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Human-biting ticks threaten public health in the 
United States. The blacklegged tick (Ixodes scapu-

laris) is a frequent human-biter and vector of viral, bac-
terial, and parasitic agents causing human illness, in-
cluding Lyme disease (1). Strategies to prevent human 
tick bites include broadcast of pesticide products (toxi-
cants) to kill host-seeking ticks in the environment and 
potentially reduce the likelihood of encountering ticks, 
as well as use of repellent products applied to skin or 
clothing to reduce the chance of a tick encounter lead-
ing to a bite (2). In both cases, consumers can choose to 
use either products registered by the US Environmental 
Protection Agency (EPA) or minimum risk products, 
also called 25(b) exempt products, that are exempt from 
EPA registration because the active and inert ingredi-
ents they contain are considered to pose little to no risk 
to human health or the environment (3).

Active ingredients allowable in a minimum 
risk 25(b) exempt product include botanicals (e.g.,  

cinnamon, citronella, cloves, garlic, peppermint, rose-
mary, sesame, spearmint, thyme, and white pepper), 
botanical oils (e.g., castor oil, cedarwood oil, cinnamon 
oil, citronella oil, clove oil, corn oil, eugenol oil, garlic 
oil, geraniol oil, geranium oil, lemongrass oil, linseed 
oil, peppermint oil, rosemary oil, sesame oil, soybean 
oil, spearmint oil, and thyme oil), and some other types 
of compounds (e.g., citric acid, lauryl sulfate, malic 
acid, potassium sorbate, and sodium chloride) (4). Most 
compounds allowable as active ingredients are readily 
understood by the public to be of natural origin. Active 
ingredients in EPA-registered tick toxicant or repellent 
products often represent synthetic compounds (e.g., 
N,N-diethyl-meta-toluamide [DEET], IR3535, and pi-
caridin for skin repellents; permethrin for clothing 
treatment; and various carbamates and pyrethroids to 
kill host-seeking ticks) but can also be compounds of 
natural origin in the case of repellents (citronella, citro-
nella oil, and oil of lemon eucalyptus) (5).

Consequently, antitick products on the market fall 
into 3 categories: unregulated products based on mini-
mum risk 25(b) exempt active and inert ingredients; 
EPA-regulated products containing active ingredients 
of natural origin; and EPA-regulated products contain-
ing synthetic (chemical) active ingredients. Citronella 
is unique in that it is included both in some EPA-reg-
istered repellent products labeled for ticks (5) and in 
minimum risk 25(b) exempt tick repellent products.

Registration by EPA of products to kill host-seek-
ing ticks or repel ticks contacting humans is indica-
tive of product effectiveness. Unregulated minimum 
risk 25(b) exempt products are proliferating in the 
marketplace but there is concern about their effective-
ness to kill and repel ticks, as expressed in the 2020 
report by the Tick Biology, Ecology, and Control sub-
committee of the Tick-Borne Disease Working Group 
established by the US Department of Health and Hu-
man Services (6). In this perspective, I focus on what 
is known about the efficacy of EPA-registered versus 
minimum risk 25(b) exempt products to kill and re-
pel ticks, and how end-users choose among these  
product types.

Efficacy of Unregulated  
Minimum Risk Products to  

Kill and Repel Ticks
Lars Eisen
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Human-biting ticks threaten public health in the United 
States. Registration by the Environmental Protection 
Agency of products to kill host-seeking ticks or repel ticks 
contacting humans is indicative of their safety and effec-
tiveness. Unregulated minimum risk products, exempt 
from Environmental Protection Agency registration and of-
ten based on botanical oils, are proliferating in the market-
place, but there is concern about their effectiveness to kill 
and repel ticks.   Evaluations of such products are limited 
in the published literature. A review showed considerable 
variability among minimum risk products to kill host-seek-
ing blacklegged ticks, with effectiveness similar to chemi-
cal pesticide products for some minimum risk products but 
minimal impact on the ticks for other products. Evaluations 
of minimum risk tick repellents have typically focused on 
individual active ingredients rather than formulated prod-
ucts, which often combine multiple active ingredients. Con-
sumers should be aware that effectiveness to kill and repel 
ticks can differ among unregulated minimum risk products.
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Consumer Choice of EPA-Registered versus  
Unregulated Minimum Risk 25(b) Exempt 
Tick Toxicant and Repellent Products
Surveys conducted in Lyme disease–endemic areas 
of the United States provide information on levels of 
use of synthetic versus natural tick toxicants (7–9) and 
repellents (8,10). However, survey questions were not 
phrased specifically to distinguish between EPA-regis-
tered and minimum risk 25(b) exempt products. More-
over, no survey has addressed the reasons why mem-
bers of the public choose to use EPA-registered versus 
minimum risk 25(b) exempt tick toxicant and repellent 
products. A reasonable assumption is that choice of an 
EPA-registered product is driven by a belief that the 
registration ensures the product will be safe and effec-
tive in killing or repelling ticks when used according to 
label recommendations. Use of EPA-registered prod-
ucts also is recommended by public health agencies, 
including the Centers for Disease Control and Preven-
tion (11). Conversely, it is reasonable to assume that 
choice of a minimum risk 25(b) exempt product is driv-
en, in part, by the belief that it is safer than a synthetic 
product for the user, other family members, pets, wild-
life, or the environment. It is not clear to what extent 
the consumer assumes a minimum risk 25(b) exempt 
product will be as effective as an alternative EPA-reg-
istered product in killing or repelling ticks.

Tick Toxicants for Use in the Environment
Two studies in the northeastern United States (7,8) each 
reported similar levels of use of synthetic versus natu-
ral products to kill host-seeking ticks on residential 
properties. One study (7) used the phrasings chemical 
pesticide (reportedly used by 23% of respondents to 
control ticks) and natural pesticide (reportedly used by 
15% of respondents). However, it is not clear if pesti-
cides considered to be natural by the respondents were 
minimum risk 25(b) exempt products. The other study 
(8) used the phrasings of synthetic pesticides (e.g., bi-
fenthrin) versus  natural/organic pesticides (e.g., ce-
dar oil), with both types of pesticides reportedly being 
used by 2%–3% of respondents to control ticks. Those 
phrasings provided an example of an EPA-registered 
active ingredient (bifenthrin) and a minimum risk 
25(b) exempt active ingredient (cedarwood oil) but still 
fall short of explicitly comparing EPA-registered ver-
sus minimum risk 25(b) exempt products.

Another study explored willingness to pay for nat-
ural versus chemical pesticide yard treatments to kill 
host-seeking ticks (9). Of those willing to pay for yard 
treatment, 95% were willing to use a natural pesticide, 
compared with 63% for a chemical pesticide. In both 
cases, most respondents (63%–66%) were only willing  

to pay up to $99/year for the treatment, and few re-
spondents (<5%) were willing to pay $500 or more. 
Additional information came from an assessment of 
commercial tick control practices on residential prop-
erties in the Northeast (12). Most (80%) firms offering 
tick control services reported applying synthetic pes-
ticide products (carbaryl and various pyrethroids) to 
kill host-seeking ticks. A smaller proportion (34%) of 
firms reported applying natural or organic pesticide 
products; those were based on a variety of natural 
active ingredients, including minimum risk 25(b) ex-
empt compounds (cedar oil, geraniol oil, peppermint 
oil, rosemary oil, and thyme oil) and other compounds 
of natural origin (pyrethrin). Primary reasons for the 
firms to not offer natural products to kill host-seek-
ing ticks included efficacy concerns, followed by lack 
of client request and cost. In an earlier survey in the 
northeastern United States, safety concerns was the 
most common reason for not using synthetic pesticides 
for tick control on residential properties, but similar in-
formation was not provided for natural pesticides (13).

Tick Repellents
Two studies in the Upper Midwest (10) and north-
eastern (8) United States each reported similar levels 
of use, or willingness to use, for synthetic versus nat-
ural tick repellents. The survey in the Upper Midwest 
made the distinction between natural and synthetic 
repellents (respondent preference of use among these 
product types was 24% for natural repellents only ver-
sus 19% for synthetic repellents only), but the EPA-
registered oil of lemon eucalyptus active ingredient 
was used as the example of a natural repellent (10). 
Therefore, the survey findings cannot be interpreted 
in the context of EPA-registered versus minimum risk 
25(b) exempt repellents. The survey in the Northeast 
(8) used the more explicit phrasings of spray contain-
ing EPA-approved repellent (e.g., DEET), which re-
portedly was being used by 13%–17% of respondents, 
versus natural/organic spray repellent, which report-
edly was being used by 8% of respondents. However, 
it is not clear in which category respondents would 
place an EPA-approved repellent based on com-
pounds understood to be of natural origin, such as oil 
of lemon eucalyptus or citronella.

Efficacy of Unregulated Minimum Risk 25(b) 
Exempt Products to Kill Host-Seeking Ticks
With 1 notable exception (14), field trials of commercial 
minimum risk 25(b) exempt products have compared 
a single product with a negative control (untreated or 
sprayed with water) and often also a positive control 
(an EPA-registered synthetic pesticide). Additional  
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factors to consider when interpreting the results of such 
field evaluations include whether sprays were applied 
at low or high pressure and the timepoints sampled 
after application. Products based on synthetic pyre-
throids effectively suppress host-seeking blacklegged 
ticks for at least 6 weeks, with similar results for low- 
and high-pressure spray applications (15). Those pesti-
cides are stable in the environment and their efficacy is 
not dependent on being applied at high pressure to in-
crease penetration of vegetation and the litter and duff 
layers; they will affect both the ticks they reach during 
the spray event itself and ticks that contact them weeks 
later while moving around in duff and litter layers or 
ascending vegetation while seeking a host. Minimum 
risk 25(b) exempt pesticide products appear to be less 
stable in the environment and therefore highly effec-
tive in suppressing blacklegged ticks only for a shorter 
period of time, often 1–3 weeks, thus requiring more 
frequent applications to achieve the same level of tick 
suppression as  synthetic pesticides (15). It may be 
that efficacy of minimum risk 25(b) exempt pesticide 
products to suppress host-seeking ticks is higher when 
they are applied at high spray pressure and therefore 
are able to penetrate vegetation and the litter and duff 
layers to reach ticks more effectively during the appli-
cation event. Application of EPA-registered synthetic 
pesticide products labeled for ticks has, with 1 notable 
exception (16), uniformly resulted in high (>80%) tick 
killing efficacy (15,17–20). In contrast, tremendous vari-
ability in killing efficacy has been observed among dif-
ferent minimum risk 25(b) exempt pesticide products, 
including for a study by using standardized methods 
to simultaneously compare multiple minimum risk 
25(b) exempt pesticide products (14).

Products Based on Rosemary and Peppermint Oils
Multiple studies have investigated the efficacy of mini-
mum risk 25(b) exempt products containing rosemary 
and peppermint oils to suppress blacklegged ticks 
when applied to naturally infested field plots. Two 
studies conducted in Maine (21,22) evaluated the prod-
uct Eco-Exempt IC2 (containing 10% rosemary oil and 
2% peppermint oil). Applied by high-pressure spray-
ing by a pest control firm on a single occasion, this 
minimum risk 25(b) exempt product was as effective 
as a positive control product (SpeckoZ) containing the 
synthetic pyrethroid bifenthrin in reducing the abun-
dance of host-seeking blacklegged ticks for several 
months after application. Two other studies conduct-
ed in New Jersey (17,23) evaluated similar products: 
EcoTrol T&O (containing 10% rosemary oil, 2% pep-
permint oil, and 0.5% sodium lauryl sulfate) and Es-
sentria IC3 (containing 10% rosemary oil, 5% geraniol 

oil, and 2% peppermint oil). Applied by low-pressure 
spraying, those products did not maintain a high level 
(>90%) of suppression of nymphal blacklegged ticks 
for more than 1–3 weeks and required multiple appli-
cations to remain moderately to highly effective (>70% 
suppression) over a longer period. In the study with 
Essentria IC3 (17), a positive control product (Talstar 
P) containing bifenthrin provided 100% suppression of 
nymphal blacklegged ticks for 9 weeks after a single 
spray event. A follow-up study (24) to compare the 
effect of Essentria IC3 applied by low-pressure versus 
high-pressure spraying did not find an extended du-
ration of suppression for nymphal blacklegged ticks 
with the high pressure-spraying: regardless of spray 
pressure, the level of suppression decreased to <60% 
after 2 weeks and 20% after 3 weeks. Moreover, the 
low-pressure spraying unexpectedly outperformed 
the high-pressure spraying to suppress nymphs at 
some timepoints after application in this trial.

Both Eco-Exempt IC2 and Essentria IC3 also were 
evaluated in a standardized field microplot trial where 
nymphal blacklegged ticks were introduced into field 
arenas (14). Eco-Exempt IC2 showed 87% suppression 
of ticks placed in the arenas before spraying (knock-
down effect), but when ticks instead were introduced 
2 weeks after the spray event (residual effect), the level 
of suppression fell to 30%. Essentria IC3 was evaluated 
in 3 different years in the study; knockdown suppres-
sion ranged from 15% to 53% and residual suppression 
from 0% to 6%. Two additional products (Private La-
bel 1 and 2), based on the original Eco-Exempt IC2 for-
mulation and including rosemary oil, peppermint oil, 
and geraniol oil, also were evaluated: knockdown sup-
pression ranged from 0% to 37% and residual suppres-
sion from 0% to 17%. A follow-up study (T.N. Mather, 
University of Rhode Island, pers. comm., 2023 Aug 16) 
using the same experimental system reported low lev-
els of knockdown suppression (0%–16%) and residual  
suppression (0%–15%) for multiple products, based on 
oils from rosemary or peppermint, together with oils 
from clove and thyme. Knockdown and residual kill-
ing efficacy for Talstar P (bifenthrin) were 98%–100% 
in both studies (14; T.N. Mather, University of Rhode 
Island, pers. comm., 2023 Aug 16). The highly variable 
findings across different studies for minimum risk 
25(b) exempt products based on rosemary and pepper-
mint oils underscore the difficulty in making recom-
mendations about unregulated products based solely 
on the active ingredients they contain.

Products Based on Cedarwood Oil
Natural product pesticides based on cedarwood oil 
are commonly offered by commercial firms providing  
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tick control services in the northeastern United States 
(12). Laboratory studies (25–27) have demonstrated 
toxicity of cedarwood oil toward multiple tick spe-
cies, including the blacklegged tick, but there are no 
published data on the efficacy of minimum risk 25(b) 
exempt products based on cedarwood oil to suppress 
blacklegged ticks in naturally infested areas. How-
ever, 2 products based on cedarwood oil (CedarCide 
PCO Choice and Tick Killz) were evaluated in the 
standardized field microplot system (14). Neither 
product provided more than minimal tick knockdown 
(5%–6%) or residual tick suppression after 2 weeks 
(0%–8%). A follow-up study (T.N. Mather, University 
of Rhode Island, pers. comm., 2023 Aug 16) using the 
same experimental system found similar results for 
3 products based primarily on cedarwood oil; tick 
knockdown ranged from 0% to 24% and residual tick 
suppression from 0% to 15%.

Product Based on Garlic
A product called Mosquito Barrier (99.3% garlic juice, 
0.5% citric acid, and 0.2% potassium sorbate), labeled 
as repellent rather than toxicant, was evaluated on 
naturally tick-infested plots in Connecticut (28). A 
laboratory trial showed the product to repel but not be 
toxic to blacklegged ticks at the label application rate 
(28). When applied by high-pressure spraying in the 
field, the product provided short-term (1–3 weeks), 
moderate (37%–59%) suppression of host-seeking 
nymphal blacklegged ticks, presumably due to repel-
lency keeping the nymphs down in grass thatch or 
leaf litter rather than a toxicant effect.

Efficacy of Unregulated Minimum Risk 25(b)  
Exempt Products to Repel Ticks
Studies on repellency against ticks of natural sub-
stances, or fractionated compounds from these 
substances, were reviewed previously (29–32). Ex-
perimental studies typically focused on active in-
gredients; published studies comparing commercial 
products available in the United States are rare and 
restricted to EPA-registered products (33–36). EPA 
registration indicates a product will effectively repel 
ticks for a label-specified duration of time, and the 
online tool for repellent products provided by the 
EPA (5) indicates the number of hours protection is 
expected to last for a specific product. Essential con-
siderations (already accounted for in the case of EPA-
registered repellents) regarding minimum risk 25(b) 
exempt repellent products include their efficacy to 
repel ticks, as well as the duration of repellency af-
ter application. Similar to tick toxicant products (6), 
there is concern that minimum risk 25(b) exempt tick 

repellent products might be less effective and have a 
shorter duration of protection than repellent products 
based on  synthetic chemicals, such as DEET or pi-
caridin. The evaluations outlined here focus specifi-
cally on minimum risk 25(b) active ingredients and 
repellent products, excluding studies on fractionated 
compounds from the active ingredients.

Minimum Risk 25(b) Exempt Commercial Repellent 
Products Available in the United States
Published evaluations of minimum risk 25(b) exempt 
repellent products are limited to 3 studies (37–39). 
Two studies (37,38) focused on EcoSMART Organic 
Insect Repellent (containing 1% geraniol oil, and 
0.5% oils of each of rosemary, cinnamon, and lemon-
grass). The repellency of this product was compared 
with a permethrin product (Repel Permanone) by 
application to tick drags that then were used to col-
lect ticks from natural areas (37) or to coveralls used 
by the investigators to walk through tick-infested 
vegetation (38). The repellent efficacy (based on 
numbers of ticks still remaining on treated versus  
untreated textile 3 min after contact with vegetation 
ended) of the EcoSMART Organic Insect Repellent 
was similar to that of Repel Permanone for black-
legged ticks and lone star ticks (Amblyomma america-
num). Repellency was uniformly >90% against both 
tick species up to 2 days after textiles were treated 
with the EcoSMART Organic Insect Repellent. The 
third study (39) was on experimental formulations 
called TT-4228 and TT-4302 (containing 5% gera-
niol oil as the active ingredient), subsequently mar-
keted under the product name Guardian. Those ex-
perimental formulations were as effective as a 15% 
DEET product (OFF! Active Insect Repellent) in re-
pelling blacklegged ticks, lone star ticks, American 
dog ticks (Dermacentor variabilis), and brown dog 
ticks (Rhipicephalus sanguineus sensu lato) in an in 
vitro assay, and TT-4228 outperformed the DEET 
product in repelling lone star ticks when applied to 
socks worn in a field trial (treatments applied 2.5–3.5 
hours before the trial). Although the results of the 
field trials with minimum risk 25(b) exempt repel-
lent products outlined above are promising, none 
included evaluation of application to skin, which 
might differ in repellency from application to tex-
tiles. Published data from laboratory studies using 
the EPA-recommended human skin bioassay (40) to 
assess repellency are entirely lacking for minimum 
risk 25(b) exempt repellent products labeled for use 
against ticks. To be most informative, such studies 
should include the main human-biting life stages of 
multiple tick species of medical concern.
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Evaluations of Minimum Risk 25(b) Exempt Active 
Ingredients against Ticks of Medical Concern in  
the United States
A recent study (41) compared the repellency of 19 
minimum risk 25(b) exempt active ingredients (as 10% 
lotion emulsions) against female blacklegged ticks by 
using the EPA-recommended human skin bioassay. 
Complete protection times in this assay ranged from 
less than 10 minutes (castor oil, corn oil, cottonseed 
oil, linseed oil, rosemary oil, sesame oil, and soybean 
oil) to more than 10 minutes but less than 1 hour (ce-
darwood oil, citronella oil, cornmint oil, garlic oil, ge-
ranium oil, lemongrass oil, peppermint oil, spearmint 
oil, and thyme oil) and 1–2 hours (cinnamon oil, clove 
oil, and geraniol oil). No minimum risk 25(b) exempt 
active ingredient had a complete protection time >2 
hours, whereas the positive DEET control provided 
complete protection for the entire 6-hour observation 
period. Similar results for peppermint oil and rose-
mary oil against nymphs of the blacklegged tick were 
reported for human skin bioassays in another recent 
study (42): a positive DEET control remained effec-
tive (>80% repellency) over a 6-hour period, whereas 
initially high repellent efficacy of peppermint oil fell 
below 20% after 2 hours, and rosemary oil was not 
repellent at any timepoint after application. Another 
study (43) compared repellency of multiple minimum 
risk 25(b) exempt active ingredients against nymphal 
lone star ticks in an in vitro assay: lower concentra-
tions of clove oil and thyme oil repelled 95% of ticks, 
compared with cinnamon oil, cedarwood oil, and 
peppermint oil. Additional studies, using variable 
methods to assess repellency for 1 or 2 minimum risk 
25(b) exempt active ingredients, included evaluations 
of repellency against blacklegged ticks or lone star 
ticks for cedarwood oil (27,44), geraniol oil (45), gera-
nium oil (46), or lemongrass oil (45).

Evaluations of Minimum Risk 25(b) Exempt Active  
Ingredients against Ticks of Medical Concern in Europe
Studies on the castor bean tick (Ix. ricinus) have 
evaluated repellency of minimum risk 25(b) exempt 
active ingredients in laboratory assays (47–49). One 
noteworthy study (47) compared multiple minimum 
risk 25(b) exempt active ingredients, demonstrating 
sustained repellency against nymphal ticks up to 8 
hours after application of 10% solutions of citronella 
oil (83% repellency by the 8-hour time point), clove 
oil (78%), and geraniol oil (67%). Those compounds 
had similar or better repellency than a 10% DEET so-
lution (71% repellency by 8 hours). In contrast, pep-
permint oil showed moderate repellency (50%) up 
to 4 hours but only minimal repellency after 6 hours 

(10%), and geranium oil had no repellency 4 hours 
after application.

Conclusions
The review of published literature yielded more in-
formation for the effectiveness of minimum risk 25(b) 
exempt products intended to kill host-seeking ticks 
compared with tick repellent products. Considerable 
variability has been documented among marketed min-
imum risk 25(b) exempt products to kill host-seeking 
blacklegged ticks, with effectiveness similar to chemical 
products for some minimum risk products but minimal 
effect on ticks for other products. Moreover, different 
products based on the same active ingredients (e.g., 
rosemary and peppermint oils) can have highly variable 
tick killing efficacy, underscoring the difficulty in mak-
ing recommendations about unregulated minimum 
risk products based solely on the active ingredients they 
contain. Evaluations of minimum risk 25(b) exempt tick 
repellents have typically focused on individual active 
ingredients rather than formulated commercial prod-
ucts, which often combine multiple active ingredients 
together with inert ingredients. In the near absence of 
studies on repellency of formulated products with simi-
lar and variable combinations of minimum risk active 
ingredients, it is not possible to make recommendations 
about unregulated minimum risk tick repellent prod-
ucts based solely on the active ingredients they contain. 
Consumers should be aware that effectiveness to kill 
and repel ticks can differ among unregulated minimum 
risk products, and independent sources of informa-
tion on the effectiveness of specific products are most 
often lacking. There also is a need to better understand 
the reasons why members of the public choose to use 
EPA-registered versus minimum risk 25(b) exempt tick 
toxicant and repellent products, based on perceptions 
about effectiveness and safety for humans, pets, and  
the environment.
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Auritidibacter ignavus is an aerobic gram-positive, 
rod-shaped bacterium that was described by 

Yassin et al. in 2011 after isolation from an ear swab 
specimen (1). Thus far, all published cases with mi-
crobiological detection of A. ignavus were associated 
with ear infection that clinically manifested as otitis 
externa with otorrhea, which indicates a specific role 
of this pathogen in inflammatory diseases of the outer 
ear (1–3). However, only a limited number of cases 
have been published, and scant data are hampering 
valid conclusions on the clinical relevance and ther-
apeutic implications of this pathogen. In addition, 
there are discrepant results with regard to suscepti-
bility testing (1,2).

We describe 3 cases of patients with otorrhea 
caused by A. ignavus detected during March 2021 and 
October 2022 at the Saarland University Institute of 
Medical Microbiology and Hygiene (Homburg/Saar, 
Germany); the total number of ear swab specimens 
analyzed for diagnostic purposes in the institute’s mi-
crobiology laboratory during 2021 and 2022 was 922. 
We provide an in-depth description of the clinical iso-
lates, including their antimicrobial drug susceptibil-
ity patterns and strain comparison by whole-genome 
sequencing. Furthermore, we review the available lit-
erature pertaining to A. ignavus.

Case Reports
Written informed consent was obtained from the 3 
patients to publish this case report. Patient 1 was 
a 50-year-old man who sought care for a chronic 
right-sided otorrhea caused by treatment-resistant 
external otitis, which had caused symptoms for sev-
eral months. An outpatient topical treatment with 
ciprofloxacin ear drops for several weeks did not re-
sult in clinical improvement. At initial examination,  

the patient described persistent itching and otalgia 
on the affected ear. Clinical examination showed 
an extensive stenosis of the external auditory ca-
nal caused by multiple exostoses that narrowed 
the lumen by >50%. The ear canal appeared swol-
len and red by ear microscopy (Figure 1, panel A). 
The eardrum was covered with black fungal spores. 
Microbiological wound swab specimens showed A. 
ignavus and the dematiaceous fungus Exophiala der-
matitidis. Thus, an alternating topical therapy with 
povidone-iodine drops and ethanol drops was ini-
tiated. Four weeks later, the patient reported major 
clinical improvement and absence of any symp-
toms. The examination showed a dry ear canal 
without any abnormal findings.

Patient 2 was a 72-year-old woman who sought 
care for slowly progressing conductive hearing loss 
of the right ear and occasional otorrhea. She denied 
any pain, dizziness, or tinnitus. Although an otolog-
ic examination of the left ear showed unremarkable 
findings, the right side showed a fibrotic, moist audi-
tory canal with stenosis, which was suggestive of a 
postinflammatory acquired atresia of the external au-
ditory canal (Figure 1, panel B). Audiometry showed 
an air bone gap of up to 20 dB on the right side with 
bilateral sensorineural normacusis. To exclude mid-
dle and inner ear affection or malformations, com-
puted tomography was performed and showed a 
partial obstruction of the right external auditory ca-
nal by fibrous tissue without any additional patho-
logic findings. To widen the external auditory canal 
and to help with outer ear drainage, we performed 
a meatoplasty. Because the otorrhea did not subside 
postoperatively, we obtained a microbiological swab 
specimen, which grew A. ignavus. A topical therapy 
with ethanol drops and nourishing oil drops led to a 
long-lasting improvement of symptoms without re-
curring otorrhea.

Patient 3 was a 76-year-old man who had lichen 
planus and sought care for recurrent otorrhea of both 
ears for >2 months. He reported no otalgia, vertigo, or 
tinnitus. A symmetric presbycusis had remained un-
changed for years and was treated with conventional 
hearing aids. On examination, both auditory canals 
were moist and constricted, clinically manifesting as 
inflammatory meatal fibrosis, a common finding in 
patients who have lichen planus. Result of a comput-
ed tomography scan showed a bilateral circumferen-
tial bony overgrowth of the osseous external auditory 
canal. A microbiological swab specimen led to the 
identification of A. ignavus in both ears. Thus, a topi-
cal therapy with ethanol drops and a tincture of iso-
propyl alcohol, glycerin, acetic acid, and peppermint 

We describe detection of the previously rarely report-
ed gram-positive bacterium Auritidibacter ignavus in 
3 cases of chronic ear infections in Germany. In all 3 
cases, the patients had refractory otorrhea. Although 
their additional symptoms varied, all patients had an ear 
canal stenosis and A. ignavus detected in microbiologic 
swab specimens. A correct identification of A. ignavus 
in the clinical microbiology laboratory is hampered by 
the inability to identify it by using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry. 
Also, the bacterium might easily be overlooked because 
of its morphologic similarity to bacterial species of the 
resident skin flora. We conclude that a high index of 
suspicion is warranted to identify A. ignavus and that it 
should be particularly considered in patients with chronic 
external otitis who do not respond clinically to quinolone 
ear drop therapy.

Auritidibacter ignavus and Chronic Ear Infections
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oil was initiated. At follow-up after 3 weeks, both 
auditory canals were dry and without signs of acute 
infection but with an unchanged fibrotic stenosis.

Microbiological Characteristics of A. ignavus
In all 3 cases, microbiological ear swab specimens 
were subjected to standard microbiological culture 
methods (i.e., incubation on tryptic soy blood agar 
and chocolate agar for >48 hours). After 1 day of in-
cubation, small white-gray colonies appeared (Figure 
2), which changed to a gray-yellow appearance with 
a slimy surface over the course of few days. On Gram 
staining, gram-positive rods were observed, with a 
partially coccoid morphology.

No distinct identification was achieved by matrix-
assisted laser desorption/ionization time-of-flight 
mass spectrometry (Bruker Daltonics). Thus, we 
performed a 16S broad-range PCR and subsequent 
Sanger sequencing. Analysis using a BLAST search 
(https://www.ncbi.nlm.nih.gov/BLAST) based on 
the National Center for Biotechnology Information 
genome database showed a sequence homology 
>99% for A. ignavus in all 3 cases.

We performed antimicrobial susceptibility testing 
using epsilometry on Mueller-Hinton agar with 5% 

sheep blood. In the absence of specific species-related 
clinical breakpoints for A. ignavus, we assessed the 
MICs by using the non–species-related breakpoints 
put forth by the European Committee on Antimicro-
bial Susceptibility Testing (https://www.eucast.org). 
We consistently noted high MICs for ciprofloxacin, 
which are likely to be associated with clinical failure 
of this drug. In contrast, all isolates were susceptible to 
β-lactam antimicrobial drugs and vancomycin (Table).

We extracted whole-genome DNA from iso-
lates of A. ignavus by using the ZymoBIOMICS 
DNA Miniprep Kit (Zymo Research Corp.). We per-
formed subsequent whole-genome sequencing by 
using Illumina PE150 (HiSeq), conducted by Novo-
gene UK Ltd.. We performed quality control of se-
quencing output by using Fastp version 0.23.2 and 
MultiQC version 1.13a. We aligned reads against 
the reference genome of A. ignavus (CP031746.1 Au-
ritidibacter sp. NML130574) by using Bowtie2 ver-
sion 2.4. Variant calling using Freebayes version 
1.3.2, filtering using Vcftools version 0.1.16 with a 
set threshold of 20, and comparison with Vcftools 
suggested that all 3 isolates were unrelated and 
had only 5,246 single-nucleotide polymorphisms in 
common (Figure 3).

Figure 1. Right ears of 2 patients 
with chronic ear infections who 
were infected with Auritidibacter 
ignavus, Germany. A) Patient 1. 
Auditory canal was swollen and 
red and contained fungal spores. 
B) Patient 2. Fibrotic stenosis in 
the cartilaginous part of the ear 
canal, which was suggestive of a 
postinflammatory acquired atresia 
of the external auditory canal.

Figure 2. Small white-gray 
colonies of Auritidibacter ignavus 
in a sample from a chronic ear 
infection patient, Germany. 
Colonies are shown after 2 days 
of incubation at 37°C on tryptic 
soy blood agar (A) and chocolate 
agar (B).
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Discussion
Auritidibacter spp. infections have rarely been report-
ed in the literature. A systematic PubMed/MEDLINE 
search using the search term “Auritidibacter” yielded 
only 3 results. In 2011, Yassin et al. (1) provided a de-
tailed account of this bacterium with a microbiologi-
cal, biochemical, and phylogenic characterization. The 
phenotypic culture morphology pattern described 
in their work matched our own observations. Eight 
years later, Seth-Smith et al. (3) published a complete 
genome assembly of an isolate from Switzerland and 
compared it with 4 global genomes, which showed a 
high diversity within the species. That finding is con-
sistent with our findings of only 24.4%–29.1% single-
nucleotide polymorphism identity between the 3 dif-
ferent isolates from the 3 case-patients (Ai_01, 29.1%; 
Ai_02, 24.4%; Ai_03, 26.5%). More recently, Bernard 
et al. (2) investigated 4 isolates of the genus Auridi-
tibacter by microbiological and biochemical detection 
methods, as well as whole-genome sequencing, to as-
sess their relatedness to the species A. ignavus.

All of those studies reported only little clinical 
data of the included patients. We present a report 
that includes details on the patients’ clinical courses, 
including the clinical treatment response. Whereas no 
clear associations of A. ignavus infections with pre-
disposing factors was found, outer ear canal stenosis 
was observed in all 3 patients. This anatomic feature 
seems to favor the colonization and probably also the 
infection with this pathogen. However, limited data 
make it difficult to explicitly establish a causal link 
between both conditions. Thus, additional studies or 
case series of a larger number of patients, including a 
control group of patients with ear canal stenosis and 
no clinical symptoms suggestive of acute inflamma-
tion, would be necessary to distinguish between colo-
nization and infection.

According to Yassin et al. (1), A. ignavus is usu-
ally susceptible to β-lactam antimicrobial drugs, 
whereas Bernard et al. (2) reported resistance to 
cefepime. Such discrepancies might partially be ex-
plained by different antimicrobial testing methods, 
which underscores the need for coordinating test-
ing recommendations for rare bacteria such as A. 
ignavus. Particular attention should be paid to our 
observation of ciprofloxacin resistance in all iso-
lates, a finding that is consistent with the report by 
Bernard et al. (2).

Ciprofloxacin ear drops are commonly prescribed 
in clinical practice. Although MICs enable only limited 
conclusions on the clinical effectiveness of local anti-
microbial drug therapy, we suggest that patients with 
therapeutic failure after empiric topical treatment with 
ciprofloxacin ear drops should be assessed for A. igna-
vus by using microbiological tests. The clinical suspi-
cion should be reported to the microbiology laboratory 
because there is a serious risk of overlooking A. ignavus 
caused by its morphologic similarity to bacterial spe-
cies belonging to the residential skin flora.

No specific request for an in-depth analysis was 
made by the treating clinicians in the cases we de-
scribe. Thus, increased awareness among the clinical 
microbiologists was caused by the repeated receipt of 
ear swab specimens from the patients with the clinical  
information otorrhea in context with the bacterial  

 
Table. Antimicrobial drug susceptibility patterns for 10 drugs of 3 Auriditibacter ignavus isolates from patients with chronic ear 
infections, Germany* 

Isolate 
MIC, mg/L 

PEN CRX AMS MEM VAN LIN CLI DOX SXT CIP 
1 0.38 0.5 0.25 1.5 0.064 0.5 32 0.5 0.094 32 
2 0.19 0.094 0.125 0.38 0.125 0.75 2 0.064 0.008 16 
3 0.125 0.125 0.25 0.5 0.064 0.38 1.5 0.125 0.19 12 
*Testing was performed by using epsilometry on Mueller-Hinton-Agar with 5% sheep blood. AMS, ampicillin/sulbactam; CIP, ciprofloxacin;  
CLI, clindamycin; CRX, cefuroxime; DOX, doxycycline; LIN, linezolid; MEM, meropenem; PEN, penicillin, SXT, trimethoprim/sulfamethoxazole;  
VAN, vancomycin. 

 

Figure 3. Venn diagram showing overlapping single-nucleotide 
polymorphism information among Auritidibacter ignavus isolates 
(Ai_01, Ai_02, and Ai_03) from 3 chronic ear infection patients, 
Germany.
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growth of presumed physiologic flora in large 
quantities, which led to a low threshold to submit 
bacterial colonies to additional testing for species 
identification. Finally, the absence of A. ignavus in 
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry databases poses an addi-
tional threat to correct identification in the clinical 
microbiology laboratory, as has been reported for 
other pathogens (4).

In conclusion, A. ignavus is a novel, potentially 
underrecognized pathogen that seems to be associ-
ated with a distinct clinical pattern in patients with 
ear infections. A high level of disease awareness and 
accurate microbiological diagnostics are required for 
correct identification. In patients who have a clini-
cal course of chronic external otitis and who do not 
respond to empirical treatment with quinolone ear 
drops, Auritidibacter infection should be considered 
and further investigated.
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Hunting, preparing, and selling bushmeat 
has been associated with high risk for zoo-
notic pathogen spillover due to contact with 
infectious materials from animals. Despite 
associations with global epidemics of severe 
illnesses, such as Ebola and mpox, quantita-
tive assessments of bushmeat activities are 
lacking. However, such assessments could 
help prioritize pandemic prevention and pre-
paredness efforts.

In this EID podcast, Dr. Soushieta Jagadesh, a 
postdoctoral researcher in Zurich, Switzerland, 
discusses mapping global bushmeat activities 
to improve zoonotic spillover surveillance.



Legionnaires’ disease (LD) is caused by bacteria of 
the genus Legionella, predominantly by Legionella 

pneumophila serogroup 1. Humans are infected via 
contaminated aerosols. The list of confirmed infection 
sources is long and includes drinking water piping 
systems, evaporative condensers, and whirlpool spas 
(1). Usually, proof of an infection source for individ-
ual cases is difficult. However, exposures within 2–10 
days (incubation period) before symptom onset are 
categorized as community-acquired LD cases (≈75% 
of all cases in Germany), travel-associated LD (TALD) 
cases (≈20% of all cases in Germany), or hospital/
healthcare–acquired LD cases (≈5% of all cases in 
Germany) (2). Whereas large LD outbreaks are rare, 
TALD clusters occur frequently.

TALD cases are associated with hotels or other 
commercial accommodations (e.g., campsites or holi-
day apartments). Those accommodations are often 
at higher risk because they frequently have complex 

water systems, might be periodically unoccupied, 
and sometimes offer additional facilities, such as 
whirlpool spas, to their guests; all of those factors are 
associated with an increased risk for LD (3,4).

In Europe, TALD cases are reported by national 
public health authorities to the European Legionnaires’ 
Disease Surveillance Network (ELDSNet, https://
www.ecdc.europa.eu/en/about-us/partnerships-and-
networks/disease-and-laboratory-networks/eldsnet) 
that is hosted by the European Centre for Disease Pre-
vention and Control in Stockholm, Sweden. ELDSNet 
collects TALD case data and informs countries about 
commercial accommodations that persons with LD had 
visited. Since the end of 2012, Germany has participat-
ed in ELDSNet and reports TALD cases for residents of 
the country who have been associated with a commer-
cial accommodation in Germany or abroad.

In 2012, the TALD incidence rate in Europe was 
estimated at 0.3 cases/1 million nights (5). When re-
stricting those data to countries that reported the 
most cases of TALD to ELDSNet (implying that they 
reported more completely than other countries), re-
sults suggested that the incidence rate among nondo-
mestic travelers (travelers from outside of the country 
where the hotel was located) might be 2-fold higher 
on average.

According to ELDSNet, a TALD cluster is defined 
as a commercial accommodation where >2 case-pa-
tients with TALD stayed within 2 years and LD devel-
oped within 2–10 days after their stay. After a cluster 
is reported, local health departments responsible for 
the respective commercial accommodations are re-
quired to initiate an investigation that includes creat-
ing a risk assessment, taking environmental samples, 
and introducing control measures, if deemed suitable, 
such as thermal disinfection, cleaning, or structural 
improvements (6). The health department judges the 
adequacy of control measures and confirms that they 
were initiated appropriately (6). Within accommoda-
tions where a TALD cluster had occurred, the risk for 
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We determined whether the incidence rates of travel-
associated Legionnaires’ disease (TALD) in hotels in 
Germany increased after a previous occurrence and 
whether control measures required by the European 
Legionnaires’ Disease Surveillance Network after a 
cluster (>2 cases within 2 years) restored the rate to 
baseline. We analyzed TALD surveillance data from 
Germany during 2015–2019; a total of 307 TALD cases 
(163 domestic, 144 nondomestic) in hotels were report-
ed. The incidence rate ratio was 5.5 (95% CI 3.6–7.9) 
for a second case and 25 (95% CI 11-50) for a third 
case after a cluster had occurred, suggesting that con-
trol measures initiated after the occurrence of TALD 
clusters might be inadequate to restore the incidence 
rate to baseline. Our findings indicate that substantial 
LD preventive measures should be explored by hotels 
or other accommodations after the first TALD case oc-
curs to reduce the risk for future infections. 
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a further case (reoffender) was estimated at ≈12.4/100 
accommodation-years (3). Another study found that 
the probability of a second TALD case at the same ac-
commodation site varies according to the country and 
size of the hotel (7).

Examining the incidence rate of TALD in hotels 
with 0, 1, or 2 previous LD cases by using person-
time as the denominator would be useful to inves-
tigate whether the incidence rate for TALD among 
hotels with a first case might be higher than baseline. 
In addition, preventive measures taken after the oc-
currence of a cluster might substantially reduce the 
incidence rate for further TALD cases. Knowing the 
values of those indicators might enhance the evidence 
base used for recommendations on managing accom-
modations that have 1 or 2 LD cases. Thus, the objec-
tives of this study were to estimate the incidence rate 
of all TALD cases associated with hotels in Germany 
in general (traveler incidence), estimate the incidence 
rate of hotels in Germany that had their first LD case 
after the start of the study period (January 1, 2015), 
evaluate the incidence rates among accommodations 
after 1 or 2 LD cases occurred, and determine the in-
cidence rate when 2 cases were associated with the 
same accommodation within 2 years (cluster).

Methods
Similar to other countries in Europe, LD is notifiable 
in Germany. As part of the notification process, the 
patient’s exposure history, particularly travel his-
tory, is also reported. We analyzed data on accom-
modations in Germany that were associated with >1 
case-patient with TALD who resided in Germany or 
abroad during 2015–2019. We selected those dates be-
cause TALD case data were still relatively incomplete 
before 2015, and the COVID-19 pandemic had started 
and influenced travel behavior of the population af-
ter 2019 (8). We restricted analyses to case-patients 
with TALD who had stayed in hotels, guesthouses, 
or boarding houses (hereinafter hotels) and excluded 
ships, campsites, and other types of commercial ac-
commodations, such as holiday apartments. If a case-
patient had stayed in >1 hotel, each hotel was catego-
rized as having been associated with a TALD case.

We assumed that hotels had a stable bed capacity 
(i.e., we assumed no structural changes had occurred 
during 2015−2019). Moreover, we assumed that the 
occupancy rate was constant and consistently applied 
to all accommodations. According to 2017 data from 
Statista (https://www.statista.com), we assumed a 
conservative general bed occupancy rate of 70% (9).

We calculated 4 indicators. The first indicator 
was the number of all cases of TALD/number of 

nights spent by all travelers in hotels in Germany 
during 2015–2019 (traveler incidence). The second 
indicator was the number of hotels in Germany that 
had a first TALD case/number of nights spent by 
all travelers either until a first case occurred or, for 
hotels without a case, until the end of the 2019 obser-
vation period (first-case incidence). The third indica-
tor was the number of hotels in Germany that had a 
second TALD case/number of nights spent in those 
hotels after the first case and until the occurrence of 
a second case or, for hotels without a further case, 
until the end of 2019 (second-case incidence). The 
fourth indicator was the number of German hotels 
that had a third TALD case/number of nights spent 
in those hotels after the second case until the occur-
rence of a third case or, for hotels without a further 
case, until the end of 2019 (third-case incidence). We 
also calculated the third-case incidence for hotels 
that previously had 2 cases within 2 years (defined 
as a cluster or reoffending hotel). 

The 4 indicators were calculated as the number 
of TALD cases or number of hotels that had a TALD 
occurrence per million nights spent in hotels in Ger-
many. To calculate indicators, we searched Eurostat 
(https://ec.europa.eu/eurostat) to identify the num-
ber of nights that guests spent in hotels in Germany 
during 2015–2019; we searched all countries that re-
ported TALD incidents to ELDSNet, which included 
26 European Union countries (Cyprus and Slovakia 
were excluded) plus Norway, Switzerland, and the 
United States, for a total of 29 countries (designated 
all-hotel-nights-29 for calculations) (10). Data from 
those countries comprised 94% of all nights that 
guests stayed in hotels in Germany. For the first in-
dicator (traveler incidence), we divided the total 
number of TALD cases by the number of all-hotel-
nights-29. In addition, we calculated the traveler in-
cidence separately for domestic travelers (residents of 
Germany) and nondomestic travelers (residents of 28 
countries reporting to ELDSNet other than Germany) 
as well as for travelers from those countries reporting 
>10 TALD cases that included a stay in a hotel in Ger-
many. For the second indicator (first-case-incidence), 
we needed to subtract the number of nights among 
hotels that had a first case from all-hotel-nights-29. 
To perform this subtraction, we researched the bed 
capacity of every hotel that was associated with >1 
TALD case. In some hotels, we estimated the number 
of beds on the basis of the number of rooms. Because 
we knew the date when the cases occurred, we could 
calculate the number of nights that guests spent in ho-
tels after the first TALD case before the end of 2019. 
To determine the number of nights in hotels after 
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the occurrence of a first case (spent in hotels in Ger-
many by visitors only from the countries reporting to 
ELDSNet), we estimated this number as: bed capacity 
of all hotels with a first case × 70% occupancy rate × 
number of days after the occurrence of the first case × 
94%; we then subtracted that number from all-hotel-
nights-29 to obtain the denominator for indicator 2 
(Figure 1). The numerator was the number of hotels 
with a first case during 2015−2019.

