. June and then

Table 1. Comparison of sociodemographics among HCWs who died from COVID-19 versus 3 control groups, United States, January

1, 2020—October 12, 2021*

Control 1: Control 2: Control 3:
HCW deaths, HCW nondeaths non-HCW deaths non-HCW nondeaths
Variable no. (%) No. (%) p valuet No. (%) p valuet No. (%) p value§
Sex
F 893 (60.79) 356,553 (81.36) <0.001 50,104 (44.97) <0.001 2,240,363 (51.07) <0.001
M 576 (39.21) 81,700 (18.64) 61,306 (55.03) 2,146,333 (48.93)
Age group, y
10-19 1(0.07) 10,866 (2.48) <0.001 104 (0.09) <0.001 610,578 (13.89)  <0.001
20-29 27 (1.84) 109,220 (24.90) 536 (0.48) 794,483 (18.08)
30-39 86 (5.85) 111,437 (25.41) 1,471 (1.32) 698,099 (15.89)
40-49 160 (10.89) 90,003 (20.52) 3,613 (3.24) 633,574 (14.42)
50-59 412 (28.05) 75,625 (17.24) 9,013 (8.08) 593,951 (13.52)
60-69 551 (37.51) 36,657 (8.36) 18,621 (16.69) 423,500 (9.64)
70-79 176 (11.98) 3,382 (0.77) 28,157 (25.23) 224,251 (5.10)
80+ 56 (3.81) 294 (0.07) 50,026 (44.83) 123,222 (2.80)
Ethnicity
Non-Hispanic 1,104 (80.29) 299,362 (80.63) 0.774 79,520 (76.84)  <0.001 2,588,535 (69.11) <0.001
Hispanic 271 (19.71) 71,899 (19.37) 23,973 (23.16) 1,157,127 (30.89)
Race
White 530 (48.01) 208,585 (69.68) <0.001 59,586 (74.93)  <0.001 1,878,386 (72.57) <0.001
Black 300 (27.17) 46,883 (15.66) 10,644 (13.39) 350,133 (13.53)
Asian 237 (21.47) 19,156 (6.40) 6,031 (7.58) 113,042 (4.37)
American Indian/ 0 497 (0.17) 292 (0.37) 13,813 (0.53)
Alaska Native
Native Hawaiian/ 3(0.27) 988 (0.33) 327 (0.41) 11,837 (0.46)
other Pacific Islander
Multiple/other 34 (3.08) 23,253 (7.77) 2,640 (3.32) 221,324 (8.55)
Month
January 89 (7.00) 47,353 (11.52)  <0.001 11,209 (12.81)  <0.001 512,018 (12.61)  <0.001
February 30 (2.36) 15,997 (3.89) 3,455 (3.95) 217,736 (5.36)
March 51 (4.01) 17,412 (4.24) 3,500 (4.00) 198,717 (4.90)
April 95 (7.47) 35,111 (8.55) 7,079 (8.09) 268,465 (6.61)
May 86 (6.77) 27,006 (6.57) 5,938 (6.79) 223,827 (5.51)
June 347 (27.30) 43,318 (10.54) 10,658 (12.18) 318,614 (7.85)
July 87 (6.85) 30,810 (7.50) 6,860 (7.84) 331,432 (8.16)
August 107 (8.42) 34,256 (8.34) 7,088 (8.10) 405,229 (9.98)
September 82 (6.45) 29,824 (7.26) 5,726 (6.54) 348,613 (8.59)
October 49 (3.86) 23,615 (5.75) 4,492 (5.13) 238,337 (5.87)
November 109 (8.58) 51,872 (12.62) 9,349 (10.68) 480,294 (11.83)
December 139 (10.94) 54,316 (13.22) 12,149 (13.88) 516,249 (12.72)
Season
Spring 232 (18.25) 79,529 (19.36)  <0.001 16,517 (18.88)  <0.001 691,009 (17.02)  <0.001
Summer 541 (42.56) 108,384 (26.38) 24,606 (28.12) 1,055,275 (25.99)
Fall 240 (18.88) 105,311 (25.63) 19,567 (22.36) 1,067,244 (26.29)
Winter 258 (20.30) 117,666 (28.64) 26,813 (30.64) 1,246,003 (30.69)

*A total of 440,044 healthcare workers were reported to have COVID-19, including 1,469 in the HCW deaths group and 438,575 in HCW nondeaths

group. HCW, healthcare worker.

tComparison of HCW deaths vs. HCW nondeaths (control 1).
fComparison of HCW deaths vs. non-HCW deaths (control 2).
§Comparison of HCW deaths vs. non-HCW nondeaths (control 3).
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Table 2. Multivariable analyses for severe clinical indicators and reported symptoms among HCWs who died of COVID-19 compared
with HCW nondeaths, United States, January 1, 2020—October 12, 2021*

Control 1: HCW nondeaths

Variables HCW deaths, no. (%) No. (%) OR (95% Cht
Total numbers 1,469 438,575

Hospitalized 1,152 (83.84) 18,018 (5.20) 56.22 (47.40-66.70)
Admitted to ICU 663 (77.00) 1,530 (1.51) 102.51 (83.53-125.82)
Had pneumonia 281 (64.75) 4,363 (3.13) 30.97 (24.53-39.10)
Abnormal radiograph 207 (69.93) 2,647 (3.73) 28.75 (21.51-38.41)
Acute respiratory disease symptoms 138 (46.62) 1,120 (0.83) 61.96 (46.60-82.38)
MV intubation 296 (58.04) 306 (0.29) 230.94 (178.10-299.45)
Fever 305 (66.02) 57,293 (36.50) 3.11 (2.50-3.86)
Subjective fever 169 (52.98) 57,236 (37.68) 1.75 (1.37-2.23)
Chills 217 (48.98) 73,019 (42.77) 1.10 (0.90-1.35)
Myalgia 245 (53.38) 106,971 (59.10) 0.88 (0.72—1.08)
Running nose 69 (30.67) 63,003 (51.99) 0.51 (0.37-0.71)
Sore throat 106 (25.00) 72,053 (41.11) 0.65 (0.51-0.83)
Cough 440 (78.15) 124,345 (66.30) 1.65 (1.33-2.06)
Dyspnea, shortness of breath 399 (70.74) 51,547 (30.04) 6.06 (4.95-7.41)
Nausea/vomiting 127 (27.73) 39,179 (23.04) 1.49 (1.19-1.87)
Headache 195 (43.82) 121,960 (66.47) 0.50 (0.41-0.62)
Abdominal pain 47 (12.95) 17,180 (12.49) 1.03 (0.73-1.45)
Diarrhea 171 (37.58) 48,559 (28.68) 1.47 (1.20-1.82)
Underlying medical conditions 627 (88.31) 93,519 (43.94) 6.44 (4.95-8.39)

*The ORs in this table controlled for sex, age group, race, ethnicity, dominant periods of SARS-CoV-2 variants, and vaccination starting time. HCW,
healthcare worker; ICU, intensive care unit; MV, mechanical ventilation; OR, odds ratio.

TComparison of HCW deaths vs. HCW nondeaths (control 1).

July-August contained the most HCW COVID-19
deaths compared with all controls: 27.30% versus
7.86%-12.18% in June and 42.56% versus 25.99%-
28.12% in summer.

We conducted multivariate analysis for HCW
deaths compared with 3 reference groups (Tables 2,
3). We calculated odds ratios (ORs) by severity indica-
tors and COVID-19 related symptoms after adjusting
for sex, age group, race/ethnicity, dominant periods
of SARS-CoV-2 variants, and vaccination start time.
All 6 severity indicators for COVID-19 were consis-
tently higher in HCW death cases than in the 3 control
groups (OR 1.24-230.94). The highest ORs occurred
for mechanical ventilation, followed by intensive care
unit admission, acute respiratory disease symptoms,
hospitalization, pneumonia, and abnormal chest
radiograph. In addition, compared with control 1,
HCWs deaths showed significantly increased ORs
for multiple symptoms, including specific preexisting
medical conditions (OR 6.44, 95% CI 4.95-8.39), fol-
lowed by shortness of breath, fever, subjective fever,
cough, nausea/vomiting, and diarrhea (ORs 1.47-
6.06; p<0.05). Chills, myalgia, and abdominal pain
in HCW deaths group were not significantly differ-
ent from those in the control groups. However, sore
throat, running nose, and headache were significantly
lower in the HCW deaths group than in the control 1
and control 2 groups. Those results remained signifi-
cant and of similar magnitudes (<5% changes) after
Bonferroni test adjustment (Tables 1-3). However,
4 severity indicators among HCWs (hospitalization,

pneumonia, abnormal chest radiograph, and acute
respiratory disease symptoms) became statistically
nonsignificant compared with control 2 after the Bon-
ferroni correction.

We compared the temporal patterns of COV-
ID-19 infections and deaths among HCWs with those
in the general population (Figure). Three surges of
COVID-19 infections and deaths occurred in the
United States around April 2020, July 2020, and
November 2020-January 2021. Although infections
peaked during November 2020-January in the gen-
eral population, the highest death numbers occurred
in the first surge (April 2020). Of note, the tempo-
ral trend of COVID-19 infections among HCWs was
similar to that among the US general population.
However, the COVID-19 deaths among HCWs de-
clined after April 2020 and remained flat, whereas
2 subsequent death surges occurred among the gen-
eral population.

Discussion

We found that HCWs who died of COVID-19 in the
United States were disproportionately older (>50
years of age), male, and Black or Asian. Consistent
with our findings, previous research found that
older age groups are more vulnerable to COVID-19
infection and death, likely because of their lower im-
munity against viral infections and multiple preex-
isting medical conditions, both known to exacerbate
COVID-19-related deaths (5,20,21). Of interest, we
found that the highest risk for death among HCWs
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occurs in a relatively younger group (50-59 years of
age) than the general population of hospitalized pa-
tients (>65 years of age). A possible explanation is
that HCWs are generally a younger working popu-
lation compared with retirees in the general popu-
lation who suffer a higher COVID-19 burden. Un-
fortunately, there was no available literature in this
area to confirm our findings.

Although this study found that female deaths
were higher among HCWs than non-HCWs, female
deaths were significantly lower than for HCW-
controls, implying no significant increase in deaths
among female HCWs after controlling for occupation.
This finding could be attributable to the confound-
ing factor of HCWs composition; that is, women are
more likely to work in healthcare occupations (22).
Therefore, using non-HCWs as a control group may
lead to biases due to occupational confounders. On
the other hand, worldwide, men were more likely to
be infected by COVID-19 and have severe symptoms
than were women, which is consistent with our find-
ings of a 2-fold increase in death risk for male HCWs
compared with male HCW nondeaths. Furthermore,
several studies suggest that sex differences in the sus-
ceptibility to COVID-19 may be because of differenc-
es in immune response (23,24). These studies found
higher plasma levels of innate immune cytokines,
such as interleukin 8 and 18, among male patients but
more robust T-cell activation among female patients
infected by COVID-19.

Our findings regarding the increased risk for
COVID-19 death among ethnic minority populations
(Black and Asian) agree with several studies on the
general population. For instance, Rogers et al. (12) and
Kirby (15) reported an increased risk for COVID-19
deaths among non-Hispanic Black and Hispanic mi-
nority populations (13,15). In addition, two thirds of
HCWs in the United Kingdom who died of COVID-19
identified as an ethnic minority (25). Another study
found that COVID-19 infection and death were strong-
ly linked with overcrowded neighborhoods, higher
body mass index, and low incomes, all categories that
are overrepresented in Hispanic and Black communi-
ties (26). However, we did not detect an increased risk
for COVID-19 deaths among Hispanic HCWs, which
could be caused by the small sample size (n = 271) or
missing ethnicity information.