To estimate the third (second-case-incidence) and 
fourth (third-case-incidence) indicators, we used a 
similar concept (Figure 1). For the third indicator, we 
calculated the denominator as the number of hotel 
nights after the occurrence of a first case until the end 
of 2019 or until the occurrence of the second case. The 
numerator was the number of hotels with a second 
TALD case. For the fourth indicator, we calculated 
the denominator as the number of hotel nights after 
occurrence of a second case until the end of 2019 or 
until the occurrence of the third case. The numerator 
was the number of hotels with a third TALD case.

We also calculated the third-case incidence among 
hotels that had TALD clusters (reoffending hotels), 
where measures deemed necessary had been taken 
to prevent further cases. ELDSNet permits 6 weeks 
for health departments and hotels to take preventive 
measures; we added another 2 weeks to account for 
the Legionella incubation period. Thus, we calculated 
the risk of having another TALD case >8 weeks after 
the cluster notification.

To examine hotel size as a potential confounding 
or effect-modifying factor, we stratified the second-
case and third-case incidences according to hotel 
size (<200 beds was small, >200 beds was large) and 
compared those incidence rates. This calculation was 

not possible for traveler or first-case incidence rates 
because we did not know the distribution of nights 
spent among small and large hotels.

Sampling results from on-site investigations 
were mainly available for hotels associated with >2 
cases. In addition, Legionella sp. strains were only 
sporadically typed (e.g., by using monoclonal anti-
body subtyping).

Results
During 2015–2019, a total of 384 TALD cases (case-
patients residing in Germany or abroad) associated 
with any commercial accommodation in Germany 
were reported. Of those, 307 TALD cases were associ-
ated with hotels; 163 were domestic and 144 nondo-
mestic cases (Table 1). Of the 144 nondomestic cases, 
62 were reported from the Netherlands, 14 from Den-
mark, and 13 from France; the remaining cases were  
reported from 13 other countries. The 307 case- 
patients named 357 hotels, which partially over-
lapped, for a total of 309 different hotels. Of the 307 
case-patients, 274 (89%) stayed in 1 hotel and 33 (11%) 
stayed in >2 hotels in Germany. The average num-
ber of named hotels per case was 1.2 (range 1−6). 
The number of TALD cases in hotels in Germany in-
creased from 22 cases in 2015 to 94 cases in 2019. 

Overall, 103 (34%) case-patients were <60 and 
203 (66%) were >60 years of age; 238 (78%) were male 
and 68 (22%) were female. For 1 case, no information 
was available for age or gender. Age group, gender, 
or the number of named hotels did not differ between 
domestic and nondomestic TALD cases. However, 
compared with domestic case-patients, nondomestic 
TALD case-patients visited larger hotels (p = 0.008) 
(Table 1).
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Figure 1. Schematic diagram 
showing typical timelines used 
to calculate first-, second-, and 
third-case incidence rates for 
Legionnaires’ disease among 
travelers visiting hotels in 
Germany, 2015–2019. Data 
were collected from 29 countries 
that reported cases of travel-
associated Legionnaires’ 
disease (TALD) to the European 
Legionnaires’ Disease 
Surveillance Network (https://
www.ecdc.europa.eu/en/about-
us/partnerships-and-networks/
disease-and-laboratory-
networks/eldsnet) after stays in 
hotels in Germany. Reports were from 26 European Union countries (Cyprus and Slovakia were excluded), Norway, Switzerland, and 
the United States. A–H indicates different hotels; X1 shows the occurrence of first TALD cases, X2 second TALD cases, and X3 third 
TALD cases. LD, Legionnaires’ disease. 
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Hotels Associated with TALD Cases
Of the 309 hotels identified, 281 (91%) were associat-
ed with 1 TALD case, 16 (5.2%) with 2 cases, 8 (2.6%) 
with 3 cases, 1 (0.3%) with 4 cases, 2 (0.7%) with 5 
cases, and 1 (0.3%) with 6 cases. The median num-
ber of beds was 71 in hotels with 1 case, 159 in ho-
tels with 2 cases, and 208 in hotels with >2 cases. All 
309 hotels had a first TALD case (i.e., the hotel was 
associated with a TALD case for the first time after 
January 1, 2015), 28 hotels had >2 cases, and 12 ho-
tels had >3 cases. The ratio of domestic:nondomestic 
cases was 52:48 among hotels when the first case oc-
curred, 50:50 among hotels when the second case oc-
curred, and 67:33 among hotels when the third case 
occurred. Among hotels with >2 cases, the second 
case occurred at a median of 375 (range 0−1,559) 
days after the first case occurred.

TALD Incidence
During 2015–2019, guests residing in countries re-
porting to ELDSNet spent 1,351,540,219 nights in ho-
tels in Germany. TALD incidence rate was 0.227/1 
million nights (traveler incidence). The first-case in-
cidence (referent) was 0.233/1 million nights, the sec-
ond-case incidence was 1.3/million nights, and the 
third-case incidence was 9.4/1 million nights (Table 
2). The third-case incidence for hotels that had a clus-
ter according to the ELDSNet definition (reoffending 
hotels) was 5.9/1 million nights. The incidence rate 
ratios (IRRs) were 5.5 for second-case incidence and 
40 for third-case incidence (Table 2; Figure 2); the dif-
ference was statistically significant. 

The traveler incidence rate was 0.15/1 million 
nights for domestic travelers and 0.58/1 million nights 

for nondomestic travelers staying at hotels in Ger-
many. The traveler incidence rate was 2.05/1 million  
nights for persons from the Netherlands, 1.12/1 mil-
lion nights for travelers from Denmark, and 0.89/1 
million nights for travelers from France.

Among smaller hotels (<200 beds) that had a first 
case, guests stayed 6,135,216 nights and 15 second cases 
of TALD occurred (incidence rate, 2.4 cases/1 million 
nights), whereas, among smaller hotels with a second 
case, guests stayed 215,433 nights and 6 third cases oc-
curred (incidence rate, 28 cases/1 million nights; IRR, 
11 [95% CI 4.2–25]). Among larger hotels that had a 
first case, guests stayed 15,770,216 nights and 13 sec-
ond cases occurred (incidence rate 0.82 cases/1 million 
nights), whereas, among larger hotels with a second 
case, guests stayed 1,059,327 nights and 6 third cases 
occurred (incidence rate 5.7 cases/1 million nights); 
the IRR was 6.9 (95% CI 2.5–15.0). The IRRs for smaller 
and larger hotels were not significantly different.

In 5 hotels, monoclonal antibody MAb 3/1–posi-
tive Legionella strains were detected, but it is unknown 
how many times the antibody typing was performed. 
Of those 5 hotels, 3 were associated with >1 case.

Discussion
According to surveillance data from ELDSNet and 
Germany, our findings show that a substantially in-
creased incidence rate for TALD was associated with 
hotels in Germany that had only 1 TALD case-patient 
during 2015–2019. The incidence rate increased fur-
ther after 2 TALD cases were associated with a ho-
tel. The incidence rates also increased further among 
hotels that had a TALD cluster after preventive mea-
sures had already been performed.

16 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024

 
Table 1. Main characteristics of case-patients and hotels in study of incidence of Legionnaires’ disease among travelers visiting hotels 
in Germany, 2015–2019* 
Characteristics All TALD cases  Domestic TALD cases  Nondomestic TALD cases p value 
No. case-patients 307 163 144  
Age, y† 
 <60  103 (34) 59 (36) 44 (31)  
 >60  203 (66) 104 (64) 99 (69) 0.32 
Sex† 
 M 238 (78) 130 (80) 108 (76)  
 F 68 (22) 33 (20) 35 (24) 0.38 
No. visited hotels 
 1 274 (89) 147 (90) 127 (88)  
 >1 33 (11) 16 (10) 17 (12) 0.57 
 Median (mean; range) 1 (1.16; 1–6) 1 (1.15; 1–4) 1 (1.18; 1–6) 0.58 
Hotel size‡ 
 <50 beds 109 (30) 66 (35) 43 (25)  
 51−199 beds 135 (38) 70 (37) 65 (38)  
 >200 beds 113 (32) 51 (27) 62 (37) 0.07 
 Median (range) no. beds 90 (4–1,920) 76 (4–1,402) 125 (9–1,920) 0.008 
*Values are no. (%) except as indicated. Data were stratified according to domestic and nondomestic cases of TALD; nondomestic cases were from any 
of 28 countries reporting to the European Legionnaires’ Disease Surveillance Network (https://www.ecdc.europa.eu/en/about-us/partnerships-and-
networks/disease-and-laboratory-networks/eldsnet) other than Germany. TALD, travel-associated Legionnaires' disease. 
†No information was available for 1 case. 
‡Hotel size was categorized according to the number of beds. Multiple visited hotels per case were possible. 
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The per-hotel LD risk has been reported to in-
crease with increasing hotel size (7); we also showed 
that the median size increased for hotels that had sec-
ond or third TALD cases compared with those that 
had only a first case. Therefore, the increase in IRR 
(from baseline to hotels that had a second TALD case) 
observed in this study might be partially explained if 
larger hotels had an increased incidence rate. Because 
we did not know the distribution of nights spent 
among small and large hotels in Germany for trav-
eler incidence and first-case incidence, we could only 
calculate the ratio for second-case and third-case in-
cidences. Our finding that the increasing IRR applied 
to both smaller and larger hotels (with no significant 
difference) suggests that no effect-modifying factors 
existed and that our overall findings likely apply to 
both smaller and larger hotels.

Our overall incidence rate of TALD cases in ho-
tels in Germany (0.227/1 million nights) is a com-
posite of the rates among domestic and nondomestic 
travelers; the incidence rate for domestic travelers 
(0.15/1 million nights) was substantially lower than 
that for nondomestic travelers (0.58/1 million nights). 
One reason for this difference could be that the TALD 
surveillance systems of other countries in Europe 
are more sensitive than the system in Germany. 
The incidence rate for nondomestic travelers during 
2015−2019 was lower than that estimated in 2009 for 
any accommodation (0.79/1 million nights) (5). The 

lower rate during 2015−2019 might be explained, in 
part, by an increasing number of younger travelers 
(11), and it is also possible that primary prevention 
of LD in hotels and other accommodations improved 
between 2009 and 2015.

In this study, we show increased incidence rates 
for accommodations that experienced first and sec-
ond TALD cases. A previous study estimated the 
TALD incidence rate for all cases per total number of 
hotel nights but did not determine the incidence rates 
after first or second cases occurred (5). Another study 
calculated the number of cases among accommoda-
tions after >2 LD cases occurred but used accommo-
dation-years in the denominator rather than the num-
ber of nights spent (3). Because the type of hotel can 
vary substantially from 1 hotel to another, we used 
the number of nights spent at the respective site as the 
denominator in our study.

Knowing that the incidence rates of TALD cases 
increase with each additional case can inform preven-
tive measures to reduce LD infections. The increased 
TALD incidence rate observed among hotels that had 
a first case compared with baseline (IRR 5.5) suggests 
that risk assessments and taking preventive measures 
might be beneficial after the first occurrence. Further-
more, the even higher IRR among hotels that expe-
rienced a cluster (IRR 25) is inconsistent with the re-
quirement of those hotels to investigate the drinking 
water system and take preventive measures that are 
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Table 2. Incidence rates for first, second, and third occurrences of Legionnaires’ disease among travelers visiting hotels in Germany, 
2015–2019* 

Constellation No. 
TALD cases/1 
million nights IRR (95% CI) 

First-case incidence rate†  
 No. nights in hotels in Germany during 2015−2019 1,351,540,219 NA NA 
 No. nights from first TALD case until end of 2019 24,568,957 NA NA 
 No. nights in hotels that did not have a TALD case or until occurrence of first 
 case 

1,326,971,262 NA NA 

 No. hotels that had a first TALD case 309 NA NA 
 First-case incidence NA 0.23 Referent 
Second-case incidence rate among hotels that had a first case 
 No. nights among hotels that had a first case until the end of 2019 or until the 
 occurrence of a second case 

21,905,432 NA NA 

 No. hotels that had a second TALD case 28 NA NA 
 Second-case incidence NA 1.3 5.5 (3.6−7.9) 
Third-case incidence rate among hotels that had a second case 
 No. nights among hotels that had a second case until the end of 2019 or until 
 the occurrence of a third case 

1,274,759 NA NA 

 No. hotels that had a third TALD case 12 NA NA 
 Third-case incidence NA 9.4 40 (21−71) 
Third-case incidence rate among cluster or reoffending hotels 
 No. nights among cluster hotels until the end of 2019 or until the occurrence of 
 a third case >8 wk after cluster notification 

1,350,676 NA NA 

 No. reoffending hotels that had a third TALD case 8 NA NA 
 Reoffender incidence NA 5.9 25 (11−50) 
*Data were reported by 29 countries (including Germany) to the European Legionnaires’ Disease Surveillance Network 
(https://www.ecdc.europa.eu/en/about-us/partnerships-and-networks/disease-and-laboratory-networks/eldsnet); numbers of nights are provided for 
travelers of those 29 countries. IRR, incidence rate ratio; NA, not applicable; TALD, travel-associated Legionnaires’ disease. 
†Baseline/referent incidence rate among all hotels. 
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deemed adequate by the local health department. If 
preventive measures are effective, the incidence rate 
would be expected to return to baseline. However, ac-
cording to ELDSNet data, many hotels or accommo-
dations have a high propensity to be associated with 
>1 further TALD cases after a cluster occurs (3,4,12), 
suggesting that eradicating virulent Legionella strains 
from drinking water installations might be difficult. 
Assuming that exposure to Legionella strains dwelling 
in piping systems (and conceding that other factors 
might also play a role) is constant, we postulate that 
a large proportion of the human population is im-
mune to virulent Legionella bacteria. Also, assuming 
that hotels with 2 associated cases are contaminated 
with virulent Legionella bacteria and are a source for 
TALD cases and considering that travelers stay 2 days 
in a hotel on average (13), we postulate that 9.4 per-
sons/500,000 travelers (1 million nights divided by 2) 
are at risk for LD.

The first limitation of our study is that we used 
a different method to obtain the denominator for 
the first-case incidence rate than for the second- and 
third-case incidence rates. Using the same method 
would require access to a complete list of all hotels 
and their bed capacity and multiplying those num-
bers by the assumed 70% occupancy rate, as was 
done to estimate the denominator for the second- and 
third-case incidence rates; however, this information 
was not available for first-case incidence rate calcula-
tions. Nevertheless, we believe that the numbers of 
nights spent at a hotel in Germany provided by the 

Eurostat website were accurate and already account-
ed for a 70% occupancy rate. Second, to obtain de-
nominators for the second- and third-case incidence 
rates, we had to make certain assumptions regarding 
hotel size or capacities. Third, we assumed that TALD 
cases were associated with the hotel that the patient 
visited, although some case-patients might have ac-
quired their infection elsewhere during their travel or 
at home. Fourth, we assumed that all reported hotels 
had no LD cases before 2015. Finally, some TALD 
cases might not have been detected because exposure 
history could not be determined or because the case-
patient resided in a country that did not participate in 
ELDSNet. Both of those possibilities could have led to 
underestimation of the traveler incidence as well as 
first-, second-, and third-case incidence rates.

In conclusion, we have shown that incidence 
rates of TALD increase significantly after the occur-
rence of a first case in hotels in Germany and, to a 
greater extent, after the occurrence of a second case. 
Local health departments and hotels should explore 
substantial LD preventive measures after the first 
TALD occurrence rather than after a cluster to reduce 
the infection risk for future guests.
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Figure 2. Incidence rate ratios 
for Legionnaires’ disease cases 
among travelers visiting hotels 
in Germany, 2015–2019. IRRs 
were calculated for hotels that 
had a second or third TALD case 
or experienced a cluster of cases. 
Cluster hotels had 2 cases within 
2 years; reoffending hotels were 
cluster hotels that had 2 cases 
and another case >8 weeks after 
the cluster notification. First-case 
incidence was the referent. Error 
bars indicate 95% CIs. IRR, 
incidence rate ratio; TALD, travel-
associated Legionnaires’ disease.
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 Infection Caused by E. coli ST1193 in Neonates 

Extraintestinal pathogenic Escherichia coli and 
Streptococcus agalactiae are bacterial pathogens 

that commonly cause early-onset neonatal sepsis 
(EOS) in industrialized countries. EOS is confirmed 
by a blood or cerebrospinal fluid culture positive for 
the causative pathogen <72 hours after birth. EOS in-
cidence is ≈1/1,000 live births (1,2); 10% of cases are 
complicated by meningitis, which can lead to neuro-
logic sequelae in up to 50% and death in 10% of cases 
in industrialized countries  (3). 

EOS caused by S. agalactiae can be prevented by 
peripartum antimicrobial prophylaxis but not EOS 
caused by E. coli. E. coli strains that cause neona-
tal meningitis have been well characterized, but E. 
coli strains that cause EOS less so (4,5). Neonatal 
meningitis E. coli strains belong mainly to phylo-
genetic group B2/sequence type complex (STc) 
95 (6) and are frequently O18:K1, O1:K1, O83:K1, 
or O45S88:K1 serotypes (7,8). Most STc95 strains 
are distributed worldwide and still largely sus-
ceptible to antimicrobials (9). However, other 
strains that can cause EOS, notably in preterm  

neonates, might be resistant to probabilistic  
antimicrobial therapy. In a recent study in Israel 
(10), maternal carriage rates of extended-spectrum 
β-lactamase (ESBL)–producing E. coli were 17.5% 
for mothers and 12.9% for preterm neonates; in 
China, ESBL accounted for up to 48% of E. coli in-
fections in neonates (11).

Characterizing E. coli strains that cause EOS 
would constitute a critical first step towards better 
understanding the pathophysiology of this condi-
tion and developing potential preventive strate-
gies. We conducted a prospective study covering 
a large area in France to estimate annual incidence 
and pathogen distribution of EOS in neonates born 
at ≥34 weeks of gestation during 2019–2021 (12). In 
total, we recorded 107 cases of bacteremia includ-
ing 35 caused by E. coli, 15 (incidence 0.89/1,000 
births) in late-preterm and 20 (0.06/1,000 births) in 
full-term infants. We prospectively recorded data 
on maternal and infant demographics, maternal 
antimicrobial therapy, peripartum antimicrobial 
prophylaxis, and outcomes (12). We aimed to use 
whole-genome sequencing (WGS) to characterize 
E. coli strains that caused EOS in cases from this 
prospective study and stratify results according 
to these data. In addition, we determined to com-
pare those strains to E. coli strains obtained from 
cultures from vaginal swabs collected to screen for 
S. agalactiae carriage at 34–38 weeks of gestation 
from woman with newborns who had no history 
of EOS. The ethics committee institutional review 
board (Ramsay Santé Recherche & Enseignement, 
IRB00010835) authorized the study (12). 

Methods

Bacterial Strains
We recorded 35 cases of EOS caused by E. coli dur-
ing a prospective study in 81 maternity wards of the 
Ile de France area during 2019–2021 (12). Thirty-two 
E. coli isolates were sent to the National Reference 
Center in Robert-Debré Hospital to be further char-
acterized. For comparison with the isolates from the 
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Using whole-genome sequencing, we characterized 
Escherichia coli strains causing early-onset sepsis 
(EOS) in 32 neonatal cases from a 2019–2021 pro-
spective multicenter study in France and compared 
them to E. coli strains collected from vaginal swab 
specimens from women in third-trimester gestation. 
We observed no major differences in phylogenetic 
groups or virulence profiles between the 2 collections. 
However, sequence type (ST) analysis showed the 
presence of 6/32 (19%) ST1193 strains causing EOS, 
the same frequency as in the highly virulent clonal 
group ST95. Three ST1193 strains caused meningi-
tis, and 3 harbored extended-spectrum β-lactamase. 
No ST1193 strains were isolated from vaginal swab 
specimens. Emerging ST1193 appears to be highly 
prevalent, virulent, and antimicrobial resistant in neo-
nates. However, the physiopathology of EOS caused 
by ST1193 has not yet been elucidated. Clinicians 
should be aware of the possible presence of E. coli 
ST1193 in prenatal and neonatal contexts and provide 
appropriate monitoring and treatment. 



RESEARCH

Ile de France study, we included 50 E. coli isolates 
obtained from cultures from vaginal swabs col-
lected from 4 maternity wards to screen pregnant 
woman for S. agalactiae carriage at 34–38 weeks of 
gestation. We found healthy vaginal carriage (HVC) 
among all; that is, none of the infants of the pregnant  

women from the S. agalactiae screening developed 
EOS caused by E. coli.  

Antimicrobial Susceptibility Testing and  
Phenotypic Characterization 
We determined antimicrobial susceptibility of the E. 
coli strains using disk diffusion on Mueller-Hinton agar 
plates (bioMérieux, https://www.biomerieux.com), 
as recommended by Comité de l’Antibiogramme de 
la Société Française de Microbiologie (https://www.
sfm-microbiologie.org) guidelines. We defined ESBL 
production by synergy between clavulanic acid and 
>1 extended-spectrum cephalosporin or aztreonam. 

Molecular Characterization
We performed WGS on 82 isolates, 32 described 
elsewhere (12) and 50 from the HVC/S. agalac-
tiae screening. We extracted bacterial genomic  
DNA using the DNeasy UltraClean Microbial Kit 
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Table 1. Characteristics of mothers and their newborns with early-onset sepsis caused by Escherichia coli strains, France* 

Case ID Birth city† 
Pregnancy 
term, wk 

Prepartum 
antimicrobial‡ Meningitis§ Serotypes¶ FimH type ST (STc)# ESBL 

APIMF52 Pontoise 37 – – O18:K1 fimH15 95 – 
APIMF53 Antony 38 – – O13:K1 fimH21 357 – 
APIMF54 Paris (Robert Debre) 35 + – O7:K5 fimH27 93 (168) – 
APIMF56 Orsay 41 + – O84 fimH38 2040 – 
APIMF57 Clamart 40 + – O8 fimH32 58 (155) – 
APIMF58 Clichy 36 + – O18:K5 fimH27 14 – 
APIMF59 Paris (Necker) 36 – – O25:K5 fimH30 131 + 
APIMF60 Paris (Clinique Bleuets) 37 + + O75:K1 fimH64 1193 (14) + 
APIMF63 Quincy Sous Senart 39 – – O2:K1 fimH34 10 – 
APIMF67 Mantes-La-Jolie 39 – – O18:K1 fimH107 95 – 
APIMF68 Paris (Pitie) 40 – – O2:K1 fimH27 95 – 
APIMF69 Saint Cloud 35 – – O18:K1 fimH15 95 – 
APIMF70 Saint Denis 40 – – O25:K1 fimH41 59 – 
APIMF71 Paris (Trousseau) 37 – – O7:K1 fimH1 80 (568) – 
APIMF72 Aulnay 36 – – O1:K1 fimH41 95 – 
APIMF73 Villeneuve Saint-Georges 34 + – O75:K1 fimH64 1193 (14) + 
APIMF76 Colombes 41 – – O75:K1 fimH64 1193 (14) – 
APIMF77 Nogent Sur Marne 41 – – O17/O77:K52 Unknown 394 – 
APIMF78 Coulommiers 41 – + O75:K1 fimH64 1193 (14) – 
APIMF79 Longjumeau 38 – – O6:K23 fimH103 73 – 
APIMF80 Eaubonne 38 – – O4:K96 fimH5 12 – 
APIMF81 Jossigny 34 – – O75:K5 fimH27 14 – 
APIMF82 Meaux 34 + – O25:K5 fimH28 2279 (131) – 
APIMF83 Saint-Maurice 39 + – O8 fimH29 58 (155) – 
APIMF84 Creteil 39 + – O15:K96 fimH30 69 – 
APIMF85 Arpajon 41 – – O4:Ku fimH8–like 12 – 
APIMF87 Paris (Trousseau) 35 – + O7:K1 fimH44 62 – 
APIMF88 Marne La Vallee 36 + + O7:K1 fimH44 62 – 
APIMF89 Creteil 36 + + O75:K1 fimH64 1193 (14) + 
APIMF90 Levallois Perret 36 + – O75:K1 fimH64 1193 (14) – 
APIMF91 Melun 34 – – O1:K1 fimH41 59 – 
APIMF92 Beaumont Sur Oise 40 + + O18:K1 fimH15 95 – 
*ESBL, extended spectrum -lactamase; FimH, type 1 fimbriae D-mannose specific adhesin; ID, identification; Ku, unknown serogroup capsular; +, 
positive for condition; –, negative for condition. 
†For Paris birthplaces, name of hospital where born is indicated in parentheses. 
‡Amoxicillin was the only antimicrobial prescribed within 3 days before labor. 
§Early onset neonatal meningitis. 
¶O antigen predicted with SerotypeFinder 2.0 and serogroup capsular predicted by the Center for Genomic Epidemiology 
(https://genomicepidemiology.org).  
#Sequence type complex (STc) indicated in parentheses if different from ST number.  

 

Figure 1. Phylogroup distribution among 32 EOS Escherichia coli 
strains from neonates and 50 HVC strains, France. No significant 
difference was observed in each group. EOS, early-onset 
neonatal sepsis; HVC, healthy vaginal carriage.
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(QIAGEN, https://www.qiagen.com) and prepared 
libraries using Nextera Flex/DNA Prep library kits 
(Illumina, https://www.illumina.com) as specified 
by the manufacturers. We performed sequencing us-
ing 2 × 150 bp MiniSeq technology (Illumina) and as-
sembled models using SPAdes (https://github.com/
ablab/spades). We estimated quality of sequencing 
data using standard metrics, including N50 and mean 
coverage (Appendix, https://wwwnc.cdc.gov/EID/
article/30/1/23-0851-App1.pdf). We determined phy-
logenetic groups, serotypes, fimH type, sequence type 
(ST), and STcs (which regroup all STs of <1 allele dif-
ference), whole-genome multilocus sequence typing 
(MLST), and hierarchical clustering of core genome 
MLST using Enterobase (https://enterobase.warwick.
ac.uk) (13). We used the Center for Genomic Epidemi-
ology website (https://genomicepidemiology.org) to 
search for resistance and virulence genes. We also used 
a local BLAST with a collection of virulence genes as 
described elsewhere (14). We used Fisher exact analy-
sis for statistical comparisons among groups. 

Results

Bacterial Collection and Demographic and  
Clinical Features of Patients
We studied 82 E. coli isolates. Birth locations of the 
neonates within Ile de France were diverse (30 dif-
ferent locations among 32 EOS case-patients). Ba-
bies were delivered at full term (≥37 weeks of ges-
tation) in 59% (19/32) and preterm (<37 weeks of 
gestation) in 41% (13/32) of cases. In 6 (31%) cases 
from the full-term group and 7 cases (54%) from 
the preterm group, mothers received antimicrobial  
treatment <3 days before labor. We observed 6 cases 
of meningitis, 3 each from the full-term and preterm 
neonate groups (Table 1). 

Diversity and Phylogenetics of EOS and HVC  
E. coli Strain Collections
Five of 7 major E. coli phylogroups—A, B1, B2, D, 
and F, but not C or E—were represented in simi-
lar proportions in both the Ile de France study and 
vaginal swab collections (p>0.05). The exceptions 
to this trend were phylogroup A being more com-
mon in vaginal swab (22%) than EOS (9.4%) iso-
lates and group B2 more common in EOS (65.6%) 
than vaginal swab (48%) isolates (Figure 1). Among 
the 3 most frequent ST/STc variants in our study, 
STc10 (phylogroup A) was present in more HVC 
strains, whereas ST95 and STc14 (phylogroup B2) 
were more common in EOS strains. The imbalance 
was striking for STc14, which was present in 25% of 
EOS strains but only 4% of HVC strains (p = 0.01) 
(Figure 2). STc14 isolates included 6 ST1193, 2 ST14, 
and 2 ST404. Of note, the 6 ST1193 isolates were 
found exclusively in the EOS collection. 

Virulence and Antimicrobial Resistance
We observed no significant difference in distribution 
of virulence factors between the EOS and HVC strain 
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Figure 2. ST and STc 
distributions of EOS neonate 
and HVC Escherichia coli 
strains, France. STc14 
distribution is detailed. STc10 
includes ST10, ST13795, 
ST6826, and ST13957; STc59 
includes ST59, ST415, and 
ST13796; STc11 includes ST73 
and ST355; STc131 includes 
ST131 and ST2279. EOS, 
early-onset neonatal sepsis; 
HVC, healthy vaginal carriage; 
ST, sequence type; STc,  
ST complex. 

Figure 3. Antibiotic resistance rates among EOS neonate and 
HVC Escherichia coli strains, France. AMX, amoxicillin; CIP, 
ciprofloxacin; CTX/COX, cefotaxime/ceftriaxone; EOS, early-onset 
neonatal sepsis; GTM, gentamicin; HVC, healthy vaginal carriage; 
NAL, nalidixic acid. 
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collections, except for genes encoding the K1 capsule, 
which were present significantly more in the EOS 
collection (Appendix Table 1). In contrast, antimicro-
bial resistance differed markedly between collections 
(Figure 3). Aminopenicillin resistance was ≈2 times 
higher among EOS (65.6%) than HVC (34%) collec-
tion strains (p = 0.007); ESBL was present in 12.5% of 
EOS and 8% of HVC strains (p>0.05). Resistance to 
fluoroquinolone and gentamicin were also more com-
mon among EOS strains (Figure 3). 

We examined the distribution of phylogenetic 
groups and ST/STc frequency among EOS strains 
stratified by gestational term of newborns. Differenc-
es in rates of B2 phylogroup strains in the 2 subpopu-
lations (69% in preterm, 63% in full-term neonates) 
were not statistically significant (Figure 4). STc14 
(ST14/ST1193) was >2 times as frequent in the pre-
term (38.5%) as the full-term subpopulation (15.8%), 
but the difference was not statistically significant 
(p>0.05). Distribution of ST95, the second most fre-
quent ST, was similar between preterm (15.4%) and 
full-term (21.1%) subpopulations (Figure 5). There 
were more mothers with STc14 E. coli isolates (5/13 
[38.5%]) among those who received antimicrobial 
therapy <3 days before delivery than those who did 

not (3/19 [15.8%]) (p>0.05) (Figure 6). In contrast, 
there were fewer ST95 isolates among mothers receiv-
ing prenatal antimicrobial therapy (1/13 [7.69%]) than 
those receiving no therapy (5/19 [26.32%]) (p>0.05). 

Main Features of EOS Caused by ST1193 E. coli  
and Characterization of Isolates
All 6 ST1193 EOS strains were isolated from differ-
ent maternity hospitals. Half (3/6) of neonates with 
ST1193 EOS were born at full term. Three neonates 
had meningitis, 2 full-term and 1 preterm. Four (67%) 
mothers with ST1193 strains received prenatal anti-
microbial therapy compared with nine (35%) for the 
non-ST1193 strains (p>0.05) (Table 1; Figure 6). All 
strains were resistant to fluoroquinolones, 3 were 
resistant to azithromycin, and 3 others harbored an 
ESBL phenotype (Table 2). All strains were lactose 
nonfermenters (data not shown). 

We assessed presence of putative virulence fac-
tors among the 6 ST1193 isolates (Table 2; Appendix 
Table 2) and identified presence of factors with a sig-
nificant difference (p<0.05) among ST1193 compared 
with non-ST1193 strains: adherence protein Iha, co-
licin Ia immunity protein Imm, major pilin subunit 
PapA_F43, plasmid-encoded enterotoxin SenB, serine 
protease Sat, vacuolating autotransporter toxin Vat, 
and Type 1 fimbrin D-mannose specific adhesion 64. 

Three strains harbored ESBL phenotypes con-
tained the β-lactamase–encoding genes blaCTX-M-15 and 
blaOXA-1 associated with the aac(6’)-Ib-cr genes, and 3/6 
strains harbored the mph(A) gene (macrolide 2′-phos-
photransferase), which inactivates macrolides, rein-
forcing observed phenotypic resistance to azithromy-
cin. None of the non-ST1193 strains carried that gene. 
One strain was resistant only to fluoroquinolones  
(Table 2). All strains had different hierarchical cluster 
10 (HC10) but the same HC20 (571), whereas ribosomal 
MLST (rMLST) split the strains into 2 main populations:  
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Figure 4. Phylogroup distributions according to birth term among 
32 neonates with early-onset sepsis, France. EOS, early-onset 
neonatal sepsis. 

Figure 5. ST distributions according 
to birth term among 32 neonates 
with early-onset neonatal sepsis. ST, 
sequence type.
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rMLST 33503, which regroups the 3 ESBL-produc-
ing strains, and rMLST 1674, which contains 2 less- 
resistant isolates.  

Discussion
In our study, we used WGS to characterize E. coli 
strains causing EOS from a prospective multicenter 
study in France (12) and compared them to E. coli 
strains obtained from vaginal samples from preg-
nant women at 34–38 weeks of gestation. Although 
we observed no major differences between the EOS 
study and vaginal sample collections in distribution 
of phylogroups or virulence factors except the K1 an-
tigen, we identified emerging ST1193 strains as ma-
jor causes of EOS. Three isolates of the ST1193 clonal 
group caused meningitis, and half harbored an ESBL. 
E. coli ST1193 thus appears to be the most virulent and 
antimicrobial-resistant E. coli group that causes EOS. 

Among major phylogroups, B2 and, to a lesser ex-
tent, D are associated with extraintestinal infections, 
whereas A and B1 are most associated with commen-
sal strains or intestinal infections (15). We also observed 
predominance of B2 strains in our EOS population, re-
gardless of the term of birth of the newborns. Although 
the proportion of phylogroup A strains was higher in 
the HVC than the EOS population, B2 strains largely 
predominated in the HVC collection, as reported in 
previous studies (16,17). However, sequence typing 
enabled a finer comparison between the 2 collections. 
Among the HVC strains, phylogroup A/STc10 (ST10, 
ST13795, ST6826, and ST13957) was predominant but 
was rarely observed among the EOS patients, in which 
ST95 and STc14 (notably ST14 and ST1193) were largely 
predominant. The high frequency of ST95 was expected 
because of its virulence in neonates, notably those with 
neonatal meningitis, which is well known worldwide 
(6,18). Of note, ST95 was second most common among 
HVC strains, suggesting its capacity to colonize the va-
gina, at least temporarily. Five of 6 mothers with EOS 
caused by ST95 received no prepartum antimicrobials. 

In contrast, ST14 and ST1193 strains were frequently 
associated with women receiving prepartum antimicro-
bials (5/8), and those strains were not present among 
HVC patients, suggesting the vaginal environment 
might inhibit the presence of ST14 and ST1193 strains. 
Of note, STc14 but not ST95 was more prevalent among 
preterm neonates with EOS, and 3/6 infections caused 
by ST1193 strains occurred in preterm newborns. It 
might be that ST1193 strains are less virulent than ST95 
strains commonly found in full-term neonates. Howev-
er, almost all women with preterm newborns received 
antimicrobial drugs, which might favor the selection of 
resistant strains, such as ST1193.  

ST1193 was identified within STc14 approximately 
25 years ago; its prevalence in extraintestinal infec-
tions could become a public health burden (19–21). 
One study observed an increased rate of ST1193 caus-
ing bloodstream infections, mostly in elderly patients 
in Canada during 2016–2018 (22). In an analysis of the 
population structure of 218 ESBL–producing E. coli in 
urinary tract infections in febrile children in France 
during 2014–2017, we noted prevalence of ST1193 
rose from 0% to 9% (23). Large epidemiologic studies 
of ST1193 prevalence in neonatal infection have only 
recently been conducted. In 2 studies, ST1193 was 
shown to be a major cause of neonatal sepsis; however, 
because the definition of EOS in those studies differed 
from ours, data are difficult to compare (11,24). The 
finding of a worrying percentage of ST1193 among 
EOS patients (19%) in our study population indicates 
that in the future that ST should be closely monitored 
using microbiologic detection. 

One epidemiologic study of intracranial infec-
tions in neonates caused by E. coli (25) found ST1193 to 
be the most prevalent ST (28%). All 8 ST1193 isolates 
caused late-onset infections, although none caused 
EOS. Only 1 recent case of early-onset meningitis 
caused by E. coli ST1193 has been reported, but cases 
of meningitis caused by ST1193 occurring >72  hours 
after birth were described in another study (24,26). 
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Figure 6. Distribution of 
maternal antimicrobial therapy 
within 3 days before delivery 
according to Escherichia coli ST 
among 32 neonates with early-
onset neonatal sepsis, France. 
ST, sequence type.
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The recent case occurred in a late-preterm neonate 
with a history of prolonged rupture of the membrane 
with prepartum and peripartum antimicrobial drugs 
administered, as in most of our cases. 

Given that 3/6 ST1193 strains caused neonatal 
meningitis, such strains were shown to have high 
invasive disease potential in newborns. Several 
virulence factors and genetic determinants have 
been shown to be involved in the pathophysiology 
of neonatal meningitis, such as capsule K1, sidero-
phore salmochelin, plasmid pS88, and invasin IbeA 

(27). Of note, among these determinants, only the 
K1 capsule was present in the ST1193 strains. Sev-
eral virulence factors (Iha, Imm, plasmid-encoded 
enterotoxin SenB, Sat) were present in all ST1193 
strains, with a significant p value (p<0.05) com-
pared with non-ST1193 (Appendix Table 2) strains, 
and were present in >85% of ST1193 strains in the 
large collection of 1 study (28). Therefore, without 
in vivo study, it is difficult to determine the spe-
cific roles of these key factors in the invasiveness of 
ST1193 in cerebrospinal fluid.  
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Table 2. Characteristics of newborns with early onset sepsis caused by ST1193 Escherichia coli and genetic and phenotypic features 
of the isolates* 
APIMF 
case 
ID 

EOS clinical features  

 

Genetic and phenotypic characteristic of E. coli strains ST1193 
Term, 
wk†  

Antimicrobial 
prepartum‡ Virulence genes§ 

Antimicrobial 
resistance genes§ 

Phenotypic 
AMR  HC10¶ HC20¶ rMLST# 

60** 37 Amoxicillin  aslA, chuA, csgA, fdeC, fimH, 
fyuA, gad, iha, irp2, iucC, iutA, 
kpsE, kpsMII_K1, neuC, nlpI, 
ompT, papA_F43, sat, senB, 
shiA, sitA, terC, tia, usp, vat, 

yehA, yehB, yehC, yehD, yfcV 

dfrA17, aph(6)-Id, 
aac(6')-Ib-cr, aac(3)-
IIa, aph(3”)-Ib, sul2, 

catB3,mph(A), 
sitABCD, tet(B), 

blaCTX-M-15, blaTEM-1B, 
blaOXA-1 

AMX, CTX, 
CIP, SXT, 
GTM, AZI, 
TET, CMP, 

ESBL 

132,558 571 33,503 

73 34 Amoxicillin  aslA, chuA, csgA, fdeC, fimH, 
fyuA, gad, iha, irp2, iucC, iutA, 
kpsE, kpsMII_K1, neuC, nlpI, 
ompT, papA_F43, sat, senB, 

sitA, terC, usp, vat, yehA, yehB, 
yehC, yehD, yfcV 

catB3, tet(B),  
blaCTX-M-15, blaOXA-1, 

aph(6)-Id, aac(3)-IIa, 
aph(3”)-Ib, aac(6')-
Ib-cr, sul2, aac(6')-

Ib-cr, qnrB19, dfrA17 

AMX, CTX, 
CIP, SXT, 
GTM, TET, 

ESBL 

148,092 571 33,503 

76 41 None  aslA, ccl, chuA, clbB, csgA, 
fdeC, fimH, fyuA, gad, iha, irp2, 

iucC, iutA, kpsE, kpsMII_K1, 
neuC, nlpI, ompT, papA_F43, 
sat, senB, sitA, terC, usp, vat, 
yehA, yehB, yehC, yehD, yfcV 

None CIP 227,323 571 1,674 

78** 41 None  AslA, chuA, csgA, fdeC, fimH, 
fyuA, gad, iha, irp2, iucC, iutA, 
kpsE, kpsMII_K1, neuC, nlpI, 
ompT, papA_F43, sat, senB, 

sitA, terC, usp, vat, yehA, yehB, 
yehC, yehD, yfcV 

aadA5, dfrA17, 
mph(A) 

CIP, AZI, 
SXT 

11,740 571 1,674 

89** 36 Amoxicillin/ 
gentamicin 

 AslA, astA, chuA, colE7, csgA, 
fdeC, fimH, fyuA, gad, iha, irp2, 

iucC, iutA, kpsE, kpsMII_K1, 
neuC, nlpI, ompT, papA_F43, 
sat, senB, shiA, sitA, terC, tia, 
usp, vat, yehA, yehB, yehC, 

yehD, yfcV 

aac(3)-IIa, aac(6')Ib-
cr, blaCTX-M-15,  
blaOXA-1, catB3 

AMX, CTX, 
CIP, GTM, 

CMP, ESBL 

4,073 571 33,503 

90 36 Amoxicillin  AslA, chuA, csgA, fdeC, fimH, 
fyuA, gad, iha, irp2, iucC, iutA, 
kpsE, kpsMII_K1, neuC, nlpI, 
ompT, papA_F43, sat, senB, 

sitA, terC, usp, vat, yehA, yehB, 
yehC, yehD, yfcV 

blaTEM-1B, dfrA17, 
mph(A), aph(6)-Id, 
aph(3”)-Ib, sul2, 

tet(B) 

AMX, CIP, 
SXT, AZI, 

TET 

227,336 571 New 

*AMR, antimicrobial resistance; AMX, amoxicillin; AZI, azithromycin; cgMLST, core genome multilocus sequence typing; CIP, ciprofloxacin; CMP, 
chloramphenicol; CTX, cefotaxime; EOS, early-onset neonatal sepsis; ESBL, extended spectrum -lactamase; GTM, gentamicin; HC, human 
chromosome; ID, identification; rMLST, ribosomal multilocus sequence typing; ST, sequence type; SXT, trimethoprim/sulfamethoxazole; TET, tetracycline.   
†Term of pregnancy at birth in weeks.   
‡Antimicrobial treatment within 3 days before labor began. 
§Search for antimicrobial resistance genes and replicon/plasmid sequence types run using Center for Genomic Epidemiology website 
(https://genomicepidemiology.org) and local BLAST.   
¶Hierarchical clustering of distances between genomes calculated using 10 (HC10) or 20 (HC20) shared core genome MLST alleles and genomes linked 
on a single-linkage clustering criteria. 
#Approach that indexes variation of the 53 genes encoding the bacterial ribosome protein subunits. 
**Early-onset neonatal sepsis with meningitis. 
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Except for consistency of fluoroquinolone resis-
tance and carrying the fimH64 allele, which charac-
terized all ST1193 E. coli strains described in previous  
studies, multiple plasmid-borne resistance genes have 
been reported but are inconsistently associated with 
ST1193 (19,28,29). No isolates harbored the same phe-
notypic antimicrobial resistance pattern, highlighting 
their diversity. The co-occurrence of blaCTX-M-15/blaOXA-1/
aac(6′)-Ib-cr, which we observed in 3/6 of EOS strains, 
has been frequently described, initially in ST131 but also 
more recently in emerging lineages of ST1193 (30). Half 
of our strains, similar to findings from other studies (28), 
carried the mphA resistance gene and had a high azithro-
mycin MIC (>32 mg/L) (data not shown), which might 
have contributed to the emergence of ST1193 given that 
azithromycin is among the most-prescribed antimicro-
bial drugs worldwide among adult outpatients (31). 

As of May 2023, sequences of 2,031 E. coli ST1193 
strains from all over the world are available in En-
terobase (13). Of those, 80% belong to HC20 571, as 
did our strains, and most (82%) harbor rMLST 1674, 
whereas rMLST 33503 is found in only 8%. Hierarchi-
cal clustering analysis did not suggest the presence 
of a particular clone in our collection. Distribution 
of rMLSTs was notably different: half of our ST1193 
strains belonged to rMLST 33503. Whether this sub-
group is emerging or has specific invasive disease po-
tential in neonates has yet to be determined.

Among its strengths, our prospective epidemio-
logic study, conducted in a large area of France, es-
timated annual incidence and pathogen distribution 
in EOS patients (12) and documented the unique mo-
lecular and phenotypic characteristics of the strains 
in our study. We were limited by the small number of 
patients; results, especially implication of ST1193 in 
infections in very preterm neonates, need to be con-
firmed in larger study populations. 

In conclusion, our findings suggest that ST1193 
is emerging as a major E. coli pathogen that can cause 
EOS and early-onset neonatal meningitis in full-term 
and late-preterm newborns and might surpass ST95 in 
incidence and causing illness because of its potential 
virulence combined with its resistance to multiple anti-
microbials. Pediatricians and microbiologists should be 
aware of the public health threat from E. coli ST1193 and 
the benefits of prepartum/peripartum EOS treatment 
with effective antimicrobials. Isolating ST1193 E. coli 
strains in the neonatal context (from mother, newborn, 
or both) will require careful, sustained clinical monitor-
ing of newborns. It might also require implementing 
measures to limit spread, especially in neonatal wards. 
On the basis of microbiologic evidence, ST1193 should 
be suspected when 3 properties are all present: high  

resistance to ciprofloxacin, K1 capsule, and non–lactose-
fermenting colonies, each of which can easily be tested 
for in a microbiology laboratory. Further studies should 
help to define the genetic determinants of ST1193 viru-
lence in neonates and confirm and subsequently explain 
its inability or weak ability to colonize the vagina. Clini-
cians need to be aware of the possible presence of E. coli 
ST1193 in prenatal and neonatal contexts and provide 
appropriate monitoring and treatment. 
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Whooping cough (pertussis) is a contagious re-
spiratory illness caused by Bordetella pertussis. 

The introduction of the whole-cell vaccine (WCV) 
successfully decreased the incidence of pertussis. Al-
though vaccination has been successful, replacement 
of the WCV with an acellular vaccine (ACV) has cor-
related with reemergence of pertussis, especially in 
adolescents and infants (1). In China, ACV was devel-
oped in the late 1990s and has replaced WCV and been 
exclusively used in China since 2012 (2,3). However,  

a multicenter study showed that the levels of protec-
tive antibodies against pertussis were already very 
low in immunized children 2–20 years of age (4).

Resurgence of pertussis has been widely reported 
and is mainly found in age groups of unvaccinated 
or incompletely vaccinated children or those whose 
immunity has waned (5,6). Mooi et al. (7,8) first iden-
tified the antigenic divergence between circulating 
isolates and vaccine strains in 1998, which explained 
the reemergence of pertussis and the distinct epide-
miology of pertussis in different regions. Since then, 
a series of studies have demonstrated antigenic 
changes in bacterial virulence genes that might com-
promise vaccine-mediated immunity against B. per-
tussis (9–11). Virulence antigens, such as filamentous 
hemagglutinin (FHA), pertactin (Prn), pertussis toxin 
(PT), fimbriae2 (Fim2), and fimbriae3 (Fim3), are the 
essential components of ACV (12). PT export genes 
are regulated by the ptx promoter (ptxP) and may be 
required for efficient translation of ptx mRNA in B. 
pertussis strains (13). The ptxP region include 2 major 
alleles ptxP1 and ptxP3, and ptxP3 produces more PT 
than the ptxP1 allele (14).

In many countries, circulating B. pertussis harbors 
different virulence genotypes compared with vaccine 
strains (15,16). Different alleles of ptxP, fhaB, ptxA, 
ptxC, fim2, and fim3 have been reported in many stud-
ies (6,17,18). Among those virulence-related genes, the 
ptxC alleles ptxC1 and ptxC2 have been described; those 
alleles differ at a single nucleotide, resulting in a silent 
mutation (19). Compared with the major ptxP1/fhaB1/
prn1/ptxA2 genotype of vaccine strains, the ptxP3/
fhaB3/prn2/ptxA1 genotype have emerged in the cir-
culating B. pertussis population in China (6,20,21).
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Resurgence and spread of macrolide-resistant Borde-
tella pertussis (MRBP) threaten global public health. We 
collected 283 B. pertussis isolates during 2016–2022 
in Shanghai, China, and conducted 23S rRNA gene 
A2047G mutation detection, multilocus variable-num-
ber tandem-repeat analysis, and virulence genotyping 
analysis. We performed whole-genome sequencing on 
representative strains. We detected pertussis primar-
ily in infants (0–1 years of age) before 2020 and older 
children (>5–10 years of age) after 2020. The major 
genotypes were ptxP1/prn1/fhaB3/ptxA1/ptxC1/fim2–1/
fim3–1 (48.7%) and ptxP3/prn2/fhaB1/ptxA1/ptxC2/
fim2-1/fim3-1 (47.7%). MRBP increased remarkably 
from 2016 (36.4%) to 2022 (97.2%). All MRBPs before 
2020 harbored ptxP1, and 51.4% belonged to multilocus 
variable-number tandem-repeat analysis type (MT) 195, 
whereas ptxP3-MRBP increased from 0% before 2020 
to 66.7% after 2020, and all belonged to MT28. MT28 
ptxP3-MRBP emerged only after 2020 and replaced the 
resident MT195 ptxP1-MRBP, revealing that 2020 was a 
watershed in the transformation of MRBP.
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Despite the variation in virulence genotypes in 
circulating strains, different B. pertussis subtypes 
are prevalent in the world. The multilocus variable-
number tandem-repeat analysis (MLVA) type (MT) 
27 strain carrying the genotype of ptxP3/ptxA1/prn2/
fm3–1 has become the predominant B. pertussis strain 
in many countries (22). However, MT27 has seldomly 
been reported in China, whereas the MT55, MT195, 
or MT104 strains harboring the ptxP1 allele have been 
reported to circulate in some regions of China (23,24). 
Macrolide-resistant B. pertussis (MRBP), which car-
ries an A-to-G transition at nucleotide position 2047 
(A2047G mutation) in a region critical for erythromy-
cin binding, emerged in some countries, but was only 
frequently detected in China (15,16,25–27). MRBPs 
generally carry ptxP1 and fhaB3, but 2 novel MRBPs 
belonging to MT28 and MT27 carrying ptxP3 and 
fhaB1 were reported in mainland China (15,28).

Our recent study reported that MT28 ptxP3-
MRBP has emerged and spread in Shanghai, China, 
during 2021–2022 (29). However, several urgent ques-
tions remain to be resolved. For example, was ptxP3-
MT28 MRBP dominant in Shanghai in the long term, 
or did it emerge in 2021 and 2022? Why and when did 
ptxP3-MT28 MRBP emerge in Shanghai, and how did 
they evolve? To resolve those questions, we conduct-
ed further research during 2016–2022 to reveal the 
evolution of MRBP in Shanghai. We collected a total 
of 283 B. pertussis isolates during 2016–2022 in Shang-
hai and systematically analyzed the antimicrobial re-
sistance and molecular evolution of those strains. 

Methods

Enrollment of Case-Patients with B. pertussis Infection
We included in the study a total of 1,065 children admit-
ted to the Children’s Hospital of Fudan University and 
diagnosed with pertussis during January 2016–Octo-
ber 2022, who had nasopharyngeal swab (NP) samples 
collected and delivered to the microbiology laboratory 
for B. pertussis culture, antimicrobial resistance test-
ing, and PCR detection. We extracted DNA from NP 
samples and performed real-time PCR (LightCycler 
480; Roche, https://www.roche.com) to detect nucleic 
acids according to the protocol of a pertussis bacteria 
nucleic acid detection kit based on the PCR-fluorescent 
probe method (Yilifang Biotechnology, http://www.
yilifangbio.com). The laboratory testing results and 
data collection were based on electronic medical records 
during hospitalization or clinic visits, and all data analy-
sis was anonymous. The study protocol was approved 
by the Ethics Committee of the Children’s Hospital  
of Fudan University (approval no. 2022-66).

PCR and Sequencing for 23S rRNA A2047G Mutation 
Detection and Virulence Genotyping Analysis
We obtained 692 B. pertussis strains in 2016 (11 
strains), 2017 (177 strains), 2018 (165 strains), 2019 
(169 strains), 2020 (1 strain), 2021 (30 strains), and 2022 
(139 strains). Because very few strains were obtained 
from 2016, 2020, and 2021, we selected all 42 strains 
for this study. We chose other isolates by the system-
atic sampling method, yielding 50 strains in 2017, 45 
strains in 2018, 74 strains in 2019, and 72 strains in 
2022. We gave each strain a number and then chose 
it by a random method to ensure each strain had an 
equal chance of being chosen through the use of an 
unbiased selection method. We selected a total of 283 
isolates for further analysis.

We prepared genomic DNA of B. pertussis isolates 
by using a QIAamp DNA Mini Kit (QIAGEN, https://
www.qiagen.com). We performed PCR-based sequenc-
ing of the A2047G mutation as described in a previous 
study (30). We also performed PCR and sequencing of 
virulence-related genes (ptxP, ptxA, ptxC, prn, fim2, fim3) 
as previously described (6). By using a convention for 
fhaB allele naming that defined fhaB1 and fhaB2 alleles 
by the A2493C mutation and defined the novel fhaB3 
allele by the C5330T mutation, as previously described 
(23,31), we identified fhaB alleles by detecting and se-
quencing these 2 mutations. The primers for fhaB-2493 
were forward, 5′-GATGTAGGCAAGGTTTCCGC-3′, 
and reverse, 5′-CGCTCGACACATGCAGAC-3′; the 
primers for fhaB-5330 were forward, 5′-ATATCGACAA-
CAAGCAGGCC-3′, and reverse, 5′-TTGACATAGCC-
GATACCGCT-3′. We retrieved reported DNA sequenc-
es from GenBank and analyzed them by using BLAST 
(https://blast.ncbi.nlm.nih.gov) to determine the allele 
of each virulence gene.

MLVA 
We performed MLVA by following the procedures 
described by Schouls et al. (32). We amplified 5 loci 
(variable-number tandem-repeat [VNTR] 1, VN-
TR3a/VNTR3b, VNTR4, VNTR5, and VNTR6) by 
using PCR detection. We calculated the number of 
repeats at each VNTR locus from the DNA fragment 
length. We assigned an MT on the basis of the combi-
nation of repeat counts for VNTRs 1, 3a, 3b, 4, 5, and 
6, as described in previous reports (15,32).

DNA Extraction and Whole-Genome Sequencing
We further subjected 4 representative BP strains,  
including 1 MT27 ptxP3 macrolide-sensitive B.  
pertussis (MSBP) (BP1-Shanghai-2016), 1 MT195 
ptxP1-MRBP (BP7-Shanghai-2016), 1 MT28 ptxP3-
MSBP (P20-Shanghai-2017), and 1 MT28 ptxP3-MRBP  
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(P745-Shanghai-2022) to whole-genome sequencing 
(WGS) analysis. We extracted genomic DNA by using 
the sodium dodecyl sulphate method (33). We con-
structed libraries for single-molecule real-time sequenc-
ing with an insert size of 10 kb by using the SMRTbell 
Template Prep Kit 1.0 (PacBio, https://www.pacb.
com). We generated sequencing libraries for the Illumi-
na platform by using the NEBNext Ultra DNA Library 
Prep Kit for Illumina (New England BioLabs, https://
www.neb.com). We sequenced the whole genomes by 
using the PacBio Sequel platform and Illumina NovaSeq 
PE150 at Beijing Novogene Bioinformatics Technology 
Co., Ltd (Beijing, China). We deposited the sequencing 
data into GenBank (accession nos. CP118023–6).

Public Genome Dataset
We included a total of 1,491 public genomes of B. 
pertussis strains from China (15,21,28) and global B. 
pertussis P strains in this study for comparison (Ap-
pendix 1 Table, https://wwwnc.cdc.gov/EID/
article/30/1/23-1588-App1.xlsx). We sequenced the 
public genomes for various purposes, and they cov-
ered 27 countries from 8 geographic areas (Appendix 
1 Table). We downloaded raw short-read sequenc-
ing data from the National Center for Biotechnol-
ogy Information Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra). We filtered sequencing 
reads by using Trimmomatic (34), and we performed 
de novo genome assembly of public data by using 
SPAdes (35) with default settings.

Single-Nucleotide Polymorphism Calling and  
Phylogenetic Analysis
We identified core-genome (regions present in >99% 
of isolates) single-nucleotide polymorphisms (SNPs), 
as previously described (36). In brief, we aligned 
the assemblies against the reference genome (Gen-
Bank accession no. NC_002929.2, Tohama I) by us-
ing MUMmer (37) to generate whole-genome align-
ment. We performed SNP calling by using SNP-Sites 
(38) on the basis of the alignment. We identified the 
repetitive regions of the reference genome by using 
Tandem repeats finder and self-aligning by blastn 
(https://blast.ncbi.nlm.nih.gov). We excluded SNPs 
located in repetitive regions from further analysis. 
We constructed a maximum-likelihood phylogenet-
ic tree by using RAxML-NG (39) under the general 
time-reversible with gamma distribution model.

Statistical Analysis
We analyzed data by using the t test, χ2 test, or Fisher 
exact test, as appropriate. We performed all statisti-
cal analyses by using the SPSS Statistics 13.0 (IBM, 

https://www.ibm.com). We considered p<0.05 to be 
statistically significant.

Results

Clinical Characteristics of Children with BP Infection
A total of 1,065 children had pertussis diagnosed at 
the Children’s Hospital of Fudan University dur-
ing January 2016–October 2022 (Appendix 2 Table 
1, https://wwwnc.cdc.gov/EID/article/30/01/22-
1588-App1.pdf). Of those, 65.0% (692) had culture-
proven pertussis, and the others were culture-neg-
ative but verified by PCR or clinical symptoms. The 
case-patients were 470 girls (44.1%) and 595 boys 
(55.9%), and the average age was 2.6 years (range 23 
days–11.5 years). Approximately 93.8% of the case-
patients (999) had cough symptoms; average dura-
tion of cough was of 20.7 days (range 1–130 days). 
Most of the patients (75.5% [804]) were treated with 
antibiotics before sampling, among which macrolides 
were used in 60.1% (640) of patients. The age distribu-
tions of pertussis changed from 2016 to 2022; pertus-
sis was detected primarily in infants (0–1 years of age) 
(84.7%–100%) before 2020 but was mostly detected in 
older children and adolescents (>5–10 years of age) 
(50.3%–56.8%) after 2020 (p<0.001) (Figure 1). 

MLVA Types of B. pertussis strains
We identified 14 MLVA types in this study, and 
the major MLVA types were MT195 (26.9%), MT28 
(26.1%), MT27 (20.8%), MT104 (13.4%), and MT55 
(6.4%) (Appendix 2 Table 2). The other MLVA types 
were MT158 (1.1%), MT 16 (1.1%), MT29 (0.7%), 
MT114 (0.7%), MT30 (0.4%), MT32 (0.4%), untyped-1 
(0.4%), untyped-2 (1.1%), and untyped-3 (0.4%). 

Only 1 strain was isolated in 2020, so we deleted 
the analysis of 2020. MT27 was the main subtype dur-
ing 2016–2019 (29.1%–54.5%). However, MT28, which 
accounted for 0–4.1% before 2020, accounted for 
40.0% in 2021 and 77.8% in 2022 (Figure 2, panel A).

We further analyzed the MT distributions in dif-
ferent age groups. MT28, which was seldomly detect-
ed in infants (3.6% [6/169]) and absent in noninfants 
(>1–12 years of age) (0% [0/11]) during 2016–2019, 
was predominantly isolated from all age groups 
during 2021–2022, accounting for 64.9% (24/37) in 
infants, and 66.7% (44/66) in noninfants (Figure 2, 
panel B).

Virulence Gene Alleles and Genotype Profiles  
of B. pertussis Strains
We identified 2 ptxP alleles; we identified ptxP1 in 
49.8% and ptxP3 in 50.2% of B. pertussis strains. ptxP3, 
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which accounted for only 37.2% before 2020, became 
the major allele (73.5%) after 2020. Moreover, we iden-
tified 4 types of prn (prn1, prn2, prn3, and prn9), 2 types 
of fhaB (fhaB1 and fhaB3), 3 types of ptxC (ptxC1, ptxC2, 
and ptxC3), 1 type of ptxA (ptxA1), 1 type of fim2 (fim2–
1), and 3 types of fim3 (fim3–1, fim3–2, and fim3–4).

ptxP1 was mostly linked to prn1 and fhaB3, 
whereas ptxP3 linked closely to prn2 and fhaB1. The 
major genotypes were ptxP1/prn1/fhaB3/ptxC1/ptxA1/
fim2–1/fim3–1 (48.7%) and ptxP3/prn2/fhaB1/ptxC2/
ptxA1/fim2–1/fim3–1 (47.7%): the former included 7 
subtypes (MT16, MT27, MT30, MT55, MT104, MT195, 
and untyped-3), and the latter involved 6 subtypes 
(MT27, MT28, MT32, MT114, MT158, and untyped-2). 
(Appendix 2 Table 3).

A2047G mutation and Antimicrobial-Resistance  
Profiles of B. pertussis Strains
B. pertussis was highly resistant to macrolides, and 
MRBP accounted for 72.4% (205/283) of strains (Table 
1). A total of 97.2% of ptxP1/prn1/fhaB3-BP and 91.9% of 
MT28 ptxP3/prn2/fhaB1-BP belonged to MRBP, where-
as all non-MT28 ptxP3/prn2/fhaB1-BP were MSBP.

We frequently detected the A2047G mutation 
in 205 B. pertussis strains (72.4%) that showed 100% 
resistance to erythromycin, azithromycin, and clar-
ithromycin. The A2047G mutation accounted for 
61.0% before 2020 and 93.1% after 2020. All MT195, 
MT55, and MT104 carried the A2047G mutation, but 
none of the MT27 acquired this mutation. A2047G 
mutation in MT28 increased from 0% before 2020 to 
100% after 2020.

MRBP increased from 36.4% in 2016 to 97.2% in 
2022, including ptxP1-MRBP (48.4% [137/283]) and 
ptxP3-MRBP (24.0% [68/283]). Most (100% in 2016, 
2018, and 2021; 94.3% in 2017; 98.0% in 2019, and 
93.3% in 2022) of the ptxP1 strains belonged to MRBP. 
However, macrolide resistance in ptxP3 strains in-
creased from 0% before 2020 to 70.6% in 2021 and 
98.2% in 2022. Of note, macrolides resistance in 
MT28 ptxP3-strains switched from 0% before 2020 to 
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Figure 1. Distributions of 
pertussis patients in different 
age groups, Shanghai, China, 
2016–2022. Pertussis was 
primarily detected from infants 
(0–1 years of age) before 2020 
but mostly from older children 
and adolescents (>5–10 years of 
age) after 2020.

Figure 2. Distributions of prevalent Bordetella pertussis subtypes 
over time (A) and by age group (B), Shanghai, China, 2016–2022. 
Fourteen MTs were identified in this study. MT27 was the major 
strain during 2016–2019, whereas MT28 isolates increased 
quickly during 2021–2022 (panel A). MT distributions in infants 
(0–1 years of age) and noninfants (>1–12 years of age) change 
substantially from 2016–2019 to 2021–2022 (panel B). MT, 
multilocus variable-number tandem-repeat analysis type.
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100% after 2020, whereas all non-MT28 ptxP3 isolates 
showed sensitivity to macrolides (Figure 3, panel A). 
ptxP1-MRBP was prevalent before 2020 (111 [61.7%]); 
of those 111 strains, of which 57 (51.4%) were MT195. 
ptxP3-MRBP, which was absent before 2020, increased 
to 66.7% after 2020, and all of them belonged to MT28 
(Figure 3, panel B; Figure 4).

Combination of MLVA Types, Virulence Genotypes, 
and A2047G Mutations
MT195, MT55, and MT104 all carried ptxP1/prn1/
fhaB3 and the A2047 mutation (Figure 4). As 2 closely 
related MLVA types, 98.3% of MT27-BP and 98.6% of 
MT28-BP carried the genotype of ptxP3/prn2/fhaB1. 
However, the A2047G mutation was highly detected 
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Table. Antimicrobial-resistance profiles and virulence genotypes of 283 Bordetella pertussis isolates, Shanghai, China, 2016–2022* 

Antibiotic MIC, μg/mL Total, no (%) 

Frequency of genotype profiles, no (%) 
ptxP1/prn1/fhaB3 

non-MT28, n = 141 
ptxP3/prn2/fhaB1 

non-MT28,† n = 68 
ptxP3/prn2/fhaB1 

MT28,‡ n = 74 
Erythromycin Resistant, >256 205 (72.4) 137 (97.2) 0 68 (91.9)  

Sensitive, <0.064 78 (27.6) 4 (2.8) 68 (100) 6 (8.1) 
Azithromycin Resistant, 128 to >256 205 (72.4) 137 (97.2) 0 68 (91.9)  

Sensitive, <0.064 78 (27.6) 4 (2.8) 68 (100) 6 (8.1) 
Clarithromycin Resistant, 128 to >256 205 (72.4) 137 (97.2) 0 68 (91.9)  

Sensitive, <0.064 78 (27.6) 4 (2.8) 68 (100) 6 (8.1) 
Sulfamethoxazole/ 
trimethoprim 

Resistant, >32 0 0 0 0 
Sensitive, 0.064 to <0.008 283 (100) 141 (100) 68 (100) 74 (100) 

*MT, multilocus variable-number tandem-repeat analysis type. 
†Includes 1 MT27-ptxP3/prn3/ptxC2 strain. 
‡Includes 1 MT28-ptxP3/prn9/fhaB1 strain.  

 

Figure 3. Changing macrolide 
resistance of circulating 
Bordetella pertussis strains, 
Shanghai, China, 2016–2022. A) 
ptxP3-strains showed very high 
resistance to macrolides after 
2020. Resistance to macrolides 
was different in non-MT28 (0%) 
and MT28 (100%) isolates. 
B) Percentages of macrolide-
sensitive BP, ptxP1-MRBP, and 
ptxP3-MRBP before and after 
2020 show that ptxP1-MRBP 
strain was prevalent before 
2020 but predominately ptxP3-
MRBP spread after 2020. MRBP, 
macrolide-resistant Bordetella 
pertussis; MT, multilocus 
variable-number tandem-repeat 
analysis type.
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in MT28 (91.9%) but absent (0%) in MT27 (Figure 4, 
panels A, B). MT195, MT27, and MT104 were the ma-
jor subtypes before 2020, whereas MT28 emerged and 
spread quickly after 2020 (Figure 4, panel C).

WGS Analysis
Four B. pertussis strains (MT27 ptxP3-MSBP, MT195 
ptxP1-MRBP, MT28 ptxP3-MSBP, and MT28 ptxP3-
MRBP) were chosen for further WGS analysis. We 
constructed a maximum-likelihood phylogenetic 
tree of 4 Shanghai and 1,491 global strains. B. pertus-
sis isolates in Shanghai were closely related to other 
isolates from China but differed from other interna-
tional strains isolated from the United States, Europe, 
Australia, Argentina, Africa, Japan, Iran, Israel, and 
other regions and countries (Figure 5). Of note, MT28-
MRBP (P745) was prevalent after 2020 and was close-
ly related to MT28 ptxP3-MSBP (P20) but was quite 
heterogeneous to MT195-MRBP (BP7) and MT27 
ptxP3-MSBP (BP1) before 2020. Moreover, P745 was 
highly homologous to a previously reported MT28-
MRBP (B19005) in Anhui Province, China.

Discussion
In this study, we systematically investigated the 
clinical characteristics, antimicrobial resistance pro-
files, and molecular evolution of B. pertussis strains 
in Shanghai, China, during 2016–2022. Pertussis was 
primarily diagnosed in infants before 2020 but mostly 
in older children and adolescents after 2020. MRBPs 
remarkably increased, from 36.4% in 2016 to 97.2% in 
2022. MT28 ptxP3/prn2/fhaB1-MRBP emerged only af-
ter 2020 and replaced MT195 ptxP1/prn1/fhaB3-MRBP, 
which was prevalent before 2020, indicating that 2020 

was a watershed in the transformation of MRBP in 
Shanghai, China.

The first MRBP in China was reported in Shan-
dong Province in 2011 (40). MRBPs in China was 
thought less likely to cause epidemics in other coun-
tries because the MRBPs in China were mostly as-
signed to ptxP1 lineage, whereas ptxP3 strains are 
currently endemic in other countries (21,27). In Chi-
na, ptxP1-MRBPs were reported to contribute 75.4% 
(Zhejiang Province, 2016), 48.6% (Shenzhen Province, 
2015–2017), and 84.9% (a multicenter study during 
2017–2019) of the circulating B. pertussis strains in 
China (15,41,42). Previous studies showed that MRBP 
was mostly linked to the ptxP1 allele and that the 
ptxP3 strain was isolated from MSBP without excep-
tion (6,20,41). Our recent study demonstrated that the 
ptxP3 allele had a close linkage with MRBP (29). In 
this study, ptxP1-MRBP was the major (61.7%) strain 
during 2016–2020, whereas ptxP3-MRBP, which 
emerged only after 2020, replaced ptxP1-MRBP and 
became predominant (66.7%) after 2020.

MRBP strains were widely prevalent in west-
ern China and mainly linked to MT195, MT104, and 
MT55 (26). Wu et al. (15) showed that MT28 MRBP 
with genotype of ptxP3/fhaB1/prn9 was first identi-
fied in Anhui Province, China, revealing the emer-
gence of ptxP3-MRBP in mainland China (15). In this 
study, the circulating B. pertussis strains changed 
greatly from 2016 to 2022. MT195 presented the 
VNTR profiles of 8-6-0-7-6-8, whereas MT28 showed 
the profiles of 8-7-0-7-6-8, and MT27 showed the 
profiles of 8-7-0-7-6-7. Although those subtypes 
have minor differences on VNTR3a or VNTR6, their 
virulence genotypes and A2047G mutation carriages 
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Figure 4. Minimum-spanning tree of 283 Bordetella pertussis MTs, Shanghai, China, 2016–2022. A) Virulence genotype profiles; B) 
A2047G mutations; C) pre-2020 versus post-2020. Circle sizes indicate the number of each MT. Differences in the length and thickness 
of the lines linking 2 circles indicate differences in the number of variable-number tandem repeats between the 2 linked MTs. MT, 
multilocus variable-number tandem repeat analysis type.
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were quite different, making the circulating strains 
very heterologous. All MRBPs before 2020 harbored 
ptxP1 and 51.4% belonged to MT195, whereas ptxP3-
MRBP, which was absent before 2020, increased to 
66.7% after 2020, and all belonged to MT28. WGS 
analysis further revealed that MT28-MRBP was quite 
heterologous with MT195-MRBP, revealing the dif-
ferent molecular characteristics of MRBP prevalent 
before and after 2020 in Shanghai.

MT28-MRBP in this study was quite different 
from the international strains but represented close 
relevance to MT28-MSBP isolated before 2020, which 
indicates that MT28-MRBP was not reported from 
other countries but more likely because the resident 
MT28-MSBP acquired the A2047G mutation and be-
came resistant to macrolides. Moreover, the emer-
gence and spread of MT28 ptxP3-MRBP in Shanghai 
were probably related to the selection pressure from 
high usage of macrolides and vaccination. Macrolides 
were excessively used for treating pertussis, which 
might participate in the selection of ptxP3-MRBP. 

Of interest, although MRBPs are highly resistant to 
macrolides, most (60.1%) of the MRBP patients were 
still treated with macrolides in this study. In addition, 
compared with vaccine strains in China with the geno-
type of ptxP1/fhaB1/prn1/ptxA2/ptxC1, MT28 harbored 
more gene variants, including ptxP3, prn2, ptxA1, and 
ptxC2 than MT195, which carried fhaB3 and ptxA1. 
Currently, 2 types of diphtheria, tetanus, and pertus-
sis (DTaP) vaccine formulations are licensed in China: 
one is the 2-component DTaP vaccine containing PT 
and FHA, another is the 3-component DTaP vaccine 
containing PT, FHA, and PRN (43). The circulating B. 
pertussis has evolved, mainly changed from ptxP1 to 
ptxP3 lineage, indicating the ptxP3 variation reflect 
selective advantage under high coverage with acel-
lular pertussis vaccine (42). Previous study showed 
that prn2 variation affected the efficacy of commercial 
vaccine, and mice studies suggested that the incor-
poration of prn2 to vaccine could enhance the ACV’s 
efficacy (44). Moreover, studies from Safarchi et al. 
(45) and Van Gent et al. (46) demonstrate that ptxP3/
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Figure 5. Maximum-likelihood phylogenetic tree of 4 Shanghai, China, and 1,491 global Bordetella pertussis strains, by geographic 
area, 2016–2022. Red lines indicate Shanghai strains; bold indicates 2 MT28 strains. Black dot indicates MT28-MRBP (B19005) 
strain from Anhui Province, China. Arrow indicates reference strain Tohama I. Shanghai strains associated phylogenetic subclades are 
enlarged for visualization. MSBP, macrolide-sensitive Bordetella pertussis; MT, multilocus variable-number tandem-repeat analysis type; 
NA, not applicable.
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prn2-BP colonized better than the ptxP1/prn3-BP 
strain and provide the evidence for increased fitness 
and better immune evasion of ptxP3/prn2 strains in a 
mouse model involving mice immunized with 3-com-
ponent ACVs. Therefore, we hypothesized that prn2 
and ptxP3 variation in MT28 strains may play a role 
in better fitness and immune evasion compared with 
ACVs in China, causing MT28-BP to be selected by 
the vaccination and then to spread quickly. The exact 
relationship between prn2/ptxP3 variant and vaccine 
escape needs further study.

In this study, pertussis was primarily detected in in-
fants before 2020 but was mostly detected in older chil-
dren after 2020. We propose 2 potential hypotheses for 
this age shift. First, the age shift was closely related to 
the emergence of MT28-MRBP; ptxP3/ptxA1/ptxC2/prn2-
carrying MT28 strains, which emerged and spread after 
2020 could avoid the immunity of vaccine and weaken 
the vaccine effects, making the pertussis populations 
shift from unvaccinated or incompletely vaccinated in-
fants to vaccinated population. Second, the COVID-19 
pandemic increased the public awareness of micro-
biologic laboratory testing in children with respiratory 
symptoms, so more older children who were not con-
sidered as the primary pertussis population before 2020 
accepted B. pertussis testing and were diagnosed with 
pertussis after 2020, making 2020 become the watershed 
moment for the shift of pertussis population.

In conclusion, we systematically investigated the 
molecular evolution of MRBPs to clarify the evolution 
of MRBP from MT195 to MT28 in Shanghai, China, 
during 2016–2022, revealing that 2020 was watershed 
in the transformation of MRBPs from MT195 ptxP1/
prn1/fhaB3-alleles to MT28 ptxP3/prn2/fhaB1-alleles in 
Shanghai. The emergence and spread of MT28 ptxP3-
MRBP strains are likely attributable to the A2047G 
mutation and the selection pressure from vaccina-
tion and high usage of macrolides, which will further 
complicate the epidemiology of pertussis and evolve 
to pose a looming threat to global public health. 
Therefore, worldwide surveillance of the molecular 
evolution and AMR profiles of circulating B. pertussis, 
especially ptxP3-MRBP, is urgent.
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Streptococcus pneumoniae is a pathogen that causes 
community-associated infections in young chil-

dren <5 years of age (1,2). It can asymptomatically 
colonize the nasopharynx and upper airway in 
healthy children (up to 60%) and can also invade 
sterile sites and lead to infections from mild to life-
threatening, which can result in substantial illness 
and death worldwide (1,3,4). Despite the wide-
spread use of pneumococcal vaccines to immunize 
children, S. pneumoniae remains the leading cause 
of life-threatening diseases. Worldwide, the increas-
ing disease burden of S. pneumoniae is alarming; an 
estimated 1 million children <5 years of age die of 
pneumococcal disease every year (5). All pneumo-
coccal diseases arise from bacterial colonization, 
and the adaptability of the virulence characteristics  

enhances pneumococcal persistence in colonization 
of the host respiratory tract, suggesting that naso-
pharyngeal carriage of S. pneumoniae plays a key role 
in development and transmission of pneumococcal 
diseases (6). Pneumococcal disease is one of the most 
common infectious diseases caused by asymptom-
atic S. pneumoniae colonization in humans. Eliminat-
ing this opportunistic pathogenic bacterium requires 
knowledge of the pathogenicity-associated genetic 
elements that distinguish infection from carriage iso-
lates. Previous studies have been limited to explor-
ing virulence factors and molecular characterization 
of invasive S. pneumoniae isolates (7,8).

Whole-genome sequencing (WGS) has become 
a powerful tool for bacterial genotyping; costs have 
been decreasing as accessibility increases. The high-
dimensional genomic data can provide unprec-
edented resolution for identifying subtle genomic 
variations. Genomewide association studies (GWAS) 
are increasingly used to detect novel genes and ge-
netic elements associated with bacterial phenotypes, 
which may provide insight for future preventive 
strategies and control measures (9–12). In brief, tra-
ditional GWAS methods can be used to identify large 
numbers of common genetic variants, usually sin-
gle-nucleotide polymorphisms (SNPs), to determine 
the genetic basis of bacterial phenotypes of interest. 
However, considering the high genomic plasticity of 
many species of bacteria, traditional GWAS methods 
can only partially identify the phenotype-associated 
genetic variants. To avoid the limitations of SNP-
based GWAS, we used k-mers (DNA words of length 
k) as an alternative method, which can capture differ-
ent types of variants (13,14).

To determine whether genetic variation is un-
evenly enriched in S. pneumoniae infection isolates, 
we used multiple GWAS analyses to compare ge-
nomic differences between infection and carriage 
isolates. Study protocols were approved by the 
Ethics Committee of Guangdong Pharmaceutical 
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Streptococcus pneumoniae is an opportunistic pathogen 
that causes substantial illness and death among children 
worldwide. The genetic backgrounds of pneumococci that 
cause infection versus asymptomatic carriage vary sub-
stantially. To determine the evolutionary mechanisms of 
opportunistic pathogenicity, we conducted a genomic sur-
veillance study in China. We collected 783 S. pneumoni-
ae isolates from infected and asymptomatic children. By 
using a 2-stage genomewide association study process, 
we compared genomic differences between infection and 
carriage isolates to address genomic variation associat-
ed with pathogenicity. We identified 8 consensus k-mers 
associated with adherence, antimicrobial resistance, and 
immune modulation, which were unevenly distributed in 
the infection isolates. Classification accuracy of the best 
k-mer predictor for S. pneumoniae infection was good, 
giving a simple target for predicting pathogenic isolates. 
Our findings suggest that S. pneumoniae pathogenicity is 
complex and multifactorial, and we provide genetic evi-
dence for precise targeted interventions.
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University (2019–19) and the Ethics Committee of 
Liuzhou Maternity and Child Healthcare Hospi-
tal (2018–84). We obtained written informed con-
sent from parents or legal guardians on behalf of  
the children.

Methods

Sampling
During 2015–2021, we collected clinical samples 
from infected children and nasal swab samples from 
healthy children in southern China (Guangxi and 
Guangdong Provinces). From hospitalized infected 
children, we collected 349 nonrepetitive pneumo-
coccal isolates (e.g., blood, bronchoalveolar lavage 
fluid, sputum, middle ear fluid), of which 342 were 
noninvasive and 7 invasive. The eligibility criteria 
for infected children were having clinical infec-
tious manifestations such as cough, respiratory se-
cretions, abnormal lung sounds, dyspnea, or fever 
>38°C, with or without infiltrates seen on chest 
radiographs; having S. pneumoniae infection diag-
nosed by clinical doctors on the basis of signs and 
symptoms; and having S. pneumoniae isolated from 
clinical infection sites. In terms of asymptomatic car-
riage isolates, we sampled 434 isolates from healthy 
children in kindergarten.

Whole-Genome Sequencing 
We performed high-throughput genome sequencing 
on a Hiseq 2000 machine (Illumina, https://www. 
illumina.com) to obtain paired-end 150-bp reads. We 
assessed the quality of the raw sequenced reads by 
using FastQC version 0.11.5 (https://github.com/ 
s-andrews/FastQC) and trimmed for low quality 
reads and adaptor regions by using Trimmomatic 
version 0.36 (https://github.com/usadellab/Trim-
momatic). We then assembled trimmed reads by 
using SPAdes version 3.6.1 (https://github.com/
ablab/spades). We used PathogenWatch (https://
pathogen.watch) to predict global pneumococcal se-
quencing cluster (GPSC), multilocus sequence typing 
(MLST), and serotyping for all genomes.

Phylogenetic Analyses
To generate the variant sites with SNPs, we mapped 
assembled contigs to a standard reference genome 
S. pneumoniae R6 by using Snippy version 4.4.5 
(https://github.com/tseemann/snippy). We used 
the generated core SNP alignment to construct a 
maximum-likelihood phylogenetic tree by using the 
generalized time reversible plus gamma model and 
100 bootstrap replicates with FastTree version 2.1.10 

(http://www.microbesonline.org/fasttree). We vi-
sualized and annotated the phylogenetic tree by us-
ing ChiPlot (https://www.chiplot.online).

Counting and Annotating k-mers
We scanned all k-mers that were 9- to 100-bp long 
from all assembled reads by using fsm-lite (https://
github.com/nvalimak/fsm-lite) and filtered them 
to obtain 10,591,337 k-mers seen on 1%–99% of the 
total samples. To identify the relevant genes by us-
ing BWA-MEM (the Burrows-Wheeler Aligner with 
maximal exact matches alignment tool, https://
github.com/lh3/bwa), we mapped all k-mers to 10 S. 
pneumoniae reference genomes (CGSP14, D39, Hunga-
ry19A-6, R6, Taiwan19F-14, TIGR4, Spain23F-ST81, ATCC 
49619, EF3030, and MDRSPN001) obtained from the 
Virulence Factor Database (http://www.mgc.ac.cn/
VFs) and previous studies. We determined gene on-
tology annotations by using the UniProt (https://
beta.uniprot.org).

Multiple GWAS Analyses of Disease-Associated  
k-mers
To explore the genomewide associations between 
genetic elements (k-mers) and S. pneumoniae dis-
ease status (infection or carriage), and thus to iden-
tify infection-associated k-mers, we used GWAS 
methods. Because of the high-dimensional genomic 
data structures, we used multiple GWAS methods: 
the linear mixed model (LMM; (https://github.
com/mgalardini/pyseer), phylogenetic-based ap-
proach (Scoary; https://github.com/Admirale-
nOla/Scoary), variable selection using random for-
ests (VSURF; https://github.com/robingenuer/
VSURF), and least absolute shrinkage and selection 
operator (LASSO; https://scikit-learn.org/stable/
modules/generated/sklearn.linear_model.Lasso.
html) regression.

In brief, we used a 2-stage analysis process to 
detect the infection-associated k-mers by compre-
hensive GWAS analyses (Figure 1). First, we fitted 
a univariate LMM to initially screen infection-as-
sociated k-mers by using the Pyseer tool (version 
1.3.10) (15). To correct for the population structure, 
we used the similarity pyseer command of Pyseer, 
which computes a similarity kinship matrix on the 
basis of the core genome SNPs. For covariates, the 
GWAS analysis used host age (years) and sex. Sec-
ond, we used multiple methods (Scoary, LASSO, 
and VSURF) to minimize false-positive associa-
tions and identify consensus infection-associated k-
mers by Venn diagram. In the GWAS analyses, we 
used the Bonferroni correction (α/N) to control for  
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false-positive rates resulting from multiple compari-
sons of 1,418,815 k-mers (adjusted p value thresh-
old 3.52 × 10−8). Scoary is an ultrafast software tool 
for GWAS analyses that uses a phylogenetic-based 
method to adjust population structure. The LASSO 
regression is suitable for high-dimensional data 
structures, and the coefficients of nonrelevant vari-
ables can be compressed to zero to solve the problem 
of model overfitting (16). We used VSURF, based on 
random forest (RF), to perform a 2-step feature se-
lection on the variables (17). Initially, VSURF ranks 
the variables according to the importance measure 
by using the RF permutation-based score of impor-
tance to obtain a subset of important variables, and 
then it uses a stepwise forward strategy for variable 
introduction based on the smallest out-of-bag error. 
More precisely, a variable is added only if the er-
ror decrease is larger than a threshold. We ranked 
the importance of k-mers by the mean decrease in 
impurity (mean decrease Gini), which is a measure 
of the predictor’s contribution to the correct sample  

classification. We compiled associated phenotype 
data for all 783 isolates (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/30/1/22-1927-App1.
pdf) and deposited sequences in the National Cen-
ter for Biotechnology Information Sequence Read 
Archive database (https://www.ncbi.nlm.nih.
gov/sra; projection no. PRJNA976286). The k-mer 
sequences and output results files from several 
GWAS analyses are publicly available (https://doi.
org/10.6084/m9.figshare.24466606.v3).

Results

Characteristics of S. pneumoniae Isolates
Of the 349 children with S. pneumoniae infection, 342 
(98.0%) had noninvasive disease (264 pneumonia, 49 
bronchitis, 13 otitis media, 9 upper respiratory infec-
tion, 6 nasosinusitis, and 1 corneal ulcer), and 7 (2.0%) 
had invasive disease (6 bacteremia and 1 endocardi-
tis). χ2 test results indicated no differences between 
infection and carriage isolates with regard to host sex 
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Figure 1. Two-stage GWAS 
analysis process used to detect 
infection-associated Streptococcus 
pneumoniae k-mers in study of 
disease-associated Streptococcus 
pneumoniae genetic variation. GWAS, 
genome-wide association studies; 
LASSO, least absolute shrinkage and 
selection operator; LMM, linear mixed 
model; VSURF, variable selection 
using random forests; WGS, whole-
genome sequencing.
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(p = 0.359) but significant differences with regard to 
age (p<0.001) (Appendix Table 2).

Association between Genotypes and Disease Status
The most prevalent GPSCs for infection isolates 
were GPSC1 (45.9%), GPSC321 (9.2%), and GPSC852 
(5.4%); the predominant GPSCs for carriage isolates 
were GPSC321 (16.1%), GPSC1 (15.4%), and GPSC23 
(15.0%). In terms of sequence types (STs), the most 
common genotypes for infection isolates were ST271 
(29.2%), ST320 (9.5%), and ST902 (7.2%); the pre-
dominant genotypes for carriage isolates were ST902 
(15.9%), ST90 (13.8%), and ST271 (8.5%). The most 
prevalent serotypes for infection isolates were 19F 
(43.0%), 6B (15.2%), and 23F (8.3%); and the predomi-
nant serotypes for carriage isolates were 6B (32.7%), 
19F (13.1%), and 15A (11.1%). The results indicated 
potential genotype differences between infection and 
carriage isolates. In addition, the phylogenetic tree 
based on core SNPs revealed that several genotypes 
(GPSCs/STs/serotypes) from infection and carriage 
isolates clustered in the same branches (Figure 2). 
Moreover, we found statistically significant differenc-
es in the proportion of specific GPSCs/STs/serotypes 
between infection and carriage isolates (Table 1), indi-
cating that these isolates are associated with infection.