Our study also reported a significantly high-
er risk for COVID-19 deaths (3- to 5-fold) among
Asian HCWs than in all 3 control groups. Sze et
al. (27) reviewed 50 studies, including 18,728,893
COVID patients from the United States and the Unit-
ed Kingdom, and found that Black and Asian per-
sons were at an increased risk for COVID-19 infec-
tion compared with White persons. Pooled adjusted
OR for Black persons was 2.02 (95% CI 1.67-2.44),
and for Asian persons, 1.50 (95% CI 1.24-1.83) (27).
Nevertheless, few studies have reported that Asian
persons are also at higher risk. Coronary heart dis-
ease, a high-risk comorbidity of COVID-19 death, is

Table 3. Multivariable analyses for severe clinical indicators and reported symptoms among HCWs who died of COVID-19 compared
with non-HCW deaths and non-HCW nondeaths, United States, January 1, 2020—October 12, 2021*

HCW deaths, Control 2: non-HCW deaths Control 3: non-HCW nondeaths
Variables no. (%) No. (%) OR (95% Cht No. (%) OR (95% Cht
Total numbers 1,469 1,436,898 4,394,371
Hospitalized 1,152 (83.84) 81,094 (79.22) 1.24 (1.04-1.46) 239,761 (6.21) 46.16 (38.88-54.79)
Admitted ICU 663 (77.00) 33,066 (64.85) 1.57 (1.30-1.90) 25,754 (2.61) 76.80 (63.22-93.30)
Had pneumonia 281 (64.75) 13,722 (56.88) 1.32 (1.05-1.65) 53,506 (3.80) 26.55 (21.09-33.44)
Abnormal radiograph 207 (69.93) 9,997 (62.37) 1.19 (0.89-1.58) 34,944 (5.38) 21.89 (16.41-29.19)
Acute respiratory disease 138 (46.62) 7,994 (35.33) 1.46 (1.12-1.90) 11,452 (0.84) 62.43 (47.63-81.83)
symptoms
MV intubation 296 (58.04) 8,729 (34.77) 1.85 (1.50-2.28) 4,123 (0.44) 156.19 (125.65-194.16)
Fever 305 (66.02) 15,800 (54.89) 1.39 (1.12-1.74) 532,385 (36.13) 3.38 (2.72-4.19)
Subjective fever 169 (52.98) 8,205 (36.34) 1.82 (1.42-2.34) 548,940 (36.23) 1.99 (1.56-2.54)
Chills 217 (48.98) 7,963 (30.64) 1.84 (1.48-2.28) 643,555 (38.88) 1.28 (1.04-1.57)
Myalgia 245 (53.38) 10,051 (36.51)  1.88 (1.52-2.32) 913,780 (51.95) 1 08 (0.88-1.32)
Running nose 69 (30.67) 3,244 (20.37) 1.75 (1.26-2.42) 495,995 (47.70) .58 (0.42-0.79)
Sore throat 106 (25.00) 4,225 (16.22) 1.59 (1.23-2.06) 641,523 (37.43) .71 (0.56-0.91)
Cough 440 (78.15) 23,085 (66.81)  1.63 (1.31-2.04) 1,159,870 (62.77) .70 (1.37-2.11)
Dyspnea, shortness of breath 399 (70.74) 23,545 (66.50)  1.11 (0.91-1.37) 405,746 (24.21) .95 (4.88-7.26)
Nausea/vomiting 127 (27.73) 5,304 (18.73) 1.42 (1.13-1.80) 297,213 (18.27) .60 (1.28-2.01)
Headache 195 (43.82) 6,821 (25.71) 1.87 (1.49-2.33) 1,068,424 (59.68) .59 (0.48-0.72)
Abdominal pain 47 (12.95) 2,079 (9.93) 1.07 (0.75-1.52) 136,869 (11.24) .05 (0.74-1.47)
Diarrhea 171 (37.58) 7,219 (25.56) 1.62 (1.31-2.01) 430,488 (25.88) 1 45 (1.18-1.78)
Underlying medical conditions 627 (88.31) 42,515 (93.01)  0.65 (0.49-0.85) 790,854 (42.64) 6.29 (4.82-8.21)

*The ORs in this table controlled for sex, age group, race, ethnicity, dominant periods of SARS-CoV-2 variants, and vaccination starting time. HCW,
healthcare worker; ICU, intensive care unit; MV, mechanical ventilation; OR, odds ratio.
‘tComparison of HCW deaths vs. non-HCW deaths (control 2).

FComparison of HCW deaths vs. non-HCW nondeaths (control 3).
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Figure. Comparison of
COVID-19 cases and deaths
among HCWs and in the non-
HCW population, United States,
January 2020-October 2021.
A) Confirmed cases in HCW.

B) HCW deaths. C) Confirmed
cases in the non-HCW
population. D) Confirmed deaths
in non-HCW population. HCW,
healthcare worker.

more common among Black persons, Asian persons,
and persons of other ethnic minorities (28). Over-
crowded households may be another risk factor as-
sociated with the spread of COVID-19 among Asian
persons (29). Our results contradicted the belief we
noted among Asian populations that they are at a
lower risk of contracting COVID-19 because of ge-
netic protection. Therefore, these findings are of
critical public health importance in terms of commu-
nicating accurate COVID-19 information to particu-
larly at-risk populations.

We found that almost one third of the HCW
death cases in the United States occurred in June,
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and >40% occurred in the summer months (June-
August) of 2020. The initial surge in COVID-19 cases
led to a profound increase in HCWs’ exposure to the
virus. This surge is likely the result of inadequate
intensive care units and hospital beds, insufficient
PPE supply, inadequate training and experience
among HCWs, and heavy workloads due to a large
and rapid influx of patients. Another study reported
that HCWs with inadequate access to PPE had in-
creased SARS-CoV-2 infection compared with those
with adequate PPE access (30).

We found that the fatality rate in the US gen-
eral population (2.48%) was more than 7-fold
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higher than that among HCWs (0.33%). This find-
ing is consistent with that of Sahu et al. (9), who
also found that the mortality rate among HCWs
was 7 times lower than that among all cases (10).
However, almost all severe indicators and symp-
toms were higher among HCW deaths than in the 3
control groups in this study, which may be because
of HCWs’ proximity to and longer duration of ex-
posure to COVID-19 patients. Alternatively, HCWs
may have better access to healthcare and treatment,
which prevented deaths in this population. Unfor-
tunately, there is a paucity of literature regarding
the severity indicators for COVID-19 to compare
with our study.

We found that underlying conditions were
the most important predictor of COVID-19 deaths
among HCWs, followed by shortness of breath, fe-
ver, cough, nausea/vomiting, and diarrhea. Mul-
tiple studies found that chronic conditions were the
most critical COVID-19 severity and death indica-
tors in different countries (6,7). Other studies have
shown that shortness of breath is another important
symptom of COVID infection (31,32). Our findings
that fever >100.4°F, even subjective fever (felt fe-
verish), was consistently more common for HCW
deaths than for the 3 control groups, indicating that
fever may be an early indicator of disease severity.
Another finding is that HCW death cases reported
significantly higher gastrointestinal symptoms (di-
arrhea, nausea, vomiting, abdominal pain) than
all 3 control groups. Consistent with our findings,
Wiersinga et al. (31) reported that initial COVID-19
symptoms might include shortness of breath, fever,
cough, nausea/vomiting, or diarrhea. The general
public expects respiratory symptoms but may be un-
aware of gastrointestinal symptoms related to CO-
VID-19. Therefore, this study may provide valuable
insight for public education and severity prediction.

We also found that cough is among the top 3
reported symptoms of COVID-19 infections and
deaths in HCWs and the general population (62.77%-
78.15%). However, although headache (59.68%-
66.47%) and myalgia (51.95%-59.10%) were the other
2 top symptoms among COVID-19 infection cases,
preexisting conditions (88.31%-93.01%) and short-
ness of breath (66.5%-70%) were the commonly re-
ported symptoms for COVID-19 deaths. In addition,
we found that runny nose, sore throat, and headache
symptoms were notably lower in HCW deaths than
in nondeath controls, implying that these symptoms
may not be essential predictors of COVID-19 death.
Unfortunately, we found no relevant literature with
which to compare our results.
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Temporal patterns of infection and death in our
study showed that, whereas COVID-19 deaths in the
general US population experienced 3 distinct peaks,
deaths among HCWs only peaked during the first
surge. Deaths among HCWs went down after April
2020 and remained low. This finding is consistent
with CDC reports and other studies that show a large
initial surge and subsequent decline. The similar
peaks in both HCWs and non-HCWs illustrate how
quickly the COVID-19 pandemic spread from the
general population to HCWs who took care of the
deadliest cases (2,22,33). The flatter COVID-19 death
trend after the first surge among HCWs could be at-
tributed to their early and high immunization rate,
improved PPE, access to healthcare facilities, and ear-
ly detection and treatment for HCWs compared with
the general population.

A strength of our study is that we used multiple
reference groups to minimize different biases. We fur-
ther validated our findings using HCW controls with
similar exposure opportunities and socioeconomic
backgrounds. In addition, using 2 general-popula-
tion reference groups helped us examine how de-
mographics and symptoms differed between HCWs
and the general population. We also used dynamic,
nationwide CDC surveillance data. These objective
data reduce reporting bias, which is typically a major
concern in studies relying on media reports or ques-
tionnaires. Finally, we controlled for several known
risk factors for COVID-19, including demographics,
different dominant SARS-CoV-2 variants, and the
start of vaccinations.

Our findings illustrate how timely CDC surveil-
lance data, reported every 2 weeks, can be used to
monitor the temporal trend of infections and deaths
among different populations. In addition, unique
findings, such as HCW deaths increasing in younger
age groups and in Asian persons, could be used in
targeted interventions. Furthermore, clinical agencies
could use the severe clinical indicators and symptoms
we identified to predict deaths and plan hospital beds.

A limitation of our study is that, because the
COVID-19 case surveillance system is passive, our
data may underestimate the number of cases, although
reporting cases to the CDC is federally mandated. In
addition, the availability of diagnostic testing, resourc-
es, and the priorities of health officials may influence
the completeness of reporting. To address this issue,
we included total cases (both laboratory confirmed
and probable cases); most COVID-19 deaths (>99%)
were laboratory confirmed. Although the case report
form captures severity indicators, these data may be
inaccurate or underreported because some outcomes
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were unknown at the time of reporting. We repeated
the analyses multiple times using different lengths of
the cohort after the initial analysis by adding updated
data, and the results are robust. Missing values, espe-
cially demographic information for death cases in the
general population, are also important limitations,
suggesting that control 2 would not be a good control
group. Furthermore, we examined race and ethnicity
variables separately and could not combine these 2
variables because of a lack of personal identifiers and
the arbitrary coding in the data; only 1 variable (race or
ethnicity) was coded. We used race/ethnicity as a sur-
rogate for sociodemographic status; however, house-
hold income and deprivation indices, which correlate
with COVID infection, were not available. Although
multiple testing may cause false positives, our results
are robust after Bonferroni correction, a conservative
test used to protect from type I error.