Preliminary Screening for Infection-Associated  
K-Mers by LMM
We identified 10,591,337 k-mers from the assemblies 
of 783 S. pneumoniae isolates and then filtered out low-
frequency k-mers for a reduced matrix with 1,418,815 
k-mers. Using those k-mers for GWAS, we performed 
a univariate LMM analysis to initially identify 22,790 
infection-associated k-mers; 10,713 k-mers were suc-
cessfully mapped to 1,215 unique genes (Figure 3, 
panel A; Appendix Figure 1). In the initial model 
with 10,713 k-mers, we used the RF model to assess 
the prediction effect. The classification balanced ac-
curacy based on cross-validation was 93.60% (95% CI 
91.48%–95.72%) (Table 2); the area under the curve 
(AUC), based on the out-of-bag risk scores of the clas-
sifier, was 0.98. In the LMM analysis, the QQ-plot in-
dicated that population structure was well controlled 
at low p values (p<0.01) (Appendix Figure 2). Because 
of the considerable redundancy among the genetic el-
ements in risk prediction, studying all k-mer combi-
nations had little benefit; therefore, we used a simpler 
model with 886 k-mers successfully mapped to 52 an-
tibiotic resistance or virulence genes (Appendix Table 
3). The classification balanced accuracy was 91.28% 
(95% CI 89.34%–93.22%) (Table 2); the AUC was 0.96, 
suggesting that the power of these 886 k-mers for  
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Figure 2. Whole-genome 
phylogenetic tree showing 
genetic similarity of 783 
Streptococcus pneumoniae 
isolates in a study of disease-
associated Streptococcus 
pneumoniae genetic variation. 
The colored strips at the tips 
of the tree (from inner to outer) 
represent isolate metadata 
(source, STs, serotypes, 
and GPSCs) and infection-
associated k-mers found in 
the final model. GPSC, global 
pneumococcal sequencing 
cluster; ST, sequence type.
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predicting disease status was close to that of the model  
with 10,713 k-mers.

In addition, we sorted the 886 disease-associated 
k-mers according to estimated importance (Figure 3, 
panel B). The k-mers were mainly associated with an-
timicrobial resistance (34%), adherence (20%), immune 
modulation (17%), and exoenzyme (1%). Moreover, 
the k-mers were divided into 3 functional gene ontol-
ogy categories. Among those categories, proteolysis 
and cell wall organization were the largest subcatego-
ries in the biological process, membrane was the most 
enriched term in the cellular component, and serine-
type D-Ala-D-Ala carboxypeptidase activity was the 
top term in the molecular function (Figure 3, panel C).

Further Validation of Infection-Associated k-mers  
by Multiple GWAS Analyses
To reduce the complexity of the model, we used 3 
methods to identify consensus infection-associated k-
mers (Figure 4). On the basis of the 886 k-mers screened 
above, we observed consensus on genomewide statisti-
cally significant associations for pathogenicity k-mers; 
8 k-mers were identified by all 3 methods. When we 
used the simplest model with the 8 k-mers, the classifi-
cation balanced accuracy was 90.89% (95% CI 89.48%–
92.31%) (Table 2), and the AUC value was 0.93 (Figure 
5, panel A), suggesting that the power of the 8 k-mers 
to predict disease status was comparable to that of the 
model with 886 k-mers. Of note, the k-mer predictors 

still exhibited high classification balanced accuracy in 
the predominant GPSCs (95.34% for GPSC1 and 92.79% 
for GPSC321). The importance of the selected k-mers 
in the final model indicated that these predictors were 
mainly associated with adherence function (Figure 5, 
panel B). The highest ranked predictor (Kmer_9823 in 
sortase [srtG1]) achieved a classification accuracy of 
79.57% on its own and also showed high classification 
accuracy in the predominant GPSCs (70.04% for GPSC1 
and 85.29% for GPSC321). In addition, the best predic-
tor (in srtG1) was associated with GPSC1 and GPSC321 
(all p<0.05). For the additional validation analysis that 
used the best RF classifier k-mer (in srtG1), 2 indepen-
dent datasets of S. pneumoniae genomes with genotype 
distribution similar to that of our study were available 
on the National Center for Biotechnology Informa-
tion Assembly database (https://www.ncbi.nlm.nih.
gov/assembly (data1: 60 noninvasive vs. 60 carriage 
isolates; data2: 60 invasive versus 60 carriage isolates; 
the prevalence of the predominant GPSCs [GPSC1 and 
GPSC321] was 58.3% for noninvasive, 55.0% for inva-
sive and 30.0% for carriage isolates) (Appendix Table 
4). Classification accuracy was 75.83% for data1 and 
74.17% for data2, similar to that in the larger primary 
dataset in our study.

The proportion of k-mers differed significantly 
between infection and carriage isolates (all p<0.05) 
(Figure 5, panel C), indicating that the propor-
tion of k-mers was substantially higher in infection  
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Table 1. Association analysis between dominant genotypes and disease status from study of disease-associated Streptococcus 
pneumoniae genetic variation* 

Genotype 
Infection isolates, no. 

(%), n = 349  
Carriage Isolates,  
no. (%), n = 434 χ2 p value OR (95% CI) 

ST      
 ST271 102 (29.2) 37 (8.5) 56.78 <0.001 4.43 (2.95–6.67) 

 ST902 25 (7.2) 69 (15.9) 13.97 <0.001 0.41 (0.25–0.66) 
 ST90 13 (3.7) 60 (13.8) 23.34 <0.001 0.24 (0.13–0.45) 
 ST320 33 (9.5) 24 (5.5) 4.42 0.036 1.78 (1.03–3.08) 
 ST11972 3 (0.9) 24 (5.5) 12.67 <0.001 0.15 (0.04–0.50) 
 ST9396 1 (0.3) 22 (5.1) 15.52 <0.001 0.05 (0.01–0.40) 

Serotype      
 19F 150 (43.0) 57 (13.1) 88.61 <0.001 4.99 (3.51–7.08) 

 6B 53 (15.2) 142 (32.7) 31.80 <0.001 0.37 (0.26–0.53) 
 15A 12 (3.4) 48 (11.1) 15.88 <0.001 0.29 (0.15–0.55) 
 23F 29 (8.3) 21 (4.8) 3.90 0.056 1.78 (0.96–3.35) 
 23A 10 (2.9) 32 (7.4) 7.74 0.005 0.37 (0.18–0.77) 
 6A 24 (6.9) 10 (2.3) 9.74 0.002 3.13 (1.48–6.64) 
 19A 15 (4.3) 11 (2.5) 1.87 0.171 1.73 (0.78–3.81) 
 14 15 (4.3) 11 (2.5) 1.87 0.171 1.73 (0.78–3.81) 

GPSC      
 GPSC1 160 (45.9) 67 (15.4) 88.88 <0.001 4.64 (3.32–6.48) 
 GPSC321 32 (9.2) 70 (16.1) 8.27 0.004 0.52 (0.34–0.82) 
 GPSC23 15 (4.3) 65 (15.0) 24.05 <0.001 0.25 (0.14–0.45) 
 GPSC10 9 (2.6) 28 (6.5) 6.44 0.011 0.38 (0.18–0.81) 
 GPSC69 3 (0.9) 31 (7.1) 18.39 <0.001 0.11 (0.04–0.35) 
 GPSC152 13 (3.7) 18 (4.2) 0.09 0.763 0.89 (0.44–1.83) 
 GPSC852 19 (5.4) 12 (2.8) 3.65 0.056 2.02 (0.98–4.17) 

*Boldface indicates statistical significance. GPSC, global pneumococcal sequencing cluster; OR, odds ratio; ST, sequence type. 

 



RESEARCH

isolates than in carriage isolates. The effect of each 
k-mer on the estimated risk score (Figure 5, panel 
D), indicated by a point above the diagonal, indi-
cates that the risk score is increased when the k-mer 
profile is present. The presence of k-mers associated 
with adherence genes markedly increased the risk 
for S. pneumoniae infection (odds ratio [OR] 1.88 for 
Kmer_9823, OR 1.65 for Kmer_10039, and OR 1.69 
for Kmer_10431) (Table 3).

Discussion
To explore genomic differences between infection 
and carriage isolates, linking infection-associated 
genotypes with disease status is necessary. In our 

study, the most common serotypes for infection iso-
lates (19F, 6B, 23F) were consistent with the results 
from other regions of China (18–20) but differed from 
those from the United States and Japan (21,22). More-
over, we observed considerable ST diversity among 
infection isolates; the most prevalent genotypes were 
ST271, ST320, and ST902, a finding consistent with 
those of previous studies in China but different from 
those in developed and developing countries (23–25). 
The resolution of MLST and serotyping for inferring 
isolate relatedness is limited, so we also used GPSCs 
to characterize and compare different lineages (26). 
The most prevalent GPSCs among the infection iso-
lates were GPSC1, GPSC321, and GPSC852, which 
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Figure 3. Preliminary screening 
for infection-associated k-mers 
by linear mixed model in 
study of disease-associated 
Streptococcus pneumoniae 
genetic variation. A) Manhattan 
plot showing statistical 
significance and chromosomal 
location of k-mers mapped to 
a complete reference genome 
(TIGR4; GenBank accession no. 
NC_003028.3). B) Importance of 
the top 100 k-mer predictors in a 
simpler model with 886 k-mers. 
C) Gene ontology annotations 
of the top 100 k-mer predictors. 
OR, odds ratio.
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differed from those in the United States and South 
Africa (27). Our findings suggest that discrepancy in 
genotypes on a global scale may be associated with 
different pathogenicity and evolutionary directions. 
In our study, associations between specific genotypes 
(such as 19F and GPSC1) and disease status differed 
significantly, which is consistent with findings from 
a study in India (28). Our findings indicate that the 
presence of specific pathogenic clones may promote 
infection. In a simple pathogenicity model, all patho-
genic clones would belong to specific clusters of ge-
netically related disease-causing isolates (i.e., patho-
genic clone hypothesis; Figure 6, panel A), which has 
been observed for Staphylococcus aureus and S. pneu-
moniae isolates (29,30). That pathogenicity model is 
not suitable for all S. pneumoniae clones because many 
infection isolates clustered in the same branches of 
phylogenetic tree as carriage isolates. In addition, 
traditional genotypes provide little power for iden-
tifying small genetic variations at the genomic level 
(29), suggesting that those genotypes only partially 
explain the pathogenicity of S. pneumoniae.

Using high-throughput genome sequencing tech-
nologies and bacterial GWAS methods to further 
explore high-dimensional genetic variation between 
infection and carriage isolates is essential, thereby re-
vealing the pathogenicity-associated genetic elements 

of S. pneumoniae. According to the phylogenetic tree, 
we observed that infection isolates were markedly 
unevenly distributed across the phylogeny and also 
clustered with carriage isolates within several lin-
eages, indicating that most lineages are capable of 
causing infection (i.e., opportunistic pathogenicity 
hypothesis; Figure 6, panel B). If this hypothesis is 
reasonable, then GWAS analyses would not detect 
numerous pathogenicity-associated k-mers. How-
ever, the LMM-based GWAS in our study detected 
22,790 pathogenicity-associated k-mers. These find-
ings suggest that the enrichment of genetic elements 
encoding pathogenicity traits may increase the patho-
genicity of S. pneumoniae (i.e., pathogenic-determinant 
hypothesis; Figure 6, panel C), which is consistent 
with Staphylococcus epidermidis and avian pathogenic 
Escherichia coli (30,31). In this pathogenic-determinant 
model, horizontal gene transfer could spread genetic 
determinants in bacteria such as S. pneumoniae and 
Klebsiella pneumoniae (32–34), leading various clones 
to successfully cause disease.

High-throughput genomic data have brought 
substantial challenges to data analysis because of 
high-dimensional and highly correlated data struc-
tures. In our study, we identified infection-associated 
k-mers by using a 2-stage comprehensive GWAS anal-
ysis process, including LMM for initially screening  
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Table 2. Resubstitution estimate and cross-validation results based on random forest models used in study of disease-associated 
Streptococcus pneumoniae genetic variation* 

Evaluation indicators 

10,713 k-mer predictors 

 

886 k-mer predictors 

 

8 k-mer predictors 

Resubstitution 
estimate 

10-fold cross-
validation 
estimate 

Resubstitution 
estimate 

10-fold cross-
validation 
estimate 

Resubstitution 
estimate 

10-fold cross-
validation 
estimate  

Accuracy 98.60 93.23  96.42 90.81  90.93 90.04 
Balanced accuracy 98.65 93.60  96.61 91.28  91.48 90.89 
Sensitivity 99.13 94.48  97.91 92.87  94.27 93.72 
Specificity 98.18 92.71  95.31 89.69  88.70 88.07 
PPV 97.71 90.27  93.98 86.27  84.81 83.65 
NPV 99.31 95.63  98.39 94.48  95.85 95.18 
Kappa 0.97 0.86  0.93 0.81  0.81 0.80 
*Values are percentages except for kappa, which is reported as a value ranging from –1 to 1. NPV, negative predictive value; PPV, positive predicitive 
value. 

 

Figure 4. Further validation 
of infection-associated k-mers 
by multiple GWAS analyses in 
study of disease-associated 
Streptococcus pneumoniae 
genetic variation. A) Venn 
diagram visualization of the 
k-mers identified by 3 methods. 
B) UpSet plot visualization 
of the k-mers identified by 
3 methods. LASSO, least 
absolute shrinkage and 
selection operator; VSURF, 
variable selection using  
random forests.



RESEARCH

pathogenic k-mers and multiple GWAS methods for 
further validation. In the final prediction model, we 
identified 8 k-mer predictors, which mapped to genes 
associated with adherence, immune regulation, anti-
biotic resistance, and exoenzyme. Of the adherence-
related genes, srtG1 and the LPxTG-type surface-
anchored protein (pitA) are important components of 
the pneumococcal pilus-2, which plays a crucial role 
in promoting adhesion, colonization, and cellular in-
vasion (35,36). Classification accuracy of the most im-
portant k-mer in srtG1 was high by itself, and that of 
the additional validation RF analysis based on open 
datasets was similar, suggesting that this predictor 
has great potential for predicting pathogenic iso-
lates in a clinical setting. Phosphorylcholine esterase 
(cbpE) plays an important role in modulating both the  

phosphorylcholine decoration of its surface and cho-
line-bound surface adhesins, which may contribute to 
pneumococcal adherence and invasiveness (37). Cap-
sular polysaccharide (CPS) is a major virulence factor 
in S. pneumoniae. Capsular polysaccharide protein C 
(CpsC) has been shown to affect the level of CPS ex-
pression and also regulate the assembly, export, and 
attachment of CPS to the cell wall (38). Pneumococ-
cal surface protein A (PspA) plays role in prevent-
ing complement-mediated opsonization and is also 
capable of binding to lactoferrin, thereby preventing 
it from killing pneumococci (39). The infection-asso-
ciated genes reported in our study (cpsC and pspA) 
are homologous to the genes associated with invasive 
pneumococci (cpsA, cpsD, and pspC) identified in pre-
vious studies (11,12), providing more evidence for  
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Figure 5. Prediction effect 
of the 8 k-mers identified 
in the final model used in 
study of disease-associated 
Streptococcus pneumoniae 
genetic variation. A) Receiver 
operating characteristic curve 
of the final model. B) Predictor 
importance of the 8 k-mers in 
the final model. C) Proportion 
of k-mer predictors between 
infection and carriage isolates. 
D) Change in risk score for 
a specific k-mer profile when 
the k-mer is present (y-axis) 
compared to absent (x-axis). 
AUC, area under the curve.

 
Table 3. Association analysis between k-mers and disease status used in study of disease-associated Streptococcus pneumoniae 
genetic variation* 

k-mer Genes 
Infection isolates,  
no. (%), n = 349 

Carriage isolates,  
no. (%), n = 434 p value OR (95%CI) 

Kmer_9823 srtG1 264 (75.6) 75 (17.3) 8.55  10–45 1.88 (1.79–1.96) 
Kmer_10633 pbp2b 218 (62.5) 78 (18.0) 2.68  10–37 1.77 (1.71–1.84) 
Kmer_10039 pitA 194 (55.6) 69 (15.9) 1.47  10–31 1.65 (1.51–1.79) 
Kmer_7775 cpsC 290 (83.1) 132 (30.4) 6.59  10–49 1.75 (1.66–1.83) 
Kmer_1319 pbp3 219 (62.8) 96 (22.1) 9.95  10–31 1.79 (1.70–1.87) 
Kmer_7075 pspA 276 (79.1) 126 (29.0) 4.31  10–44 1.64 (1.55–1.72) 
Kmer_10431 cbpE 146 (41.8) 7 (1.6) 3.38  10–45 1.69 (1.62–1.76) 
Kmer_8201 nanA 292 (83.7) 241 (55.5) 4.68  10–17 1.66 (1.55–1.76) 
*OR, odds ratio. 
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S. pneumoniae pathogenicity. Neuraminidase A en-
coded by the nanA gene is an essential colonization 
factor for S. pneumoniae and promotes growth and 
survival of the bacteria in the upper respiratory tract 
(40). Antimicrobial drug use and abuse not only in-
duce widespread multidrug-resistant pneumococci 
but also increase the susceptibility to invasive disease 
(41). For decades, penicillin has been the first choice 
for treatment of pneumococcal infection, and muta-
tions in penicillin-binding proteins (PBPs) are es-
sential for high-level penicillin resistance (42). Li et 
al. demonstrated that pbp2b and pbp3 are associated 
with pneumococcal infection (42). One reason is that 
PBP2B and PBP3 are involved in the synthesis and 
growth of bacterial cell walls, which are crucial for 
the survival and virulence of pneumococci (43). In 
addition, a previous study revealed a potential asso-
ciation between penicillin resistance and GPSC1 (44), 
and our findings also showed that GPSC1 was associ-
ated with pneumococcal infection, suggesting that it 
cannot support a causal link between resistance and 
pneumococcal infection and may result from a lineage 
confounder. In summary, these infection-associated 
k-mers provide genetic evidence for revealing opti-
mal risk factors for infection isolates, which may offer 
a theoretical basis for precise targeted interventions.

In this study, we attempted to use the compre-
hensive analysis strategy to identify pathogenic k-
mers by well-characterized S. pneumoniae isolates 
from a single location so we could reduce redundan-
cy of k-mer predictors, minimize false-positive as-
sociations, and avoid geographic variation. Our con-
sensus findings of pathogenic k-mers from multiple 
GWAS methods may provide sufficient evidence for 
clarifying the complex multifactorial pathogenicity of 
S. pneumoniae. However, among the potential limita-
tions, the first is that S. pneumoniae pathogenesis is a 
multifactorial and interacting process, but traditional 
GWAS methods identify the main effect of each ge-
netic variation and ignore the complex gene-gene in-
teractions (45). Therefore, future studies should use 

the enrichment theory to determine the core functions 
or pathways for risk genes, which may provide new 
insights for understanding pathogenesis at functional 
levels (46,47). Second, although k-mers can reflect 
variation in bacterial genomes, we mapped infection-
associated k-mers in our study to reference genomes 
to identify pathogenic genes, which cannot cover 
complete genomic variation in the entire species. To 
overcome those issues, we developed the extended  
k-mer–based GWAS methods to detect phenotype-
specific k-mers without relying on prior annota-
tions or reference genomes (48,49). Third, our study 
focused mainly on noninvasive rather than invasive 
isolates, and S. pneumoniae can transition from car-
riage to infection, suggesting potential similarity in 
carriage and noninvasive infection isolates. To im-
prove the statistical power and comparability of 
exploring disease-associated markers, we included 
infection isolates from children with confirmed asso-
ciated symptoms and carriage isolates from asymp-
tomatic healthy children.

In conclusion, our 2-stage GWAS analyses identi-
fied a subset of 8 pathogenic k-mers associated with 
adherence, antimicrobial resistance, and immune 
modulation, indicating that the enrichment of genetic 
elements encoding pathogenicity traits may increase 
the pathogenicity of S. pneumoniae. The best predictor 
for S. pneumoniae infection achieved a high classifi-
cation accuracy, giving a very simple target for pre-
dicting pathogenic isolates in a clinical setting. These 
findings suggest the complex multifactorial nature of 
S. pneumoniae pathogenicity and provide genetic evi-
dence for the evolution of virulence and development 
of precise targeted interventions.
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The dynamics of highly pathogenic avian influenza 
(HPAI) virus infection of the H5 GS/GD lineage 

(clade 2.3.4.4b) have dramatically changed for wild 
birds. For 2 recent epidemic seasons (2020–21 and 
2021–22), HPAI H5 viruses have adapted to survive 
long term in wild bird populations; they are now con-
sidered enzootic in wild birds (1–3). This change in 
status was supported by the shift in HPAI epidemiol-

ogy during summer 2021, as the virus circulated con-
tinuously in northwestern Europe and Scandinavia 
(1,4). High rates of virus detection in wild and captive 
birds continued in 2022 for the largest epidemic ob-
served to date in Europe (4). The circulation of HPAI 
virus during the 2022 breeding season exposed sev-
eral colony-breeding seabird species along the north-
west coast of Europe to infection (4–7), culminating in 
a high number of HPAI virus detections in dead wild 
birds during June–August 2022. At that time sev-
eral seabird species exhibited widespread and mas-
sive deaths from HPAI H5N1 virus at their breeding 
colonies in Germany, the Netherlands, France, and 
the United Kingdom (4–8). Authorities have recom-
mended reporting the number of wild birds found 
dead or ill during HPAI-associated dieoffs, both to 
contribute to the understanding of the ecologic effect 
of HPAI outbreaks and for targeted, evidence-based 
policy making (4,9).

The extent to which bird species are associated 
with HPAI largely depends on how often each spe-
cies has tested positive (10). Several factors play a role 
in this assessment: species-specific susceptibility to 
clinical disease, local population size, geographic and 
climate circumstances, reporter effort, and number of 
birds screened during surveillance.

Effect of 2020–21 and 2021–22 
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the Netherlands
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The number of highly pathogenic avian influenza (HPAI) 
H5-related infections and deaths of wild birds in Eu-
rope was high during October 1, 2020–September 30, 
2022. To quantify deaths among wild species groups 
with known susceptibility for HPAI H5 during those epi-
demics, we collected and recorded mortality data of wild 
birds in the Netherlands. HPAI virus infection was re-
ported in 51 bird species. The species with the highest 
numbers of reported dead and infected birds varied per 
epidemic year; in 2020–21, they were within the Anati-
dae family, in particular barnacle geese (Branta leucop-
sis) and in 2021–22, they were within the sea bird group, 
particularly Sandwich terns (Thalasseus sandvicensis) 
and northern gannet (Morus bassanus). Because of the 
difficulty of anticipating and modeling the future trends 
of HPAI among wild birds, we recommend monitoring 
live and dead wild birds as a tool for surveillance of the 
changing dynamics of HPAI.
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In the Netherlands, the AI-Impact working 
group, a consortium of ornithologists, virologists, 
epidemiologists, nature managers, and animal health 
organizations, has been active since 2020 to provide 
up-to-date information on wild bird mortalities dur-
ing HPAI outbreaks. The aims of the consortium are 
to identify the range of wild bird species exposed and 
affected by HPAI, and to estimate the HPAI-associ-
ated level of mortality of wild birds, also relative to 
their population size.

For this study, we collected dead-bird reports 
and virologic diagnoses from a variety of sources to 
estimate species-specific mortality prevalence caused 
by the 2020–21 and 2021–22 HPAI H5 epidemics in 
the Netherlands. During the epidemics, mortality 
data were collected monthly and provided near–real-
time information on the trend of the epidemic for in-
terested organizations.

Methods
The methods for this study were similar to those used 
by Kleyheeg et al. (11). In brief, we collected wild bird 
mortality data from 2 complete bird influenza seasons, 
October 1, 2020–September 30, 2021, and October 1, 
2021–September 30, 2022. The national competent au-
thorities reported dead wild birds to the AI-Impact 
consortium as part of the national animal infectious 
disease surveillance program and by citizen scientists 
who were invited to report sightings of dead birds on 
the web platforms of the AI-Impact members (https://
dwhc.nl/dode-vogels-melden/, https://www.sovon.
nl/nl/content/vogelgriep, https://www.nvwa.nl/
onderwerpen/vogelgriep-preventie-en-bestrijding, 
https://waarneming.nl). In addition, all seabird 
strandings data along the Dutch North Sea and Wad-
den Sea coasts were analyzed as part of a long-term 
monitoring project and checked for unusually high 
numbers of stranded birds with effort correction 
(number per km of coastline searched, n km–1) (12,13). 
Unusually high densities (i.e., stranded birds per area) 
were >5 times background densities, as measured us-
ing identical surveys from the previous 40 years in any 
given month. Double counts did not occur in this data-
set because carcasses were marked.

We categorized reports by bird species, date, and 
location of finding. Double counts (e.g., multiple en-
tries for the same species on the same date, at the same 
location from the same observer) were excluded as 
much as possible. Consistent with similar studies, we 
found it highly likely that the number of reported car-
casses substantially underestimates actual deaths; for 
example, collection rates of water bird carcasses dur-
ing typical avian botulism outbreaks are 10%–25% (14).

We categorized wild bird mortality reports into 
4 groups: Anatidae (i.e., geese, swans, ducks), other 
water birds (including gulls, grebes, herons, cormo-
rants, waders, rallids), raptors, and other land birds. 
We classified birds of the families Podicipedidae, 
Laridae, Stercorariidae, Alcidae, Gaviidae, Procellari-
idae, Sulidae, and Phalacrocoracidae, in 1 subgroup, 
sea birds. We analyzed mortality data of selected spe-
cies individually, because they experienced particu-
larly high mortality rates during either the 2020–21 
epidemic (i.e., barnacle goose [Branta leucopsis], com-
mon buzzard [Buteo buteo], peregrine falcon [Falco 
peregrinus], great black-backed gull [Larus marinus]), 
or during the 2021–22 epidemic (i.e., Sandwich tern 
[Thalasseus sandvicensis], northern gannet [Morus bas-
sanus]). We used data from the public database of So-
von (Dutch Centre for Field Ornithology, Nijmegen, 
the Netherlands; https://www.sovon.nl) to compare 
the number of reported dead wild birds per avian 
group during October–March (classified as winter 
mortality) and April–September (classified as sum-
mer mortality) between the 2020–21 and 2021–22 epi-
demics; we then compared data for the same months 
of 2010–11 with 2015–16 as described by Kleyheeg 
et al. (11). In the later period (2010–2016), there had 
been no outbreaks of HPAI in wild birds in the Neth-
erlands. We tested a limited number of wild bird car-
casses (Appendix 1 Table, https://wwwnc.cdc.gov/
EID/article/30/1/23-0970-App1.xlsx) for HPAI vi-
rus by real-time reverse transcription PCR on oropha-
ryngeal and cloacal swabs as previously described 
(15,16). We submitted groups of >3 dead wild birds of 
certain categories (i.e., Anatidae, water birds) found 
dead at the same location, and single birds of other 
susceptible species (i.e., raptors) that were suspected 
of being HPAI virus-infected, for virologic analysis.

We used species data on live population esti-
mates from the public database of Sovon to evaluate 
mortality rates by bird species (Table; Appendix 1 Ta-
ble). Population size represents the estimated lowest 
and highest number of birds wintering in the Neth-
erlands, based on census data for 2013–2020 from So-
von. For summer migratory species, population size 
represents the estimated lowest and highest number 
of birds migrating to the Netherlands, based on cen-
sus data for 2016–2021 from Sovon.

Results
A total of 16,631 wild birds of 160 species were report-
ed dead in the Netherlands in October 1, 2020–Sep-
tember 30, 2021. Water birds including Anatidae ac-
counted for 70% of the total deaths reported and land 
birds, including raptors, the remaining 30% (Table 1).
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Anatidae by themselves represented 50% of the 
total deaths reported. Of the bird carcasses identified 
to species, by far the highest number of deaths were 
reported for barnacle geese (n = 3,435). The next high-
est numbers of dead animals were reported for graylag 
geese (n = 390), common buzzards (n = 365), and mute 
swans (Cygnus olor) (n = 305). HPAI virus infection 
was reported in 45 species (Appendix 1 Table). The 
species with the highest numbers of reported dead and 
infected birds were within the Anatidae group: bar-
nacle geese, graylag geese, and mute swans. Common 
buzzard was the species with the highest numbers of 
reported dead and infected birds within the raptor 
group. Expressed as fraction of the nonbreeding popu-
lation, and after accounting for detection probability, 
the reported dead birds represented up to 4.8% of bar-
nacle geese, 0.7% of graylag geese, and 7.4% of mute 
swans (Table 1). We found the highest mortality rates 
occurred in raptors and scavenging species: relative to 
their wintering populations, up to 54% of peregrine 
falcons, 12.1% of common buzzards, and 5.4% of great 
black-backed gulls may have died.

A total of 41,519 wild birds of 158 species were 
reported dead in the Netherlands during October 
1, 2021–September 30, 2022. Water birds including 
Anatidae accounted for 80% and land birds includ-
ing raptors for the remaining 20% of the total deaths 
reported (Table 1). Sea birds represented >40% and 
Anatidae 30% of the total deaths. Of the bird car-
casses identified to species, the highest number was 
reported for the barnacle goose (n = 5,310). The next 
highest numbers of dead individuals were reported 
for Sandwich terns (n = 5,166), and northern gannets 
(n = 2,215). HPAI virus infection was confirmed in 
51 species (Appendix 1 Table). The species with the 
highest numbers of reported dead and infected birds 
were within the sea bird and Anatidae groups, and 
the species most represented were the Sandwich tern 
and the barnacle goose. Expressed as a fraction of the 
nonbreeding population, and after accounting for 
detection probability, the reported dead birds rep-
resented 32.8%–90% of northern gannets and up to 
7.4% of barnacle geese (Table 1). The Sandwich tern 
appears as a summer breeder in the Netherlands;  
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Table. Reported bird species, nonbreeding population size estimates, number of carcasses, and RT-PCR test results for wild birds 
sampled during 2020–21 and 2021–22 HPAI epidemics, the Netherlands* 

Avian group and species 

Maximum estimated 
nonbreeding population 

size, 1,000  
No. carcasses (mortality rate, %)† 

 

No. carcasses HPAI 
positive/no. tested 

2020–21 2021–22 2020–21 2021–22 
Anatidae    7,901 14,309  361/628 173/416 
 Geese   4,802 8,867  234/332 154/260 
  Barnacle goose 710–870  3,435 (1.5–4.8) 5,310 (2.4–7.4)  147/171 77/104 
  Graylag goose 550–670  390 (0.2–0.7) 1,054 (0.7–1.9)  30/59 53/60 
  Unidentified species NA  607 1,653  35/59 36/60 
 Swans   996 1,453  60/136 2/17 
  Mute swan 41–48  305 (2.5–7.4) 479 (3.9–11)  38/93 0 
  Unidentified species NA  629 969  19/54 2/17 
 Ducks   2,103 3,985  67/160 17/139 
  Eurasian wigeon 820–950  125 (<0–0.01) 300 (0.1–0.3)   12/13  1/9 
  Tufted duck 220–280  45 (0.6–2.5) 34 (0.01–0.1)   1/19 0 
Other waterbirds   4,068 21,895  19/162 95/245 
 Grebes NA  62 164   0/2  4/10 
 Herons NA  250 232   0/33  3/23 
 Cormorants NA  234 371   2/14  2/35 
 Waders NA  1,045 1,713   9/49 10/14 
 Rallids NA  327 472   0/2  1/23 
Sea bird   2,371 19,340  16/102 75/140 
 Gulls   1,074 5,538   7/61 37/100 
  Great black-backed gull 25–100  137 (0.01–5.4) 372 (1.4–14.8)   1/1  1/3 
  Sandwich tern 27–120‡  0 5,166 (17.2–>90)§  0 29/33 
  Northern gannet  4–27  203 2,215 (32.8–>90)  0 6/11 
Raptors   1,011 763  42/155 83/149 
 Common buzzard 30–50  365 (2.9–12.1) 363 (2.9–12.1)  27/91 55/81 
 Peregrine falcon 0.5–0.6  27 (18–54) 28 (18–56)   4/5  9/11 
Other land birds   3,651 3,850   2/40  6/59 
 Corvids NA  271 363   1/24  4/26 
Total     16,631 41,519   427/985 357/869 
*Data from Sovon (Dutch Centre for Field Ornithology, Nijmegen, the Netherlands). HPAI, highly pathogenic avian influenza; NA, not available; RT-PCR, 
reverse transcription PCR.  
†Expressed as fraction of the nonbreeding population. Lower and higher values are calculated considering the 10%–25% collection rates, as described by 
Kleyheeg et al. (11). 
‡Estimated migration maximum.  
§Expressed as fraction of the migrant population. 
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after accounting for detection probability, the report-
ed dead birds represented 17.2%–90% of the estimat-
ed migrant population of Sandwich terns. We found 
that high mortality rates also occurred in raptors: 
up to 56% of wintering populations of peregrine fal-
cons and 12.1% of common buzzards may have died. 
Mortality rates in winter or summer months were 
higher than the average estimates in previous years 
(i.e., compared to the same timeframe in 2011–2016, 
years in which major wild bird mortalities from out-
breaks of HPAI virus did not occur). In particular, the 
number of reported carcasses was >50 times higher 
for geese in winter 2022 and >1,000 times higher for 
Sandwich terns in summer 2022 (Figure 1).

During the 2020–21 epidemic in the Nether-
lands, wild bird deaths clustered in 2 peaks, the first 
in November 2020 and the second, smaller peak in 
April–May 2021 (Figure 2). During both peaks, bar-
nacle geese were among the species most severely 
affected. During the 2021–22 epidemic in the Nether-
lands, wild bird deaths also showed 2 peaks, the first 
in January 2022 and the second in June 2022 (Figure 
2). During the first peak, barnacle geese were again 
among the species most severely affected, and dur-
ing the second peak, sea birds were the most severely  

affected. The virus was still detected in October 
2022, but that date was considered the start of the 
new HPAI 2022–23 outbreak.

Discussion
HPAI dynamics in wild birds are constantly evolving. 
The 2020–21 HPAI H5 epidemic was more devastat-
ing than earlier HPAI H5 epidemics in Europe, caus-
ing high numbers of HPAI infections and deaths in 
many species of wild birds (4,9,17–19). Goose species, 
such as the barnacle goose, accounted for the high-
est number of casualties. During that epidemic, high 
prevalence of infection in geese was also reported 
in Germany and United Kingdom (2). In our study, 
several duck species consistently tested positive for 
HPAI H5 virus during the epidemic; however, report-
ed deaths for those species were lower than for goose 
species. This finding represents a different scenario 
than that of the 2016–17 HPAI H5 epidemic, in which 
duck species, such as Eurasian wigeons (Mareca penel-
ope) and tufted ducks (Aythya fuligula), experienced 
the highest number of deaths (11). The high mortality 
rate of barnacle geese during the 2020–21 HPAI H5 
epidemic is unprecedented. Barnacle geese are one of 
the most abundant geese species in the Netherlands 
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Figure 1. Relative number of reported deaths during the highly pathogenic avian influenza epidemics of 2020–21 (red asterisks), and 
2021–22 (blue asterisks), the Netherlands. Deaths are relative to the normalized number of deaths reported over the same period from 
2011–2012 to 2015–2016 (average is 1; data from Sovon, Dutch Centre for Field Ornithology, Nijmegen, the Netherlands). A) Deaths 
reported in the winter months, October–March. B) Deaths reported in the summer months, April–September. The y-axis is on a log 
scale; reported relative number of deaths among geese during winter 2021–22 was >50 larger than in the previous years. Error bars 
indicate maximum and minimum deaths. 
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(19,20); they are gregarious, herbivorous birds with a 
preference for coastal grassland and water-rich agri-
cultural fields (21,22). Barnacle geese share their win-
tering habitat with other herbivorous birds, such as 
Eurasian wigeons and mute swans (Cygnus olor). The 
large number of geese and their gregarious behavior 
likely enabled the intraspecies transmission of the vi-
rus by direct or indirect contact (e.g., contaminated 
grass, contaminated water). The abundant circulation 
of HPAI H5 virus in new host species indicates that 
the virus has become well adapted to transmission 
in those species. During the 2020–21 epidemic, HPAI 
H5 virus was recovered from wild bird populations 
in the Netherlands for >1 year, indicating that it can 
be spread and maintained long-term in those popula-
tions (4,9), a new observation since the 2016–17 HPAI 
H5 epidemic, in which viral circulation was mainly 
limited to autumn and winter (11). A consequence of 
the unusual persistence of the virus into summer was 
that naive, newly hatched birds, especially juvenile 
Anseriformes such as mute swans and graylag geese 
and raptors such as white-tailed eagle (Haliaeetus al-
bicilla), were exposed to the virus and died from in-
fection during spring and summer 2021 (9). The large 
number of infected wild birds, either ill or dead, was 
a likely determinant for interspecies viral transmis-
sion to hunting or scavenger bird species. Raptors, for 
example, are exposed to infection by ingesting infect-
ed prey (23). During the epidemic, 11 different rap-
tor species were found to be infected, and the high-
est number of infections and deaths occurred in the 

common buzzard (Table; Appendix 1 Table). Among 
the nonraptor scavenger species, we found 6 different 
species of gulls (Laridae) and 4 species of corvid (Cor-
vidae) to be infected (Table; Appendix). Because the 
populations certain raptor species, such as the pere-
grine falcon, are relatively small, HPAI may represent 
a new threat for their conservation. Clinical signs of 
the infection in wild raptors were mainly neurologic, 
such as incoordination, body tremors, and torticol-
lis, and were associated with brain lesions and a high 
level of neurotropism (23).

The 2021–22 HPAI H5 virus epidemic has caused 
the highest number of casualties among wild birds 
ever recorded in Europe (4). A significant change in 
the dynamic of the infections was that, since summer 
2021, the virus has been enzootic in wild bird popula-
tions in Europe (1,2). This unprecedented, continuous 
circulation of virus during spring and summer also 
exposed colonial sea birds to infection (5). During the 
spring, colonial sea birds congregate in high number 
at their coastal breeding grounds. In this setting the 
virus could spread widely within and between breed-
ing colonies, causing outbreaks that resulted in high 
adult and chick deaths (6,7). Sandwich terns were 
among the sea bird species that were more severely 
affected by the HPAI epidemic in the Netherlands. 
The sandwich tern is a vulnerable, migratory spe-
cies that only breeds in a limited number of colonies 
across Europe seasonally, during April–September. 
Infection-associated mass mortality, with a mortality 
peak in June, was seen in 9 of the 10 Sandwich tern 
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Figure 2. Temporal pattern of wild bird deaths during the 2020–21 and 2021–22 highly pathogenic avian influenza epidemics, the 
Netherlands. Sea birds include the bird families of Podicipedidae, Laridae, Stercorariidae, Alcidae, Gaviidae, Procellariidae, Sulidae, and 
Phalacrocoracidae.
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breeding colonies in the Netherlands (6). The HPAI-
associated mass mortality event is a severe threat for 
the conservation of this species. Mass dieoffs in the 
breeding colonies will most likely have long-term 
repercussions for the Sandwich tern population (6). 
Constant monitoring of the surviving birds will be 
necessary to assess the long-term effect of HPAI on 
this species in the coming years.

The northern gannet is another colonial sea bird 
species that seasonally occurs off the coast of the 
Netherlands, although it does not breed in the Neth-
erlands, and that was severely affected by the HPAI 
epidemic. The HPAI-associated infections started in 
April and reached a peak in July 2022. We recorded 
high mortality of breeding gannets on nests; large 
numbers of carcasses of gannets were sighted afloat 
near several of the largest or most important breed-
ing colonies and widespread in the North Sea basin 
(7). The ecology and pattern of mortalities of northern 
gannets have been studied in the Netherlands since 
1980. Data from this long-term study enabled accu-
rate evaluation of the 2022 mortality event in relation 
to background mortality and corrected per observer 
effort (24). For the northern gannet the number of re-
ported corpses in July 2022 was 66 times larger than 
average in previous years, the highest spike in deaths 
over the past 40 years (24).

During the 2021–22 epidemic, high mortality 
rates in sea bird species were also reported in other 
countries in and outside of Europe. For example, 
Dalmatian pelicans (Pelecanus crispus) in Greece and 
great skuas (Stercorarius skua) on Foula, United King-
dom, both had 60%–70% declines of their popula-
tions because of HPAI virus infection during colo-
nial breeding (7,8,25). The high density of birds and 
their close contact during colonial breeding probably 
enabled the rapid spread of the infection within the 
colonies. Field data suggest that HPAI-positive birds 
could shed virus for some period before death, pro-
viding opportunities for direct bird-to-bird or envi-
ronmental transmission (26). Bird species such as 
great skuas have been reported to bathe and socialize 
at freshwater lochs and pools, providing possible op-
portunities for conspecific infection (7). Scavenging 
activities are another possible source of infection. Un-
attended chicks from dead parents most likely died 
because of lack of parental care. Maternal antibodies 
have been described in chicks of previously infected 
parents, but clinical protection is short-lived and re-
quires high maternal antibody titers (27,28). Further-
more, maternal antibodies are only relevant if the in-
fection has occurred before egg laying. Infected birds 
of certain Anatidae species can survive HPAI virus 

infection with limited clinical consequences (29,30). 
Experimentally serially infected ducks can develop 
a long-term immunity that confers protection from 
subsequent HPAI virus infection (29). It is possible 
that sea bird species will also develop flock immunity 
protective at future reinfection. The surviving birds 
should be tested for the presence of serum antibod-
ies to gather data about flock immunity over the next 
several years.

The massive number of dead birds at colonies 
posed a biosecurity issue through the risk for viral 
spillover; cleaning up was an overwhelming task for 
the involved authorities. The AI-Impact consortium, 
together with the competent health authorities, pro-
vided a decision tree for the cleanup of dead birds to 
reduce the environmental contamination with mini-
mal disturbance for the remaining birds (Appendix 
2, https://wwwnc.cdc.gov/EID/article/30/1/23-
0970-App2.pdf; Appendix 3, https://wwwnc.cdc.
gov/EID/article/30/1/23-0970-App3.pdf). Carcass 
removal is necessary to reduce the amount of infected 
material that could spread the infection in the envi-
ronment (6). Thus, we recommend controlled studies 
to optimize carcass removal.

During spring 2021, for the first time since the 
2005–06 HPAI H5 epidemic, the virus was detected 
in Europe in several carnivore species, European 
foxes (Vulpes vulpes), gray seals (Halichoerus grypus), 
and harbor seals (Phoca vitulina); they were most 
likely infected through contact with or ingestion of 
infected wild birds (9,31). HPAI H5 viruses were 
once again detected in wild mammal species in Eu-
rope during the 2021–22 season and showed genetic 
markers of adaptation to replication in mammals 
(16). Therefore, we recommend planned year-round 
active and passive surveillance of wild mammals. 
The zoonotic risk for infection for humans of this 
particular H5 virus strain is considered low for the 
general population and low to medium for occupa-
tionally exposed workers, such as culling operators, 
wild animal rehabilitators, and workers involved in 
carcass removal (16). Persons at occupational risk 
should wear adequate personal protective equip-
ment and be immunized with preventive annual 
vaccination against human influenza to avoid reas-
sortment with HPAI H5 virus. In case of potential 
infection, those persons should be monitored for re-
spiratory symptoms, neurologic symptoms, or con-
junctivitis for 10 days after exposure (16), and diag-
nostic testing, if necessary, should be conducted at 
the competent national health authority.

Since the end of 2016, mass mortality events 
among wild birds caused by HPAI H5 infection in the 
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Netherlands have occurred in various species in var-
ious years, including Eurasian wigeon (2016), tufted 
duck (2016), barnacle goose (2020–2022), Sandwich 
tern (2022), and black-headed gull (Chroicocepha-
lus ridibundus) (2023) (16). One characteristic those 
species have in common is that they live in dense 
groups at certain times of the year (10) and live close 
to open water. We suspected that this combination is 
an important risk factor for infection, because such 
groups have more opportunities for virus exposure 
and transmission and for possible species-specific 
adaptation of the virus (10). However, susceptibility 
to disease from HPAI virus infection seems to vary 
enormously between species. For example, disease 
and death can peak in one species while other spe-
cies similarly present in the same area show hardly 
any signs of disease (10).