Another challenge we faced was determining
whether a reported death was caused by COVID-19
or other diseases. We believe that COVID-19 was the
primary cause of death for the cases we used because
the death-related question from the CDC question-
naire is specific to COVID-19 (i.e., “Did the patient die
as a result of this illness [COVID-19]?”). In addition,
similar to other infectious diseases under mandatory
reporting, all COVID-19 cases and causes of death
were confirmed and validated by hospitals or health
departments. Finally, we could not separate unique
infections from reinfections because no personal
identifier is available. However, this problem may
not have a substantial effect for several reasons. We
aimed to examine fatality (deaths per infection) rather
than infection. Although death was almost certainly
reported only once, infections could be reported mul-
tiple times because of reinfection. Therefore, we may
have underestimated fatalities because reinfections
increased the denominator. This underestimation
bias is likely similar between the HCW deaths and
HCW controls because of identical occupations and
similar sociodemographic status, which would be
nondifferential and toward the null. When compar-
ing HCW deaths to non-HCW controls, the denomi-
nator, including reinfection numbers, is likely larger
among HCWs than the general population because
of HCWs' frequency and duration of exposure to pa-
tients. Therefore, the fatality ratio of these 2 groups
may have been underestimated. Finally, the effect of
such bias may be minimal because most COVID-19
reinfections occurred when the Omicron variant was
dominant (86.9%) after December 31, 2021 (34), which
occurred after our study period (January 1, 2020-Oc-
tober 12, 2021). For instance, the COVID-19 reinfection
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rate in New York through December 31, 2021, was
0.56%, but as of January 1, 2022, it was 3.74% (34).

In conclusion we found that HCWs who were >50
years of age, male, Black, or Asian experienced higher
deaths from COVID-19. In addition, HCW COVID-19
patients experienced fewer deaths but significantly
higher risks for the most severe indicators than the
3 reference groups. We also found that underlying
conditions, shortness of breath, fever, cough, nausea/
vomiting, and diarrhea were the most relevant indi-
cators for COVID-19-related deaths among HCWs.
Conversely, runny nose, sore throat, and headache
may not be critical indicators for COVID-19 death in
this population.
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To identify demographic factors associated with delay-
ing or not receiving a second dose of the 2-dose primary
mRNA COVID-19 vaccine series, we matched 323 mil-
lion single Pfizer-BioNTech (https://www.pfizer.com) and
Moderna (https://www.modernatx.com) COVID-19 vac-
cine administration records from 2021 and determined
whether second doses were delayed or missed. We used
2 sets of logistic regression models to examine associat-
ed factors. Overall, 87.3% of recipients received a timely
second dose (42 days between first and second dose),
3.4% received a delayed second dose (>42 days be-
tween first and second dose), and 9.4% missed the sec-
ond dose. Persons more likely to have delayed or missed
the second dose belonged to several racial/ethnic minor-
ity groups, were 18-39 years of age, lived in more so-
cially vulnerable areas, and lived in regions other than the
northeastern United States. Logistic regression models
identified specific subgroups for providing outreach and
encouragement to receive subsequent doses on time.

In December 2020, the US Food and Drug Admin-
istration (FDA) issued Emergency Use Authoriza-
tions (EUAs) for the Pfizer BioNTech (https://www.
pfizer.com) and Moderna (https://www.modernatx.
com) 2-dose primary mRNA COVID-19 vaccine series
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(1,2). The Centers for Disease Control and Prevention
(CDC) Advisory Committee on Immunization Prac-
tices, part of the National Center for Immunization
and Respiratory Diseases, prioritized certain popu-
lations to be offered the COVID-19 vaccination first,
including healthcare personnel, long-term care facil-
ity residents, persons >65 years of age, persons 16-64
years of age with high-risk medical conditions, and
essential workers (3). Starting in March 2021, Pfizer-
BioNTech and Moderna COVID-19 vaccines have
been available at pharmacies and from other medical
practice providers for anyone >16 years of age. In the
1-year period of this analysis, the recommended in-
tervals between the 2 primary doses were 21 days for
the Pfizer-BioNTech vaccine and 28 days for the Mod-
erna vaccine (4). On May 10, 2021, FDA expanded the
EUA for the Pfizer COVID-19 vaccine to include per-
sons 12-15 years of age (5). During August-Novem-
ber 2021, FDA approved a series of EUAs: 1 for an
additional primary dose for immunocompromised
persons and 1 for a booster dose for persons >18 years
of age (6).

In the summer of 2021, one of every 10 US per-
sons received the first dose of an mRNA COVID-19
vaccine, ~15 million still had not received the second
dose, and many more had received the second dose
outside the recommended intervals between doses
(7). Persons who start the primary series are presum-
ably amenable to initial vaccination but may then
either delay completing or may fail to complete the
series. Delayed or missed recommended COVID-19
vaccine doses can hamper national efforts to reduce
COVID-19-associated illness, hospitalization, and
death (8-10). More information about this population
is valuable for addressing second-dose vaccination
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barriers and devising interventions to increase pri-
mary series completion.

To support nationwide COVID-19 immunization
efforts, we performed an analysis to identify demo-
graphic factors associated with receiving 1 dose of the
2-dose primary mRNA vaccine series but delaying the
second dose or not completing the series. The study
was reviewed by CDC and conducted consistent with
applicable federal law and CDC policy.

Methods

We analyzed COVID-19 mRNA vaccine administra-
tion data among persons >12 years of age in the Unit-
ed States during December 14, 2020-December 31,
2021. US COVID-19 vaccine administration data are
reported from jurisdictions, pharmacies, and federal
entities to CDC via immunization information sys-
tems, the CDC Vaccine Administration Management
System, or direct data submission (11). De-identified
vaccination records from Idaho were reported for
persons >18 years of age; all other states, excluding
Texas, and the District of Columbia reported vacci-
nation records for persons >12 years of age. For this
analysis, so that all persons who had received a first
dose had sufficient time to receive a second dose
within a conventionally permissible time frame, we
included in our analysis all persons >12 years of
age who received a first dose of an mRNA vaccine
on or before September 30, 2021, which would allow
>3 months (October 1, 2021-December 31, 2021) af-
ter a first dose to have received a second dose. We
matched de-identified first- and second-dose records
according to a unique recipient number (not associat-
ed with recipients” personally identified information)
assigned by the reporting entity and an 8-12-digit re-
porting source code. For each recipient, we calculated
the number of days between the first and second dos-
es. To enable scheduling considerations and other un-
intended or systematic delays, we defined receipt of
a timely second dose as a second dose administered
<42 days after the first dose. We defined a delayed
second dose as a second dose administered >42 days
after the first dose. Although data on the efficacy of
second mRNA COVID-19 vaccine doses administered
beyond this window are limited, we chose a cutoff of
42 days because that has been the limit of days be-
tween doses conventionally considered permissible
when a delay is unavoidable (4). We defined a missed
second dose as receipt of the first dose but not having
a matching second dose on record. We excluded from
analysis persons whose records indicated that the sec-
ond dose was administered earlier than the vaccine
brand-specific recommended dosing interval, with a
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4-day grace period, which for this study we defined
as 17 days (Pfizer-BioNTech) and 24 days (Moderna).
We included recipients of both mRNA vaccine brands
(e.g., first dose Pfizer-BioNTech and second dose
Moderna vaccine). We determined second-dose tim-
ing according to brand of the first-dose vaccine.

On the basis of the inclusion criteria and defi-
nitions, we attempted to match 323 million mRNA
COVID-19 vaccine administration records reported
to CDC as doses having been administered during
December 14, 2020-December 31, 2021, including
170,865,184 first-dose records issued by September
30, 2021, and 153,791,171 second-dose records issued
by December 31, 2021. We excluded 15,017,733 (8.8%)
records for which county of residence was missing.
We built logistic regression models to examine so-
ciodemographic factors associated with a delayed
second dose (model 1) or a missed second dose (mod-
el 2) (Figure 1).

Dependent Variables

In model 1, recipients whose second dose was de-
layed were classified as 1 and recipients who received
a timely second dose were classified as 0. Recipients
who did not receive a second dose were excluded
from this model.

In model 2, recipients who did not receive a sec-
ond dose were classified as 1 and recipients who re-
ceived a timely second dose were classified as 0. Re-
cipients who received a delayed second dose were
excluded from this model.

Independent Variables

We included in the model the fundamental demo-
graphic information reported to CDC in the vaccine
administration records, including recipient’s age,
sex, race/ethnicity, and postal code. In addition, we
derived the CDC/Agency for Toxic Substances and
Disease Registry Social Vulnerability Index (SVI)
scores and the CDC Urban-Rural Classification scores
from vaccination records according to the recipient’s
county of residence (12,13). We generated urban-
rural classification and SVI score tertiles of county
of residence (low, medium, high) for each record.
Higher SVI scores indicated counties that were more
socially vulnerable. Independent variables for the 2
logistic regression models included first-dose vac-
cine type (Pfizer-BioNTech, Moderna), age group
(12-17, 18-39, 40-64, >65 years), sex (male, female),
race/ethnicity (Hispanic, non-Hispanic Asian/Other
Pacific Islander, non-Hispanic Black, non-Hispanic
White, non-Hispanic American Indian/Alaska Na-
tive, other/unknown), US region of residence (South,
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Figure 1. Logistic regression models built to examine sociodemographic factors associated with missed or delayed second doses

in primary series of MRNA COVID vaccination among persons >12 years of age, United States. The table at the top includes all
records from initial query that met the inclusion criteria. The lower 2 sub-tables provide the number of records included in each of the 2
multivariable logistic regression models. Pfizer-BioNTech, https://www.pfizer.com; Moderna, https://www.modernatx.com.

Midwest, Mountain, Pacific, Northeast, Noncontigu-
ous [Figure 2]), SVI tertile of county of residence (low,
medium, high), and urbanicity (metro, nonmetro). In
our results, racial/ethnic groups are reported as His-
panic, Asian, Black, White, American Indian/Alaska
Native, and other/unknown.

We based odds ratio (OR) and 95% CI calcula-
tions on regression estimates and performed descrip-
tive analyses for all input variables. We included in
this study factors for which OR was >1.150 or <0.850.
All analyses were conducted in the cloud-based data
platform Microsoft Azure DataBricks (https:/ /azure.
microsoft.com/en-us/services/databricks).

Results

In total, we attempted to match 155,847,451 records
of first-dose mRNA vaccine receipt containing re-
cipient’s county of residence (91.2% of the total
170,865,184 first-dose records) to records of second-
dose mRNA vaccine receipt. We merged those re-
cords with SVI and urbanicity variables and included
them in the descriptive analyses and multivariable

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 28, No. 8, August 2022

logistic regression models. Of the 155,847,451 first-
dose mRNA vaccination records, matching indicated
that 135,979,226 (87.3%) persons received a timely
second dose and that 5,224,993 (3.4%) received a de-
layed second dose; 14,643,232 (9.4%) first-dose re-
cords lacked a matched second-dose record and the
first-dose recipients were considered to have missed
the second dose (Table 1). Of all first-dose recipients,
41.9% were White, 11.3% were Hispanic, 7.2% were
Black, 4.4% were Asian, 0.7% were American Indian/
Alaska Native, and 34.5% were of other/unknown
race/ethnicity. Of all recipients, 46.2% were male,
and mean (+SD) age was 48.0 (+20.3) years.

Model 1 of the 2 logistic regression models (Table
2) shows the results of the logistic regression model
examining factors associated with a delayed second
dose, conditional on receiving a second dose. Model 1
analyzed a total of 141,204,219 matched first- and sec-
ond-dose pairs; of those, 135,979,226 (96.3%) first-dose
recipients received a timely second dose and 5,224,993
(3.7%) received a delayed second dose. Compared
with initial Pfizer-BioNTech vaccine recipients, initial
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Figure 2. States in each
region used in study of factors
associated with delayed or
missed second-dose mRNA
COVID-19 vaccination among
persons >12 years of age,
United States.