Because it remains difficult to anticipate and to 
model the future trends of HPAI among wild birds, 
we recommend constant monitoring of live and 
dead wild birds as an essential tool for surveillance 
of the evolving dynamics of HPAI. This method 
has several limitations; one is that it is difficult to 
exclude double-counted reports. Another is that not 
all the reported dead birds can be tested for HPAI 
virus infection, and not all will have died from HPAI 
infection. Two main improvements that we propose 
for HPAI surveillance in wild birds are long-term 
monitoring of HPAI-associated wild bird deaths, 
corrected for observer effort, and testing appar-
ently healthy wild birds, particularly candidate res-
ervoir species, for both HPAI virus and antibodies 
to HPAI virus. For the constant monitoring of wild 
bird deaths in the Netherlands during the 2020–21 
and 2021–22 HPAI H5 epidemics, citizen scientists 
were a fundamental resource and made it possible to 
obtain a wider impression of the actual scale of mor-
tality in wild birds, which otherwise would have 
been limited to the data from official surveillance. In 
addition to surveillance for HPAI, we recommend 
recording of wild bird deaths and encouraging and 
systematically endorsing the work of citizen scien-
tists and international citizen-science platforms.
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Although unplanned school closures occur every 
year, outside of a pandemic, only a small minority 

(≈1%) are associated with infectious disease, whereas 
most are attributable to weather and natural disasters 
(1). However, the initial months (February–June 2020) 
of the COVID-19 pandemic in the United States led 
to unprecedented, nearly simultaneous, nationwide 
implementation of kindergarten through 12th grade 
(K–12) school closures throughout the United States 
as a part of a wider effort to slow virus transmission 
and reduce disease prevalence (2). In most commu-
nities, those early pandemic-related closures were 
implemented preemptively as a nonpharmaceutical  

intervention before community transmission was high. 
In contrast, the subsequent COVID-19–related school 
closures occurring in the 2020–21 and 2021–22 school 
years were predominantly reactive (i.e., occurring af-
ter infection had affected students, staff, or both).

As school reconvened for 2020–21 and 2021–22, 
schools and districts were faced with the challenge of 
providing in-person education and services during 
the ongoing pandemic. In a previous analysis, we de-
scribed the transition to online learning that occurred 
during February–June 2020 after the COVID-19– 
related preemptive closures of schools and school dis-
tricts (2). The subsequent 2 pandemic-affected school 
years (2020–21 and 2021–22) were characterized by 
the deployment of various education modalities, in-
cluding education that was fully in-person, fully dis-
tance learning, or a hybrid model (3–5). In both years, 
among schools offering in-person learning (fully or 
hybrid), school closures continued to be implemented 
in response to local transmission dynamics and poli-
cies and to other consequences of the pandemic (e.g., 
vaccination of staff and students and side effects of 
vaccination, teacher and staff shortages, and pandem-
ic-related mental health issues).

In this study, we describe trends in reactive CO-
VID-19–related K–12 school closures (COVID-SCs) in 
the United States during July 27, 2020–June 30, 2022. 
We also analyze associations between COVID-SCs 
and national level COVID-19 epidemiologic surveil-
lance data.

Methods

Data Collection
We conducted daily systematic online searches dur-
ing July 27, 2020–June 30, 2022, to identify public 
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As part of a multiyear project that monitored illness-relat-
ed school closures, we conducted systematic daily online 
searches during July 27, 2020–June 30, 2022, to identify 
public announcements of COVID-19–related school clo-
sures (COVID-SCs) in the United States lasting >1 day. 
We explored the temporospatial patterns of COVID-SCs 
and analyzed associations between COVID-SCs and 
national COVID-19 surveillance data. COVID-SCs re-
flected national surveillance data: correlation was highest 
between COVID-SCs and both new PCR test positivity 
(correlation coefficient [r] = 0.73, 95% CI 0.56–0.84) and 
new cases (r = 0.72, 95% CI 0.54–0.83) during 2020–21 
and with hospitalization rates among all ages (r = 0.81, 
95% CI 0.67–0.89) during 2021–22. The numbers of re-
active COVID-SCs during 2020–21 and 2021–22 greatly 
exceeded previously observed numbers of illness-related 
reactive school closures in the United States, notably be-
ing nearly 5-fold greater than reactive closures observed 
during the 2009 influenza (H1N1) pandemic.
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announcements of unplanned, illness-related K–12 
school closures in the United States. We conducted 
searches in Google and Google News by using the fol-
lowing terms: “school closed” and either “COVID,” 
“COVID-19,” or “coronavirus.” In addition, we used 
in a Google Alert the search string “(academy OR 
school OR district OR class) AND (close OR closing 
OR closure OR cancel OR cancelled) AND (coronavi-
rus OR corona OR ‘COVID-19’ OR COVID OR ‘novel 
coronavirus’).” We also checked publicly available 
COVID-19–related school closure dashboards iden-
tified during those routine searches, including those 
published online by school districts, state and local 
education authorities, and private entities. We saved 
all school closure announcements as PDFs before data 
abstraction. We included for analysis only announce-
ments mentioning COVID-19 as a reason for closure. 
Additional details on the search strategy and data ab-
straction processes have been published previously 
(1,2). We did not collect data during July 1–25, 2021, 
because this period coincided with school summer 
break in the United States. 

We classified fully in-person and hybrid learn-
ing modalities as open, and we classified modali-
ties without in-person learning (i.e., fully distanced 
learning and closed) as closed. We defined un-
planned closure as a transition from being open to 
being closed for in-person instruction for >1 day. 
If a school or district reopened for >1 day and then 
closed again, we counted the subsequent closure 
as a new occurrence of closure. For closures that 
spanned both unplanned and planned closure days, 
such as those contiguous with weekends or planned 
holidays, we counted only unplanned closure days. 
For closures for which a reopening date could not 
be identified after closure, we assumed the length 
of closure to be 1 day. Delay of in-person learning at 
the start of the school year, through closure or full 
distance-learning modalities, was not captured in 
this data collection. For each identified COVID-SC, 
we abstracted school or school district name, state, 
dates of closure and reopening, and reasons for clo-
sure as reported in the announcements.

Contextualizing School Closures
To better understand the characteristics of schools 
and districts experiencing COVID-SCs, we matched 
each closure event to publicly available data down-
loaded from the National Center for Education Sta-
tistics (NCES) by using the respective NCES district 
or school identification (identified using district or 
school name and location) (6,7). Some districts and 
schools experienced multiple COVID-SC events  

during the study period and therefore appear >1 time 
in the resulting dataset. For each public school and 
public school district, we matched COVID-SC data 
with the respective year (i.e., 2020–21 or 2021–22) of 
NCES data, and for private schools, we matched CO-
VID-SCs with the most recent year of data available 
(2019–20) in NCES. NCES data include information 
such as the number of schools per district, number of 
students and staff, number of students eligible in the 
federal free or reduced-price school lunch programs 
(only for public schools and public school districts), 
urbanicity, and grade span data. We excluded school 
districts with no schools; schools with no student en-
rollment; vocational, special education, and alternative 
schools with missing values for student enrollment; 
schools with prekindergarten, transitional kindergar-
ten, or adult students only; and permanent distance 
learning–only schools (Appendix, https://wwwnc.
cdc.gov/EID/article/30/01/23-1215-App1.pdf).

Epidemiologic Data
We gathered publicly available COVID-19 surveil-
lance data during July 27, 2020–June 30, 2022, includ-
ing daily new cases and death counts (8), weekly 
hospitalization rates (9), and daily PCR positivity 
(10) for the duration of the study period. We reported 
hospitalization rates per epidemiologic week, and 
we calculated corresponding weekly figures for new 
cases, deaths, and PCR positivity at the national level. 
Epidemiologic weeks run Sunday through Saturday; 
epidemiologic week 1 was the first week to hold >4 
days from the new calendar year.

Data Analysis
We described characteristics of school closures accord-
ing to the data abstracted from public announcements. 
We summarized specific reasons for COVID-SCs by 
grouping them into 12 non–mutually exclusive cat-
egories under 2 primary themes: transmission-re-
lated reasons and non–transmission-related reasons 
(Appendix). Transmission-related reasons included 
COVID-19 cases, suspected cases, increased student 
absenteeism, increased staff absenteeism, cluster or 
widespread transmission in the community, state or 
local guidance or mandate to close schools in response 
to COVID-19, cleaning or disinfecting school facilities, 
and other reasons related to COVID-19 mitigation, in-
cluding testing, contact tracing, quarantine of students 
and staff, prevention of holiday-related surge, death 
of staff member, critical lack of community resources 
(e.g., contact tracers), and noncompliance with gov-
ernor’s executive orders regarding nonpharmaceuti-
cal interventions. Non–transmission-related reasons  
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included COVID-19 vaccinations, teacher or staff short-
ages, student or staff mental health, and other reasons 
associated with COVID-19, including staff protests of 
in-person learning, protests over mask policies, trans-
portation issues specific to COVID-19, lack of resourc-
es specific to COVID-19, and work on the COVID-19 
mitigation plan. We estimated in-person student-days 
lost because of COVID-SCs by multiplying the number 
of students per school by the respective number of un-
planned closures days experienced.

We compared weekly patterns of COVID-SCs 
with COVID-19 epidemiologic surveillance data at 
the national level (new cases and deaths, hospital-
ization rates, and laboratory test positivity). We cal-
culated Spearman rank correlations (r) and 95% CIs 
to evaluate these relationships (α = 0.05) during the 
school years. We excluded from analysis the final 
week of each calendar year because this week coin-
cides with school winter break in the United States 
(Appendix). We calculated p values for the Spearman 
rank correlation on the basis of the Fisher Z-transfor-
mation. We conducted analysis by using SAS version 
9.4 (SAS Institute Inc., https://www.sas.com) and vi-
sualized results by using Excel and Power BI (Micro-
soft, https://www.microsoft.com). In addition, we 
calculated in-person school days lost, the frequency 
and patterns of repeat closures of schools for CO-
VID-19, and cumulative incidence of COVID-SCs by 
states, and we conducted bivariate and multivariable 
regression analyses (Appendix).

Results

School Year 2020–21
During July 27, 2020–June 30, 2021, a total of 16,890 
unique schools experienced an estimated 19,273  
COVID-SCs (Table 1). Approximately 75% closed as part 
of districtwide closures. More than 11 million students 
were affected, and >159 million in-person student-days 
were lost. Most COVID-SCs were observed in the first 
half of the school year (August–December), and they 
peaked in epidemiologic week 47, the week before the 
US Thanksgiving holiday (Figure 1). The median num-
ber of in-person schools days lost per closure nation-
ally was 10 days (interquartile range [IQR] 3–23 days) 
(Appendix Figure 1); however, this figure reached >20 
days in 7 states (California, Colorado, Illinois, Indiana, 
Kentucky, Minnesota, and Nevada) (Appendix Figure 
2). Most schools experiencing COVID-SCs experienced 
only 1 COVID-SC during the school year (Appendix Ta-
ble 1). However, 2,036 schools (12.1%) experienced 2–7 
COVID-SCs during the school year; 2 was most com-
mon (1,756 schools [86.2%]).

Among the announcements reporting reasons 
for closure, the most common reasons were hav-
ing positive COVID-19 cases in the school (47.4% of 
district-level and 58.5% of school-level events) and 
clusters or widespread transmission in the com-
munity (47.8% of district-level and 32.5% of school-
level events) (Table 2). In addition, state and local 
mandates to close schools in response to COVID-19 
accounted for >20% of closures. When analysis 
was restricted to the 7 states with the highest me-
dian closure lengths (California, Colorado, Illinois, 
Indiana, Kentucky, Minnesota, and Nevada), clus-
ters or widespread transmission in the community 
accounted for greater proportions of district-level 
(83.1%) and school-level (55.4%) closure events (Ap-
pendix Table 2). Similarly, closure events attribut-
able to state and local mandates were proportionally 
higher in these states at the district level (28.8%) and 
school level (30.7%) than in the nation as a whole 
(Appendix Table 2). Mandates were issued either 
as part of an ongoing policy triggered by reaching a  
COVID-19 threshold, such as the positivity rate of 
testing (13), or in response to local surges in cases 
(14,15). Although few COVID-SCs were attributed 
to non–transmission-related reasons, such as vacci-
nation of staff and students or nonspecific teacher 
shortages attributed to the pandemic, nearly 30% 
of COVID-SCs during epidemiologic weeks 6–11 
of 2021 were attributable to vaccination of staff and 
side effects of vaccination (Figure 1).

Transmission-related COVID-SCs were strongly 
correlated with weekly COVID-19 testing positiv-
ity rates (r = 0.73, 95% CI 0.56–0.84) and with new 
COVID-19 cases (r = 0.72, 95% CI 0.54–0.83) (Table 
3). Transmission-related COVID-SCs were moder-
ately correlated with both new COVID-19 deaths by 
week (r = 0.51, 95% CI 0.25–0.69) and weekly labora-
tory confirmed COVID-19–associated hospitalization 
rates for all ages (r = 0.64, 95% CI 0.42–0.78) (Table 
4). Age-specific correlation with hospitalization rates 
varied; the 5–17-year age group, which aligns with 
the K–12 student population, had the weakest cor-
relation (r = 0.37, 95% CI 0.09–0.60), and correlations 
strengthened for each subsequent older age group 
(Table 4). The peak in weekly COVID-SCs preceded 
the peaks in COVID-19 disease surveillance indica-
tors (new cases, new deaths, percentage positive PCR 
tests, and hospitalization rates) by roughly 6–8 weeks 
(Figure 2, panels A–D; Figure 3, panel A).

School Year 2021–22
During August 1, 2021–June 30, 2022, more than 14.6 
million students in the United States were affected 
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Table 1. Characteristics of COVID-19–associated school closures, by school year, United States, July 27, 2020–June 30, 2022* 

Characteristics of COVID-19–associated school closures Total 
School year† 

2020–21 2021–22 
No. school closures‡ 10,884 6,322 (58.1) 4,562 (41.9) 
 Districtwide 3,443 (31.6) 1,528 (24.2) 1,915 (42.0) 
 Individual school 7,441 (68.4) 4,794 (75.8) 2,647 (58.0) 
Total estimated no. unique schools closed 36,761 16,890 (45.9) 19,871 (54.1) 
Total estimated no. closed schools§¶ 45,180 19,273 (42.7) 25,907 (57.3) 
Closure type    
 Districtwide 37,739 (83.5) 14,479 (75.1) 23,260 (89.8) 
 Individual school 7,441 (16.5) 4,794 (24.9) 2,647 (10.2) 
School type    
 Public 44,463 (98.4) 18,620 (96.6) 25,843 (99.8) 
 Private 717 (1.6) 653 (3.4) 64 (0.3) 
School grade level§    
 Elementary school: K–5th grade 18,273 (40.4) 7,701 (40.0) 10,572 (40.8) 
 Elementary–middle school: K–8th grade 8,241 (18.2) 3,037 (15.8) 5,204 (20.1) 
 Elementary–high school: K–12th grade 1,107 (2.5) 461 (2.4) 646 (2.5) 
 Middle school: 6–8th grade 6,405 (14.2) 2,751 (14.3) 3,654 (14.1) 
 Middle–high school: 6–12th grade 2,137 (4.7) 969 (5.0) 1,168 (4.5) 
 High school: 9–12th grade 8,587 (19.0) 4,048 (21.0) 4,539 (17.5) 
 Not specified 430 (1.0) 306 (1.6) 124 (0.5) 
Season    
 Fall: Sep–Nov 18,298 (40.5) 11,660 (60.5) 6,638 (25.6) 
 Winter: Dec–Feb 22,651 (50.1) 5,694 (29.5) 16,957 (65.5) 
 Spring: Mar–May 2,818 (6.2) 1,642 (8.5) 1,176 (4.5) 
 Summer: Jun–Aug 1,413 (3.1) 277 (1.4) 1,136 (4.4) 
Urbanicity    
 City 17,689 (39.2) 6,734 (34.9) 10,955 (42.3) 
 Suburban 13,609 (30.1) 6,116 (31.7) 7,493 (28.9) 
 Town 4,429 (9.8) 1,959 (10.2) 2,470 (9.5) 
 Rural 9,098 (20.1) 4,181 (21.7) 4,917 (19.9) 
 Not specified 355 (0.8) 283 (1.5) 72 (0.3) 
HHS region#    
 HHS 1 1,906 (4.2) 1,301 (6.8) 605 (2.3) 
 HHS 2 4,556 (10.1) 3,146 (16.3) 1,410 (5.4) 
 HHS 3 5,642 (12.5) 2,886 (15.0) 2,756 (10.6) 
 HHS 4 9,399 (20.8) 3,978 (20.6) 5,421 (20.9) 
 HHS 5 9,646 (21.4) 3,627 (18.8) 6,019 (23.1) 
 HHS 6 5,103 (11.3) 1,050 (5.5) 4,053 (15.6) 
 HHS 7 2,217 (4.9) 588 (3.1) 1,634 (6.3) 
 HHS 8 2,493 (5.5) 872 (4.5) 1,621 (6.3) 
 HHS 9 2,334 (5.2) 1,453 (7.5) 881 (3.4) 
 HHS 10 1,879 (4.2) 372 (1.9) 1,507 (5.8) 
No. students affected§** 25,837,466 11,232,072 (43.5) 14,605,394 (56.5) 
No. teachers affected§†† 1,710,459 752,264 (44.0) 958,195 (56.0) 
% Students eligible for free or reduced-price lunch,§‡‡ median (IQR) 57.2 (33.2–83.2) 52.0 (28.8–79.1) 60.9 (37.0–85.7) 
No. in-person student-days lost§§ 205,689,158 159,968,778 (77.8) 45,720,380 (22.2) 
No. unplanned closure days,¶¶ median (IQR) 4 (1–10) 10 (3–23) 2 (1–4) 
*Values are no. (%) except as indicated. HHS, US Department of Health and Human Services; ID, identification; IQR, interquartile range; K, kindergarten; 
NCES, National Center for Education Statistics; PSS, the Private School Universe Survey. 
†School years: 2020–21 (July 27, 2020–June 30, 2021), 2021–22 (August 1, 2021–June 30, 2022). 
‡School closures were defined as a transition from being opened to being closed for in-person instruction excluding any scheduled days off; fully in-
person and hybrid learning modalities were classified as open, and fully remote and closed were classified as closed. Closure events were documented at 
either the district-level or the individual school level on the basis of the source and scope of the closure decision as reported in the announcements. 
§Schools were counted once for each time they were part of a school closure event at either the district-level or school level. 
¶Number of schools closed in district-wide closures, total number of students, total number of teachers, number of students eligible for federal free or 
reduced-priced lunch, and number of schools by urbanicity and grade levels were estimated by matching the public school district ID or public school ID 
with the district or school data with the respective year, as obtained from NCES and private school ID with the 2019–20 private school data, as obtained 
from PSS. Because of missing information on urbanicity in 2021–22 NCES public school data, the information on urbanicity for the 2021–22 school year 
public school closures was obtained from the 2020–21 NCES public school data (6,7). School NCES ID was not found for 168 schools (124 for 2020–21 
school year and 44 for 2021–22 school year), which were categorized as public or private by manual search on the basis of the location of schools in the 
school closure announcements. 
#HHS regions defined at https://www.hhs.gov/about/agencies/regional-offices/index.html. 
**Students were counted once for each school closure event. The number of students was missing for 562 schools (public, 325; private, 237). 
††Teachers were counted once for each school closure event. Part-time teaching positions were reported as a fraction of 1 full-time position. The number 
of teachers was missing for 1,041 schools (public, 804; private, 237). 
‡‡Data only for public schools. 
§§In-person student-days lost estimated by multiplying the number of students per school by the number of unplanned closure days. 
¶¶2,075 schools did not have reopening dates and defaulted to a 1-day closure; among these, 1,996 (96%) were during the 2020–21 school year. 
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by an estimated 25,907 COVID-SCs (Table 1). Among 
unique schools that experienced COVID-SCs, most 
closed once (77.5%), whereas >20% closed 2–8 times 
(Appendix Table 1). Most closures occurred in the 
first 3 weeks of 2022, peaking at epidemiologic week 
2 (Figure 1). The median number of in-person school 
days lost per closure was 2 days (IQR 1–4 days) (Ap-
pendix Figure 1).

Closures occurred in all 50 states and the Dis-
trict of Columbia; >1,000 closures occurred in each 
of 7 states (Georgia, Illinois, Missouri, North Caro-
lina, Ohio, Tennessee, and Texas) (Appendix Fig-
ure 3, panel A), accounting for more than one third 
of all COVID-SCs observed during the school year. 
COVID-SCs were experiences by more than half of 
the schools in Alabama (51.6%), Nevada (51.3%), and 
Oregon (51.2%) and by 40%–50% of schools in 8 ad-
ditional states Colorado, Kentucky, Maryland, Ne-
braska, Oklahoma, Tennessee, Utah, and Virginia) 
(Appendix Figure 3, panel B).

Most COVID-SC events were attributed to posi-
tive cases in the schools (58.5% of district-level and 
61.5% of school-level events) (Table 2). Non–transmis-
sion-related reasons accounted for a greater number 
of COVID-SCs than in the prior school year, particu-
larly those attributable to long-term teacher or staff 
shortages (e.g., shortages related to hiring and reten-
tion challenges rather than directly linked to current 
disease transmission).

Transmission-related COVID-SCs were strongly 
correlated with weekly hospitalization rates for all 
ages (r = 0.81, 95% CI 0.67–0.89), among which cor-
relation was moderate for the 5–17-year age group 
(r = 0.69, 95% CI 0.47–0.82) and strong for the 3 adult 
age groups (Table 4). Transmission-related COVID-
SCs were moderately correlated with new COVID-19 
cases (r = 0.61, 95% CI 0.38–0.76) and new COVID-19 
deaths (r = 0.58, 95% CI 0.35–0.74), whereas we ob-
served no significant correlation for percentage 
positive COVID-19 PCR tests (Table 3). The peak in 

62 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024

Figure 1. COVID-19–related school closures, dominant COVID-19 variants, and timing of vaccination availability, United States, July 27, 
2020–June 30, 2022. School closure was defined as a transition from being open to being closed for in-person instruction excluding any 
scheduled days off; fully in-person and hybrid learning modalities were classified as open, and fully remote and closed were classified 
as closed. Transmission-related reasons were COVID-19 cases, suspected cases, increased student absenteeism, increased staff 
absenteeism, cluster or widespread transmission in the community, state or local guidance or mandate to close schools in response to 
COVID-19, to clean or disinfect school facilities, and other. Non–transmission-related reasons were COVID-19 vaccinations and side 
effects of vaccination of staff or students, teacher or staff shortage, for student or staff mental health, and other reasons associated with 
COVID-19. Timeline of COVID-19 variants derived from Centers for Disease Control and Prevention Museum COVID-19 Timeline (11) 
and defined as the point at which a variant accounted for the largest proportion of cases. Emergency Use Authorization by the Food and 
Drug Administration authorized COVID-19 vaccination for teachers and staff as part of the essential workforce on March 2, 2021, and all 
persons >16 years of age on April 19, 2021 (12). Advisory Committee on Immunization Practices recommended COVID-19 vaccination 
for persons 12–15 years of age on May 12, 2021, and for persons 5–11 years of age on November 2, 2021 (11).
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weekly COVID-SCs occurred within 1–2 weeks of 
the peaks in weekly new COVID-19 cases, percent-
age PCR positivity, and hospitalization rates and pre-
ceded the peak in weekly new COVID-19 deaths by 3 
weeks (Figure 4, panels A–D; Figure 3, panel B).

Discussion
Our study describes COVID-19 school closures in 
the United States as school systems and communi-
ties grappled with ongoing disease transmission 
during a rapidly evolving pandemic. The COVID-
SCs we analyzed reflect SARS-CoV-2 spread among 
school-aged children and staff, as demonstrated by 
the correlation between COVID-SCs and COVID-19 
epidemiologic surveillance. The large increase in 
illness-related closures during the 2020–21 and 
2021–22 school years, which was nearly 5-fold high-
er than those observed during severe influenza sea-
sons, including the 2009 influenza (H1N1) pandemic 
(16) and subsequent moderate and severe influenza 
seasons (e.g., 2017–18, 2018–19, and 2019–20), was 

nearly fully attributed to COVID-19 (Zviedrite et al., 
unpub. data, https://doi.org/10.1101/2023.08.28.2
3294732). This increase probably reflected both on-
going transmission of SARS-CoV-2 and the greater 
clinical severity of COVID-19 infection among chil-
dren compared with influenza, as demonstrated by 
both higher rates of hospitalization and higher rates 
of intensive care unit admission among those <18 
years of age (17,18).

The most frequently documented reason for clo-
sure in both school years was COVID-19 cases in the 
school or school district. School year 2020–21 also had 
a significant number of closures attributable to in-
creased community transmission and to state or local 
mandates to close schools in response to COVID-19, 
consistent with the changing incidence of COVID-19 
among both the general population and children dur-
ing the study period (8,9). COVID-SCs attributable to 
teacher absenteeism (because of illness in themselves 
or others) and teacher or staff shortages were more 
common in 2021–22 than in SY 2020–21. Although 
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Table 2. Reasons for COVID-19–related K–12 school closure, United States, July 27, 2020–June 30, 2022* 
Reasons for school closure decision 
stated in closure announcement† 

Total 
 

  2020–21‡ 
 

2021–22‡ 
District School District School District School 

COVID-19–related closure  3,443 7,441  1,528 4,794  1,915 2,647 
 COVID-19 only 85 (2.5) 123 (1.7)  43 (2.8) 76 (1.6)  42 (2.2) 49 (1.9) 
 COVID-19 and specific reasons 3,358 (97.5) 7,318(98.3)  1,485 (97.2) 4,718 (98.4)  1,873 (97.8) 2,598 (98.1) 
Transmission-related reasons         
 Positive case 1,845 (53.6) 4,511 (60.6)  724 (47.4) 2,829 (59.0)  1,121 (58.5) 1,682 (61.5) 
  In student 758 (22.0) 1,412 (19.0)  233 (15.2) 651 (13.6)  525 (27.4) 761 (28.7) 
  In staff member 763 (22.2) 1,359 (18.3)  226 (14.8) 575 (12.0)  537 (28.0) 784 (29.6) 
   In household member§ 15 (0.4) 24 (0.3)  11 (0.7) 12 (0.3)  4 (0.2) 12 (0.5) 
  In visitor 2 (0.1) 0  2 (0.1) 0  0 0 
 Suspected case 78 (2.3) 224 (3.0)  64 (4.2) 173 (3.6)  14 (0.7) 51 (1.9) 
  In student 23 (0.7) 70 (0.9)  21 (1.4) 48 (1.0)  2 (0.1) 22 (0.8) 
  In staff member 33 (1.0) 71 (1.0)  27 (1.8) 53 (1.1)  6 (0.3) 18 (0.7) 
   In household member§ 0 5 (0.1)  0 5 (0.1)  0 0 
  Increased student absenteeism 515 (15.0) 732 (9.8)  56 (3.7) 132 (2.8)  459 (24.0) 600 (31.3) 
  Increased staff absenteeism 1,022 (29.7) 1,955 (26.3)  183 (12.0) 536 (11.2)  839 (43.8) 1,419 (53.6) 
  Cluster or widespread transmission¶ 1,096 (31.8) 1,918 (25.8)  727 (47.8) 1,556 (32.5)  369 (19.3) 362 (13.7) 
  State or local guidance or mandate 348 (10.1) 1,146 (15.4)  318 (20.8) 1,091 (22.8)  30 (1.6) 55 (2.1) 
  To clean or disinfect#  240 (7.0) 682 (9.2)  102 (6.7) 562 (11.7)  138 (7.2) 120 (4.5) 
 Other** 356 (10.3) 750 (10.1)  146 (9.6) 532 (11.1)  210 (11.0) 218 (8.2) 
Non–transmission-related reasons         
 Vaccination of staff or students 83 (2.4) 56 (0.8)  66 (4.3) 49 (1.0)  17 (0.9) 7 (0.3) 
 Side effects of vaccination 9 (0.3) 18 (0.2)  9 (0.6) 18 (0.4)  0 0 
 Teacher shortage 135 (3.9) 158 (2.1)  20 (1.3) 26 (0.5)  115 (6.0) 132 (5.0) 
 Mental health 158 (4.6) 48 (0.6)  0 0  158 (8.3) 48 (1.8) 
 Other†† 17 (0.5) 32 (0.4)  0 10 (0.2)  17 (0.9) 22(0.8) 
*Values are no. (%) except as indicated.  
†Reasons are recorded as stated in the school closure announcements. Categories are not mutually exclusive because a closure announcement may 
attribute the closure to >1 factor, there may be >1 announcement that contributes the closure to different factors, or both. 
‡School year: 2020–21 (July 27, 2020–June 30, 2021), 2021–22 (August 1, 2021–June 30, 2022). 
§Of student or staff. 
¶In the community. 
#Classrooms, buildings, and facilities 
**Other reasons were contact tracing, quarantine of students and staff, prevention of holiday-related surge, precautionary measure as a concern of 
community spread because of union wanting work stoppage, death of staff member, inability to find substitute teachers, transportation issues, critical lack 
of community resources (including contact tracers), testing, out of an abundance of caution, influenza or other respiratory virus-related or enteric virus-
related illnesses, internet outage, facility issues, and noncompliance with governor’s executive orders regarding nonpharmaceutical interventions. 
††Other reasons were staff protesting in-person learning, protest over mask policy, transportation issue, lack of resources, allowing time for testing, and 
work on the COVID-19 mitigation plan. 
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teacher shortages also were reported before the pan-
demic, they were exacerbated by the pandemic (19,20).

In 2020–21, the number of schools open to in-
person education varied throughout the semester; 
some schools were teaching in-person, some relied 
solely on distance learning, some used hybrid or 
mixed methods, and others moved among differ-
ent modalities in response to disease transmission 
and related guidance throughout the school year 
(5). COVID-19 transmission during 2020–21 was pri-
marily dominated by the ancestral strain of SARS-
CoV-2, which would only later be supplanted by 
new variants as the predominating virus in circula-
tion (21,22). Most COVID-SCs in 2020–21 occurred 
in the first semester (August– December 2020) before 
peaks in COVID-19 epidemiologic surveillance data; 
the bulk occurred in the 2 weeks leading up to the 
2020 Thanksgiving holiday break. The wording of 
reasons for closure as abstracted from some school 

closure announcements suggested that, amidst in-
creasing transmission, schools and school districts 
were trying to take advantage of a planned break 
and lengthen the total time outside of the classroom 
by closing schools early. Despite recommendations 
from the Centers for Disease Control and Prevention 
against travel during the holiday (23), travel during 
Thanksgiving week of 2020 (November 22–28, 2020) 
was at its highest since the start of the pandemic 8 
months prior (24,25). During this time of increased 
social gatherings and movement, many schools that 
closed before Thanksgiving chose to stay shuttered 
until after the subsequent winter break (26–28). An-
nual (school year) COVID-19 peaks in the epidemio-
logic surveillance data occurred in January 2021. 
After Emergency Use Authorization was issued by 
the Food and Drug Administration for the first CO-
VID-19 vaccine in December 2020 (29), teachers and 
staff became eligible for vaccination as part of the 
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Table 3. Weekly correlation between COVID-19–related school closures and COVID-19–related cases, deaths, and PCR positivity, by 
school year, United States, July 27, 2020–June 30, 2022* 

School closure type 
Weeks 52–53 

 

Weeks considered as winter school break† 
Weeks 52–53 or weeks 51–52 

 
Weeks 53–1 or weeks 52–1 

r (95% CI) p value r (95% CI) p value r (95% CI) p value 
Transmission-related school closures‡ 
 COVID-19 cases§         
  2020–21 0.721 (0.544–0.832) <0.001  0.728 (0.552–0.837) <0.001  0.707 (0.521–0.824) <0.001 
  2021–22 0.609 (0.384–0.760) <0.001  0.591 (0.358–0.750) <0.001  0.583 (0.346–0.744) <0.001 
 COVID-19 deaths§         
  2020–21 0.507 (0.255–0.688) <0.001  0.510 (0.256–0.692) <0.001  0.482 (0.221–0.673) <0.001 
  2021–22 0.580 (0.346–0.741) <0.001  0.592 (0.359–0.750) <0.001  0.571 (0.331–0.736) <0.001 
 PCR positivity¶         
  2020–21 0.734 (0.563–0.840) <0.001  0.748 (0.581–0.850) <0.001  0.720 (0.540–0.832) <0.001 
  2021–22 0.280 (−0.011–0.523) 0.056  0.245 (−0.052–0.497) 0.102  0.232 (−0.065–0.487) 0.122 
Total school closures# 
 COVID-19 cases§         
  2020–21 0.772 (0.620–0.864) <0.001  0.790 (0.645–0.876) <0.001  0.761 (0.601–0.858) <0.001 
  2021–22 0.511 (0.257–0.693) <0.001  0.486 (0.223–0.678) <0.001  0.478 (0.213–0.672) 0.001 
 COVID-19 deaths§         
  2020–21 0.577 (0.345–0.737) <0.001  0.589 (0.358–0.747) <0.001  0.557 (0.316–0.725) <0.001 
  2021–22 0.596 (0.367–0.751) <0.001  0.610 (0.382–0.762) <0.001  0.587 (0.353–0.747) <0.001 
 PCR positivity¶         
  2020–21 0.695 (0.506–0.815) <0.001  0.721 (0.542–0.833) <0.001  0.679 (0.480–0.806) <0.001 
  2021–22 0.190 (−0.105–0.451) 0.202  0.149 (−0.149–0.420) 0.325  0.136 (−0.162–0.409) 0.369 
*School closure is defined as a transition from being open to being closed for in-person instruction excluding any scheduled days off; fully in-person and 
hybrid learning modalities are classified as open, and fully remote and closed are classified as closed. School year: 2020–21 (July 27, 2020–June 30, 
2021), 2021–22 (August 1, 2021–June 30, 2022). Spearman rank correlation (r) was used to evaluate the relationship between COVID-19–associated 
cases, deaths, and PCR positivity (epidemiologic weeks 31–26). 
†School winter break was excluded from the analysis. The break is understood to be 2 weeks in length; however, the start and end dates vary by school 
and district. Winter breaks consistently overlap on the last week of the year, which was epidemiologic week 53 in 2020 and epidemiologic week 52 in 
2021. In 2020, we calculated correlations excluding winter break at epidemiologic week 53, weeks 52–53, and weeks 53–1. In 2021, correlations were 
calculated excluding winter break at epidemiologic week 52, weeks 51–52, and weeks 52–1. 
‡Transmission-related reasons were COVID-19 cases, suspected cases, increased student absenteeism, increased staff absenteeism, cluster or 
widespread transmission in the community, state or local guidance or mandate to close schools in response to COVID-19, to clean or disinfect school 
facilities, and other. 
§Data on COVID-19 cases and COVID-19–associated deaths available from Centers for Disease Control and Prevention (8). 
¶PCR positivity was calculated from the number of new positive results divided by the total number of new results reported. Data on PCR testing were 
available from US Department of Health and Human Services (10). 
#Total school closures were both transmission and non–transmission-related school closures. Transmission-related reasons were COVID-19 cases, 
suspected cases, increased student absenteeism, increased staff absenteeism, cluster or widespread transmission in the community, state or local 
guidance or mandate to close schools in response to COVID-19, to clean or disinfect school facilities, and other. Non–transmission-related reasons were 
COVID-19 vaccinations and side effects of vaccination of staff or students, teacher or staff shortage, for student or staff mental health, and other reasons 
associated with COVID-19. 
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essential workforce on March 2, 2021, and all those 
>16 years of age became eligible for vaccination on 
April 19, 2021 (12). Subsequently, the succeeding 
Alpha variant began to predominate in early April 
2021 (11,22), holding that position until June as the 
number of COVID-SCs slowed and remained com-
parably low.

Thereafter, the Delta variant, which was more 
transmissible and more severe than both the ancestral 
strain or Alpha variant (30,31), predominated through 
the start of school year 2021–22 until mid-December 
(22). During that period, the Food and Drug Admin-
istration’s Emergency Use Authorizations for COV-

ID-19 vaccines were extended to persons 12–15 years 
of age in May 2021 and to those 5–11 years of age in 
October 2021 (11), whereby all K–12 students, teach-
ers, and staff were eligible for vaccination during the 
first half of the 2021–22 school year. Prior to the start 
of that school year, nearly 90% of teachers were vacci-
nated nationally (32). Expanded vaccine eligibility and 
high uptake among teachers and staff coincided with 
a return to in-person learning for nearly all schools in 
the United States in 2021–22 (3,5). In that school year, 
according to the epidemiologic surveillance data, CO-
VID-19 peaked in January 2022 amid the domination 
of the Omicron variant, thus far characterized as the 
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Table 4. Weekly correlation between COVID-19–related school closures and laboratory-confirmed COVID-19–associated 
hospitalizations, by school year and age group, United States, July 27, 2020–June 30, 2022* 

School closure type 
Weeks 52–53 

 

Weeks considered as winter school break† 
Weeks 52–53 or weeks 51–52 

 
Weeks 53–1 or weeks 52–1 

r (95% CI) P value r (95% CI) p value r (95% CI) p value 
Transmission-related school closures‡ 
 2020–21         
 All ages 0.639 (0.420–0.783) <0.001  0.650 (0.431–0.791) <0.001  0.618 (0.387–0.770) <0.001 
 0–4 y 0.403 (0.119–0.620) 0.006  0.406 (0.120–0.625) 0.006  0.367 (0.074–0.596) 0.014 
 5–17 y 0.373 (0.085–0.598) 0.011  0.378 (0.087–0.604) 0.011  0.339 (0.043–0.575) 0.024 
 18–49 y 0.548 (0.298–0.722) <0.001  0.548 (0.294–0.723) <0.001  0.520 (0.258–0.705) <0.001 
 50–64 y 0.622 (0.396–0.771) <0.001  0.630 (0.404–0.778) <0.001  0.599 (0.362–0.758) <0.001 
 >65 y 0.669 (0.461–0.802) <0.001  0.685 (0.480–0.813) <0.001  0.650 (0.431–0.791) <0.001 

2021–22         
 All ages 0.812 (0.667–0.894) <0.001  0.803 (0.650–0.890) <0.001  0.798 (0.641–0.886) <0.001 
 0–4 y 0.357 (0.051–0.596) 0.021  0.321 (0.006–0.572) 0.043  0.308 (−0.008–0.563) 0.053 
 5–17 y 0.687 (0.474–0.818) <0.001  0.676 (0.454–0.813) <0.001  0.663 (0.436–0.805) <0.001 
 18–49 y 0.761 (0.586–0.864) <0.001  0.750 (0.565–0.858) <0.001  0.743 (0.555–0.854) <0.001 
 50–64 y 0.827 (0.692–0.903) <0.001  0.820 (0.677–0.899) <0.001  0.814 (0.668–0.896) <0.001 
 >65 y 0.700 (0.494–0.827) <0.001  0.685 (0.468–0.818) <0.001  0.677 (0.457–0.814) <0.001 
Total school closures§ 
 2020–21         
 All ages 0.651 (0.437–0.791) <0.001  0.675 (0.467–0.807) <0.001  0.631 (0.405–0.779) <0.001 
 0–4 y 0.386 (0.100–0.608) 0.008  0.401 (0.114–0.621) 0.007  0.349 (0.054–0.582) 0.020 
 5–17 y 0.351 (0.060–0.581) 0.018  0.368 (0.075–0.596) 0.014  0.315 (0.016–0.557) 0.037 
 18–49 y 0.533 (0.278–0.712) <0.001  0.5444 (0.288–0.721) <0.001  0.503 (0.237–0.693) <0.001 
 50–64 y 0.630 (0.407–0.776) <0.001  0.651 (0.432–0.791) <0.001  0.608 (0.373–0.763) <0.001 
 >65 y 0.720 (0.535–0.834) <0.001  0.752 (0.580–0.855) <0.001  0.705 (0.510–0.826) <0.001 
 2021–22         
 All ages 0.708 (0.518–0.827) <0.001  0.693 (0.492–0.818) <0.001  0.689 (0.486–0.815) <0.001 
 0–4 y 0.470 (0.200–0.668) 0.001  0.442 (0.162–0.650) 0.002  0.433 (0.152–0.644) 0.003 
 5–17 y 0.646 (0.429–0.787) <0.001  0.630 (0.404–0.778) <0.001  0.621 (0.391–0.772) <0.001 
 18–49 y 0.645 (0.427–0.786) <0.001  0.625 (0.397–0.775) <0.001  0.620 (0.390–0.771) <0.001 
 50–64 y 0.723 (0.539–0.836) <0.001  0.708 (0.514–0.828) <0.001  0.704 (0.508–0.825) <0.001 
 >65 y 0.677 (0.472–0.806) <0.001  0.659 (0.443–0.797) <0.001  0.654 (0.437–0.793) <0.001 
*School closure is defined as a transition from being open to being closed for in-person instruction excluding any scheduled days off; fully in-person and 
hybrid learning modalities are classified as open, and fully remote and closed are classified as closed. School year: 2020–21 (July 27, 2020–June 30, 
2021), 2021–22 (August 1, 2021–June 30, 2022). Data on laboratory-confirmed COVID-19–associated hospitalizations was available from COVID-NET 
(9). Spearman rank correlation (r) was used to evaluate the relationship between COVID-19–associated cases, deaths, and PCR-positivity (epidemiologic 
weeks 31–26). 
†School winter break was excluded from the analysis. The break is understood to be 2 weeks in length; however, the start and end dates vary by school 
and district. Winter breaks consistently overlap on the last week of the year, which was epidemiologic week 53 in 2020 and epidemiologic week 52 in 
2021. In 2020, we calculated correlations excluding winter break at epidemiologic week 53, weeks 52–53, and weeks 53–1. In 2021, correlations were 
calculated excluding winter break at epidemiologic week 52, weeks 51–52, and weeks 52–1. 
‡Transmission-related reasons were COVID-19 cases, suspected cases, increased student absenteeism, increased staff absenteeism, cluster or 
widespread transmission in the community, state or local guidance or mandate to close schools in response to COVID-19, to clean or disinfect school 
facilities, and other. 
§Total school closures were both transmission and non–transmission-related school closures. Transmission-related reasons were COVID-19 cases, 
suspected cases, increased student absenteeism, increased staff absenteeism, cluster or widespread transmission in the community, state or local 
guidance or mandate to close schools in response to COVID-19, to clean or disinfect school facilities, and other. Non–transmission-related reasons were 
COVID-19 vaccinations and side effects of vaccination of staff or students, teacher or staff shortage, for student or staff mental health, and other reasons 
associated with COVID-19. 
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fastest-spreading variant (33), and was matched with 
the highest weekly counts of COVID-SCs. Although 
we observed lower correlation of COVID-SCs with  

COVID-19 cases and percentage PCR positivity in 
2021–22 than in the previous year, correlations with 
new deaths and hospitalization rates were both higher. 
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Figure 2. COVID-19–related school closures and COVID-related cases, deaths, and PCR positivity by school year, United States, July 
27, 2020–June 30, 2021. School closure, transmission-related reasons, and non–transmission-related reasons are defined in the Figure 
1 legend. Data on COVID-19 cases and COVID-19–associated deaths available from Centers for Disease Control and Prevention (8). 
PCR positivity was calculated from the number of new positive results divided by the total number of new results reported. Data on PCR 
testing were available from US Department of Health and Human Services (10). School year: 2020–21 (July 27, 2020–June 30, 2021).

Figure 3. COVID-19–related 
school closures and laboratory-
confirmed COVID-19–related 
hospitalizations by age group, 
United States, July 27, 2020–
June 30, 2022. A) School year 
2020–21 (July 27, 2020–June 
30, 2021); B) school year 
2021–22 (August 1, 2021–June 
30, 2022). School closure, 
transmission-related reasons, 
and non–transmission-related 
reasons are defined in the Figure 
1 legend.  Data on laboratory-
confirmed COVID-19–associated 
hospitalizations available from 
COVID-NET (9).
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Strong correlation between COVID-SCs and hospital-
ization rates may suggest that COVID-SCs are not only 
associated with disease prevalence but also with the 
severity of the dominant circulating variant.

Various prevention measures were implement-
ed in schools and districts to prevent the spread of 
SARS-CoV-2 (34) and thereby reduce the number of 
COVID-SCs. However, disparities in their implemen-
tation have been observed across locales and school 
poverty levels (34). Infection-prevention measures 
include nonpharmaceutical interventions that can 
be rapidly implemented in schools, such as mask-
ing, social distancing, and quarantining, all of which 
have previously been shown to be effective at slow-
ing influenza transmission in community congregate 
settings (35); at least 1 study documented that use of 
face masks reduces SARS-CoV-2 infection incidence 
in K–12 schools (36).

One limitation of our study is that reports are 
limited to publicly available data, and some closures 
may have been missed depending on how they were 
reported. In addition, data may be incomplete for var-
ious reasons, including delays in identifying public 
announcements of school closures, incomplete or un-
available public announcements, or lags in data entry. 

Moreover, lengths of closure may be unknown when 
the specific date of reopening cannot be ascertained 
or because the school or district remains closed. Fur-
thermore, learning modality may not be specified in 
the data abstraction source (the announcement, web-
site, or both) and the data may therefore not capture 
all transitions from in-person to distance learning. 
However, the data were collected without burdening 
schools or districts and were readily available in near 
real-time. Those limitations probably lead to under-
estimation of the number and duration of school clo-
sures. Therefore, our results likely convey the lower 
range of the impact of COVID-SCs during this period.

The COVID-SC data we describe were collected 
as part of an ongoing research project to document 
how school closures occur outside of an influenza 
pandemic (1). In the absence of a true surveillance 
system, those data were the most timely and com-
prehensive data available on COVID-SCs from the 
early days of the pandemic. This project documented 
near-simultaneous nationwide closures implemented 
as a mitigation strategy during the spring of 2020 (2) 
and an unprecedented number of illness-related reac-
tive school closures during the 2 subsequent school 
years, 2020–21 and 2021–22. These data could be used 
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Figure 4. COVID-19–related school closures and COVID-related cases, deaths, and PCR positivity by school year, United States, 
August 1, 2021–June 30, 2022. School closure, transmission-related reasons, and non–transmission-related reasons are defined 
in the Figure 1 legend. Data on COVID-19 cases and COVID-19–associated deaths available from Centers for Disease Control and 
Prevention (8). PCR positivity was calculated from the number of new positive results divided by the total number of new results 
reported. Data on PCR testing were available from US Department of Health and Human Services (10). School year: 2021–22 (August 
1, 2021–June 30, 2022).
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in conjunction with epidemiologic surveillance and 
other data for future computer simulations to explore 
the impact of the COVID-19 pandemic at various 
geographic levels and to help evaluate effectiveness 
of contemporaneous pandemic interventions. Specifi-
cally, we encourage further research, including high-
resolution modeling studies, for locales where early 
reactive closures occurred (i.e., those with closures 
occurring in the weeks before COVID-19 peaks were 
observed in the epidemiologic data) to explore the ef-
fects of these closures on communitywide transmis-
sion. Given that COVID-19 is already established as 
an endemic disease and respiratory pathogens other 
than SARS-CoV-2 will reestablish circulation, local 
outbreaks of COVID-19, influenza, and other diseases 
will probably continue to occur, and some will cause 
reactive school closures. The continued monitoring of 
disease-related school closures should preserve the 
ability to detect their occurrence in near–real-time as 
a component of community-based surveillance dur-
ing pandemics and severe outbreaks. In addition, on-
going surveillance for disease-related school closures 
would help in understanding their underlying causes, 
scale, and distribution and would enable evaluation 
of their effects on schools and communities.

Acknowledgments
We thank the data collection team, including our unit 
ORISE Fellows (Livvy Shafer, Pallavi Malla, and Larry 
Ayer) and contractors (Tamara Cummings, Jasminn Evans, 
Atea Francis, Elisha Gilbert, Esther Amoakohene, and 
Zaneta Oliver).

This work was supported by the Centers for Disease 
Control and Prevention (CDC). The coauthors are or were 
employees of CDC (N.Z., F.A., and A.U.), contractors 
at CDC (F.J.), or ORISE Fellows (S.M.) at the time of the 
study. F.J. is employed by Cherokee Nation Operational 
Solutions, LLC. The funder (Cherokee Nation Operational 
Solutions, LLC) provided support in the form of salary 
for the author (F.J.), but did not have any additional role 
in the study design, data collection and analysis, decision 
to publish, or preparation of the manuscript. During the 
study period, S.M. was a fellow appointed through the 
Research Participation Program at CDC administered by 
the Oak Ridge Institute for Science and Education through 
an interagency agreement between the US Department of 
Energy and CDC.

About the Author
Ms. Zviedrite is an epidemiologist at CDC’s National Cen-
ter for Emerging and Zoonotic Infectious Diseases in the 
Division of Global Migration Health. Her primary research 

interests include the use of nonpharmaceutical  
interventions in response to influenza and other  
respiratory diseases, particularly in school settings, and, 
more recently, infectious disease epidemiology in the 
United States–Mexico border region.

References
  1. Wong KK, Shi J, Gao H, Zheteyeva YA, Lane K,  

Copeland D, et al. Why is school closed today? Unplanned 
K–12 school closures in the United States, 2011–2013.  
PLoS One. 2014;9:e113755. https://doi.org/10.1371/ 
journal.pone.0113755

  2. Zviedrite N, Hodis JD, Jahan F, Gao H, Uzicanin A.  
COVID-19-associated school closures and related efforts to  
sustain education and subsidized meal programs,  
United States, February 18–June 30, 2020. PLoS One. 2021; 
16:e0248925. https://doi.org/10.1371/journal.pone.0248925

  3. Parks SE, Zviedrite N, Budzyn SE, Panaggio MJ, Raible E,  
Papazian M, et al. COVID-19–related school closures 
and learning modality changes—United States, August 
1–September 17, 2021. MMWR Morb Mortal Wkly Rep. 
2021;70:1374–6. https://doi.org/10.15585/mmwr.mm7039e2

  4. MCH Strategic Data. COVID-19 impact: school district  
operational status, updates for Spring 2021. 2021 [cited  
2022 Nov 18]. https://www.mchdata.com/covid19/ 
schoolclosings

  5. Burbio, Inc. K–12 school opening tracker. 2022 [cited 2022 
Nov 18]. https://about.burbio.com/school-opening-tracker

  6. National Center for Education Statistics. Common core of 
data. [cited 2023 Apr 5]. http://nces.ed.gov/ccd

  7. National Center for Education Statistics. Private School 
Universe Survey [cited 2022 Mar 21]. https://nces.ed.gov/
surveys/pss

  8. Centers for Disease Control and Prevention, COVID-19 
response. COVID-19 case surveillance public data  
access, summary, and limitations [cited 2023 Mar 15].  
https://data.cdc.gov/Case-Surveillance/COVID-19-Case-
Surveillance-Public-Use-Data/vbim-akqf

  9. Centers for Disease Control and Prevention. COVID-NET: 
COVID-19–Associated Hospitalization Surveillance Network 
[cited 2023 Mar 7]. https://gis.cdc.gov/grasp/covidnet/
covid19_5.html

10. US Department of Health and Human Services. COVID-19 
diagnostic laboratory testing (PCR testing) time series [cited 
2023 Mar 15]. https://beta.healthdata.gov/dataset/ 
COVID-19-Diagnostic-Laboratory-Testing-PCR-Testing/
j8mb-icvb

11. Centers for Disease Control and Prevention. CDC Museum 
COVID-19 timeline [cited 2023 Apr 7]. https://www.cdc.
gov/museum/timeline/covid19.html

12. US Department of Health and Human Services. Coronavirus: 
COVID-19 vaccines. 2022 [cited 2023 Apr 7]. https://www.
hhs.gov/coronavirus/covid-19-vaccines/index.html

13. Shapiro E. New York City to close public schools again as 
virus cases rise. The New York Times. 2021 [cited 2023 Feb 
21]. https://www.nytimes.com/2020/11/18/nyregion/ 
nyc-schools-covid.html

14. Commonwealth of Kentucky Office of the Governor.  
Executive order 2020-969: state of emergency. 2020 Nov 18 
[cited 2023 Feb 21]. https://governor.ky.gov/attachments/ 
20201118_Executive-Order_2020-969_State-of-Emergency.pdf

15. Michigan Department of Health and Human Services.  
Emergency order under MCL 333.2253: gatherings and  
face mask order. 2020 Nov 15 [2023 Feb 21].  

68 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024



COVID-19–Related School Closures, USA

https://www.michigan.gov/coronavirus/resources/
orders-and-directives/lists/executive-directives-content/
gatherings-and-face-mask-order-4

16.  Kann L, Kinchen S, Modzelski B, Sullivan M, Carr D,  
Zaza S, et al. ILI-related school dismissal monitoring system: 
an overview and assessment. Disaster Med Public Health 
Prep. 2012;6:104–12. https://doi.org/10.1001/dmp.2012.13

17.  Delahoy MJ, Ujamaa D, Taylor CA, Cummings C, Anglin O, 
Holstein R, et al. Comparison of influenza and coronavirus 
disease 2019-associated hospitalizations among children 
younger than 18 years old in the United States: FluSurv-NET 
(October–April 2017–2021) and COVID-NET (October  
2020–September 2021). Clin Infect Dis. 2023;76:e450–9. 
https://doi.org/10.1093/cid/ciac388

18.  Shein SL, Carroll CL, Remy KE, Rogerson CM, McCluskey CK,  
Lin A, et al. Epidemiology and outcomes of SARS-CoV-2 
infection or multisystem inflammatory syndrome in  
children vs influenza among critically ill children. JAMA 
Netw Open. 2022;5:e2217217. https://doi.org/10.1001/ 
jamanetworkopen.2022.17217

19. Schmitt J, deCourcy K. The pandemic has exacerbated a 
long-standing national shortage of teachers. 2022 Dec 6  
[cited 2023 May 8]. https://www.epi.org/publication/
shortage-of-teachers

20. National Center for Education Statistics. US schools report 
increased teacher vacancies due to COVID-19 pandemic,  
new NCES data show. 2022 Mar 3 [cited 2023 May 8]. 
https://nces.ed.gov/whatsnew/press_releases/ 
3_3_2022.asp

21. Centers for Disease Control and Prevention. COVID  
data tracker. 2023 Mar 21 [cited 2023 Mar 21].  
https://covid.cdc.gov/covid-data-tracker

22. Hodcroft EB. CoVariants. 2021 [cited 2023 Apr 7].  
https://covariants.org

23. Fox M. CDC recommends against travel for Thanksgiving. 
CNN. 2020 Nov 19 [cited 2023 Mar 28]. https://www.cnn.
com/2020/11/19/health/cdc-thanksgiving-travel-wellness-
bn/index.html

24. US Bureau of Transportation Statistics. Thanksgiving week 
travel: total number of trips down, long distance trips up over 
last year. 2020 [cited 2023 Mar 28]. https://www.bts.gov/
data-spotlight/thanksgiving-travel-long-distance-trips-are-up

25. Perrone M, Renault M. Heading into holidays, US COVID-19 
testing strained again. AP News. 2020 [cited 2023 Mar 8]. 
https://apnews.com/article/us-covid-19-testing-strained-
holidays-db20ebbcc1fa8a411be8f9ebc241af3b

26. Mangrum M. All metro Nashville public schools students to 
stay remote after Thanksgiving. The Tennessean. 2020 [cited 
2023 Mar 8]. https://www.tennessean.com/story/news/
education/2020/11/23/mnps-schools-stay-closed-after-
thanksgiving-coronavirus-spike/6342873002

27. Kelley JP. Dayton schools to hold no classes for next 6 weeks, 
go to school in June instead. Dayton [Ohio] Daily News. 2020 
[cited 2023 Mar 2]. https://www.daytondailynews.com/

local/six-week-break-part-of-big-change-to-dps-academic-
calendar/V6ML2EHHVZCEPOU2YJJJDFT33E

28. Sawchuk S, Gewertz C. Schools are retreating to remote 
learning as COVID-19 surges. Do they have to? Education 
Week. 2020 [cited 2023 Mar 2]. https://www.edweek.org/
leadership/schools-are-retreating-to-remote-learning-as-
covid-19-surges-do-they-have-to/2020/11

29. US Food and Drug Administration. FDA approves first 
COVID-19 vaccine—approval signifies key achievement for 
public health. 2021 Aug 23 [cited 2023 Apr 7]. https://www.
fda.gov/news-events/press-announcements/fda-approves-
first-covid-19-vaccine

30. Earnest R, Uddin R, Matluk N, Renzette N, Turbett SE, 
Siddle KJ, et al.; New England Variant Investigation Team. 
Comparative transmissibility of SARS-CoV-2 variants 
Delta and Alpha in New England, USA. Cell Rep Med. 
2022;3:100583. https://doi.org/10.1016/j.xcrm.2022.100583

31. Twohig KA, Nyberg T, Zaidi A, Thelwall S, Sinnathamby 
MA, Aliabadi S, et al.; COVID-19 Genomics UK (COG-UK) 
Consortium. Hospital admission and emergency care  
attendance risk for SARS-CoV-2 Delta (B.1.617.2) compared 
with Alpha (B.1.1.7) variants of concern: a cohort study. 
Lancet Infect Dis. 2022;22:35–42. https://doi.org/10.1016/
S1473-3099(21)00475-8

32. White House. Fact sheet: President Biden to announce 
new actions to get more Americans vaccinated and slow 
the spread of the Delta variant. 2021 [cited 2023 Mar 22]. 
https://www.whitehouse.gov/briefing-room/statements-
releases/2021/07/29/fact-sheet-president-biden-to-an-
nounce-new-actions-to-get-more-americans-vaccinated-and-
slow-the-spread-of-the-delta-variant

33. Liu Y, Rocklöv J. The effective reproductive number of the 
Omicron variant of SARS-CoV-2 is several times relative to 
Delta. J Travel Med. 2022;29:taac037. https://doi.org/ 
10.1093/jtm/taac037

34. Pampati S, Rasberry CN, Timpe Z, McConnell L, Moore S, 
Spencer P, et al. Disparities in implementing COVID-19  
prevention strategies in public schools, United States,  
2021–22 school year. Emerg Infect Dis. 2023;29:937–44. 
https://doi.org/10.3201/eid2905.221533

35. Qualls N, Levitt A, Kanade N, Wright-Jegede N, Dopson S,  
Biggerstaff M, et al. Community mitigation guidelines to 
prevent pandemic influenza—United States, 2017. MMWR 
Recomm Rep. 2017;66:1–34. 

36. Donovan CV, Rose C, Lewis KN, Vang K, Stanley N, Motley M, 
et al. SARS-CoV-2 incidence in K–12 school districts with  
mask-required versus mask-optional policies—Arkansas, 
August–October 2021. MMWR Morb Mortal Wkly Rep. 
2022;71:384–9. https://doi.org/10.15585/mmwr.mm7110e1

Address for correspondence: Nicole Zviedrite, Centers for Disease 
Control and Prevention, 1600 Clifton Rd NE, Mailstop V18-2, 
Atlanta, GA 30329-4018, USA; email: jmu6@cdc.gov

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024 69



Since the outbreak of the COVID-19 pandemic in 
2019, scientists around the world have raced to 

discover effective treatments and vaccinations that 
mitigate the spread of this highly contagious disease; 
many old drugs have been repurposed for COVID-19 
treatment (1). Molnupiravir, approved by the US 
Food and Drug Administration (2) for medical use in 
December 2021, is one of the first oral antiviral drugs 
shown to inhibit the replication of SARS-CoV-2 vi-
rus and to be effective in treating COVID-19 patients 
(3). A double-blind, randomized, controlled, phase 
2 trial of unvaccinated and vaccinated patients with 
early SARS-CoV-2 infection was conducted in the 

United Kingdom during November 18, 2020–March 
16, 2022; results showed molnupiravir recipients 
had faster median time from randomization to a 
negative SARS-CoV-2 PCR (primary outcome) than 
nonrecipients (4). Results from MOVe-OUT and 
MOVe-IN trials suggest that molnupiravir is most 
effective when treatment is initiated early to pa-
tients with mild to moderate COVID-19 who do not 
require hospitalization but have high risk for severe 
disease (5,6). The oral nirmatrelvir/ritonavir com-
bination, also approved by the US Food and Drug 
Adminstration for medical use in December 2021 (7), 
is another weapon in the arsenal against COVID-19. 
MOVe-IN, MOVe-OUT, and EPIC-HR trials evaluat-
ing nirmatrelvir/ritonavir efficacy suggest that the 
combination can effectively reduce risks for death 
and progression to severe disease for patients with 
mild to moderate COVID-19 (8,9).

Vaccination is another available tool to miti-
gate the spread of COVID-19. CoronaVac (Sinovac, 
http://www.sinovac.com), a whole inactivated vi-
rus vaccine, is a popular vaccine choice in the pan-
Pacific region and in many developing countries. A 
double-blind, randomized, controlled, phase 3 trial 
conducted in Turkey showed CoronaVac has a good 
safety profile and can effectively reduce the risk for 
PCR-confirmed, symptomatic SARS-CoV-2 infec-
tion and severe COVID-19 (10). Results from a large-
scale, prospective cohort study in Chile suggested 
that CoronaVac can effectively prevent SARS-CoV-2 
infection and reduce the risks of COVID-19–induced 
hospitalization, severe disease, and death. Whereas 
early clinical trials demonstrated the safety and toler-
ability of CoronaVac among the elderly (11), children 
(12), and persons with autoimmune rheumatic dis-
eases (13), recent trials have compared the safety and 
efficacy of the CoronaVac booster with other vaccines 
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We compared the effectiveness and interactions of 
molnupiravir and nirmatrelvir/ritonavir and 2 vaccines, 
CoronaVac and Comirnaty, in a large population of in-
patients with COVID-19 in Hong Kong. Both the oral an-
tiviral drugs and vaccines were associated with lower 
risks for all-cause mortality and progression to serious/
critical/fatal conditions (study outcomes). No significant 
interaction effects were observed between the antiviral 
drugs and vaccinations; their joint effects were addi-
tive. If antiviral drugs were prescribed within 5 days of 
confirmed COVID-19 diagnosis, usage was associated 
with lower risks for the target outcomes for patients >60, 
but not <60, years of age; no significant clinical benefit 
was found if prescribed beyond 5 days. Among patients 
>80 years of age, 3–4 doses of Comirnaty vaccine were 
associated with significantly lower risks for target out-
comes. Policies should encourage COVID-19 vaccina-
tion, and oral antivirals should be made accessible to 
infected persons within 5 days of confirmed diagnosis.
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(14,15). Comirnaty (Pfizer-BioNTech, https://www.
pfizer.com), an mRNA-based vaccine, is another pop-
ular vaccination choice to prevent COVID-19. Similar 
to the case for CoronaVac, abundant clinical trials and 
studies have proven safety and efficacy of the Comir-
naty vaccine against COVID-19–related hospitaliza-
tion, death, and severe outcomes (16–19).

Although clinical trials and studies have demon-
strated the efficacy of oral antiviral drugs and vac-
cinations against COVID-19, real-world evidence is 
needed to determine the effectiveness of such inter-
ventions when used in combination. Furthermore, it 
would be of interest to explore and evaluate poten-
tial interactions, if any, between oral antiviral drugs, 
vaccinations, and age. Therefore, we compared the 
effectiveness and interactions of molnupiravir and 
nirmatrelvir/ritonavir and 2 vaccines, CoronaVac 
and Comirnaty, in a large population of inpatients 
with COVID-19.

Methods

Study Design
We analyzed data from a territory-wide population 
cohort of adult hospital inpatients in Hong Kong who 
had confirmed diagnoses of SARS-CoV-2 infection 
during March 16–October 31, 2022. Our study re-
ceived ethics approval from the Institutional Review 
Board of The University of Hong Kong.

Data Sources and Study Population
We used data from electronic health records of hos-
pital patients with SARS-CoV-2 infections extracted 
from the Clinical Management System of Hong Kong 
Hospital Authority, which is the statutory body that 
manages all public hospitals in Hong Kong. The dei-
dentified records contained patient age (which we 
stratified into groups 18–59, 60–79, and >80 years) 
(20–22), gender, occupation, symptomatic status, 
chronic disease history, dates of confirmed SARS-
CoV-2 infection, symptom onset, admission date, 
discharge date, whether infection developed into 
serious/critical/fatal conditions, and oral antiviral 
drug prescriptions. We matched and merged patient 
records with anonymized population-based vac-
cination records provided by the Centre for Health 
Protection, Hong Kong Department of Health, via a 
unique identification key. Vaccination variables were 
vaccination type, vaccination date, and number of 
doses. License restrictions apply to the availability of 
the research data used in this study.

We included adult inpatients if they had a con-
firmed diagnosis of SARS-CoV-2 infection and were 

admitted to a local public hospital during the study 
period. We excluded patients who received both 
types of oral antiviral drugs (1,421 patients received 
both molnupiravir and nirmatrelvir/ritonavir), re-
ceived both types of vaccinations (1,540 patients re-
ceived both CoronaVac and Comirnaty) or nonlocal 
vaccinations (167 patients), had missing vaccination 
dates (49 patients), or received oral antiviral drugs 
during or after infection developed into a serious or 
critical condition (362 patients). We evaluated the 
study population according to treatment and vaccina-
tion status (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/30/1/23-0414-App1.pdf).

Time-Dependent Variable
We indexed the hazard function according to calen-
dar day; oral treatment status was time-dependent. 
The use of time-dependent treatment status can ad-
dress the issue of immortal time bias, which arises 
in many retrospective studies when determining a 
patient’s treatment status involves a waiting period 
(e.g., waiting for a prescription to be dispensed). 
During this waiting period, treated patients are 
considered immortal because they have to survive 
until the treatment definition is fulfilled (23). To ad-
dress the issue of immortal time bias, patients who 
lived long enough to receive treatment were defined 
as unexposed to the treatment before prescription 
and only defined as exposed to the treatment on the 
prescription day and thereafter. When compared 
with patients who were too ill and did not live long 
enough to receive the oral treatment, an unexposed 
treatment status helped resolve the issue of immortal 
time interval between infection and treatment pre-
scription. If an oral antiviral drug was prescribed, 
we further indicated whether the prescription 
was made within or after 5 days of the confirmed  
COVID-19 diagnosis (24–27).

We also considered age, gender, Charlson comor-
bidity index, vaccination type, and number of doses 
as predictors in our analyses. For generalized-likeli-
hood ratio tests, we evaluated those variables with 
the first and second order interaction effects between 
age, vaccination, and oral treatment status.

Outcomes and Follow-Up Period
The primary outcome was all-cause mortality. The 
secondary outcome was disease development into a 
serious/critical/fatal case, comprising a composite 
outcome of disease progression (all-cause mortality, 
3 L/min oxygen supplementation required, intensive 
care unit admission, intubation, extracorporeal mem-
brane oxygenation, or shock).
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The follow-up period for each patient was 28 
days, starting from the date of confirmed COVID-19 
diagnosis (28). We censored data from hospitalized 
patients who were discharged or never experienced 
the events of interest within the follow-up period. In 
the analyses related to the secondary outcome, we 
defined the date of the event as the date the illness 
turned serious or critical or the date of in-hospital 
death, whichever came first.

Statistical Analysis
We used a proportional hazards regression model 
with a calendar day setting (29–32) and time-depen-
dent variables to estimate and compare the effec-
tiveness of molnupiravir and nirmatrelvir/ritonavir 
treatments and CoronaVac or Comirnaty vaccines 
against death or progression to severe COVID-19 
among hospitalized patients. The hazard function of 
a patient on calendar day t was defined as the base-
line hazard function of day t multiplied by a function 
of a predictor, such as age, sex, vaccination status, 
time-dependent oral treatment status, or their inter-
actions. Because the hazard function was indexed by 
calendar day, patients were only compared if they 
had a confirmed COVID-19 diagnosis and were hos-
pitalized during roughly the same period (i.e., with 
overlapping follow-up windows). Thus, confounding 

factors arising from the ever-changing baseline haz-
ard function during different waves and periods of 
the COVID-19 pandemic could then be addressed.

We used the partial-likelihood estimation method 
to estimate the coefficients of the predictors; each cal-
endar day contributed to 1 term in the log-likelihood 
function. We adopted the Breslow estimator to esti-
mate the conditional likelihood for the days that had 
>1 event (i.e., tied observations) and applied the large 
sample theory to produce approximate variance-co-
variance matrices for the estimated coefficients.

We initially fitted a full model with all marginal 
effects and first and second order interaction effects 
between age, oral treatment status, vaccination type 
and number of doses. We conducted generalized-
likelihood ratio (GLR) tests to analyze the first and 
second order interaction effects. According to GLR 
test results, we fitted a reduced model with all mar-
ginal effects and significant interactions. We con-
ducted GLR tests to analyze the interaction effects be-
tween oral antiviral drugs and vaccinations, between 
age and oral antiviral drugs, and between age and 
vaccinations; we then performed subgroup analyses. 
For each age group, we ran a reduced model with 
marginal effects only and included the variables age, 
gender, vaccination type and number of doses, the 
time-dependent oral treatment status (and whether 
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Figure 1. Survival curves for 
all-cause mortality outcome 
in study of effectiveness of 
vaccines and antiviral drugs 
in preventing severe and 
fatal COVID-19, Hong Kong. 
Survival curves were generated 
to compare patients who did 
not receive antiviral drugs with 
those prescribed molnupiravir 
(A) or nirmatrelvir/ritonavir (B) 
within 5 days after confirmation 
of COVID-19 diagnosis and to 
compare unvaccinated patients 
with those vaccinated with 
CoronaVac (C) or Comirnaty 
(D) vaccines. 
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the treatment was prescribed within 5 days of con-
firmed diagnosis), and the Charlson comorbidity in-
dex. We performed Z-tests for the difference in pop-
ulation means to compare the relative size effects of 
different oral antiviral drugs, different vaccinations, 
the same type of vaccination with different numbers 
of doses, and effects between the antiviral drugs  
and vaccinations.

We performed all statistical tests and analyses 
by using RStudio (https://www.rstudio.com) in 
R version 4.2.1 (The R Project for Statistical Com-
puting, https://www.r-project.org). All statistical 
tests were 2-sided; we considered p<0.05 statisti-
cally significant.

Results
We identified a total of 39,627 hospitalized adults who 
had a confirmed diagnosis of SARS-CoV-2 infection 
during March 16–October 31, 2022, of whom 9,616 
received molnupiravir and 10,873 received nirmatrel-
vir/ritonavir during their hospital stays. Among the 
20,489 patients prescribed oral antiviral drugs, 8,708 
were >80, 8,996 were 60–79, and 2,785 were <60 years 
of age. A total of 10,291 hospitalized patients were un-
vaccinated at the time of confirmed diagnosis, 10,346 

had received 1–2 doses of CoronaVac vaccine, 10,166 
had received 3–4 doses of CoronaVac vaccine, 576 
had received 1 dose of Comirnaty vaccine, and 8,248 
had received 2–4 doses of Comirnaty vaccine (Ap-
pendix Table 1). Patients were observed during the 
28-day follow-up period if they were not discharged 
or did not experience the outcomes of interest (death 
or progression to serious illness). 

The cumulative incidences of all-cause mortality 
were 847 for molnupiravir users, 245 for nirmatrel-
vir/ritonavir users, and 1,987 for those who did not 
receive antiviral drugs (controls); cumulative inci-
dences of progression to a serious/critical/fatal case 
were 1,076 for molnupiravir users, 407 for nirmatrel-
vir/ritonavir users, and 2,052 for controls (Appendix 
Table 2). The cumulative incidences of all-cause mor-
tality were 959 for patients partially vaccinated with 
CoronaVac, 291 for those fully vaccinated with Coro-
naVac, 51 for those partially vaccinated with Comir-
naty, 180 for those fully vaccinated with Comirnaty, 
and 1,598 for unvaccinated patients; cumulative inci-
dences of progression to a serious/critical/fatal case 
were 1,104 for those partially vaccinated with Coro-
naVac, 447 for those fully vaccinated with CoronaVac, 
56 for those partially vaccinated with Comirnaty, 248 
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Figure 2. Survival curves for 
progression to serious/critical/
fatal illness outcome in study of 
effectiveness of vaccines and 
antiviral drugs in preventing 
severe and fatal COVID-19, 
Hong Kong. Survival curves 
were generated to compare 
patients who did not receive 
antiviral drugs with those 
prescribed molnupiravir (A) or 
nirmatrelvir/ritonavir (B) within 
5 days after confirmation of 
COVID-19 diagnosis and to 
compare unvaccinated patients 
with those vaccinated with 
CoronaVac (C) or Comirnaty (D) 
vaccines.
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for those fully vaccinated with Comirnaty, and 1,680 
for unvaccinated patients (Appendix Table 3). We 
defined fully vaccinated status as having >3 doses of 
CoronaVac and >2 doses of Comirnaty vaccines.

The second-order interaction effects among age, 
oral antivirals, and vaccinations were not significant 
for all-cause mortality (p = 0.604) and for progression 
to serious illness (p = 0.584). Furthermore, the interac-
tion effects between oral antiviral drugs and vaccina-
tions were not significant for all-cause mortality (p = 
0.280) and for progression to serious illness (p = 0.341) 
(Appendix Table 4). The joint effects of oral antiviral 
drugs and vaccinations were additive. For both target 
outcomes, significant (or moderate) interaction effects 
were found between age and oral antiviral drugs and 
between age and vaccinations (p<0.05) (Appendix 
Table 4).

Receipt of oral antiviral drugs within 5 days 
of confirmed COVID-19 diagnosis was associated 
with significantly lower risk for all-cause mortality 
in patients >60 years of age (Appendix Table 5). For 
molnupiravir, the hazard ratios (HRs) for all-cause 
mortality were 0.65 (95% CI 0.55–0.78) for the 60–79-
year age group and 0.61 (95% CI 0.55–0.67) for the 
>80-year group. For nirmatrelvir/ritonavir, HRs for 
all-cause mortality were 0.38 (95% CI 0.29–0.49) for 

the 60–79-year age group and 0.31 (95% CI 0.26–0.36) 
for the >80-year group. Lower risk for progression to 
a serious/critical/fatal condition was also observed 
with antiviral treatments; for molnupiravir, HRs 
were 0.78 (95% CI 0.67–0.91) for the 60–79-year age 
group and 0.73 (95% CI 0.67–0.81) for the >80-year 
group; for nirmatrelvir-ritonavir, HRs were 0.55 
(95% CI 0.45–0.67) for the 60–79-year age group and 
0.44 (95% CI 0.38–0.51) for the >80-year group. For 
both age groups, receipt of nirmatrelvir/ritonavir 
was associated with lower risks than molnupiravir 
for all-cause mortality and progression to a serious/
critical/fatal conditions (p<0.001). No significant 
clinical benefit was found if the antiviral drugs were 
prescribed beyond 5 days of confirmed diagnosis or 
for patients who were <60 years of age, as the cor-
responding CIs for the HRs contained the value of 1 
(Appendix Table 5).

Among patients >60 years of age, receipt of 
CoronaVac or Comirnaty vaccines was generally as-
sociated with lower risks for all-cause mortality and 
progression to a serious/critical/fatal condition; a 
greater number of vaccine doses was associated with 
lower risks. HRs for all-cause mortality in the 60–79-
year age group were 0.70 (95% CI 0.56–0.88) for 1 dose 
of CoronaVac, 0.58 (95% CI 0.47–0.71) for 2 doses, 
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Figure 3. Cumulative hazards for all-cause mortality outcome events in study of effectiveness of vaccines and antiviral drugs in 
preventing severe and fatal COVID-19, Hong Kong. Cumulative hazards were compared among age groups, patients prescribed oral 
antiviral drugs, and those unvaccinated or vaccinated with CoronaVac or Comirnaty vaccines. A) No antiviral drugs, B) molnupiravir, 
C) nirmatrelvir/ritonavir. Antiviral drugs were prescribed within 5 days after confirmation of a COVID-19 diagnosis. Colors indicate age 
groups within each treatment group. 
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0.32 (95% CI 0.24–0.42) for 3 doses, and 0.12 (95% CI 
0.04–0.37) for 4 doses. HRs for all-cause mortality in 
the >80-year age group were 0.91 (95% CI 0.81–1.02) 
for 1 dose of CoronaVac, 0.73 (95% CI 0.64–0.83) for 
2 doses, 0.57 (95% CI 0.48–0.69) for 3 doses, and 0.35 
(95% CI 0.18–0.69) for 4 doses. For those receiving 
the Comirnaty vaccine, HRs for all-cause mortality 
in the 60–79-year age group were 0.70 (95% CI 0.44–
1.11) for 1 dose, 0.66 (95% CI 0.50–0.87) for 2 doses, 
0.28 (95% CI 0.18–0.43) for 3 doses, and 0.09 (95% CI 
0.01–0.65) for 4 doses; in the >80-year age group, HRs 
were 1.26 (95% CI 0.87–1.81) for 1 dose, 0.56 (95% 
CI 0.42–0.76) for 2 doses, 0.37 (95% CI 0.25–0.55) for 
3 doses, and 0.28 (95% CI 0.07–1.11) for 4 doses. For 
patients 18–59 years of age, receipt of 3 doses of Coro-
naVac or Comirnaty was associated with lower risks 
of all-cause mortality (CoronaVac, HR 0.36 [95% CI 
0.19–0.71]; Comirnaty, HR 0.18 [95% CI 0.07–0.45]) 
and progression to a serious/critical/fatal condition 
(CoronaVac, HR 0.54 [95% CI 0.34–0.85]; Comirnaty, 
HR 0.29 [95% CI 0.16–0.51]), whereas no significant 
benefit was observed for 1 or 2 doses.

Comparisons between CoronaVac and Comir-
naty vaccinations showed no significant differences 

in risks for all-cause mortality or progression to a se-
rious/critical/fatal condition when patients received 
1 or 2 doses of either vaccine. For the >80-year age 
group, those who received 3 doses of Comirnaty vac-
cine had significantly lower risks for all-cause mortal-
ity (p = 0.038) and progression to a serious/critical/
fatal condition (p = 0.026) than those who received 3 
doses of CoronaVac vaccine.

Survival was greater for patients who received 
oral antiviral drugs (within 5 days of diagnosis) 
than for those who did not receive antiviral drugs 
(Figures 1, 2). Survival was also greater for patients 
who received >3 doses of CoronaVac or >2 doses 
of Comirnaty vaccines than for those who were un-
vaccinated. Survival curves showed that both oral 
antivirals and vaccinations effectively reduced the 
risk for all-cause mortality. Similarly, cumulative 
hazards for patients who received oral antiviral 
drugs or vaccinations were lower than for those 
who did not receive the antiviral drugs and were 
unvaccinated (Figures 3, 4). Furthermore, vaccina-
tion and use of oral antivirals was more effective 
for patients >80 years of age than for those in the 
younger age groups.
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Figure 4. Cumulative hazards for serious/critical/fatal condition outcome events in study of effectiveness of vaccines and antiviral drugs 
in preventing severe and fatal COVID-19, Hong Kong. Cumulative hazards were compared among age groups, patients prescribed oral 
antiviral drugs, and those unvaccinated or vaccinated with CoronaVac or Comirnaty vaccines. A) No antiviral drugs, B) molnupiravir, 
C) nirmatrelvir/ritonavir. Antiviral drugs were prescribed within 5 days after confirmation of a COVID-19 diagnosis. Colors indicate age 
groups within each treatment group. 
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Discussion
We conducted a real-world study to compare the ef-
fectiveness of SARS-CoV-2 oral antiviral drugs and 
vaccinations, to examine their interaction effects in a 
unified model setting, and to address immortal time 
bias. Hospitalized COVID-19 patients in Hong Kong 
who received nirmatrelvir/ritonavir had significant-
ly lower all-cause mortality and disease progression 
risks than those receiving molnupiravir. Interaction 
effects between the oral antiviral drugs and vaccina-
tions were not significant. The oral antiviral drugs 
provided greater clinical benefits to the adult patients 
>60 years of age than to those <60 years of age. Vac-
cinations generally provided greater clinical benefits 
for patients <60 years of age. 

Several observational studies have been per-
formed to examine the effectiveness of oral antiviral 
drugs in patients with mild to moderate COVID-19. 
A retrospective cohort study of hospitalized patients 
with confirmed SARS-CoV-2 diagnoses was conduct-
ed during February 26–April 26, 2022; the study used 
propensity score matching to evaluate the effective-
ness of molnupiravir and nirmatrelvir/ritonavir for 
patients who did not require supplemental oxygen at 
admission (33). Our findings on interaction between 
age and oral antivirals agreed with that study; how-
ever, we did not find a significant interaction effect 
between oral antiviral drugs and vaccinations, which 
disagreed with that study. We covered a longer study 
period, and our study population was more inclu-
sive because of the application of the calendar day 
setting and time-dependent treatment and outcome 
variables. Another cohort study of nonhospitalized 
patients showed molnupiravir and nirmatrelvir/rito-
navir were effective for patients with mild to mod-
erate COVID-19 (34). Compared with that study, the 
strength of our study population could be attributed 
to the inpatient setting where clinical outcomes and 
procedures were systematically documented, and 
medication adherence was guaranteed. Our findings 
offer additional insight into the effectiveness of oral 
antiviral drugs and vaccinations. A different observa-
tional study was performed using inverse probability 
of treatment weighting to adjust the baseline differ-
ences between treatment and control groups (35). 
Unlike that study, our analyses involved vaccination 
records of patients and examined the effectiveness 
of oral antiviral drugs and vaccinations in a unified 
model that addressed immortal time bias.

Despite having some advantages over previous 
studies, the first limitation of our study is that our 
analyses were inevitably subject to selection bias; 
therefore, our inpatient setting suggests that the 

generalizability of our results to outpatients or oth-
er settings is questionable. Second, we did not have 
compliance data for the oral antiviral drugs, and an 
intention-to-treat handling of the prescription data 
could underestimate the effects of the oral treat-
ments. However, inpatients are more likely to have a 
high level of compliance. Third, we were not able to 
further differentiate all-cause mortality from deaths 
directly caused by SARS-CoV-2 as opposed to other 
causes. Fourth, in our modeling of vaccination effect, 
we did not consider the elapsed time between doses 
and the potential waning effect of vaccination. Fifth, 
the difference in treatment timing could have caused 
bias in our comparison between the 2 types of treat-
ments (i.e., vaccination and oral antiviral drugs). All 
vaccinated patients prescribed antiviral drugs were 
vaccinated before they received the drug. The differ-
ence in treatment timing could have caused bias in 
our comparisons between vaccine and antiviral drug 
effects, as well as during examination of their interac-
tion effects.

In conclusion, this retrospective study of hospi-
talized patients with COVID-19 showed that the use 
of vaccinations and oral antiviral drugs was associ-
ated with substantial reductions in risks for all-cause 
mortality and disease progression. Oral molnupira-
vir and nirmatrelvir/ritonavir were more effective 
in reducing the risks of target outcomes for adults 
>60 than for those <60 years of age. In contrast, vac-
cinations were relatively more effective in reducing 
the risks for target outcomes for adults <60 than for 
those >60 years of age. We did not observe signifi-
cant interaction effects on target outcomes between 
the use of vaccinations and oral antiviral drugs, and 
the joint effects of vaccinations and antivirals were 
additive. Policies should be introduced to encour-
age COVID-19 vaccinations; oral antivirals should be 
the standard care for hospitalized patients who have 
SARS-CoV-2 infection and should be provided within 
5 days of confirmed diagnosis. 

The data custodians (the Hospital Authority and  
Department of Health of the Government of the Hong 
Kong Special Administrative Region) provided the  
underlying individual-patient data to The University of 
Hong Kong for the purpose of scientific research.  
Restrictions apply to the availability of those data, which 
were used under license for this study. Authors must not 
transmit or release the data, in whole or in part, and in 
whatever form or media, or to any other parties or place 
outside of Hong Kong and must fully comply with the 
duties under the law relating to the protection of personal 
data, including those under the Personal Data (Privacy) 
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As part of the mission to cure and ultimately elim-
inate tuberculosis (TB), maintaining treatment 

adherence poses a substantial barrier (1). Persons 
with TB must complete multidrug regimens typically 
lasting >6 months. Even small lapses in adherence 
can be associated with poorer treatment outcomes, 
including relapse with the potential for further  

transmission (2). TB prevention and care programs 
have often sought to improve adherence, and hence 
treatment outcomes, by using directly observed 
therapy (DOT) (3,4). However, healthcare system 
barriers (mostly resource limitations), coupled with 
stigma, loss of autonomy, and the heavy burden of 
DOT clinic visits, can result in subpar outcomes and 
adherence that may not exceed that of self-adminis-
tered treatment (5–8). Those limitations have led the 
World Health Organization (WHO) to recommend 
community or home-based DOT over healthcare fa-
cility–based DOT or unsupervised treatment (4).

WHO defines a DOT provider as any person who 
observes the person with TB taking their medications 
in real time (4). By leveraging current advances in 
mobile technologies, person-centered treatment ob-
servation can be achieved by digital adherence tech-
nologies (DATs) such as medication sleeves, smart 
pill boxes, and video-supported therapy. Moreover, 
real-time digital adherence information offers the 
possibility of tailoring treatment support to individ-
ual needs. However, before TB programs adopt those 
technologies as a central strategy for treatment sup-
port, evidence for their effectiveness must be robust. 
Demonstration projects highlighting feasibility and 
acceptability of DATs for TB treatment support pro-
vide substantial evidence; to date, evidence is more 
limited for clinical outcomes with use of DATs than 
for other forms of treatment observation or self-ad-
ministered treatment (9–11). In principle, DATs can 
enable expansion of TB treatment supervision and 
support while reducing the burden on persons with 
TB and their providers.

Information about the cost to TB programs of 
those technologies and their real-world cost-effective-
ness comes largely from pilot and modeling studies 
(11,12). To estimate the cost of 2 DATs currently rec-
ommended for use by WHO (4), we used data from 
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Digital adherence technologies are increasingly used to 
support tuberculosis (TB) treatment adherence. Using 
microcosting, we estimated healthcare system costs (in 
2022 US dollars) of 2 digital adherence technologies, 
99DOTS medication sleeves and video-observed thera-
py (VOT), implemented in demonstration projects during 
2018–2021. We also obtained cost estimates for standard 
directly observed therapy (DOT). Estimated per-person 
costs of 99DOTS for drug-sensitive TB were $98 in Ban-
gladesh (n = 719), $119 in the Philippines (n = 396), and 
$174 in Tanzania (n = 976). Estimated per-person costs of 
VOT were $1,154 in Haiti (87 drug-sensitive), $304 in Mol-
dova (173 drug-sensitive), $452 in Moldova (135 drug-re-
sistant), and $661 in the Philippines (110 drug-resistant). 
99DOTS costs may be similar to or less expensive than 
standard DOT. VOT is more expensive, although in some 
settings, labor cost offsets or economies of scale may 
yield savings. 99DOTS and VOT may yield savings to lo-
cal programs if donors cover infrastructure costs.
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implementation studies in Bangladesh, Haiti, Moldo-
va, the Philippines, and Tanzania. Each demonstra-
tion project participating in this study received local 
institutional ethics review board approval.

Methods 

Study Design and Tools
Our multicountry cost analysis reflects DAT imple-
mentation projects funded by TB REACH Wave 6 
(13). Our goal was to estimate capital and recurrent 
costs of DATs. We developed questionnaires and 
measurement tools to describe the current standard 
of care (without DATs) for treatment of drug-sus-
ceptible TB (DS-TB) and drug-resistant TB (DR-TB); 
document how the DATs used in each project were 
integrated into the local standard of care and what 
practice changes resulted from their introduction; and 
capture all cost components of the DAT used during 
each project, including all related interventions and 
practice changes. Participating programs were given 
a series of cost analysis questionnaires, available on-
line (14) and were trained in their use via webinars. 
Our report is limited to cost analyses and does not 
address cost-effectiveness. During execution of each 
project, we collected data prospectively.

Study Populations
During 2018–2021, we enrolled eligible adolescents 
and adults receiving treatment for DS-TB and DR-
TB in DAT implementation projects in Bangladesh, 
Haiti, Moldova, the Philippines, and Tanzania (Table 
1). The projects were either 99DOTS (a technology-
enabled supplement to enhanced DOT (https://
www.99dots.org/About.html) medication sleeves 
or video-observed therapy (VOT; also referred to as 
video-supported therapy).