Moderna vaccine recipients were more likely to have
received a delayed second dose (OR 1.267, 95% ClI
1.265-1.270). Recipients 18-39 years of age were more
likely to have received a delayed second dose com-
pared with recipients 12-17 years of age (OR 0.763,
95% CI 0.759-0.766). Compared with recipients who
resided in low SVI tertile counties, those in high SVI
tertile counties were more likely to have received a
delayed second dose (OR 1.198, 95% CI 1.196-1.201).
Compared with White recipients, delayed receipt of
a second dose was more likely among American In-
dian/ Alaska Native (OR 1.508, 95% CI 1.494-1.522),
Black (OR 1.310, 95% CI 1.305-1.314), and Hispanic
(OR 1.172, 95% CI 1.168-1.175) persons. Compared
with recipients who resided in counties in the North-
east, delayed receipt of a second dose was more likely
among persons who resided in counties in the South
(OR 1.425,95% CI 1.421-1.429), Pacific (OR 1.507, 95%
CI 1.503,1.512), Noncontiguous (OR 1.886, 95% CI
1.863-1.909), and Mountain (OR 1.648, 95% CI 1.641-
1.655) regions.

Model 2 of the 2 logistic regression models (Table
2) shows the result of the model examining factors
associated with a missed second dose. Model 2 ana-
lyzed a total of 150,622,458 first-dose records; of these,
135,979,226 (90.3%) first-doses recipients receieved a
timely second dose and 14,643,232 (9.7%) missed the
second dose. First-dose recipients 18-39 years of age
were more likely to have missed the second dose
compared with those 40-64 (OR 0.740, 95% CI 0.739-
0.741) and >65 (OR 0.743, 95% CI 0.742-0.744) years of
age. Compared with first-dose recipients who resided
in counties in the low SVI tertile, the second dose was
more likely to have been missed by persons in medium
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(OR 1.297, 95% CI 1.295-1.299) and high SVI tertile
counties (OR 1.168, 95% CI 1.166-1.170). Compared
with White first-dose recipients, the second dose was
more likely to have been missed by American Indian/
Alaska Native (OR 2.760, 95% CI 2.746-2.774), Black
(OR 1.377, 95% CI 1.373-1.380), Hispanic (OR 1.751,
95% Cl 1.748-1.754) recipients, and those of other or
unknown race (OR 1.487, 95% CI 1.485-1.489). Com-
pared with first-dose recipients who resided in coun-
ties in the Northeast, the second dose was more likely
to have been missed by persons who resided in coun-
ties in the Pacific (OR 1.566, 95% CI 1.563-1.568), Non-
contiguous (OR 3.038, 95% CI 3.020-3.056), and South
(OR1.319, 95% CI1.317-1.322) regions.

Discussion

By building models based on millions of US vac-
cination records to analyze sociodemographic factors
associated with delayed or missed second doses in a
2-dose primary mRNA COVID-19 vaccine series, we
identified population subgroups that might benefit
from targeted interventions aimed at encouraging
timely receipt of a second dose and at increasing ac-
cess and demand for a booster dose. Findings from
this study (Table 1) align with previous US reports
that nearly 1 in 10 persons who began a 2-dose CO-
VID-19 mRNA vaccination series had not received a
second dose (7).

Compared with first-dose recipients 18-39 years
of age, recipients 40-64 and >65 years of age were less
likely to have missed a second dose. Persons in older
age groups had more time to complete their primary
series, given the prioritization when COVID-19 vac-
cine first became available. Older adults also are at
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higher risk for severe COVID-19 illness and may have
been more motivated to become fully vaccinated
(14,15). Compared with persons 18-39 years of age,
persons 12-17 years of age were less likely to have re-
ceived a delayed second dose. On May 10, 2021, EUA
was granted for COVID-19 vaccine use in persons 12-
15 years of age, and peak adolescent vaccination rates
were observed during summer 2021, immediately be-
fore the start of the 2021-22 school year (16,17). Lower
rates of delayed second-dose vaccine receipt by those
12-17 years of age may have partially resulted from
parent and child desire to return to in-person learning
and from vaccination encouragement by or mandates
from schools (18-20).

In our analyses, receipt of the second vaccine dose
was more likely to have been delayed by initial Mod-
erna vaccine recipients than by initial Pfizer-BioNTech
recipients. In the context of our analysis, given the
shorter recommendation period for the second dose
of Pfizer-BioNTech vaccine, the definition of delayed

Delayed or Missed Second COVID-19 Vaccination

second dose (>42 days) gave Pfizer recipients a win-
dow of 7 more days (beyond the vaccine-specific rec-
ommended dosing interval) than Moderna recipients
to complete a second dose, which might contribute to
the result. Previous studies suggested that Moderna
recipients were more likely to have experienced side
effects (especially after the second dose) than were
Pfizer-BioNTech recipients (21,22). Fear of side effects
may also have contributed to the higher percentage of
delayed second doses among Moderna recipients (23).

When compared with first-dose recipients who
were White, members of several racial/ethnic mi-
nority groups were more likely to have delayed or
missed the second dose, including Hispanic, Black,
and American Indian/Alaska Native; this finding is
consistent with reports from other studies that up-
take of COVID-19 vaccination and other vaccinations
was lower among members of these minority groups
(24-26). Many factors may contribute to this dispar-
ity. Poverty rates are higher among Black (19.5%) and

Table 1. Timing of second dose of a 2-dose primary mRNA COVID-19 vaccine series, by sociodemographic factors, United States,

December 14, 2020-December 31, 2021*

Second dose timing, no. (%)

Variable Timelyt Delayedt Missed§ Total, no. (%)
Total 135,979,226 (87.25) 5,224,993 (3.35) 14,643,23 (9.40) 155,847,451
Vaccine type, dose 1
Moderna 53,478,853 (87.04) 2,384,368 (3.88) 5,577,569 (9.08) 61,440,790
Pfizer-BioNTech 82,500,373 (87.39) 2,840,625 (3.01) 9,065,663 (9.60) 94,406,661
Age group, y
12-17 9,762,549 (86.60) 280,348 (2.49) 1,230,395 (10.91) 11,273,292
18-39 39,414,160 (85.13) 1,621,400 (3.50) 5,264,452 (11.37) 46,300,012
40-64 52,589,787 (88.27) 1,934,658 (3.25) 5,053,236 (8.48) 59,577,681
>65 34,212,730 (88.41) 1,388,587 (3.59) 3,095,149 (8.00) 38,696,466
Sex
M 62,548,887 (86.85) 2,393,426 (3.32) 7,076,540 (9.83) 72,018,853
F 73,430,339 (87.60) 2,831,567 (3.38) 7,566,692 (9.03) 83,828,598
Urbanicity
Metro 120,443,535 (87.14) 4,633,895 (3.35) 13,145,421 (9.51) 138,222,851
Nonmetro 15,535,691 (88.15) 591,098 (3.35) 1,497,811 (8.50) 17,624,600
Social Vulnerability Index (12)
High 41,938,563 (85.92) 1,873,526 (3.84) 5,003,810 (10.25) 48,815,899
Medium 54,681,094 (86.36) 2,090,878 (3.30) 6,544,599 (10.34) 63,316,571
Low 39,359,569 (90.04) 1,260,589 (2.88) 3,094,823 (7.08) 43,714,981
Race/ethnicity
Hispanic 14,678,149 (83.38) 622,364 (3.54) 2,302,543 (13.08) 17,603,056
Black 9,711,675 (86.24) 446,893 (3.97) 1,102,700 (9.79) 11,261,268
American Indian/Alaska Native 860,111 (75.91) 54,520 (4.81) 218,355 (19.27) 1,132,986
Asian/OPI 6,047,962 (88.09) 210,615 (3.07) 607,609 (8.85) 6,866,186
White 58,829,793 (90.17) 1,972,730 (3.02) 4,445,116 (6.81) 65,247,639
Other/unknown 45,851,536 (85.33) 1,917,871 (3.57) 5,966,909 (11.10) 53,736,316
Region
South 41,188,846 (86.15) 1,775,680 (3.71) 4,844,461 (10.13) 47,808,987
Midwest 28,738,970 (91.57) 811,360 (2.59) 1,832,846 (5.84) 31,383,176
Mountain 11,446,355 (86.39) 574,949 (4.34) 1,227,706 (9.27) 13,249,010
Pacific 27,077,135 (83.19) 1,254,754 (3.86) 4,216,649 (12.95) 32,548,538
Noncontiguous 517,084 (74.17) 28,439 (4.08) 151,668 (21.75) 697,191
Northeast 27,010,836 (89.56) 779,811 (2.59) 2,369,902 (7.86) 30,160,549
*Pfizer-BioNTech, https://www.pfizer.com; Moderna, https://www.modernatx.com. OPI, other Pacific Islander.
tSecond dose administered <42 d after first dose.
}Second dose administered >42 d after second dose.
§Received the first dose but no matching second dose on record.
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Table 2. Logistic regression models examining sociodemographic factors associated with delayed or missed second dose of a 2-dose
primary mRNA COVID-19 vaccine series, United States, December 14, 2020—December 31, 2021*

Model 1 Model 2
Delayed second dose,T n = 141,204,219 Missed second dose, n = 155,847,451
Coefficient Coefficient

Variable estimate OR (95% CI) estimate OR (95% CI)

Vaccine type, dose 1
Moderna 0.237 1.267 (1.265-1.270)§ -0.012 0.988 (0.987-0.989)
Pfizer-BioNTech Referent Referent

Age group,y
12-17 -0.271 0.763 (0.759—(0.766)§ -0.064 0.938 (0.936-0.940)
40-64 -0.112 0.894 (0.892-0.896) -0.301 0.740 (0.739-0.741)§
>65 -0.008 0.992 (0.990-0.995) -0.298 0.743 (0.741-0.744)§
18-39 Referent Referent

Sex
F 0.006 1.006 (1.004-1.008) -0.082 0.922 (0.921-0.923)
M Referent Referent

Urbanicity
Metro 0.048 1.049 (1.046-1.052) -0.038 0.963 (0.961-0.965)
Nonmetro Referent Referent

Social Vulnerability Index (12)
High 0.181 1.198 (1.196-1.201)§ 0.155 1.168 (1.166-1.170)§
Medium 0.092 1.096 (1.094—1.099) 0.260 1.297 (1.295-1.299)§
Low Referent Referent

Race/ethnicity
Hispanic 0.159 1.172 (1.168-1.175)§ 0.560 1.751 (1.748-1.754)§
Black 0.270 1.310 (1.305-1.314)§ 0.320 1.377 (1.373-1.380)§
American Indian/Alaska Native 0.411 1.508 (1.494-1.522)8§ 1.015 2.760 (2.746-2.774)§
Asian/OPI 0.010 1.010 (1.005-1.015 0.128 1.137 (1.134-1.140)
Other/unknown 0.117 1.124 (1.122-1.127) 0.397 1.487 (1.485-1.489)8§
White Referent Referent

Region
South 0.354 1.425 (1.421-1.429)§ 0.277 1.319 (1.317-1.322)§
Midwest -0.007 0.993 (0.990-0.996) -0.246 0.782 (0.780-0.783) §
Mountain 0.499 1.648 (1.641-1.655)§ 0.070 1.072 (1.069-1.075)
Pacific 0.410 1.507 (1.503-1.512)§ 0.448 1.566 (1.563-1.568)§
Noncontiguous 0.634 1.886 (1.863-1.909)§ 1.111 3.038 (3.020-3.056)§
Northeast Referent Referent

*Pfizer-BioNTech, https://www.pfizer.com; Moderna, https://www.modernatx.com. OPI, Other Pacific Islander; OR, odds ratio.
tSecond dose administered >42 d after first dose. This model examins factors associated with a delayed second dose, conditional on receiving a second

dose.
fReceived the first dose but no matching second dose on record.
§Factors with OR >1.150 or <0.850.

Hispanic (17.0%) than among White (8.2%) persons
(27). Lower-income persons may be concerned about
taking time off work to get vaccinated and to recuper-
ate should they experience side effects (28,29). In ad-
dition, this racial/ethnic disparity may in part reflect
vaccine access barriers for getting a timely second
dose among Black and Hispanic persons (30). In com-
parison, Asian first-dose recipients were more likely
to receive a timely second dose, which may reflect
lower vaccine hesitancy observed among this group
(24). These observations all highlight the value of
knowing which barriers prevent timely second-dose
completion for racial/ethnic minority recipients.
Delayed or missed second doses were less likely
among those who reside in low SVI tertile counties
than among those who reside in high SVI tertile coun-
ties. SVI comprises 4 themes (socioeconomic status,
household composition and disability, minority status
and language, and housing and transportation) con-

structed by using 15 social and environmental vari-
ables from the US Census (13). Lower SVI scores in-
dicate that an area is less socially vulnerable. Previous
research found that COVID-19 vaccine coverage was
lower in rural counties than in urban counties (31).
Residents of communities within more socially vulner-
able areas may have more barriers to accessing vacci-
nation providers, including limited transportation op-
tions, higher disability, and reduced ability to seek out
or engage with vaccine providers (32,33). Technologic
disparities and reduced health literacy resulting from
language and education barriers could contribute to
the finding that those able to receive a first dose missed
or delayed receipt of their second dose, especially if
challenges involved accessing information regarding
vaccine availability or scheduling a second dose within
the appropriate time interval (34).

Recipients who resided in counties in the North-
east region were more likely than recipients in other
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regions to receive a timely second dose and less likely
to miss their second dose. The Northeast region has
reported the highest vaccination coverage since vac-
cine availability, which may in part reflect the fact that
this region has the highest per capita income and the
lowest percentage of uninsured persons, both of which
have been correlated with vaccination coverage (35).
The population in the Northeast region is also older
and has more college graduates, which are 2 popu-
lation characteristics associated with lower vaccine
hesitancy and higher COVID-19 vaccination cover-
age (36,37). In addition, compared with other US re-
gions, Northeast jurisdictions promoted vaccinations
at different administrative levels (e.g., local or state),
including vaccine mandates and proof-of-vaccination
requirements for indoor dining, indoor entertainment
venues, and large gatherings (38,39). Such policies and
cultural norms may also have contributed to popula-
tions receiving their second vaccine dose on time.

First among the limitations of our study, a small
percentage of records submitted to CDC lacked recipi-
ents’ county of residence information (8.8%), which
in some states contributed to the loss of sample size
for generation of SVI and urbanicity measures. Race/
ethnicity data were missing on 30% of records, which
may affect the accuracy of findings related to race/eth-
nicity. Race/ethnicity information is not a customary
unit of data gathered when arranging vaccination ap-
pointments, unlike age (date of birth) or sex. Missing
race/ethnicity data result in part from data-reporting
limitations in some counties and states and from in-
complete data collection/reporting at the beginning
of vaccine rollout. Second, in our analysis, identifying
second-dose recipients depended on the link between
vaccination records in jurisdiction-specific immuniza-
tion information systems. Persons who received a sec-
ond dose in a different jurisdiction from that of their
first dose or for whom we were unable to match first
and second primary series doses could not be repre-
sented accurately in these results. Third, persons who
received the first dose in the fall of 2021 (e.g., Septem-
ber) had fewer months in which to receive their second
dose and be matched than did those who received their
first dose early in 2021 (because of our cutoff of Decem-
ber 31, 2021). Thus, we would not have captured any
delayed second doses for those who received their sec-
ond dose in 2022 (i.e., after the cutoff); this population
would have been defined as having missed the second
dose and was included in the model examining risk
factors associated with having missed the second dose.
Fourth, characteristics other than the sociodemograph-
ic factors that we analyzed could have been associated
with series completion.
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Because vaccine effectiveness against infection
and hospitalization has been found to be higher with
an extended (6-8-week) interval than with a standard
(3-4-week) interval (40), CDC provided guidance in
March 2022 that an 8-week interval might be optimal
for some persons, especially for men and boys 12-39
years of age (41). Future studies of delayed second-
dose completion of the mRNA primary series should
consider that newer recommended intervals between
first and second doses may be longer than the inter-
vals that we considered here.

Our study highlights demographic factors as-
sociated with delayed or missed second doses in
the 2-dose primary series of mRNA COVID-19 vac-
cine in the United States and identifies population
subgroups that may benefit from outreach and en-
couragement to receive subsequent doses on time.
Second doses were more likely to be delayed or
missed for members of several racial/ethnic minor-
ity groups, persons <40 years of age, persons living
in more socially vulnerable or nonmetro areas, and
persons living in regions other than the Northeast.
Interventions and efforts addressing social and
health inequalities and promoting vaccine-related
policies can potentially increase access and de-
mand for COVID-19 vaccine and improve subse-
quent dose completion.
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COVID-19 Vaccination Intent
and Belief that Vaccination
Will End the Pandemic

Marion de Vries, Liesbeth Claassen, Mattijs Lambooij, Ka Yin Leung, Kees Boersma, Aura Timen

High vaccination coverage is considered to be key in
dealing with the coronavirus disease (COVID-19) pan-
demic. However, vaccine hesitancy can limit uptake. We
examined the specific coronavirus beliefs that persons
have regarding COVID-19 and COVID-19 vaccines and
to what extent these beliefs explain COVID-19 vaccina-
tion intentions. We conducted a survey among 4,033
residents of the Netherlands that examined COVID-19
vaccination intentions and various beliefs. Random for-
est regression analysis explained 76% of the variance
in vaccination intentions. The strongest determinant in
the model was the belief the COVID-19 crisis will only
end if many persons get vaccinated. Other strong de-
terminants were beliefs about safety of vaccines, spe-
cifically in relation to vaccine development and approval
process; (social) benefits of vaccination; social norms
regarding vaccination behavior; and effectiveness of
vaccines. We propose to address these specific beliefs
in communications about COVID-19 vaccinations to
stimulate vaccine uptake.

he COVID-19 pandemic has profoundly affected

global health and well-being. Since 2020, countries
worldwide have experienced high rates of illness and
death caused by COVID-19, and many societies have
dealt with often stringent outbreak control measures.
The successful development of effective vaccines has
provided a much-wanted major step toward control-
ling the pandemic. However, for the vaccines to be
successful during outbreak control, a high and equally
distributed vaccine uptake is essential. Next to possible
barriers of limited COVID-19 vaccine availability and
accessibility, vaccine hesitancy can also form a consid-
erable barrier to reaching a high vaccine uptake.

The public acceptance of vaccines has been a
global concern for decades. Before the COVID-19
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crisis, in 2019, the World Health Organization declared
vaccine hesitancy as one of the top 10 global public
health threats (1). Vaccine hesitancy has been defined
as a broad range of vaccine-related attitudes and be-
havior, from having some doubts and delaying vacci-
nations up to complete refusal of vaccines (2). Various
studies have provided insights into beliefs underly-
ing vaccination hesitancy and vaccination intentions
for childhood vaccinations (3-5); influenza vaccina-
tions (5,6), including pandemic influenza A(H1N1)
vaccination (5-7); and COVID-19 vaccinations (8-12).
Personal beliefs that are known to have a major role
in vaccination decision-making are beliefs about the
need for, safety of, and effectiveness of vaccines.

Many studies that examine determinants of vacci-
nation hesitancy, intentions, or behavior (e.g., studies
applying the health belief model [9-13]) explore be-
liefs in relatively general terms. For example, surveys
may simply ask respondents whether they have con-
cerns about the safety of vaccines. It is useful to have
more detailed knowledge of these beliefs for 3 reasons.
First, in-depth insights into beliefs can provide more
concrete input toward developing well-adapted com-
munication (14). For example, concerns about safety of
vaccines might be related to beliefs about the vaccine
production process, long-term side-effects, and com-
position of vaccines. Such specific beliefs should be
addressed in communications. Second, COVID-19 vac-
cination intentions are likely to be associated with spe-
cific beliefs that differ from those found in research dur-
ing other vaccination campaigns. This reaction might
be the case for beliefs about the rapid vaccine devel-
opment process, the new technologies used (mRNA),
and the personal freedom associated with vaccination
(through vaccination entry passes). Third, there might
be major differences in (the influence of certain) beliefs
underlying vaccination decisions between countries or
communities (15) (e.g., due to differences in experienc-
es with the COVID-19 pandemic, information streams,
and vaccination campaign history).
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Consistent with earlier research on vaccination
decisions (16), we adopted a mental models perspec-
tive in studying beliefs underlying COVID-19 vacci-
nation intentions among persons in the Netherlands
(14). This perspective entails a detailed study of in-
terrelated beliefs of a subject, in this case COVID-19
and the COVID-19 vaccinations. These beliefs form
a mental model underlying decisions of persons re-
garding COVID-19 vaccination. By gaining in-depth
insights into these various beliefs, we can identify
knowledge gaps and misbeliefs that need to be ad-
dressed in communications. In addition, by studying
which beliefs are useful determinants of vaccination
intentions, we aimed to identify beliefs that should be
addressed and prioritized in communications to opti-
mize vaccine acceptability and uptake.

Methods

Study Population and Procedure
We conducted an online survey during March 12-22,
2021. At that time, 1.5 million of the 17.5 million resi-
dents of the Netherlands were partly or fully vacci-
nated against COVID-19 (data from March 14, 2021)
(17). We sent the survey (in Dutch) to 6,810 persons
in the Netherlands (>18 years of age) by using an on-
line survey panel (ISO/IEC 27001:2013; I&O Research,
https:/ /www .ioresearch.nl). Members from this sur-
vey panel were recruited by using random samples of
name and address data. The sample invited for partici-
pation to this survey was selected to be representative
of the general population of the Netherlands (>18 years
of age) on the basis of demographic characteristics.
Panel members provided informed consent for par-
ticipation to the survey panel. Survey completion took
~10-15 minutes. The Clinical Expertise Centre at the Na-
tional Institute for Public Health and the Environment
reviewed the study protocol and determined that the
study was exempt from needing further approval from
an ethics research committee (study no. LCI-485).

Development of Survey Measurements

We measured vaccination intention as follows. All re-
spondents who indicated to have received an invita-
tion for a COVID-19 vaccination but who had not yet
been vaccinated were asked, “Do you want to get vac-
cinated against the corona virus?” Respondents who
indicated not yet to be invited for a COVID-19 vacci-
nation were asked, “If you are invited for a COVID-19
vaccination, do you then want to get vaccinated?”
Both questions could be answered on a 5-point Likert
scale: 1. Certainly not; 2. Probably not; 3. Don’t know;
4 Probably yes; 5. Certainly yes. The answers to both
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questions were taken together in 1 variable that was
called COVID-19 vaccination intention.

To identify the beliefs about COVID-19 and the
COVID-19 vaccines that should be assessed in this
study, we studied literature on sociopsychological
determinants of vaccination intentions to identify
main elements in mental models of persons underly-
ing COVID-19 vaccination intentions (2,4,18,19). In
addition, we used recent qualitative studies (survey
open answer categories and in-depth interviews) on
COVID-19 vaccination acceptability among members
of the public in the Netherlands (20,21) to identify spe-
cific beliefs within the familiar mental model themes
and to identify beliefs that might not have been iden-
tified in studies on other vaccination campaigns.

We studied beliefs about COVID-19 and
COVID-19 vaccines by using this question: “We would
like to know what you think about the corona virus/
vaccination against the corona virus. For each state-
ment, indicate to what extent it aligns with what you
think. I think ....” The question was followed by 25
statements that were scored on a 5-point Likert scale
(1 = certainly not to 5 = certainly yes) (Table 1, https:/ /
wwwnc.cde.gov/EID/article/28/8/21-2556-T1.htm).
The 25 beliefs can be categorized into 7 elements of
mental models of persons, namely beliefs about risk
for COVID-19 regarding oneself, risk for COVID-19 re-
garding one’s loved ones, safety of vaccination, effec-
tiveness of vaccination, (social) benefits of vaccination,
alternatives to vaccination, social norms regarding
vaccination behavior, and accessibility of vaccination.