Cost Analyses
We performed a combination of bottom-up and top-
down microcosting for 6 TB REACH (https://tbreach.
org) DAT implementation projects. Seven other im-
plementation projects pursued separate costing anal-
yses, some of which have been published elsewhere 
(e.g., the Ugandan project [15]). Bottom-up costing 
applied to most cost components, but top-down mi-
crocosting incorporated total amounts spent for DAT 
platform/infrastructure, systems/data management 
and technical support, and training activities. Bottom-
up microcosting involves a detailed enumeration of 
cost component data points obtained from the service 
provider to estimate unit costs (16,17). Top-down mi-
crocosting uses total costs for relevant elements and 

then prorates them to calculate unit costs (e.g., per pa-
tient treated, per service delivered) (18,19).

We conducted our analysis from the healthcare 
system perspective; hence, we did not tabulate costs 
borne by patients and their families. All costs were 
converted to 2022 US dollars by using the respec-
tive countries’ inflation and exchange rates from the 
World Bank (20,21). Costs reflected project expenses 
reported by staff and were grouped into 2 categories: 
fixed and variable. Variable costs fell into 7 categories: 
1) phones and accessories; 2) systems/data manage-
ment; 3) mobile data use; 4) adherence monitoring by 
healthcare workers (HCWs) using the DAT platform; 
5) HCW escalation/intervention in cases of nonad-
herence; 6) trainers; and 7) trainees. Two additional 
variable cost categories were specific to 99DOTS: 1) 
printing and shipping of medication sleeves, and 2) 
medication preparation (in case medication blister 
packs were not packaged within 99DOTS sleeves 
by the supplier). Fixed costs were those of the DAT 
platform and required infrastructure (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/1/23-
0427-App1.pdf).

For each project, we estimated total costs and 
then prorated them per person treated for TB. Be-
cause certain fixed costs (e.g., acquisition of the rele-
vant platforms and computing infrastructure) can be 
substantial, we performed scenario analyses in which 
the DAT was scaled up to support more persons dur-
ing treatment. In those scenarios, most variable costs 
remained unchanged, but we annuitized fixed tech-
nology costs as well as computer and phone pur-
chases for HCWs and patients on the basis of a 5-year 
lifespan. We also explored scenarios in which fixed 
technology/platform introduction and maintenance 
costs would be shared across expanded user num-
bers (i.e., 2× study population, 5× study population, 
10× study population, and 100× study population) 
while maintaining the same variable costs as previ-
ously estimated.

To situate the DAT costs relative to the local 
standard of care; we evaluated per-person costs for 
DATs compared with in-person DOT, accounting for 
each study setting (i.e., duration of treatment and sal-
ary/wages of the persons observing treatment). We 
supplemented this analysis by considering DOT costs 
from the existing literature. To capture the patient 
volumes at which DAT scale-up might become cost 
saving, we also performed a threshold analysis.

An additional scenario analysis accounted for the 
high fixed up-front costs, which can pose a substan-
tial barrier to DAT adoption. In that scenario analysis, 
we assumed that the costs were covered separately by 
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international donor funds. Thus, we excluded them 
from the analysis, which was therefore restricted to 
variable costs borne by the local TB program, includ-
ing computer and phone purchases for HCWs and 
patients. We then compared those estimates with the 
cost estimates for DOT.

Results 
During 2018–2021, the three 99DOTS projects en-
rolled a total of 2,091 patients: 719 in Bangladesh, 396 
in the Philippines and 976 in Tanzania. During the 
same period, the 3 VOT projects enrolled a total of 505 
patients: 87 in Haiti, 308 in Moldova, and 110 in the 
Philippines (Tables 1, 2; Appendix Tables 2–4, 6–9). 

99DOTS
The estimated total costs of 99DOTS in the 3 imple-
mentation projects were $70,756 overall and $98 per 
person treated for DS-TB in Bangladesh, $47,074 
overall and $119 per person in the Philippines, and 
$169,536 overall and $174 per person in Tanzania. 
Variable costs accounted for 79% of the total in Ban-
gladesh, 70% in the Philippines, and 94% in Tanzania 
(Appendix Tables 3, 5, 6).

The main cost drivers for 99DOTS varied across 
project sites. Key components included adherence 
monitoring by personnel in Bangladesh (25% of 
costs), platform and infrastructure in the Philippines 
(29%), and systems/data management in Tanzania 
(34%).

For scenario analyses, we evaluated variation in 
per-person costs if 99DOTS were potentially scaled 
to larger numbers of persons receiving TB treatment 
and of their providers, while maintaining the same to-
tal fixed costs and the same variable costs per patient. 
When the number of persons served by the platform 
was increased 100-fold, we estimated a 39% decrease 
in cost per patient to $60 in Bangladesh, a 30% de-
crease to $83 in the Philippines, and an 8% decrease to 
$160 in Tanzania (Figure 1). In all scenario analyses, 
the most influential cost components remained the 
same (they all belonged to the variable cost category). 

VOT
For the project in Haiti (DS-TB), estimated overall 
costs for VOT were $100,436 and costs per person 
treated were $1,154; for Moldova (all TB patients), 
$114,336 and $372; and for the Philippines (DR-TB), 
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Table 1. Implementation projects and participants in study of costs of digital adherence technologies for tuberculosis treatment support* 
Country DAT Organization Project description Participants 
Bangladesh 99DOTS† icddr,b Implementation of 99DOTS in private 

sector TB screening and treatment 
centers established by icddr,b under its 

social enterprise model in Dhaka 

719 adults with DS-TB (mean age 34 y, 
SD 27) enrolled in the project, April 

2019–July 2020. 

Philippines 99DOTS KNCV A project to assess 99DOTS use in the 
private sector in the Philippines, where 
data suggest that 50% of patients in the 

country seek care 

396 adults (>15 y) with DS-TB enrolled 
on 99DOTS at 3 private clinics based in 

metro Manila area, December 2018–
June 2020. 

Tanzania 99DOTS KNCV The project involved mining 
communities in Tanzania in 4 rural 
districts using 99DOTS with SMS-

targeted educational messages and 
reminders. Patient dosing histories 
were used for counseling and for 

differentiated care (more intensive 
patient management) 

976 adult miners (>15 y) with DS-TB 
from 11 public health facilities recruited 

at treatment initiation or during 
medication refill. 22 DOT nurses and 11 

community health workers were 
engaged in the project, February 2019–

June 2020. 

Haiti VOT Health through 
Walls, Inc. 

A project using VOT to improve TB 
treatment adherence and outcomes for 

current and former prisoners in Haiti 

87 incarcerated persons with DS-TB 
enrolled in the project, February 2019–

February 2020. The project used a 
commercial VOT platform. 

The Philippines VOT Hermano (San) 
Miguel Febres 

Cordero Medical 
Education 

Foundation, Inc 

A pilot study to determine feasibility and 
acceptability of VOT in a high-burden, 
resource constrained DR-TB clinic in 
the Philippines, where smartphone 

penetration is moderate and growing 

110 adolescents and adults (>13 y) with 
DR-TB enrolled to use VOT at 6 DR-TB 
clinics. Everyone received a smartphone 

with the VOT application pre-installed 
and with SIM cards, December 2018–

June 2021. The project used a 
commercial VOT platform. 

Moldova VOT Centre for Health 
Policies and 

Studies 

A pilot project to scale up a locally 
developed VOT application 

173 adults with DS-TB and 135 adults 
with DR-TB enrolled on a locally 

developed VOT platform, April 2020–
June 2021. 

*Numbers indicate participants in the costing exercise; the overall parent study might have had more participants. CHW, community health worker; DAT, 
digital adherence technology; DR-TB, drug-resistant TB; DS-TB, drug-susceptible TB; KNCV, Koninklijke Nederlandse Centrale Vereniging tot bestrijding 
der Tuberculose; TB, tuberculosis; VOT, video-observed therapy; VST, video-supported therapy; SMS,short message service. 
†https://www.99dots.org. 
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$72,656 and $661. Variable costs accounted for 69% 
of the total in Haiti (DS-TB), 65% in Moldova (all TB 
patients), and 62%, in the Philippines (DR-TB) (Ap-
pendix Tables 6–8).

The largest cost component in Haiti was associ-
ated with systems/data management and technical 
support, which together accounted for 54% of the 
total. VOT platform and infrastructure accounted 
for 35% of the total cost in Moldova and 38% in  
the Philippines.

For the scenario analysis, when the number of 
persons served by the same platform was increased 
100-fold, we estimated a 31% decrease in cost with 
per-person costs falling to $800 in Haiti (DS-TB), 
12% falling to $185 in Moldova (all TB patients), 
and 50% falling to $151 in the Philippines (DR-TB) 
(Figure 2). In that scenario, the largest cost compo-
nent in Haiti (DS-TB) remained systems/data man-
agement and technical support at 91%; adherence 
monitoring then accounted for 55% of the total per 
patient cost in Moldova (all TB patients) and 88% in 
the Philippines. 

99DOTS Versus DOT
The 99DOTS projects were conducted in settings in 
which TB treatment is ordinarily observed by health 
facility workers, community health workers, or fam-
ily members. Program personnel estimated that 30% 
of patients would continue traditional DOT after 

the introduction of 99DOTS in Bangladesh, 20% in 
the Philippines, and 0 in Tanzania. Such persons 
included those receiving TB retreatment, persons 
without access to a mobile phone, persons residing 
outside the clinic’s catchment area, hospitalized pa-
tients, persons with extrapulmonary TB receiving 
>12-month treatment regimens, and persons unwill-
ing to provide consent. From the Tanzania health-
care system perspective, DOT itself does not imply 
healthcare system costs, and hence DOT costs to the 
healthcare system are not offset by use of 99DOTS 
because treatment support is ordinarily provided 
(unpaid) by family members.

In a threshold analysis, we explored the patient 
volumes required for 99DOTS to be cost saving 
when compared with DOT. In Bangladesh, when we 
used study DOT cost estimates, 99DOTS was associ-
ated with a $7 increase per patient enrolled; when 
we used DOT costs published elsewhere, the incre-
mental cost was $45 (22). We estimated that an in-
crease of >47% in patient volumes from the study 
population would render 99DOTS cost saving. In 
the Philippines, 99DOTS was cost saving with ex-
isting patient volumes according to study DOT cost 
estimates and those published elsewhere (23). In 
Tanzania, there was no possibility of healthcare sys-
tem cost savings with 99DOTS compared with DOT  
because DOT relied on family members at no cost to 
the healthcare system.
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Table 2. Costs of digital adherence technologies for tuberculosis treatment support determined in study of costs of digital adherence 
technologies for tuberculosis treatment support* 

Adherence technology 

Variable costs, US$ 

 

Fixed costs, US$ 

 

Total costs, US$ 
Variable 
overall 

Variable per 
patient 

Fixed 
overall 

Fixed per 
patient 

Total 
overall 

Total per 
patient 

Observed project costs         
 99DOTS†         
  Bangladesh, n = 71 55,985 78  14,772 21  70,756 98 
  The Philippines, n = 396 33,173 84  13,901 35  47,074 119 
  Tanzania, n = 976  159,028 163  10,509 11  169,536 174 
 VOT         
  Haiti, n = 87  69,287 796  31,149 358  100,436 1,154 
  Moldova, DS-TB, n = 173  34,248 198  18,429 107  52,677 304 
  Moldova DR-TB, n = 135  40,088 293  21,571 160  61,659 452 
  Moldova all TB, n = 308  74,336 242  40,000 130  114,336 372 
  The Philippines, n = 110  45,330 412  27,327 248  72,656 661 
Project costs annuitized over the 5-y life span of servers and phones      
 99DOTS         
  Bangladesh, n = 719   60   21   81 
  The Philippines, n = 396   83   8.84   92 
  Tanzania, n = 976   160   3.61   163 
 VOT         
  Haiti, n = 87   702   358   1,060 
  Moldova DS-TB, n = 173   151   21   172 
  Moldova DR-TB, n = 135   222   32   254 
  Moldova All TB, n = 308   185   26   211 
  The Philippines, n = 110   247   248   495 
*DR-TB, drug-resistant TB; DS-TB, drug-susceptible TB; TB, tuberculosis; VOT, video-observed treatment. 
†https://www.99dots.org. 
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For the scenario in which fixed costs are paid by 
donors, 99DOTS was cost saving in Bangladesh and 
the Philippines. In that scenario, TB programs would 
be able to support treatment for $60 per patient by us-
ing 99DOTS compared with $74 per patient by using 
DOT in Bangladesh, $83 compared with $176 in the 
Philippines, and $160 compared with $0 per patient 
in Tanzania.

VOT versus DOT
Program personnel estimated that 15% of persons 
treated for TB would remain on traditional DOT 
after the implementation of VOT in Haiti, 10% in 
Moldova, and 50% in the Philippines (Table 3). Use 

of VOT in Haiti was associated with $646 additional 
cost per patient compared with study DOT cost es-
timates and $1,011 compared with published DOT 
cost estimates (25). In Moldova, VOT was cost-sav-
ing with existing patient volumes according to our 
own DOT cost estimates; 77% of the DS-TB and 75% 
of the DR-TB study populations actually enrolled 
would have been sufficient to generate cost savings 
in Moldova. In Bangladesh and the Philippines, 
VOT costs per patient exceeded those for DOT even 
with all fixed costs excluded, meaning that expand-
ing the number of patients covered by VOT (i.e., 
economies of scale for fixed costs) could not result 
in savings.
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Figure 1. Directly observed 
tuberculosis therapy scale-
up scenario analysis for 3 
countries: A) Bangladesh; B) 
the Philippines; C) Tanzania. In 
each scenario, fixed technology/
platform introduction and 
maintenance costs are shared 
across expanded user numbers 
(i.e., 2× study population, 5× 
study population, 10× study 
population, and 100× study 
population) while maintaining the 
same variable costs.
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For the scenario in which fixed costs are covered 
by donors, VOT was cost saving in Moldova but 
not in Haiti or the Philippines. In that scenario, TB 
programs would be able to support treatment with 
VOT for $702 per patient compared with $414 per pa-
tient with DOT in Haiti, $151 compared with $336 in  
Moldova (DS-TB), $222 compared with $504 in Mol-
dova (DR-TB), $185 compared with $427 in Moldova 

(all TB patients), and $247 compared with $17 per pa-
tient in the Philippines.

Discussion 
Our cost analysis for 2 DATS covered a wide range 
of settings with diverse populations, socioeconomic 
conditions, and TB epidemiology. Implementation 
costs, particularly infrastructure and training costs, 
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Figure 2. Video-observed 
tuberculosis therapy scale-up 
scenario analysis for 3 countries: 
A) Haiti; B) Moldova; C) the 
Philippines. In each scenario, 
fixed technology/platform 
introduction and maintenance 
costs are shared across 
expanded user numbers (i.e., 
2× study population, 5× study 
population, 10× study population, 
and 100× study population) while 
maintaining the same variable 
costs. All TB, all TB patients;  
DR-TB, drug-resistant TB;  
DS-TB, drug-susceptible TB;  
TB, tuberculosis.
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were substantial when limited to a small number of 
persons with TB. However, if the DAT programs are 
scaled up to cover larger numbers of persons, the 
healthcare system cost per treatment course would 
fall and could become less expensive than paid in-
person DOT.

The same infrastructure can be stretched only so 
far; a better knowledge of its capacity will be essential 
for understanding cost and budgetary effects of DAT 
expansion. Moving forward, it will also be useful to 
account for potential cost savings to the healthcare 
system, to the extent that in-person DOT is reduced 
and especially for potential cost savings to persons 
and families affected by TB.

Among the strengths of our analysis are a di-
versity of real-world settings, reflective of those 
in which TB care is provided, and the use of care-
fully gathered microcosting data. We explicitly 
considered scenarios in which user volume could 
be expanded to better harness the necessary tech-
nical infrastructure. However, the numbers of 
persons with TB included in these projects varied, 
and the project settings were not always represen-
tative of the available resources and infrastruc-
ture in some places where persons with TB obtain 
care. According to questionnaire responses from 
local project personnel, DOT visits were substan-
tially longer in the Philippines and Bangladesh 
than at the other project sites. Nonetheless, those 
data provide relevant insights for managers and  
policy makers considering adding those technolo-
gies to their TB treatment programs.

We did not evaluate effectiveness of the DATs, 
which has been addressed in other related publica-
tions; an analysis of the feasibility and acceptability 
of DATs in the TB REACH projects is forthcoming 
(26). Limitations of the technologies themselves 
have been recognized: for example, messages re-
ceived or not received by the 99DOTS platform do 
not necessarily equate with medication ingestion 
or lack thereof (27,28). Hence, direct comparisons 
of DAT and DOT costs are only appropriate to the 
extent that clinical outcomes with the DAT in ques-
tion are similar to or better than standard care; we 
explicitly did not address that point in our analy-
sis. Our study considered only economies of scale 
resulting from sharing of fixed infrastructure and 
equipment costs by more users. We did not have 
specific information as to how variable costs (e.g., 
HCW time, phones, and data charges) might fall 
with increased user numbers (e.g., greater HCW ef-
ficiency, discounted phones, and data with larger 
bulk purchasing). Clearly, any reductions in vari-
able costs at scale would be relevant to providers 
and payers.

Of note, we did not evaluate costs or savings 
for patients and family members with regard to 
constraints such as missed work hours or childcare 
needs, which may be mitigated when in-person DOT 
is replaced by digital treatment support. Other stud-
ies have highlighted the value of such savings in the 
DAT context (29,30).

Among the limitations to our comparison of 
DATs with DOT, the total estimated cost for DOT was 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024 85

 
 
Table 3. Digital adherence technologies compared with directly observed therapy costs* 

Cost 

99DOTS sites, US$ 

 

VOT sites, US$ 
Bangladesh, 
healthcare 

facility 

Philippines, 
health care 

facility 
Tanzania, 

home 
Haiti, 
prison 

   Philippines, 
healthcare 

facility or home 
Moldova, health facility 

DS-TB DR-TB All TB 
Crude estimate for DOT cost for the standard of care derived from the costing tool     
 Hourly wage of person offering 
 DOT support 

0.83 1.40 0.00  4.60 11.20 11.20 11.20 2.88 

 Duration of DOT visit, min 45 45 0  45 15 15 15 2 
Total per patient cost  
 DOT cost from study data 74 176 0  414 336 504 427 17 
 DOT cost from the literature 36 (22) 155 (23) 89 (24)  49 (25) 

  
 166 (23) 

 Annuitized cost of DAT 81 92 163  1,060 172 254 211 495 
 Variable DAT costs only 60 83 160  702 151 222 185 247 
Incremental per patient cost for the DAT versus standard of care  
 Study data as comparator† 7 –84 163  646 –164 –250 –216 478 
 Prior published data as 
 comparator‡ 

45 –63 74  1,011 – – – 329 

Incremental per patient cost for the DAT using variable costs only versus standard of care, assuming fixed costs are already sunk 
 Study data as comparator† –14 –93 160  288 –185 –282 –242 230 
 Prior published data as 
 comparator‡ 

24 –72 71  653 – – – 81 

*DAT, digital adherence technologies; DOT, directly observed therapy; –, no prior published data available for comparison. 
†Negative incremental costs indicate savings for the DAT relative to standard of care. 
‡There is no available literature documenting the cost of DOT in Moldova; therefore, we did not calculate incremental costs when published literature was 
the comparator. 
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based on the reported staff time cost per DOT visit 
multiplied by the number of DOT visits expected for 
a complete course of treatment (perfect attendance). 
However, for 99DOTS and VOT, we included only 
the costs of the actual calls made and videos sent. On 
the other hand, we had explicit microcosting infor-
mation, which enabled us to include the cost of es-
calation (additional phone calls and home visits) in 
the case of suboptimal adherence detected with the 
DATs. We did not have such granular data available 
for escalation costs in the event of suboptimal adher-
ence during DOT. Similarly, we did not include DOT 
training costs because we did not have data for those.

The high costs of DATs, especially VOT, are 
driven largely by up-front infrastructure costs such 
as computing equipment and phones, initial config-
uration, and software licensing (Appendix Table 3). 
For Haiti and Moldova, where the cost of purchas-
ing phones accounted for a substantial portion of the 
per patient cost, the loan of phones to patients or their 
use of personal phones would drastically lower the 
cost of implementing VOT. The per-patient cost was 
notably higher in Haiti because of higher hardware 
cost at the beginning of the project; there was a learn-
ing curve when evaluating whether tablets or phones 
were best suited for the intervention.

Asynchronous VOT offsets some recurrent costs 
associated with synchronous VOT and improves 
flexibility by allowing persons with TB to record 
medication ingestion within an agreed range of 
time, even if they did not have internet access at that 
moment (31). Similarly, the use of compressed vid-
eo files can lower data-use costs. Less worker time 
is needed if the recordings are reviewed at higher 
playback speed or if computer-assisted recognition 
of pill swallowing is used (32;  J.N. Sekandi, unpub. 
data, https://doi.org/10.2139/ssrn.4074672). How-
ever, those adaptations may not be sufficient to 
make VOT easily accessible to TB programs in low- 
and lower middle-income countries. Our scenario 
analysis suggests that the initial capital investment 
would have to be covered by donor funds for this 
technology to become cost saving to local TB pro-
grams in these settings.

Global DAT initiatives for TB are addressing the 
infrastructure cost burden by improving market ac-
cess, procurement mechanisms, and supply chains 
(33). Our study complements this work by carefully 
documenting capital and operating expenditures, al-
lowing for better planning and decisions by TB treat-
ment programs (34). Our cost estimates for 99DOTS 
are similar to those from other TB programs that 
have used this technology (15,35). A recent study 

from the United States estimated that VOT was less 
expensive than in-person DOT provided by health-
care staff (29) for both the healthcare system and for 
persons with TB and their families. The extent that 
DATs offload HCWs from in-person observation 
will reduce their net cost.

However, local factors also further shape overall 
costs, such as the cost of internet and SMS (short mes-
sage service), the DAT and platform used, specific 
infrastructure used and patient population served, 
labor costs, varying nature of services, and treatment 
duration. Barriers beyond internet connectivity and 
infrastructure include restricted availability, acces-
sibility, and affordability of some technologies for 
persons in resource-limited areas and, similarly, the 
availability and affordability of technical personnel 
needed to support the TB clinics (26,36). Hence, real-
world cost, effectiveness, and implementation data 
from high TB-incidence, lower-income settings will 
remain paramount.

In conclusion, advances in the usability and 
acceptability of DATs, coupled with widespread 
internet access and mobile phone use, make them 
viable tools for person-centered adherence sup-
port. However, economic evaluations are limited 
to date. Our analysis suggests that 99DOTS may be 
affordable to TB programs in diverse settings, par-
ticularly if used at scale. VOT appears less afford-
able for lower-income countries, although costs for 
both technologies could be reduced if the same in-
frastructure and hardware could support more pa-
tients, and both technologies would be cost saving 
should their fixed cost be covered by international 
donor funds. Our work is a step toward future cost-
effectiveness analysis of DATs as more clinical out-
come data become available.
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etymologia revisited
Trichinella spiralis 
[tri·kuh·neh′·luh spr·a′·luhs]

Trichinella is derived from the Greek words trichos (hair) and ella (di-
minutive); spiralis means spiral. In 1835, Richard Owen (1804–1892) 

and James Paget (1814–1899) described a spiral worm (Trichina spiralis)–
lined sandy diaphragm of a cadaver. In 1895, Alcide Raillet (1852–1930) 
renamed it as Trichinella spiralis because Trichina was attributed to an 
insect in 1830. In 1859, Rudolf Virchow (1821–1902) described the life 
cycle. The genus includes many distinct species, several genotypes, and 
encapsulated and nonencapsulated clades based on the presence/ab-
sence of a collagen capsule.
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Skin and soft tissue infections (SSTIs) are com-
mon and potentially severe medical conditions 

that occur regularly in both military and nonmilitary 
populations. Military members, however, have a 21% 
higher incidence of SSTI than do similarly aged non-
military populations because of a variety of factors, 
such as increased rate of minor traumatic injuries and 
intermittently poor hygiene practices often associ-
ated with field exercises and deployments to austere 

locations (1). Furthermore, a disproportionate burden 
of SSTI in the military occurs in recruit and training 
settings, likely resulting from increased crowding, 
decreased adherence to good personal hygiene, and 
environmental contamination (1,2).

United States Naval Special Warfare (NSW) train-
ing in Coronado, California, USA, exposes trainees to 
extreme physical stresses and environmental condi-
tions that create an ideal setting for increased fre-
quency and severity of SSTIs. In 2015, medical staff at 
the Naval Special Warfare Center (NSWCEN) identi-
fied a concerning trend in its trainees, when a series of 
severe SSTIs were identified as being caused by inva-
sive gram-negative saltwater-associated pathogens, 
including Shewanella algae and Vibrio spp. (3). Those 
severe SSTIs primarily occurred during the highest-
risk phase of training, Hell Week, which consists of 
5 days of intense exertion with minimal rest and con-
tinuous exposure to wet and cold environments.

As a result, starting in September 2015, all NSW 
trainees entering Hell Week received 100 mg oral 
doxycycline daily as prophylaxis primarily aimed at 
limiting the incidence of severe SSTIs, particularly 
those caused by invasive gram-negative saltwater-
associated pathogens. Trainees started prophylaxis 
2 days before Hell Week and stopped the day after 
completing the training exercise (8 total doses). For 
this study, we reviewed data from 2013–2020 to de-
termine whether this intervention had any significant 
effect on the rate, severity, or quality of SSTIs in the 
NSW trainee population during Hell Week.

Methods
Our study was a retrospective cohort study of all NSW 
trainees who participated in the Hell Week phase of 
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In 2015, several severe cases of skin and soft tissue in-
fection (SSTI) among US Naval Special Warfare train-
ees prompted the introduction of doxycycline prophylaxis 
during the highest-risk portion of training, Hell Week. We 
performed a retrospective analysis of the effect of this 
intervention on SSTI incidence and resulting hospital ad-
missions during 2013–2020. In total, 3,371 trainees un-
derwent Hell Week training during the study period; 284 
SSTIs were diagnosed overall, 29 of which led to hospi-
talization. After doxycycline prophylaxis was introduced, 
admission rates for SSTI decreased from 1.37 to 0.64 
admissions/100 trainees (p = 0.036). Overall SSTI rates 
remained stable at 7.42 to 8.86 SSTIs/100 trainees (p 
= 0.185). Hospitalization rates per diagnosed SSTI de-
creased from 18.4% to 7.2% (p = 0.009). Average length 
of hospitalization decreased from 9.01 days to 4.33 days 
(p = 0.034). Doxycycline prophylaxis was associated with 
decreased frequency and severity of hospitalization for 
SSTIs among this population.
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training during April 2013–February 2020 at the NSW 
Center in Coronado, California. We selected this time-
frame because of limited data availability: NSWCEN 
used nonelectronic medical records before April 2013 
that were no longer available at the time of this analy-
sis. The study was approved as minimal risk with a 
waiver of informed consent by the Naval Medical Cen-
ter San Diego (NMCSD) institutional review board on 
July 26, 2021 (approval no. NMCSD.2021.0007). 

Overall, 42 separate Hell Weeks occurred during 
the study timeframe, roughly every 2 months. NMC-
SD is the principal care location for NSW trainees re-
quiring emergency or inpatient care. To this end, we 
requested hospital admission data for all NSW train-
ees admitted to NMCSD during the study period. We 
narrowed the search further by only requesting data 
from the 42 Hell Week periods. Each Hell Week pe-
riod was specifically defined as the training exercise 
itself (5 days) plus the 7 days after its completion. 
This timeframe helped to account for SSTIs that likely 
began during Hell Week but were not diagnosed un-
til several days after its conclusion. Once admission 
data were obtained, investigators (primarily J. Spiro) 
reviewed data from each admission to determine 
whether the primary reason for hospitalization was 
treatment of an SSTI. Once those target cases were 
identified, we compiled and analyzed relevant data 
points. Separately, a limited amount of deidentified 
data was also provided from the NSWCEN medical 
staff directly. Those data consisted only of the num-
ber of NSW trainees who participated in each Hell 
Week, as well as the number of SSTIs diagnosed lo-
cally at the NSWCEN clinic during each Hell Week 
period, regardless of whether that trainee ultimately 
required hospitalization. The case definition of SSTI 
at NSWCEN was consistent throughout the study 
period and was based on clinical manifestations, 
mainly skin erythema, edema, and warmth with or 
without concurrent abscess, which led to initiation of 
treatment-dose antimicrobial therapy. Of note, data 
regarding common side effects related to doxycycline 
use were not readily available from NSWCEN, so we 
did not analyze side effect incidence during the study 
timeframe. Although specific documentation of med-
ication adherence was not available, all doxycycline 
doses were administered under directly observed 
therapy by NSWCEN medical personnel for the dura-
tion of prophylaxis. Last, to assess for development of 
resistance to doxycycline over the study timeframe, 
the NMCSD microbiology department provided 
antibiotic susceptibility data for blood and wound 
cultures positive with Staphylococcus aureus from all 
NSW trainees during the study period, regardless of 

whether they were participating in Hell Week or hos-
pitalized for an SSTI.

The primary outcome of this study was hospital 
admission rates for SSTI during Hell Week periods 
before and after initiating doxycycline prophylaxis. 
September 2015 was the first Hell Week period dur-
ing which trainees received doxycycline prophylaxis 
and marked the beginning of the post-doxycycline 
prophylaxis cohort. Secondary outcomes included 
overall incidence of SSTIs (regardless of hospital 
admission), percentage of diagnosed SSTIs that led 
to hospitalization, length of hospitalization, and as-
sessment for notable changes in blood and wound 
culture data before and after the doxycycline pro-
phylaxis. The NMCSD microbiology department 
performed all blood and wound culture analysis per 
hospital protocol and procedures did not differ dur-
ing the study period. Minimal changes were made 
to training protocols during Hell Week at NSWCEN 
during the study timeframe, so the preintervention 
cohort served as the functional control group for this 
analysis. In addition, given that Hell Week periods 
occurred roughly every 2 months during the study 
timeframe, their seasonal distribution did not mean-
ingfully differ before and after doxycycline prophy-
laxis, and we did not perform analysis incorporating 
seasonal incidence of disease.

Statistical analysis of hospital admission rates for 
SSTI, general incidence of SSTI, and percentage of di-
agnosed SSTI leading to hospitalization all involved 
comparison of incidence rates for which we deter-
mined 2-tailed z-scores with a p value cutoff of <0.05. 
We used the Byar method to develop rate ratios when 
applicable. We treated length of hospital stay before 
and after the intervention as independent groups 
and analyzed them with unpaired t-tests, again us-
ing a p value of <0.05 as significant. We used Ope-
nEpi version 3 (https://www.openepi.com/Menu/
OE_Menu.htm) for calculations. We limited analysis 
of blood and wound culture data to descriptive sta-
tistics given the more nuanced nature of the data and 
the smaller sample size.

Results
A total of 3,371 NSW trainees participated in the 42 
Hell Week training periods during April 2013–Feb-
ruary 2020. From that population, 70 patients were 
admitted to NMCSD for all medical conditions; 29 
of those admissions were primarily for treatment of 
SSTI. Specific demographic data on the 3,371 trainees 
were limited because of variable attrition rates in each 
class throughout the training process. However, all 
trainees were men 18–33 years of age. Most trainees 
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were enlisted personnel, and most enlisted and officer 
trainees had no previous active military experience. 
The 29 trainees hospitalized for SSTIs were all men; 
age range was 19–28 years (mean 23.4 years). Of 29 
hospital admissions, 13/29 (44.8%) occurred during 
Hell Week, and 16/29 (55.2%) occurred in the 7 days 
after each Hell Week. Mean time from start of Hell 
Week to hospital admission was 6.24 days. Twenty 
cases involved SSTI in 1 or both lower extremities, 
3 cases involved a combination of upper and lower 
extremities, and 6 cases involved an isolated upper 
extremity. Seven patients had clear abscesses or an-
other complication that required incision and drain-
age or other surgical intervention. Four patients re-
quired treatment in the intensive care unit. No deaths 
occurred among the 29 trainees hospitalized for SSTI 
during the study period.

Doxycycline prophylaxis during Hell Week start-
ed in September 2015. Fifteen Hell Weeks involving 
1,024 trainees occurred before doxycycline prophy-
laxis began, and 27 Hell Weeks involving 2,347 train-
ees took place after the intervention. Fourteen of 29 
cases of SSTI requiring hospital admission occurred 
before doxycycline prophylaxis was implemented, a 
rate of 1.37 hospitalizations/100 trainees. Fifteen of 29 
cases took place after the intervention began, a rate of 
0.64 hospitalizations/100 trainees. Those values cor-
respond to a rate ratio of 0.468 (95% CI 0.226–0.968; 
p = 0.036) for SSTI leading to hospitalization after 
implementing doxycycline prophylaxis and a theo-
retical number needed to treat of 137.3 trainees to 
prevent 1 hospitalization for SSTI (Table 1).

A total of 284 SSTIs were diagnosed locally at the 
NSWCEN medical clinic during the study period; 76 
infections occurred before the doxycycline prophy-
laxis was enacted and 208 after (Figure). The more 
general incidence of SSTI before the intervention was 
7.42 SSTIs per 100 trainees, whereas the incidence af-
ter the intervention was 8.86 SSTIs per 100 trainees. 
Those data correspond to a rate ratio of 1.19 (95% CI 
0.918–1.55; p = 0.185) for SSTI after doxycycline pro-
phylaxis was begun. In the preintervention period, 
14 hospitalizations among 76 SSTI cases resulted in 
an 18.4% admission rate, whereas 15 hospitaliza-
tions among 208 SSTIs in the postintervention period  

produced a 7.2% admission rate. The hospitalizations 
per infection rate ratio was 0.392 (95% CI 0.189–0.811; 
p = 0.0089) after doxycycline prophylaxis was started 
(Table 1). The average length of hospitalization in 
trainees admitted for SSTI in the predoxycycline pro-
phylaxis period was a mean of 9.07 days (median 7 
days); average length in the postdoxycycline prophy-
laxis period was a mean of 4.33 days (median 4 days). 
The difference of those means was 4.74 days (95% CI 
0.40–9.08; p = 0.034) (Table 1).

Blood and wound culture data from the 29 train-
ees hospitalized for SSTI revealed 7 case-patients 
with positive wound cultures and 3 cases of bacte-
remia before initiation of doxycycline prophylaxis. 
In the postintervention population, data revealed 
8 case-patients with positive blood cultures and 2 
cases of bacteremia. S. aureus and Streptococcus pyo-
genes were the most commonly identified pathogens 
both before and after doxycycline prophylaxis was 
introduced (Table 2). We observed a notable change 
in invasive infections with gram-negative saltwater-
associated pathogens. Four cases of S. algae infection 
(3 from wound culture, 1 from blood culture) and 
2 cases of Vibrio spp. (from both wound and blood 
cultures) were identified preintervention, whereas 1 
case of S. algae infection (from blood culture) and 1 
case of Vibrio spp. infection (wound culture) were 
seen postintervention.

Blood and wound culture data regarding S. au-
reus antibiotic susceptibility in all NSW trainees 
throughout the study period (including those outside 
of Hell Week training) showed 37 S. aureus isolates 
with documented tetracycline class sensitivities, re-
ported for minocycline in all cases. There were 10 iso-
lates in the predoxycycline cohort, all of which were 
sensitive to minocycline (MIC <0.5). In the postdoxy-
cycline cohort, 27 isolates had documented sensitivi-
ties; 25 were minocycline-sensitive (MIC <0.5), 1 had 
intermediate sensitivity to minocycline (MIC <8), and 
1 was resistant to minocycline (MIC >16).

Discussion
The principal finding of our study was that the intro-
duction of doxycycline prophylaxis to NSW trainees 
entering Hell Week was associated with a decreased 

 
Table 1. Primary and secondary outcome data in study of doxycycline prophylaxis for SSTIs in Naval Special Warfare trainees,  
United States* 
Outcome Preprophylaxis Postprophylaxis Rate ratio (95% CI) p value 
Hospital admission rate per 100 trainees 1.37 (14/1,024) 0.64 (15/2,347) 0.468 (0.226–0.968) 0.036 
 Mean hospital admission length, d 9.07  4.33  NA 0.034 
Overall SSTI incidence rate per 100 trainees 7.42 (76/1,024) 8.86 (208/2,347) 1.19 (0.918– 1.55) 0.185 
Hospital admission rate per diagnosed SSTI 18.4 (14/76) 7.2 (15/208) 0.392 (0.189–0.811) 0.0089 
*Values are % (no. patients/total no. in category) except as indicated. NA, not applicable; SSTI, skin and soft tissue infection. 
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incidence of hospitalization for severe SSTI. In addi-
tion, secondary findings of significantly decreased 
rate of hospitalization per diagnosed SSTI and de-
creased length of hospitalization after doxycycline 
prophylaxis further support an overall decrease in the 
severity of SSTIs in the study population. The overall 
incidence of SSTI (regardless of hospitalization sta-
tus) did not change significantly, possibly suggest-
ing that mild-to-moderate SSTIs were less affected by 
doxycycline prophylaxis. This application of doxy-
cycline prophylaxis focused on reducing severe SS-
TIs caused by occupational or recreational exposure. 
Other investigations into doxycycline as prophylaxis 
against skin infection have mostly centered on pre-
vention of iatrogenic complications, such as surgical 
site infections (4–6), or severe infections related to 
toxicities of antineoplastic agents, such as cetuximab 
or panitumumab (7,8). In military populations, efforts 
to prevent SSTIs (largely aimed at S. aureus infections) 
have been limited to decolonizing strategies, such as 
intranasal mupirocin or topical chlorhexidine, in ad-
dition to several more recent vaccination trials (9).

Doxycycline has a well-established history for 
use as prophylaxis against other infections, such as 
malaria (10,11) and, more recently, syphilis (12–14). 
Doxycycline has also been used as prophylaxis 
against potential bioterrorism agents, such as anthrax 
and tularemia (15,16), as well as against Lyme disease 
(17), leptospirosis (18), and other zoonoses. Dosing of 
doxycycline for those purposes has varied depend-
ing on the study, but typically is either intermittent 
200 mg doses (given either before or after exposure) 
or daily 100 mg doses. Pharmacokinetic data indi-
cate that a 200 mg dose is largely eliminated from 
the body after roughly 3–5 days, and some studies 
have questioned the efficacy of 200 mg weekly dos-
ing schedules (19,20). Regardless, the choice of dos-
ing schedule is typically tailored to the recipient and 
environment, particularly because less frequent drug 
administration might sometimes be the only practi-
cal option. Overall, this large body of evidence is in-
dicative of doxycycline’s relative safety and tolerabil-
ity for populations at high risk for polypharmacy or 
drug side effects.

Figure. Total number of SSTIs 
diagnosed at the Naval Special 
Warfare Center medical clinic 
during each Hell Week with 
corresponding percentage of 
Naval Special Warfare trainees 
diagnosed with SSTI in each 
training class, United States. 
Each Hell Week is labeled by 
month, year, and training class 
number (300–341). Date of 
doxycycline prophylaxis initiation 
is indicated. SSTI, skin and soft 
tissue infection.

 
Table 2. Wound and blood culture data from Naval Special Warfare trainees hospitalized for skin and soft tissue infections in the 
periods before and after implementation of doxycycline prophylaxis, United States 

Pathogen 

Preprophylaxis 

 

Postprophylaxis 
Positive wound 

cultures 
Positive blood 

cultures 
Positive wound 

cultures 
Positive blood 

cultures 
Staphylococcus aureus 6 1  5 1 
Group A Streptococcus 4 0  4 0 
Shewanella algae 3 1  0 1 
Vibrio spp. 2 1  1 0 
Coagulase-negative Staphylococcus 2 0  1 1 
Staphylococcus lugdunensis 1 0  0 0 
Diptheroids 1 0  2 0 
Enterococcus faecalis 2 0  0 1 
Acinetobacter hemolyticus 2 0  0 0 
Pseudomonas aeruginosa 1 0  0 0 
Providencia rettgeri 0 0  1 0 
 



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024 93

Doxycycline Prophylaxis in Naval Trainees

The nature and intensity of NSW training places 
the subjects of this study at particularly high risk for 
SSTIs, both from common causes like S. pyogenes and 
S. aureus and from rarer saltwater-associated organ-
isms, such as Vibrio spp. and S. algae. The reasons for 
this higher risk are multifactorial. NSW trainees dur-
ing Hell Week experience substantial and often dif-
fuse skin breakdown and extremity edema because 
of the intensity of the physical training and near-
constant exposure to ocean water. In addition, NSW 
trainees might have a component of functional im-
mune impairment as a result of minimal sleep, high 
stress, and frequent transmission of more minor com-
municable illnesses. Antibiotic prophylaxis in such 
settings is not novel; chemoprophylaxis has long 
been used to target invasive infections from group 
A Streptococcus in military training populations (21). 
The doxycycline prophylaxis analyzed in this study 
was specifically started in 2015 to limit severe inva-
sive infections caused by saltwater-associated gram-
negative pathogens such as Vibrio spp. and S. algae 
in the setting of a previous outbreak. Doxycycline 
is still considered a first-line agent for treating Vib-
rio spp. SSTIs with minimal documented resistance 
(22,23). Invasive S. algae infections are uncommon in 
otherwise young and healthy persons, as discussed 
in a recent case series from our center (3). Antibiotic 
susceptibility patterns are less well studied, but data 
from some areas show high rates of susceptibility to 
third-generation cephalosporins, fluoroquinolones, 
tetracycline, and aminoglycosides (24).

A review of doxycycline as long-term malaria 
prophylaxis by the Centers for Disease Control and 
Prevention in 2011 found mild-to-moderate gastro-
intestinal symptoms (nausea, abdominal pain) to be 
the most common adverse effect, occurring in 4%–
33% of patients (25). An investigation of US Marines 
in Okinawa, Japan, in 2014 taking 200 mg doxycy-
cline weekly reported side effects, primarily nausea, 
in 18% of 291 study participants. Peace Corps vol-
unteers receiving long-term malarial prophylaxis re-
ported gastrointestinal side effects in 40% of survey 
respondents taking doxycycline, but few of those 
persons reported severe symptoms, and symptoms 
did not frequently lead participants to discontinue 
the medication (26). More severe gastrointestinal 
manifestations, such as pill-induced esophagitis, 
occur in <1% of doxycycline recipients, although 
that number might be an underestimate (25,27,28). 
Phototoxicity has been reported in 7%–21% of per-
sons taking doxycycline for long-term malaria pro-
phylaxis, depending on the degree of sun exposure 
(25,29). Most of those side effects might be mitigated 

through some simple precautions (e.g., remaining 
upright after taking medications and taking them 
with adequate water to prevent pill esophagitis, 
wearing sunscreen and avoidance of direct skin ex-
posure to sun for phototoxicity). In our investiga-
tion, a previously healthy population was exposed 
to doses of 100 mg doxycycline daily for 8 days. 
Although specific side effects were not actively so-
licited at the time, we noted no overt increase in at-
tributable symptoms.

One possible concern with the type of interven-
tion analyzed in this study is development of resis-
tance against doxycycline. One relevant retrospective 
study from 2016 (30) analyzed 168 S. aureus isolates 
collected from wounded US military personnel re-
turning from Iraq and Afghanistan during 2009–2012 
with regard to tetracycline class resistance and doxy-
cycline exposure, primarily in the form of long-term 
antimalarial prophylaxis. That study found overall 
resistance rates of 23% (tetracycline), 15% (doxycy-
cline), and 14% (minocycline) and identified no sig-
nificant association between doxycycline exposure 
and resistance to the tetracycline antimicrobial class 
(30). In our study, we assessed S. aureus sensitivity to 
tetracycline class antibiotics from blood and wound 
cultures and found 2 of 27 isolates with poor sensi-
tivity (1 with intermediate resistance and 1 fully re-
sistant) in the postdoxycycline prophylaxis period, 
compared with no documented resistance in the 
predoxycycline period. However, the 2 nonsensitive 
isolates were from 2015 and 2016 (relatively recently 
after initiation of doxycycline prophylaxis), and no 
documented resistance was seen in the 22 isolates 
from 2017–2020. On the basis of those limited data, 
we did not identify a concerning pattern for devel-
opment of resistance to tetracycline-class antibiotics 
over the course of the study period. In addition, the 
intervention we analyzed was periodic, rather than 
continuous, possibly reducing any selective pressure 
to promote widespread resistance. Furthermore, the 
otherwise healthy population of trainees is unlikely 
to have extensive interaction within the medical set-
ting after their Hell Week training, thereby reducing 
the likelihood of spreading more resistant clones to 
potentially immune-suppressed patients.