Analyses

We analyzed responses of (at that time) unvaccinated
respondents. Descriptive analyses were performed
for vaccination intention and the 25 beliefs about
COVID-19 and the vaccines. In addition, we calcu-
lated Pearson correlations (2-tailed) between vaccina-
tion intention and all 25 beliefs and between all be-
liefs separately.

We subsequently performed a regression analysis
by using Random forest (RF) (22) in R (23) to assess the
extent to which beliefs explain variance in vaccination
intentions, and to identify which specific beliefs are
good determinants of vaccination intentions (Appen-
dix, https://wwwnc.cdc.gov/EID/article/28/8/21-
2556-Appl.pdf). RF is a machine learning method for
regression and classification based on an ensemble of
decision trees. This method makes no assumptions
about data distribution and is well suited to address
3 complicating features of the study responses for
analyses: a dependent variable (COVID-19 vaccina-
tion intention) that is not normally distributed, many
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(partly intercorrelated) independent variables (beliefs),
and potentially nonlinear relationships between inde-
pendent variables and the dependent variable. The RF
method has been successfully applied in explaining
vaccination intentions (16) and screening intentions
(24). We controlled the RF regression analysis for age,
sex, education level, region of residence, migration
background, health status, previous coronavirus infec-
tion, being invited for a COVID-19 vaccination, per-
ceived allergy for vaccinations, employment in health-
care, and religious motivations (Appendix) by adding
these as independent variables to the RF model.

We considered 4 types of output from the RF re-
gression analyses. The first output was the variable
importance ranking (VIR), which ranks independent
and control variables in terms of how much these con-
tribute to explaining the dependent variable. The sec-
ond output was the partial dependence (also known
as marginal means) that indicates the direction and
strength of the relationship between the independent
and dependent variable. The third output was the
cumulative variance explained, which is the variance
explained after adding an independent variable to the
model in the sequence of the VIR. The fourth output
was the total variance explained.

Results

Study Population

The survey response rate was 59% (n = 4.033). The
survey population was reasonably comparable to the
general population in the Netherlands (>18 years of
age) for demographic characteristics (Table 2).

COVID-19 Vaccination Intention

Most (2,266/3,628, 62.5%) unvaccinated respondents
indicated that they would certainly want to get vac-
cinated against COVID-19, 645 (17.8%) would prob-
ably want to get vaccinated, 257 (7.1%) did not know
(vet), 213 (5.9%) would probably not want to get vac-
cinated, and 247 (6.8%) indicated certainly not. The
mean (+SD) response of vaccination intention was 4.2
(+1.2).

Beliefs about COVID-19 and COVID-19 Vaccines

Descriptive statistics and Pearson correlations
(2-tailed) with vaccination intention showed that all
25 beliefs were significantly (p<0.001) correlated with
vaccination intention (Table 1). Correlations between
different beliefs about COVID-19 and COVID-19 vac-
cinations (Figure 1) showed moderate-to-strong cor-
relations between different risk perception beliefs
of COVID-19 (for self and loved ones), and, at the
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same time, mostly weak correlations between these
COVID-19 beliefs and the several beliefs about
COVID-19 vaccinations. In addition, we observed
many strong correlations between the various beliefs
about COVID-19 vaccinations, especially in relation
to beliefs about the safety of vaccination.

Personal risk perceptions of respondents for
COVID-19 were moderate, with values of 2.9 (+1.0)
for the belief about high likelihood of infection and 3.0
(+1.3) for the belief about possibility of severe illness.
For loved ones, these COVID-19 risk perceptions were
scored relatively higher: 3.5 (+1.1) for high likelihood
of infection and 3.9 (+1.1) for possibility of severe ill-
ness. Respondents valued the likelihood to infect oth-
ers if infected themselves with a value of 3.3 (+1.2).

Safety of vaccinations was generally trusted by
respondents (Table 3), but some notable variations
in responses were observed. For example, 27.7% of
respondents indicated not believing that the side ef-
fects of vaccinated were well researched (mean 3.3,
SD +1.3), and 28.3% of respondents believed that
the vaccines were developed too quickly (mean 2.7,
SD +1.3). With regard to the effectiveness of vaccina-
tions, respondents believed that vaccines would pro-
tect them well against COVID-19 (mean 3.8, SD +1.1).
Respondents seemed somewhat unsure about wheth-
er vaccines only protect for a short while (mean 3.1,
SD +1.0) and whether one can still infect others after
vaccination (mean 3.0, SD +1.1). At the time of data
collection, scientific knowledge about those last 2 vac-
cine aspects was also limited.

In terms of (social) benefits of vaccinations, vac-
cinations were commonly seen as the only way out
of the COVID-19 crisis (mean 4.1, SD +1.2) and as a
means to return to a life without COVID-19 restric-
tions sooner (mean 3.8, SD +1.3). With regard to alter-
natives to vaccination, respondents generally did not
believe that there were (sufficient) drugs that could
cure COVID-19 (mean 1.9, SD +1.0), and few respon-
dents believed that they were immune to COVID-19
(mean 2.0, SD +1.1). Some support was found for the
belief that one’s good health would protect against
COVID-19 (mean 2.8, SD +1.2).

We found that perceived social norms were gen-
erally in favor of vaccination. Beliefs that friends and
family expected that the respondent would get vac-
cinated (mean 4.0, SD +1.2), and the beliefs that most
of the respondent’s family and friends (mean 4.2,
SD +1.0), as well as most residents in the Nether-
lands (mean 4.0, SD +0.8), would get vaccinated
were largely supported. Accessibility of vaccination
did not seem a large obstacle because the belief that
getting vaccinated would take a lot of time or effort
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was not strongly supported among the respondents
(mean 2.0, SD +1.2).

Variance in COVID-19 Vaccination Intention

The random forest model explained 76% of the vari-
ance in COVID-19 vaccination intentions. This analy-
sis was performed using data for 3,614 of the 3,628
unvaccinated respondents (14 respondents were ex-
cluded from the analysis because of missing values).
We provide the VIR with the 10 best explaining beliefs
(Figure 2). We also provide the cumulative variances
explained and partial dependence of the 10 best ex-
plaining beliefs (Table 3). Of these 10 best explaining
beliefs, 5 beliefs concern safety of vaccinations, 2 be-
liefs are about social benefits of vaccination, 2 beliefs
concern social norms regarding vaccination behavior,
and 1 belief is about effectiveness of vaccination.

There was no clear selection of the 25 beliefs that
explained variance in vaccination intention consider-
ably more strongly than all other beliefs. Instead we
observe a gradual progression in explanatory value
of various beliefs (VIR with all determinants; Ap-
pendix). Because there are many intercorrelations be-
tween the beliefs (Figure 1), and many of the beliefs
are associated with vaccination intentions, the partial
dependence ranges were also small (Table 3). Our
findings confirm that vaccination decisions are made
on the basis of a complex web of interrelated beliefs
(mental models), rather than on a few independent
perceptions. Although a small number of these be-
liefs can (statistically) explain a large part of the vari-
ance in vaccination intentions, one needs to keep in
mind that in reality beliefs never stand on their own.
This said, the belief “the corona crisis will only end if
many people get vaccinated” seems, distinctively, the
strongest determinant in the model. By adding only
this variable to the model, we can explain 54% of the
variance in vaccination intentions.

We conducted sensitivity analyses in which we
repeated the main RF analyses for 3 age groups (18-
34 years, 35-64 years, and >65 years). We repeated
the main analysis with a binary dependent variable,
explaining differences between those with low vac-
cination intentions (original values 1 and 2) and those
who were unsure (value 3). Results were consistent
with those of the main analyses and did not affect our
conclusions.

Discussion

Our findings provide detailed insights into
COVID-19 vaccination intentions and the underlying
beliefs about COVID-19 and the COVID-19 vaccines
among residents in the Netherlands during 2021. No
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Table 2. Variables for study population testing major role for the
belief that COVID-19 vaccination will end the pandemic, the
Netherlands™

Variable Answer categories No. (%)
Sex M 1,991 (49)
F 2,042 (51)

Age, y 18-29 560 (14)

30-39 503 (12)

40-49 574 (14)

50-59 765 (19)

60-69 805 (20)

70-79 613 (15)

>80 213 (5)

Level of education Low 824 (20)
Moderate 1,535 (38)
High 1,674 (42)
Region of residence in the West 1,736 (43)

Netherlands North 470 (12)

East 866 (22)

South 961 (24)
Migration background None 3,267 (81)

Western 444 (11)

Other 306 (8)

Unknown 16 (0)

Invited for a COVID-19 Invited 642 (16)
vaccination Not (yet) invited 3,391 (84)

Vaccinated against Vaccinated 405 (10)
COoVvID-19 Not (yet) vaccinated 3,628 (90)
Total NA 4,033 (100)

*COVID-19, coronavirus disease; NA, not applicable.

major knowledge gaps or misbeliefs were observed,
but we did observe some considerable concerns with
regard to the vaccine development and approval
process. The beliefs assessed in our study explained
a large part of the variance in COVID-19 vaccination
intentions. Beliefs about the safety of vaccines, (so-
cial) benefits of vaccination, social norms regarding
vaccination behavior and the effectiveness of vaccines
were, relative to other beliefs, strong determinants of
vaccination intention for persons. The strongest de-
terminant in the model was the belief “the corona cri-
sis will only end if many people get vaccinated.”

Our study results showed strong beliefs, and the
explanatory value of these beliefs, about (social) ben-
efits after being vaccinated or reaching a high vacci-
nation coverage. The belief that the COVID-19 crisis
will only end if many persons get vaccinated could
(statistically) explain more than half of the variance
in COVID-19 vaccination intentions. It is striking that
this belief seemed to be, at least somewhat, a better de-
terminant of vaccination intentions than beliefs about
personal protection against the vaccine-preventable
disease or beliefs about safety of vaccines, which have
often been identified as the most essential psychosocial
determinants of vaccination intentions (5,17,18). The
wish for relaxation of COVID-19 control measures and
for the ending of the enduring crisis seem to have been
stronger among many than the wish for personal pro-
tection against disease (although these wishes are not
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Figure 1. COVID-19 vaccination intent and belief that COVID-19 vaccination will end the pandemic among persons in the Netherlands.
Pearson correlation matrix (2-tailed) heat map with all beliefs about COVID-19 and COVID-19 vaccinations was visualized per mental
models element (risk perceptions COVID-19: self, risk perceptions COVID-19: loved ones, safety vaccination, effectiveness vaccination,
(social) benefits vaccination, alternatives to vaccination, social norms vaccination behavior, accessibility vaccination). For a more
detailed correlation matrix, see Appendix. (https://wwwnc.cdc.gov/ElD/article/28/8/21-2556-App1.pdf).

mutually exclusive). This finding might be explained
by the considerable effect of COVID-19 measures
on lives of persons (25) and the observed moderate
COVID-19 risk perceptions. Our results also suggest
that persons who did not believe that high vaccination
coverage is the only solution to end the COVID-19 cri-
sis were not less likely to vaccinate.

We might expect that over time fewer persons will
have the belief of vaccination being the only solution to
end the crisis, because during the winter of 2021, when
lockdown measures were again necessary, despite
relatively high vaccination coverage (26). A decrease
in this belief might lead to a decrease in vaccination
acceptability. In communications, we are faced with a

dilemma. In the short run, providing clear future per-
spectives regarding personal and societal benefits after
reaching a high vaccination coverage, might consider-
ably help in motivating persons to get vaccinated. At
the same time, transparency about uncertainties re-
garding these perspectives are necessary from an ethi-
cal point of view, but also to prevent disappointments
in the future resulting from too optimistic expecta-
tions. Transparency is also crucial in remaining trust
and support for control measures (27,28).

Consistent with previous research, we found that
various beliefs about the safety of the vaccines were
major determinants of COVID-19 vaccination inten-
tions (12,29). Five of the 10 major explanatory beliefs

Table 3. Cumulative variance explained and partial dependence of 10 strongest determinants of COVID-19 vaccination intention in

random forest model for residents of the Netherlands

Cumulative variance
explained, %

Ten strongest determinants in random forest model

Direction of relationship with
vaccination intention

Partial dependence,
lowest—highest value*

Vaccination, end of crisis 54 3.943 Positive
Vaccination, expectations of loved ones 62 4.0-4.4 Positive
Vaccination, developed too quickly 70 4542 Negative
Vaccination, side effects well researched 72 4.1-4.3 Positive
Vaccination, approved therefore safe 72 3.94.2 Positive
Vaccination, good protection 73 4245 Positive
Vaccination, new techniques are safe 73 4244 Positive
Vaccination, live sooner without measures 74 4.2-4.3 Positive
Vaccination, behavior of loved ones 74 4.0-4.3 Positive
Vaccination, possibility severe illness 74 4.4-4.3 Negative

*Interpretation of the partial dependence figures, first row (end of crisis) as an example: When all other determinants are kept constant, the lowest value
for this belief (1, certainly not) matches a mean vaccination intention of 3.9 and the highest value of this belief (5, certainly yes) matches a mean
vaccination intention of 4.3. Because many of the beliefs correlate strongly, and the partial dependence figures are controlled for all other determinants in
the model, the partial dependence ranges are small. Partial dependence figures corresponding to all of the 10 best determinants values (1-5) are shown

in the Appendix (https://wwwnc.cdc.gov/ElD/article/28/8/21-2556-App1.pdf).
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were related to safety. Four of these 5 beliefs were
about vaccine development and approval processes.
Rapid development of vaccines and the approval pro-
cess, and the use of new techniques (e.g., mRNA vac-
cines) have probably increased public concerns about
vaccine safety. Concerns about rapid development of
vaccines were also observed in previous research on
COVID-19 vaccination perceptions (8) and pandemic
influenza A(HIN1) virus vaccination perceptions
(30). Authorities must provide persons with timely
and transparent information about development, ap-
proval, and safety monitoring of COVID-19 vaccines
to fulfil their information needs. If such information
is not, or is scarcely, provided by authorities, persons
are likely to search for this information elsewhere
on the internet, with the considerable risk that this
would lead them to vaccine skeptical sources (31,32).

We showed that beliefs about descriptive and
subjective social norms, specifically with regard to
vaccination expectations and behavior of friends and
family, were also major determinants of COVID-19
vaccination intentions. The role of social norms in vac-
cination behavior was also suggested in previous re-
search with regard to COVID-19 vaccinations (8,33),
influenza vaccinations (34,35), and human papilloma-
virus vaccinations (36,37). These findings suggest the

COVID-19 Vaccination Intent

potential for interventions focused on endorsing social
norms with regard to vaccination (e.g., providing nar-
ratives in communication materials for peers who vac-
cinated). In addition, this finding might indicate that
persons are, at least partly, segregated in like-minded
groups on the basis of COVID-19 vaccination inten-
tions, which could increase the risk for local outbreaks.

Beliefs about the health risks posed by COVID-19
were not found among the major determinants of vac-
cination intentions. A similar result was seen in a study
on meningococcal vaccination intentions that had a sim-
ilar study approach (16). An explanation for this result
can lie in the distribution of responses in vaccination
intentions. Because most of our respondents intended
to vaccinate against COVID-19, the explanatory analysis
shows mainly how persons who are not (so) willing to
vaccinate differ from those who do want to vaccinate,
because that is where the variance in responses can be
found. Perceptions of the health risk posed by COV-
ID-19 are likely major reasons for persons to vaccinate
but might not be among the most essential reasons for
those who do not intend to vaccinate.

The first limitation of our study is that, although
the study population is at large fairly comparable
with the population in the Netherlands in terms of
main demographic characteristics, it is not a perfect

Figure 2. COVID-19 vaccination intent and belief that COVID-19 vaccination will end the pandemic among persons in the Netherlands.
Variable ranking random forest model shows the 10 strongest determinants. n = 3,614, explained variance 0.76, mean squared error

0.078 (dashed vertical line).
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representation. Presumably, there is an overlap be-
tween those persons who are difficult to reach for
vaccination with those persons who are difficult to
reach for research purposes. Second, our study was
cross-sectional and conducted in a period that had
rapid developments in information about COVID-19
vaccinations. For example, just before the start of
our data collection, Denmark announced suspend-
ing use of vaccine from AstraZeneca (https://www.
astrazeneca.com) after reports of possible severe
adverse events; during the second half of our data
collection, the Netherlands also temporarily sus-
pended these vaccinations (38). Such developments
might have affected the outcomes of our study (e.g.,
through a potential decrease in people’s trust in vac-
cine safety). Also, subsequent events might lead to
slightly different results if the study was repeated. It
would be highly valuable to repeat research like ours
throughout prolonged crises and in multiple settings
to monitor changes and differences. Third, our study
focused on beliefs about COVID-19 and COVID-19
vaccinations to provide concrete input for commu-
nication. Our study did not address other possible
major determinants of vaccination intentions, such as
trust in institutions or health literacy. Fourth, we did
not include beliefs about conspiracy theories in this
study, which in hindsight could have added interest-
ing insights. Such beliefs were not included because
these were not pronounced in the literature nor in the
qualitative data at the time we developed our survey.

Results of this study provide several essential
key points for future research, policy, and commu-
nication. First, COVID-19 vaccinations decisions are
not made purely by considering the pros and cons for
one’s own health. Other (social) benefits of COVID-19
vaccination, related to the relaxation of COVID-19
control measures, are likely to play a major role in
vaccination decisions of persons. Providing clear per-
spectives with regard to these benefits might increase
vaccination uptake. At the same time, it is highly es-
sential to address the uncertainties with regard to
those social benefits and to prevent future disappoint-
ments and decreases in trust and support. Second, so-
cial norms regarding peers have been shown to be an
essential factor in COVID-19 vaccination intentions,
which suggests the potential for norms to induce in-
terventions to increase vaccination uptake. Future
research should focus on the characterization and
identification of like-minded social networks who are
hesitant to vaccinate against COVID-19 to provide
well-tailored interventions. Finally, it is highly essen-
tial to provide transparent and accessible information
about vaccine development and approval process and
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the probability of potential adverse events caused
by vaccination to address concerns about safety of
COVID-19 vaccines.
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Association of Environmental
Factors with Seasonal Intensity
of Erysipelothrix rhusiopathiae

Seropositivity among Arctic Caribou

O. Alejandro Aleuy, Michele Anholt, Karin Orsel, Fabien Mavrot, Catherine A. Gagnon, Kimberlee Beckmen,
Steeve D. Cété, Christine Cuyler, Andrew Dobson, Brett Elkin, Lisa-Marie Leclerc, Joélle Taillon, Susan Kutz

Several caribou (Rangifer tarandus) populations have
been declining concurrently with increases in infec-
tious diseases in the Arctic. Erysipelothrix rhusiopath-
iae, a zoonotic bacterium, was first described in 2015
as a notable cause of illness and death among several
Arctic wildlife species. We investigated epidemiologic
and environmental factors associated with the serop-
revalence of E. rhusiopathiae in the Arctic and found
that seropositivity was highest during warmer months,
peaking in September, and was highest among adult
males. Summer seroprevalence increases tracked
with the oestrid index from the previous year, icing
and snowing events, and precipitation from the same
year but decreased with growing degree days in the
same year. Seroprevalence of E. rhusiopathiae varied
more during the later years of the study. Our findings
provide key insights into the influence of environmen-
tal factors on disease prevalence that can be instru-
mental for anticipating and mitigating diseases asso-
ciated with climate change among Arctic wildlife and
human populations.
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2021 report of the Intergovernmental Panel on

Climate Change (1) reinforced that anthropo-
genic influences on climate systems are causing in-
creases in temperature and extremes of weather and
climate events at rates unprecedented in at least the
last 2,000 years. In the Arctic, climate warming will
continue at rates =2 times higher than those in the
rest of the world, profoundly affecting biotic and
abiotic systems (1,2). For example, development
and death rates among pathogens and vectors and
host factors such as immune response and aggrega-
tion are very sensitive to environmental conditions
and extremes in climate (3). As a consequence, as
climate change progresses and weather events be-
come less predictable, changes in the dynamics of
wildlife disease are likely to increase (e.g., changes
in prevalence), directly affecting conservation biol-
ogy, human health, and food safety and security in
Arctic ecosystems.

Erysipelothrix rhusiopathiae, a gram-positive
zoonotic bacterium, was first detected infecting
muskoxen (Ovibos moschatus) in the western Cana-
dian Arctic (4). During 2010-2014, a single geno-
type of this bacterium was associated with unusual
and widespread mortality events and population
declines among muskoxen in this region (4,5). Dur-
ing the same period, multiple genotypes of E. rhu-
siopathiae were isolated from muskoxen in Alaska,
USA, and moose (Alces americanus) and woodland
caribou (R. tarandus caribou) from British Columbia
and Alberta, Canada, during periods of unusually
high mortality for all 3 species (6,7). Recently, E.
rhusiopathiae was identified as the cause of a dis-
ease syndrome in Pribilof Arctic foxes (Vulpes lago-
pus pribilofensis) in Alaska (8), and concerns have
emerged regarding possible public health issues in
Arctic communities (9). Clinical disease manifests
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similarly in animals and humans, including skin
lesions, fever, endocarditis, and septicemia (10).
Among domestic animals, illness from E. rhusiopath-
ine occurs under stressful circumstances, and while
illness is acute, the bacteria sheds in large amounts
through nasal secretions, saliva, and feces; animals
with chronic infections are long-term sources of
contamination (11). This pattern is particularly rel-
evant because E. rhusiopathiae can persist for pro-
longed periods in the environment, including in
soil and water, which are notable sources of indi-
rect transmission (12). In wild systems, E. rhusio-
pathiae has been associated with individual cases,
clusters, and large-scale illness events (4,8,13,14).

Rangifer tarandus caribou (called reindeer out-
side North America) are core to the structure and
function of Arctic ecosystems and have profound
regulatory effects on vegetation growth and diver-
sity, as well as population dynamics among top
predators (15). In addition, these animals are funda-
mental to the culture, economy, and socioeconomic
wellbeing of circumpolar indigenous peoples (16).
Several Rangifer populations have declined, some
by 99%, in the past 15 years, with little to no evi-
dence of recovery (17). Some of these declines have
coincided with the emergence of pathogens and
changes in the distribution, epidemiology, and ef-
fects of endemic diseases (18-20). Wildlife manag-
ers, indigenous wildlife comanagement organiza-
tions, scientists, and public health officials in the
Arctic face the substantial challenge of understand-
ing and managing the effects of emerging infectious
diseases on caribou health, conservation, and food
security. Determining interactions between season-
al and large-scale weather and climatic events and
the dynamics of relevant pathogens is a first step
towards anticipating, preparing for, and adapting
to perturbations in disease ecology linked to cli-
mate changes in the Arctic (21).

The effects of E. rhusiopathiae on caribou survival
and food security and on human health, along with
its distribution throughout the Arctic, make it an ide-
al model for understanding how pathogens will be
influenced by changes in environmental conditions
in the future. We investigated the epidemiology of E.
rhusiopathiae in migratory tundra caribou to quantify
and report the association of environmental condi-
tions with E. rhusiopathiae seropositivity in caribou.
Elucidating the epidemiology of E. rhusiopathiae and
the environmental factors influencing its seropositiv-
ity in caribou is instrumental for developing predic-
tive frameworks to anticipate and mitigate disease
risks influenced by climate change.
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Methods

Sample Collection

We obtained frozen serum and blood on filter paper
samples collected from 21 migratory tundra caribou
herds during 1980-2019. Samples were collected op-
portunistically during capture-and-collar programs
across Canada, Alaska, and Greenland. We collected
information for the sampled animals on the herd
name, sex, age class (immature [<24 mo of age] or
adult [>24 mo of age]), pregnancy status, body con-
dition status (lean, good, or very good) visually as-
sessed at sampling as described elsewhere (22), and
collection dates.

Seroprevalence Analysis and Cutoff Determination

To determine the seroprevalence of E. rhusiopathiae, we
used a modified ELISA (5). Results were expressed as
percentage positivity based on a benchmark positive
control; we assumed a bimodal Gaussian distribution
of percentage positivity values and determined the
optimal cutoffs using maximum-likelihood estima-
tion. We calculated 95% Cls around estimated point
values using bootstrapping. We classified any sample
with a percentage positivity above the CI as seroposi-
tive and below the CI as seronegative. We considered
serum and filter paper samples as 2 different sets and
determined separate cutoffs (5).

Herd-Specific Weather Conditions

We obtained weather data from the CircumArctic
Rangifer Monitoring and Assessment (CARMA) net-
work’s caribou range climate database (https:/ /carma.
caff.is) (23). This dataset includes 26 variables describ-
ing daily environmental conditions in each of the sea-
sonal territorial ranges of 22 caribou (reindeer) herds
across North America, Greenland, and Eurasia; these
data enabled us to calculate monthly mean residuals
specific to the seasonal range used by each herd dur-
ing the study period (1980-2015). As dates for caribou
seasonal ranges, we used September 1-November 30
for fall range, December 1-March 31 for winter range,
April 1-May 31 for spring range, June 1-30 for calv-
ing range, and July 1-August 31 for summer range. We
conducted a literature review to determine weather
and climatic events affecting the performance of cari-
bou herds (Appendix 1 Table, https://wwwnc.cdc.
gov/EID/article/28/8/21-2144-Appl.pdf).

Data Analysis

We used the entire dataset to calculate descriptive sero-
prevalence and binomial proportion 95% Cls for each
caribou herd for sex, age class, and body condition class.
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We investigated associations among these variables and
seroprevalence using a generalized linear mixed model
(GLMM) with binomial distribution using herd and
year of sample collection as nested random effects to
address the uneven distribution of samples.

The Western Arctic, Central Arctic, and Teshek-
puk Lake herds in Alaska and the Alaska-Canada
transboundary Porcupine herd provided relatively
rich data with samples taken across most months
and over several decades; thus, we focused analyses
on data from these herds. We investigated monthly
distribution of E. rhusiopathiae seroprevalence using
a GLMM with binomial distribution. We included
month, age class, and sex as independent variables
in the models. To account for the nonlinearity of sea-
sonal trends, we included different polynomial de-
grees of the variable month in the model. We fitted
models with different combinations of these indepen-
dent variables and then compared models using the
Akaike information criterion (AIC) (24).

We investigated the association between sero-
positivity of E. rhusiopathiaze and weather and en-
vironmental factors using GLMM with binomial
distribution. The dependent variable was seroposi-
tivity of E. rhusiopathiae in individual caribou dur-
ing June, July, August, and September, the months
with highest seroprevalence. Month of sampling
was included as a random effect in the model. We
obtained the independent variables from the CAR-
MA database using temporal and spatial scales
specific to each herd including effective growing
degree days above 5°C (GDD5) (used to estimate
growth and development of plants and insects),
daily total surface precipitation, and oestrid index
(as a proxy for insect harassment) from the calv-
ing range and current and previous year’s summer
ranges. We included those variables in the model
as the residuals of their mean values for the period
under study. In addition, we pooled variables per-
taining to snowing and icing events from the fall,
winter, and spring ranges. We performed a sepa-

rate analysis to transform correlated variables into
uncorrelated principal components for snowing
and icing events (25). We decided the number of
principal components to be used as final variables
on the basis of a sharp decline in consecutive eigen-
values and eigenvalues >1.0 (26), which identified
2 principal components describing snowing events,
PCsnowl and PCsnow?2, and 2 describing icing
events, PCicel and PCice2 (Table 1; Appendix 2 Table
1, https://wwwnc.cdc.gov/EID/article/28/8/21-
2144-App2.pdf). We compared models that included
different combinations of fixed effects, which were
not highly correlated (r<0.7), and interactions based
on AIC and analysis of variance (ANOVA).

To investigate trends and variability of E. rhusio-
pathiae seroprevalence during the study period, we
calculated the monthly residuals of mean seropreva-
lence; we used data from the 4 herds in Alaska and
only from months with >8 samples. After dividing the
30-year study period into 10 groups of 3 years each,
we combined 3-year totals for each month to increase
monthly sample sizes. We obtained monthly residuals
by calculating the absolute monthly seroprevalence
over the entire study period and then subtracting it
from monthly prevalence in each of these 10 periods.
We quantified seroprevalence of E. rhusiopathiae as the
proportion of seropositive samples within each period.

Results

We analyzed 3,170 caribou samples, then randomly
selected and removed duplicate samples from 125
animals sampled in >1 period, leaving 3,045 test re-
sults for the analysis. Three Alaska herds (Western
Arctic, Central Arctic, and Teshekpuk Lake) and the
transboundary (Alaska-Canada) Porcupine herd pro-
vided 68.4% of the samples. Seropositivity was found
in 18/19 herds included in the study. In the herd with
no positives (Boothia Peninsula, Nunavut, Canada),
only 4 samples were analyzed. Overall, 31.4% (95%
CI 29.6%-33.1%) of the samples analyzed were sero-
positive (Figure 1; Appendix 2 Table 2).

Table 1. Components used as climate indices to characterize snowing and icing events during the fall, winter, and spring seasonal
ranges in the caribou territorial ranges of 4 Western Arctic herds during 1985-2014*

Event Variable name  Description of component

Snowing events PCsnow1

High snow depth and snow density in the fall, winter, and spring seasonal ranges and large

proportion of surface area of total geographic range covered by snow in the fall

PCsnow2 Low snow melt rate in spring and fall seasonal ranges, high snow depth and large proportion of
surface area of total geographic range covered by snow in the spring.
Icing events PCice1 High number of days with freeze/thaw events and rain on snow in fall, winter, and spring seasonal
ranges.
PCice2 High number of days with freeze/thaw events and rain during snow events in the fall seasonal

range, but low in the winter and spring.

*Three herds were in Alaska (Western Arctic, Central Arctic, and Teshekpuk Lake) and 1 Alaska—Canada transboundary (Porcupine), Seasonal ranges:
fall, September 1-November 30; winter, December 1-March 31; spring, April 1-May 31; calving, June 1-30; and summer, July 1-August 31. PC, principal

component.
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Figure 1. Yearly
seroprevalence of
Erysipelothrix rhusiopathiae
in caribou herds with territorial
ranges in B) Alaska, USA; C)
Alaska and Yukon, Canada;
D) north central Canada; and
E) northeastern Canada,
Baffin Island, Canada, and
Greenland during 1980-2019.
Line colors in graphs B-E
correspond to colors of
territorial ranges on map of
sampled herds. Numbers
indicate the sample size for
each year; error bars indicate
95% Cls.

Effects of Individual Traits

In the best model for investigating the association
of age class and sex with E. rhusiopathiae serop-
revalence, male caribou had a significantly higher
seroprevalence than female caribou (odds ratio
[OR] 1.4, 95% CI 1.1-1.8). This same model indi-
cated that, for the age class variable, adult caribou
had higher E. rhusiopathiae seroprevalence, but the
effect was small (OR 0.7, 95% CI 0.5-1.0) (Appen-
dix 2 Table 3). We observed no overall association
between caribou body condition class and serop-
revalence (n = 249) (Appendix 2 Table 4), although
in winter we observed a trend in which seropreva-
lence in animals in poor body condition was 2 times
that of animals in good body condition (x*, ,, = 1.8;

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 28, No. 8, August 2022

p = 0.2) (Appendix 2 Table 3). Pregnancy was not
associated with seroprevalence.

Seasonal Distribution of Seroprevalence

In the 4 herds from western North America (Western
Arctic, Central Arctic, Teshekpuk Lake, and Porcu-
pine), we observed a clear seasonal pattern of higher
seroprevalence during warmer months (June-Septem-
ber). Seasonal seroprevalence varied widely, showing
a significant increase from 9.8% (binomial confidence
interval [BCI] 6.2%-15.2%) in April to 32.7% (BCl
27.4%-38.5%) in June (GLMM, June vs. April: b=1.42,
SE 0.28, z = 5.1; p<0.01), reaching a peak of 45.9% se-
roprevalence (BCI 42.1%-49.75%) in September and
significantly decreasing to 20.6% (BCI 12.7%-31.6%)
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Figure 2. Monthly seroprevalence and predicted prevalence of Erysipelothrix rhusiopathiae in caribou from western North America
during 1980-2019. A) By herd; B) by age; C) by sex. The predicted prevalence was determined using generalized linear models with
binomial distribution using month of collection as an independent variable. We included only months with >8 samples. Error bars indicate

95% Cls.

in October (GLMM, October vs. September: b = -1.14,
SE 0.24, z = —4.6; p<0.01) (Figure 2, panel A; Appendix
2 Table 5). The odds for E. rhusiopathiae seropositivity
in September were >6 times higher than in February
(OR 6.5, 95% CI 1.8-40.9), March (OR 6.3, 95% CI 3.7-
11.2), or April (OR 6.7, 95% CI 4.2-11.4). Including sex
or age class did not improve model fit (Figure 2, panels
B, C; Appendix 2 Table 6).

Climatic and Environmental Factors

Influencing Seropositivity

Seropositivity of E. rhusiopathize was associated
with weather and environmental conditions dur-
ing different seasonal ranges (Table 2; Figure 3).
Including month of sample collection as a random
effect significantly improved model fit (AAIC 11.3,
ANOVA; p<0.001) (Appendix 2 Table 7). An in-
crease in GDD5 during calving season was nega-
tively associated with seropositivity of E. rhu-
siopathige (OR 0.9, 95% CI 0.8-1.0). Icing events
occurring during the entire length of the cold sea-
son (i.e., in fall, winter, and spring), significantly
increased the chances of seropositivity for E. rhusio-
pathiae the following summer (PCicel OR 1.13, 95%
CI 1.0-1.3). More important, icing events occurring
only during the fall range were enough to cause
a similar increase in seropositivity the following

Table 2. Estimates of final model to investigate association
between seroprevalence of Erysipelothrix rhusiopathiae in
caribou and herd-specific environmental conditions*

Environmental condition Estimate (SE) p value
Summer surface precipitation 0.19 (0.061) 0.002
Previous summer oestrid index 0.27 (0.058) <0.001
Calving GDD5 -0.15 (0.068) 0.027
PCsnow2t 0.18 (0.066) 0.006
PCice1t 0.12 (0.059) 0.034
PCice2t 0.25 (0.066) <0.001

*All results were significant (p<0.05). GDD5, effective growing degree days
above 5°C (used to estimate growth and development of plants and
insects); PC, principal component.

tDescribed in Table 1.
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summer (PCice2 OR 1.3, 95% CI 1.1-1.5). Summer
conditions, including the surface precipitation
from the same year and oestrid harassment from
the previous summer, increased seropositivity of
E. rhusiopathiae (surface precipitation OR 1.2, 95%
C