The first limitation of our study is that it was 
not a randomized trial, where rates of infection can 
be directly compared with minimal bias. However, 
given the limited changes to Hell Week training over 
the past 10 years, as well as the generally stable de-
mographics of NSW trainees, the study population 
before doxycycline prophylaxis can reasonably be 
considered internal controls in this setting. Second, 
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this study was a retrospective analysis, preventing 
the assignment of any true causality to doxycycline 
prophylaxis. Data regarding adverse reactions in the 
study population were not reliably obtainable, and 
therefore we cannot be certain that a rise in minor iat-
rogenic issues was not present. In addition, after dox-
ycycline prophylaxis was implemented, NSWCEN 
medical providers’ increased awareness of serious 
SSTI complications could have led to their recogniz-
ing and treating infections earlier, ultimately limiting 
the severity of illness in the postintervention cohort. 
Finally, the total number of hospital admissions for 
SSTI was relatively small, thereby increasing the 
chance that the lower incidence of SSTI noted after 
the intervention was coincidental.

The overall goal of this study was to determine 
whether introducing doxycycline prophylaxis to NSW 
trainees entering Hell Week had an effect on the severi-
ty, rate, and quality of SSTI. Our data indicate that dox-
ycycline prophylaxis in this population was associated 
with a significantly decreased rate of hospitalization 
for SSTI, decreased rate of hospitalization per identi-
fied SSTI, and a decreased length of hospitalization 
for SSTI treatment. General rates of SSTI diagnosed by 
clinic medical providers were not significantly differ-
ent before and after doxycycline prophylaxis. Fewer 
cases of severe SSTI caused by invasive gram-negative 
saltwater-associated pathogens (Shewanella spp., Vibrio 
spp.) were associated doxycycline prophylaxis, but be-
cause of the small number of those infections, we did 
not measure the decrease statistically.

In conclusion, doxycycline appears generally 
well tolerated and was associated with a decrease 
in severe SSTIs requiring hospitalization, as well as 
a decrease in cases caused by aquatic gram-negative 
pathogens. In special populations whose circum-
stances include prolonged saltwater exposure and 
participation in activities that place them at high risk 
for skin trauma, doxycycline prophylaxis at the time 
of highest risk appears safe and might reduce the risk 
for severe SSTIs.
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Antimicrobial resistance (AMR) is a substantial 
threat to the health of humans and animals. 

Among humans, in 2019 an estimated 1.27 mil-
lion deaths were associated with bacterial AMR (1). 
Among food-producing animals (i.e., animals that 
are used for or produce food items for human con-
sumption), estimates of global AMR burden are still 
lacking. However, recent work has suggested that 
among common indicator bacteria of food-producing  

animals in low- and middle-income countries, the 
proportion of antimicrobials with resistance >50% in-
creased from 12%–15% in 2000 to 34%–41% in 2018 
(2), an increase that may have harmful consequences 
for humans (3). Moreover, the loss of treatment effec-
tiveness in animals is a long-term threat for animal 
production and the millions of persons who rely on 
raising animals for subsistence (4,5). Therefore, moni-
toring AMR in food-producing animals has become a 
global priority for effective prevention strategies.

Since 2009, the European Food Safety Authority 
(EFSA) has led a harmonized surveillance system for 
AMR in food-producing animals and products (6). 
The system includes AMR prevalence estimates for 
Escherichia coli, nontyphoidal Salmonella, and Campylo-
bacter among cattle and pigs (odd years) and chickens 
and turkeys (even years) (7). Data collected by EFSA 
have been instrumental for monitoring AMR and for 
guiding policy decisions in the European Union (e.g., 
the 2018 ban on prophylactic use of antimicrobials in 
animals [8]). The efforts to document AMR have also 
enabled comparison between countries in Europe by 
estimating prevalence of AMR at the national level. 
However, recent works have shown that resistance 
levels in humans and animals can vary at a fine spa-
tial scale, and accumulation of resistance genes in 
those areas may create geographic hotspots for AMR 
(2,9). Identifying geographic hotspots of AMR with-
in countries could help with targeting interventions 
against AMR, such as improved farm biosecurity 
and targeted surveillance, where they might have the 
greatest benefits (10–12).

In that context, point prevalence surveys (PPSs) 
of AMR among food-producing animals, with data 
points collected at individual geographic locations, 
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In Europe, systematic national surveillance of antimi-
crobial resistance (AMR) in food-producing animals 
has been conducted for decades; however, geographic 
distribution within countries remains unknown. To deter-
mine distribution within Europe, we combined 33,802 
country-level AMR prevalence estimates with 2,849 
local AMR prevalence estimates from 209 point preva-
lence surveys across 31 countries. We produced geo-
spatial models of AMR prevalence in Escherichia coli, 
nontyphoidal Salmonella, and Campylobacter for cattle, 
pigs, and poultry. We summarized AMR trends by using 
the proportion of tested antimicrobial compounds with 
resistance >50% and generated predictive maps at 10 
× 10 km resolution that disaggregated AMR prevalence. 
For E. coli, predicted prevalence rates were highest in 
southern Romania and southern/eastern Italy; for Sal-
monella, southern Hungary and central Poland; and for 
Campylobacter, throughout Spain. Our findings suggest 
that AMR distribution is heterogeneous within countries 
and that surveillance data from below the country level 
could help with prioritizing resources to reduce AMR.
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provide an opportunity to supplement the national 
estimates of AMR assembled by EFSA (2). The result-
ing mapped predictions could be used to help design 
regional antibiotic stewardship campaigns or target 
local investment in farm biosecurity (12). However, 
generating robust predictions of AMR pose at least 
3 challenges. First, comparisons need to be made be-
tween the resistance trends inferred from PPSs and 
EFSA; second, subnational predictions should reflect 
resistance levels reported by EFSA at the national lev-
el; and third, an appropriate geospatial modeling ap-
proach must be developed to combine data collected 
at different spatial scales.

In this study, we disaggregated trends in AMR 
prevalence of E. coli, nontyphoidal Salmonella, and 
Campylobacter among cattle, pigs, and poultry. We 
used stacked geospatial models that supplement data 
from EFSA with individual PPSs to map predictions 
of AMR prevalence at a resolution of 10 × 10 km for 
31 countries in Europe.

Materials and Methods

EFSA Data Collection
We reviewed annual EFSA reports published dur-
ing 2011–2022 (13). We extracted country-level data 
on AMR prevalence (2009–2020), focusing on the 
percentage resistance to antimicrobials against E. 
coli, Salmonella, Campylobacter coli, and Campylobacter 
jejuni. We extracted information on country, year of 
isolation, animal type (cattle, pigs, chickens, turkeys), 
sample origin (slaughtered animal, living animal, or 
meat), bacteria, species, number of samples, antimi-
crobial tested, and resistance prevalence. We followed 
European Committee on Antimicrobial Susceptibil-
ity Testing (EUCAST) guidelines to assess microbio-
logical resistance and used microdilution methods 
and epidemiologic cutoff (ECOFF) values (14). We 
retained only antimicrobial/bacteria combinations 
recommended by the World Health Organization Ad-
visory Group on Integrated Surveillance of Antimi-
crobial Resistance (15) for antimicrobial susceptibility 
testing (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/30/1/22-1450-App1.pdf).

PPS Data Collection
We systematically reviewed PPSs (Appendix) report-
ing AMR prevalence at individual locations in Europe 
(Appendix Figure 1). We searched PubMed, Web of 
Science, and Scopus for PPSs reporting AMR preva-
lence for E. coli, nontyphoidal Salmonella, and Campy-
lobacter in healthy cattle, pigs, and poultry (combined 
data for chickens, turkeys, or other poultry), as well 

as their products (meat and dairy) in Europe during 
2000–2021. Environmental samples (e.g., water, soil) 
were not included. We also extracted information on 
the geographic location of the PPS (Appendix), the 
year the PPS was conducted, the year the bacteria was 
isolated (but not species identification methods used), 
sample types collected (cecal, cloacal, lymph, or fecal 
samples taken from living animals, slaughtered ani-
mals, dairy products, or meat), animal species, num-
ber of samples collected and tested, susceptibility 
testing guidelines used, and susceptibility guidelines 
used for resistance interpretation.

We assessed microbiological resistance across 
PPSs by using different methods (disk diffusion 
vs. broth dilution), guidelines (Clinical and Labo-
ratory Standards Institute [https://www.clsi.org] 
52%, EUCAST 29%, other 14.6%) and cutoffs (clini-
cal break points vs. ECOFFs [15]). We attempted to 
account for these differences by using a harmoniza-
tion approach developed by Van Boeckel et al. (2) 
(Appendix). We calibrated data from PPSs by using 
antimicrobial susceptibility testing, guidelines, and 
breakpoints reported in each study to match those 
of EUCAST guidelines each year, to enable compari-
son between those data and data reported by EFSA. 
As with EFSA data, we retained only antimicrobial/
bacteria combinations recommended by the World 
Health Organization Advisory Group on Integrated 
Surveillance of Antimicrobial Resistance (15). In ad-
dition, for our analysis we retained only countries 
that reported to EFSA and that had reported >50 
samples during the study period. All prevalence 
estimates extracted from PPS are available at resis-
tancebank.org (https://resistancebank.org) (16).

Comparative Analysis of Data Sources
We used the proportion of antimicrobials with >50% 
resistance (P50s) to summarize trends in resistance 
across each drug/bacteria combination, as in previ-
ous works (2,12,17); all P50s can be recalculated by 
using the data available at resistancebank.org. To as-
sess the difference in AMR prevalence between PPS 
and EFSA data, as well as the implications that that 
could have for geospatial modeling, we compared the 
average P50 in countries reporting at >1 PPS and to 
EFSA during 2018–2020 (Appendix Table 3). A ratio 
<1 indicated a lower 3-year mean P50 using PPS data, 
and a ratio >2 meant a more than double 3-year mean 
P50 from PPS data compared with EFSA data.

Geospatial Modeling of P50
We mapped predicted subnational antimicrobial re-
sistance in food-producing animals at a resolution of 
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0.08333 decimal degrees, corresponding to ≈10 km at 
the equator. To create the map, we used a 3-step pro-
cedure (Appendix Figure 2).

In the first step, we trained 3 child models (one of 
the individual models that are combined to form the 
final model) to quantify the relationship between P50 
and a set of 9 environmental and anthropogenic co-
variates (Appendix Table 2). We selected those covari-
ates because of their suspected association with AMR 
in animals (2,12,17–19). The models used for the first 
step were boosted regression trees (20); LASSO (least 
absolute shrinkage and selection operator) applied 
to logistic regression (21); and overlapped grouped 
LASSO penalties for General Additive Models selec-
tion (A. Chouldechova, unpub. data, https://arxiv.
org/abs/1506.03850). We calculated the importance 
of each covariate by comparing the areas under the 
receiver operator curve (AUCs) between a full model 
that contained all covariates and a model without 
each covariate. To evaluate the relative importance of 
each covariate to the full model, we repeated the pro-
cedure sequentially (Appendix Table 5).

We weighted all models by the number of isolates 
tested in each survey and conducted 10 Monto Carlo 
simulations on the models to account for the varia-
tion introduced by transformation of prevalence esti-
mates into binary variables. The models were trained 
by using 4-fold spatial cross-validation to prevent 
overfitting and ensure generalization in geographic 
regions poorly represented in the training dataset. 
We defined the 4 spatial folds by using a k-means 
clustering algorithm (22). The algorithm clustered 
the surveys according to their spatial distances and 
partitioned them into 4 spatially disjointed sets with 
equal sizes (Appendix). No predictions were made in 
urban settlements; there were areas defined as artifi-
cial surfaces in GlobCover 2009 (23). We conducted 
sensitivity analyses by restricting PPSs to 2009–2020 
only (to match EFSA reporting period), to 6 or 7 of the 
most common antimicrobial/bacteria combinations 
only, and to P50 calculated by class (rather than com-
pound) (Appendix).

In the second step, we ensembled predictions 
from the 3 models according to the models’ predictive 
ability, assessed by using the AUC. We calculated the 
resulting map of P50 as the mean of the 3 model pre-
dictions weighted by their AUC values. We calculat-
ed the associated map of prediction uncertainty as the 
SD of predicted P50 values from the 10 Monte Carlo 
simulations (Appendix Figure 4, panel A).

In the third step, we adjusted the P50 predictions 
in each country, using P50 values calculated from 
EFSA reports. Concretely, we multiplied P50 values 

in each pixel by the ratio of country-level P50 as re-
ported by EFSA and the mean P50 of all pixels across 
each country as predicted by the geospatial model. 
That step ensured that the country-level mean of P50 
values corresponded to reports from EFSA while pre-
serving geographic variations in AMR levels within 
each country. To assess the variations in P50 values 
within each country, we calculated country-level SDs 
of P50s (Appendix Figure 4, panel C).

Last, we created the predictive maps of AMR 
hotspots for each pathogen. The threshold value for a 
pixel to be classified as a hotspot corresponded to the 
95th percentile of all P50 values across the map and 
varied for each pathogen (Appendix Figure 4, panel 
B). We obtained estimated animal densities associated 
with those areas from Gilbert et al. (24). Using those 
estimates, for each country we calculated the percent-
age of each animal species living in the hotspot areas.

Results

EFSA Surveillance
At the country level, EFSA data for 2009–2020 pro-
vided 33,802 AMR prevalence estimates (resulting in 
2,996 P50s). The data were for E. coli, nontyphoidal 
Salmonella, C. coli, and C. jejuni in cattle, pigs, and 
poultry across 31 countries in Europe.

PPSs
At the local level, for 2000–2021 we identified 209 
PPSs, which provided 2,849 AMR prevalence esti-
mates (resulting in 368 P50s). The data were for E. 
coli, nontyphoidal Salmonella, and Campylobacter in 
food-producing animals and derived products from 
21 countries in Europe. In terms of AMR prevalence, 
E. coli accounted for 44.4%, Salmonella for 34.2%, and 
Campylobacter for 21.4%. Poultry accounted for ap-
proximately half of the AMR prevalence (n = 1,429, 
50.2%), followed by pigs (28.1%) and cattle (21.8%). 
One third of the sample types tested were meat (34.7%, 
n = 988), followed by fecal samples (23.4%). Across the 
countries included in the analysis, geographic cover-
age was on average 4.21 PPSs (interquartile range 
0–11.7)/100,000 km2. Half of the PPSs identified were 
from the combination of Spain (20.5%), Italy (18.7%), 
and Germany (10.5%) (Figure 1). The average number 
of PPSs published by year increased from 3 during 
2000–2005 to 14 during 2015–2021 (Figure 1, panel B).

Comparison of PPS and EFSA
AMR prevalence estimates varied considerably be-
tween data sources and country. For 2018–2020, 
Greece, Poland, and Germany accounted for more 
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than double the national average P50 calculated from 
PPS data compared with P50s calculated from EFSA 
(Table 1). Conversely, the national average P50 calcu-
lated from PPS data from Portugal and Switzerland 
was <30% lower than that calculated from EFSA.

The highest resistance prevalence estimates were 
for tetracycline (57.9%–36.4%), ampicillin (58.6%–
34.9%), ciprofloxacin (64.6%–13.1%), and nalidixic 
acid (60.9%–25.5%). The difference in mean P50 be-
tween PPSs and EFSA data ranged from 15.2% to 
−17.4% for Salmonella and from 19.1% to −7.96% for E. 
coli. For Campylobacter, systematically higher preva-
lence estimates were obtained from PPSs; differences 
ranged from 12.1% to 0.78% (Figure 2).

Geospatial Modeling
We mapped predicted P50s at 10 × 10 km resolution 
for each of the 3 bacteria across Europe (Figure 3). In 
the final models, the predicted P50 values ranged from 
0 to 79% for E. coli, 0 to 40% for Salmonella, and 0 to 
100% for Campylobacter (Figure 3, panel A; prediction 
uncertainty, Appendix Figure 3, panel A). P50 cutoffs 
for hotspots of AMR (calculated as the top 95% of the 
values on the map) were 0.43 for E. coli, 0.23 for Salmo-
nella, and 0.60 for Campylobacter. AMR hotspots for E. 
coli were predicted to be located in southern Romania 
(Muntenia, Dobrogea) and southern and eastern Italy 
(Sicily, Emilia-Romagna, Apulia); and for Salmonella, 
predicted hotspots were in southern Hungary, north-
ern Italy, and central Poland. More than 90% of hotspot 
areas for Campylobacter were predicted to be through-
out mainland Spain (Figure 3, panel B).

For E. coli, the highest geographic variations in 
predicted P50 levels were in Romania (13% pixel-lev-
el SDs), Bulgaria (11%), Greece 1(2%), and Italy (11%). 

For Campylobacter, the highest geographic variations in 
P50 were in France (10%) and Germany (10%; Appen-
dix Figure 4, panel C). No countries had high spatial 
variations in predicted P50s for Salmonella. Cold spots 
for all 3 bacteria were identified in Sweden, Norway, 
Finland, and Iceland (data not shown). Spatial varia-
tions of P50 for countries containing coldspots were 
small, with pixel-level standard deviations of 3.2% 
(E. coli), 0.9% (Salmonella), and 1.0% (Campylobacter). 
Restricting PPS by year and antimicrobial bacteria 
combinations resulted in little difference (mean Pear-
son correlation coefficient 0.992; mean absolute error 
0.932%) to the overall model predictions (Appendix 
Table 4). In addition, we found little difference when 
P50 was calculated by antimicrobial class rather than 
individual compound (Pearson correlation coefficient 
0.995, mean absolute error 0.66%) (Appendix Table 
4, Figure 4). Importance of environmental covariates 
to the models varied by pathogen (Appendix Table 
5). For E. coli and Salmonella, the covariate with high-
est importance was the percentage of tree coverage 

Figure 1. Data from study 
of predictive mapping for 
antimicrobial resistance of 
Escherichia coli, Salmonella, and 
Campylobacter in food-producing 
animals, Europe, 2000–2021. A) 
Geographic distribution of point 
prevalence surveys (PPSs). 
B) Number of PPSs published 
per year. Additional information 
is provided in the Appendix 
(https://wwwnc.cdc.gov/EID/
article/30/1/22-1450-App1.pdf).

 
Table 1. Three-year mean of proportion of antimicrobial drugs 
with >50% resistance from PPS and EFSA data and ratios of P50 
for countries reporting to both data sources, Europe, 2018–2020* 

Country 
Mean P50 
from PPSs 

Mean P50 
from EFSA 

PPS and EFSA 
P50 ratio 

Poland 0.64 0.26 2.47 
Germany 0.60 0.25 2.42 
Greece 0.39 0.19 2.02 
Spain 0.39 0.24 1.67 
Belgium 0.29 0.21 1.34 
Romania 0.31 0.28 1.10 
Italy 0.23 0.25 0.92 
Switzerland 0.17 0.22 0.77 
Portugal 0.18 0.32 0.57 
*EFSA, European Food Safety Authority; PPS, point prevalence surveys; 
P50, >50% antimicrobial resistance. 
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(∆AUC 0.106 for E. coli and 0.078 for Salmonella). For 
Campylobacter, the covariate with highest importance 
was antimicrobial use in animals (∆AUC 0.037), close-
ly followed by yearly average of minimum monthly 
temperature (∆AUC 0.034).

In 9 of the 31 countries in Europe, >50% of cattle, 
pigs, or poultry are estimated to be raised in the pre-
dicted AMR hotspot areas (Table 2). For instance, 93% 
of poultry in Spain, 90% of poultry in Greece, and 
97% of poultry and 92% of pigs in Cyprus are raised 
in AMR hotspots.

Discussion
In this study, we geographically disaggregated AMR 
prevalence for E. coli, nontyphoidal Salmonella, and 
Campylobacter reported among food-producing ani-
mals across Europe by supplementing national EFSA 
data with subnational PPS data to produce maps of 
estimated AMR prevalence. For multiple countries, 
such as Italy, Romania, and Poland, rather than con-
sistently high countrywide AMR levels, in our final 
model we predicted specific geographic hotspots of 
high AMR prevalence that may coexist within regions 

Figure 2. Mean prevalence for 
antimicrobial class and bacteria 
combinations, split by data 
source, Europe, 2009–2020. A) 
Escherichia coli; B) Salmonella; 
C) Campylobacter. AMP, 
ampicillin; CAZ, ceftazidime; 
CHL, chloramphenicol; CIP, 
ciprofloxacin; CST, colistin; CTX, 
clavulanic acid; EFAS, European 
Food Safety Authority; FOX, 
cefoxitin; GEN, gentamicin; 
IPM, imipenem; NAL, nalidixic 
acid; PPS, point prevalence 
survey; STR, streptomycin; TET, 
tetracycline.

Figure 3. Mapping of predicted P50s and hotspot areas for antimicrobial resistance of Escherichia coli, Salmonella, and Campylobacter, 
Europe. A) Predicted proportions of antimicrobials with P50 at 10 × 10 km resolution per bacteria. B) Antimicrobial resistance hotspots 
(light blue) in eastern Europe, Italy, and Spain. Cutoffs: E. coli, 0.43; Salmonella, 0.23; Campylobacter, 0.6 (95% percentile). P50, >50% 
antimicrobial resistance.
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of lower AMR prevalence in the same countries. In 
specific regions, countries in which AMR seems to 
be consistently high may have made more progress 
against AMR than previously thought (with only 
some, rather than all, areas containing high levels) by 
interpretation of EFSA data or nationally published 
reports. Further improvements could be made in 
those countries by targeting interventions (e.g., im-
proved farm biosecurity and targeted surveillance in 
hotspots where AMR levels remain high). In contrast, 
largely diffuse and geographically uniform (low) 
countrywide AMR prevalence was found in countries 
with low AMR levels (e.g., Sweden, Norway, and Ice-
land); uncertainty in these predictions were higher 
for Campylobacter than for E. coli and Salmonella.

For all 3 bacteria studied, AMR prevalence was 
substantially lower in Norway, Sweden, Denmark, 
and Switzerland than the average for Europe. Those 
countries were among the first to establish animal 
AMR surveillance (i.e., DANMAP in Denmark in 
1995 [25]) and have now integrated surveillance of 
zoonotic bacteria in humans and animals. For several 
decades, they have been guiding national and inter-
national control strategies. For instance, in the 1990s, 
increased prevalence of vancomycin-resistant entero-
cocci reported by DANMAP was instrumental to ban-
ning use of antimicrobial drugs for growth promotion 
in livestock (25).

In contrast, countries in which a high proportion 
of food-producing animals are raised in areas predict-
ed as hotspots of resistance by our study are Cyprus, 
Portugal, and Spain. In 2018, one fifth (20.8%) of the 
pigs in the European Union were reared in Spain (26), 
where 88% of its pigs were predicted to be raised in 
geographic hotspots of Campylobacter resistance, pri-
marily in Aragon and Catalonia. However, that find-
ing was not the case for other high-density pig regions 
such as Brittany (France), northwest Germany (Lower 
Saxony and North Rhine-Westphalia), and Denmark 
(27). Those findings suggest that high AMR is not 
necessarily associated with high animal densities but 
possibly with other drivers such as farming practices, 
biosecurity measures, and antimicrobial use (28).

Across Europe, the highest prevalence of resis-
tance in our models was reported for antimicrobial 
drugs commonly used in animal production: tetracy-
clines, quinolones, penicillins, and aminoglycosides 
(gentamicin and streptomycin). Of particular concern 
were the compounds considered critically impor-
tant antimicrobials for human medicine (29) and for 
which AMR prevalence was predicted to be >50% 
(ampicillin in E. coli [58.6%] and ciprofloxacin in Cam-
pylobacter [64.6%]).

In our study, estimates of P50 for Salmonella were 
much lower than those for E. coli and Campylobacter, 
which could potentially be attributed to the success of 
targets imposed by the European Union (e.g., reducing 
Salmonella prevalence in poultry over the past decade 
[30]). In addition, several countries had already imple-
mented Salmonella control strategies before European 
Union–wide initiatives. For instance, in the 1970s, the 
United Kingdom set up national AMR surveillance for 
Salmonella, and in 1969, France had similar initiatives 
for Salmonella and E. coli (25). Switzerland also imple-
mented a stringent control program for Salmonella En-
teritidis in 1993 (31), more than a decade earlier than 
the first European Union–wide initiative (30).

When we compared estimates of resistance (P50) 
derived from PPS and EFSA data, the average P50 
from PPSs seemed to more closely match national 
EFSA prevalence values in some countries more than 
in others. For instance, in Spain and Italy, the ratios of 
P50 inferred from PPS and EFSA data were close to 1 
over the past 3 years. One reason may be the higher 
number of PPSs from these countries (17 in Spain and 
13 in Italy), which average out closer to the EFSA 
values. In contrast, in countries with P50 ratios >2 or 
<0.8 (Poland, Germany, Greece, Portugal) inferred 
from PPS and EFSA data, only 1–4 studies have been 
conducted in the past 3 years. Therefore, although 

 
Table 2. Percentages of food-producing animals raised in each 
country that fall within an antimicrobial resistance hotspot area 
(95th percentile per pathogen) for France, Germany, Spain, and 
countries in which pathogen percentage >50% for >1 animal 
species* 
Pathogen, country Cattle, % Pigs, % Poultry, % 
Escherichia coli    
 France 0 0 0 
 Germany 0 0 0 
 Spain 2.1 2.3 1.8 
 Bulgaria 34.4 51.5 57.8 
 Cyprus 33.8 68.9 68.5 
 Greece 39.4 57.9 35.5 
 Romania 34.8 77.5 57.8 
Salmonella    
 France 0 0 0 
 Germany 0 0 0 
 Spain 8.8 28.2 24.8 
 Cyprus 51.8 91.6 96.6 
 Hungary 63.5 64.7 80.6 
 Italy 52.0 70.2 64.0 
 Poland 21.6 66.0 74.3 
 Romania 17.0 65.2 45.0 
Campylobacter    
 France 0.5 4.6 6.2 
 Germany 1.8 14.9 23.2 
 Spain 32.3 87.9 93.0 
 Cyprus 26.0 44.9 66.3 
 Greece 10.9 58.4 90.3 
 Portugal 22.1 74.9 88.0 
*Antimicrobial resistance for Escherichia coli, nontyphoidal Salmonella, 
and Campylobacter. 
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smaller sample sizes may be insufficient for compar-
ing national averages (PPS vs. EFSA) they may still 
represent subnational heterogeneity in AMR not ob-
served in the national average from EFSA. A higher 
coverage of PPSs may further improve the confidence 
in subnational model predictions.

Among the limitations of our modeling study, 
the first is that our literature search for PPSs pub-
lished in Europe during 2000–2021 resulted in a 
mere 209 PPSs that were associated with geographic 
information. In contrast, for the same period, 446 
PPSs with geographic information were published in 
China (12). Torres et al. also assembled AMR studies 
of food-producing animals during 1957–2018; how-
ever, of the 510 papers from Europe identified, the 
breakdown of their surveys corresponding to our 
search criteria was not available in open access (32). 
Thus, the limited number of surveys that satisfied 
our inclusion criteria, particularly the reporting of 
geographic information, precluded mapping AMR 
prevalence for individual drug/bacteria combina-
tions or animal species.

Second, with regard to using PPSs for regional 
estimations, differences in sampling strategy and 
sample sizes may affect the comparability of surveys 
and potentially explain why prevalence calculated 
from PPSs was in some instances higher than the 
prevalence estimates reported by EFSA. In particu-
lar, targeted sampling for bacteria that probably have 
high-resistance profiles, such as extended-spectrum 
beta lactamase–producing E. coli (33), could lead to 
comparatively higher AMR in PPS data than in the 
general population, which are more likely to be ob-
served with the EFSA sampling scheme. In terms of 
microbiology, the set of tested antimicrobials differed 
between PPSs, which necessitated use of a composite 
metric. In addition, there were some transparency is-
sues in terms of which methods or breakpoints were 
used (i.e., assumptions had to be made in the case 
of missing data [such as guideline year] and in the 
harmonization approach used for PPSs that used dif-
ferent guidelines, which may have led to some un-
intended bias), as well as a diversity of breakpoints 
used. Despite attempts to reduce variability between 
surveys, some variability may still exist and there-
fore efforts should be made to develop standard-
ized protocols in the future, such as for all PPSs to 
shift to using ECOFF values and to release raw data. 
The creation of a consensus breakpoint table that 
could be used by all would also greatly assist with 
the comparability of those data and reduce the need 
for such adjustments. Because most studies reported 
only sampling location or region by name rather than  

specific coordinates, coordinates and size of region 
were estimated (and may not always represent the loca-
tion of the farms where the animals were raised), which 
may have led to further uncertainty in our models.

Third, because of the limited number of PPSs, 
as well as their heterogenous distribution across the 
study period, incorporating the temporal dimension 
into the modeling framework remains challenging 
at this stage. Therefore, countries that have had con-
siderably reduced AMR levels since 2009, such as 
the Netherlands (34), may be associated with higher 
AMR prevalence in our maps than that in the latest 
reports. However, as the number of surveys grows in 
the future, other spatio-temporal approaches, such as 
the Integrated Nested Laplace Approximation (35), 
could be used to account for not only spatial but also 
temporal variations in AMR prevalence extracted 
from PPSs.

Last, because of the static framework of geo-
spatial modeling, it was not possible to incorporate 
all relevant data. That limitation may have a dy-
namic effect on AMR prevalence estimates, notably 
animal movement.

In conclusion, high-resolution maps that predict 
subnational hotspots can help support targeted re-
source allocation and control strategies for reducing 
AMR burden. Such strategies could include improv-
ing farm biosecurity and targeted surveillance. The 
accuracy of these maps could be gradually improved 
in the future should countries routinely report geo-
graphic location data along with microbiological 
sampling results.
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etymologia revisited
Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

Schizophyllum commune, or split-gill mushroom, is an envi-
ronmental, wood-rotting basidiomycetous fungus. Schizo-

phyllum is derived from “Schíza” meaning split because of the 
appearance of radial, centrally split, gill like folds; “commune” 
means common or shared ownership or ubiquitous. Swedish 
mycologist, Elias Magnus Fries (1794–1878), the Linnaeus of 
Mycology, assigned the scientific name in 1815. German my-
cologist Hans Kniep in 1930 discovered its sexual reproduction 
by consorting and recombining genomes with any one of nu-
merous compatible mates (currently >2,800).
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Pertussis, or whooping cough, a bacterial respira-
tory infection caused by Bordetella pertussis, is typi-

cally characterized by paroxysms of coughing with 
a whooping sound during inhalation. In Australia, 
pertussis is one of the least well-controlled vaccine-
preventable diseases (1). Robust childhood and mater-
nal immunization programs prevent pertussis-related 
hospitalizations and mortality in infants and children, 
but breakthrough disease can occur at any age, because 

naturally acquired and vaccine-induced immunity 
against pertussis is not lifelong (2,3). Although older 
adults can be a source of transmission and adversely 
affected by infection, vaccination programs are pri-
oritized for pregnant women (preferably 20–32 weeks’ 
gestation), infants and children (i.e., ages 2, 4, 6 and 18 
months, and 4 years), and adolescents (11–13 years of 
age) (1). Consequently, pertussis in older adults consti-
tutes a considerable reservoir of infection and contrib-
utes to substantial disease burden, healthcare utiliza-
tion, and other pertussis-associated costs (1).

Recent research has offered a clearer assessment 
of pertussis cases among adults ≥50 years of age (4). 
In Australia, pertussis-containing (i.e., combined 
diphtheria, tetanus, and acellular pertussis) vaccines 
are recommended for adults at 50 years and 65 years 
of age by the Australian Technical Advisory Group 
on Immunisation (1,5,6) but are not funded by the 
National Immunisation Program. Both confirmed 
and probable cases of pertussis must be reported to 
the Commonwealth’s National Notifiable Diseases 
Surveillance System (NNDSS) (5). However, pertus-
sis infections are often underdiagnosed and underre-
ported, owing to difficulties in diagnosis because of 
unspecific symptoms, delays in seeking healthcare, 
underuse of diagnostic testing by general practitio-
ners (GPs), and other coexisting respiratory diseases. 
Accordingly, NNDSS notification data tend to under-
estimate the true number of pertussis infections and 
are more likely to capture persons with severe dis-
ease (7), posing serious challenges to policy consider-
ations for pertussis vaccination in adults ≥50 years of 
age. Given the underuse of diagnostic testing by GPs, 
pertussis diagnoses are based frequently on clinical 
evidence. Beyond NNDSS data, alternative sources 
of data, including electronic medical records (EMRs), 
may inform understanding of the burden of pertussis  
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Despite vaccination programs, pertussis has been poorly 
controlled, especially among older adults in Australia. This 
longitudinal, retrospective, observational study aimed 
to estimate the incidence and risk factors of pertussis 
among persons ≥50 years of age in Australia in the pri-
mary care setting, including those with underlying chronic 
obstructive pulmonary disease (COPD) or asthma. We 
used the IQVIA general practitioner electronic medical re-
cord database to identify patients ≥50 years of age with a 
clinical diagnosis of pertussis during 2015–2019. Pertus-
sis incidence rates ranged from 57.6 to 91.4 per 100,000 
persons and were higher among women and highest in 
those 50–64 years of age. Patients with COPD or asthma 
had higher incidence rates and an increased risk for per-
tussis compared with the overall population ≥50 years of 
age. Our findings suggest that persons ≥50 years of age 
in Australia with COPD or asthma have a higher incidence 
of and risk for pertussis diagnosis.
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in persons ≥50 years of age in Australia (hereafter 
Australians >50 years) in the primary care setting.

Patients with underlying respiratory conditions, 
such as asthma and chronic obstructive pulmonary 
disease (COPD), have an increased risk for pertussis, 
leading to more severe outcomes and exacerbation of 
asthma and COPD (8–10). The considerable overlap 
in the clinical manifestations of those conditions can 
complicate the diagnosis of pertussis in such patients. 
In this study, we estimated the incidence rate (IR) of 
pertussis based on clinical diagnoses and determined 
the risk factors of pertussis among Australians ≥50 
years, including those with COPD or asthma, using 
the IQVIA GP EMR database.

Methods

Data Sources
We conducted a longitudinal, retrospective, observa-
tional study by using records in the IQVIA GP EMR 
database dated January 2015–December 2019. The 
IQVIA GP EMR database contains de-identified pa-
tient records collected from the EMR software of con-
senting GPs in Australia, covering 2,286,308 patients 
across 2,500 GPs and averaging 6 years’ follow-up per 
patient. The database provides rich data that includes 
demographic and biometric profiles, medical profiles, 
prescribing information, and prescriber characteristics.

Study Population
The study population included patients ≥50 years of 
age whose records were collected in the IQVIA GP 
EMR database during January 2015–December 2019, 
with pertussis as the outcome of interest. We identi-
fied pertussis cases in the overall study population 
and in patients with COPD or asthma (Figure 1). We 
used search terms to identify pertussis, COPD, and 
asthma cases for the primary and sensitivity analyses 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/1/23-0261-App1.pdf). We performed sen-
sitivity analyses on a secondary patient population, 
applying a broader pertussis definition to assess the 
robustness of estimates, including patients with pro-
longed coughing potentially related to undiagnosed 
pertussis, treated empirically as atypical pneumonia or 
upper respiratory tract infections (Appendix Table 2).

We excluded patients with a diagnosis of pertus-
sis before April 30, 2015, because a run-in period was 
required to rule out prevalent cases carried forward 
from the end of 2014. We also excluded patients with-
out a history of diagnosed pertussis during the study 
period who visited their GP for pertussis vaccination 
or travel immunization.

Study Objectives
The primary objective of our study was to estimate 
pertussis incidence based on clinical evidence cap-
tured in the IQVIA GP EMR database in Australians 
≥50 years, including those with COPD or asthma. The 
secondary objective was to determine the risk factors 
for pertussis in this population.

Data Analysis
We calculated the IR of pertussis (cases/100,000 per-
sons) in the overall study population and in patients 
with COPD or asthma per calendar year as the num-
ber of new cases of pertussis divided by the corre-
sponding population in the dataset for each year. We 
parametrically estimated IRs with 95% CIs by fitting 
Poisson or negative binomial distributions as appro-
priate. We compared qualitative or discrete variables 
by using Pearson χ2 or Fisher exact tests, and we 
compared quantitative variables by using 2-sample 
Student t-test or analysis of variance, after checking 
equality of variance (Fisher test) and normality (Sha-
piro–Wilk test). We used Wilcoxon, Mann–Whitney, 
or Kruskal–Wallis tests if equality of variance and 
normality were not confirmed.

To determine risk factors for pertussis, we com-
pared patients with diagnosed pertussis with con-
trols by using a nested case-control design. We de-
fined controls as patients who had never received a 
diagnosis of pertussis during the study period. We 
matched case patients and controls based on age 
group (in 5-year groups >50 years of age), sex, postal 
code, and year of GP visit, by using a 1:3 ratio within 
the same calendar year. We used conditional logistic 
regression to estimate odds ratios (ORs) and 95% CIs. 
We examined all exposure variables for univariate 
associations and constructed a multivariable model 
that included age, sex, and any variables with p value 
≤0.2 in univariate analyses. We also performed mul-
tivariable logistic regressions based on forward and 
backward elimination methods to confirm robustness 
of the estimates. Given its association with pertussis 
diagnoses in a previous report, asthma was retained 
in the final model a priori, irrespective of statistical 
significance (11). Likewise, use of angiotensin-con-
verting enzyme inhibitors (known to induce cough) 
or angiotensin receptor blockers (known to protect 
against pertussis infection) and history of pertussis 
vaccination (during the study period) were retained 
in the final model a priori, irrespective of statistical 
significance (4,12). We performed additional explor-
atory analyses to evaluate health-seeking behavior 
by estimating the number of GP visits per year before 
pertussis diagnosis and antibiotic prescriptions for 
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cough 1 month before pertussis diagnosis; we then 
further stratified these data by age, sex, and underly-
ing COPD or asthma. We performed all analyses by 
using R version 4.3 (The R Foundation for Statistical 
Computing, https://www.r-project.org).

Results

Study Population
The total population of Australians ≥50 years in the 
IQVIA GP EMR database covered 252,227–415,201 pa-
tients for each year during 2015–2019. We selected 992 
patients with pertussis, including those not tested for 
pertussis, for inclusion in the primary analysis based 
on the diagnosis label (Table 1). Laboratory tests for 
pertussis were ordered for 243 (24%) patients and re-
sults documented for 205 (21%) patients, of which only 

10 (0.01%) tested positive for pertussis. Because of the 
limited diagnostic testing performed for patients with 
diagnosed pertussis in GP clinics, our study relied in-
stead on the clinical diagnosis of pertussis.

Among 992 patients with diagnosed pertussis, 
66% were women, 41% had a history of cardiovas-
cular disease, 19% had COPD, and 12% had asthma; 
mean age was 63.3 (95% CI 62.7–63.9) years. Fourteen 
percent of patients had a record of pertussis immuni-
zation during the study period and before pertussis 
diagnosis. A total of 2,543 patients with pertussis met 
the extended definition of pertussis for the sensitivity 
analysis (Appendix Tables 3, 4).

Incidence of Pertussis
We observed differences in annual incidence of per-
tussis among Australians ≥50 years in 2015–2019  
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Figure 1. Identification of pertussis cases in population-based study of pertussis incidence and risk factors among persons >50 years of 
age, Australia. A) Overall study population; B) patients with COPD/asthma. *Differentiation between confirmed, probable, and suspected 
cases was not possible because lab testing is not routinely being performed in all patients and cases were identified from the GP EMR 
based on the diagnosis label. COPD, chronic obstructive pulmonary disease; EMR, electronic medical record; GP, general practitioner.
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(Figure 2, panel A; Appendix Table 5). Pertussis IRs 
per 100,000 persons were 91.4 (95% CI 84.1–98.7) in 
2015 and 58.7 (95% CI 51.4–66.0) in 2019 (Figure 2, 
panel A). In age subgroups, IRs were consistently 
highest among those 50–64 years of age and 65–74 
years of age (Figure 2, panel B; Appendix Table 5). 
Overall, pertussis IRs varied across all age groups 
during 2015–2019 (Figure 2, panel B).

When stratified by sex, pertussis IRs among 
women were 110.5 (95% CI 102.3–118.7) in 2015 and 

74.5 (95% CI 66.3–82.7) in 2019. Lower IRs of 70.6 
(95% CI 64.3–76.8) in 2015 and 41.6 (95% CI 35.4–47.8) 
in 2019 were observed among men (Figure 2, panel 
C). Similar trends were reported by the NNDSS, al-
though pertussis IRs were lower than those in our 
study population (Figure 2).

In patients with COPD, pertussis IRs throughout 
the study period ranged from 304.4 (95% CI 290.7–
318.1) in 2015 to 194.3 (95% CI 180.5–207.9) in 2019 (Fig-
ure 3, panel A; Appendix Table 6). Similarly, in patients 
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Table 1. Baseline patient characteristics for persons ≥50 years of age with pertussis identified in the overall study population, Aust ralia* 

Characteristics 

Year 

p value† 
2015,  

n = 253 
2016, n = 

251 
2017,  

n = 219 
2018,  

n = 162 
2019,  

n = 148 
Total,  

n = 992 
Age, y        
 Mean (95% CI) 62.5  

(61.3–63.7) 
63.1  

(61.9–64.3) 
63.1  

(61.9–64.2) 
65  

(63.4–66.5) 
63.8  

(62.3–65.4) 
63.3  

(62.7–63.9) 
0.22 

 Median (IQR) 61  
(54–68) 

61  
(54–68) 

63  
(56.5–69.5) 

63  
(56–70) 

63  
(55.6–70.5) 

62  
(55.5–68.5) 

0.15 

Sex‡        
 M 91 (36) 77 (31) 73 (33) 56 (35) 49 (33) 332 (33) 0.61 
 F 162 (64) 173 (69) 146 (67) 105 (65) 99 (67) 658 (67) 0.61 
Smoking status        
 Never 101 (41) 107 (45) 94 (44) 67 (41) 70 (47) 433 (44) 0.61 
 Past 49 (20) 45 (19) 53 (25) 51 (31) 33 (22) 216 (22) 0.46 
 Current 15 (6) 22 (9) 17 (8) 14 (9) 9 (6) 75 (8) 0.61 
 Unknown 79 (32) 63 (27) 51 (24) 30 (19) 36 (24) 268 (27) 0.13 
Alcohol consumption/d§        
 None 94 (39) 97 (41) 86 (40) 75 (46) 75 (51) 426 (43) 0.09 
 ≤1 unit 39 (16) 32 (14) 35 (16) 28 (17) 28 (19) 161 (16) 0.13 
 >1 unit 18 (7) 12 (5) 14 (7) 15 (9) 18 (12) 76 (8) 0.13 
 Unknown 93 (38) 96 (41) 80 (37) 44 (27) 27 (18) 329 (33) 0.09 
Vaccination history¶        
 Pertussis 36 (14) 29 (12) 36 (16) 31 (19) 25 (17) 140 (14) 0.22 
 Influenza 2 (1) 49 (20) 68 (31) 71 (44) 59 (40) 241 (24) 0.09 
 Pneumococcal  8 (3) 11 (4) 15 (7) 11 (7) 21 (14) 60 (7) 0.04 
Residence        
 New South Wales 83 (34) 54 (23) 51 (24) 34 (21) 49 (33) 282 (29) 0.81 
 Victoria 64 (26) 78 (33) 71 (33) 40 (25) 29 (20) 258 (26) 0.31 
 Queensland 29 (12) 26 (11) 27 (13) 15 (9) 9 (6) 111 (11) 0.22 
 Western Australia 21 (9) 17 (7) 15 (7) 12 (7) 7 (5) 70 (7) 0.10 
 South Australia 12 (5) 10 (4) 6 (3) 3 (2) 6 (4) 38 (4) 0.31 
 Tasmania 5 (2) 11 (5) 12 (6) 35 (22) 30 (20) 89 (9) 0.09 
 Australian Capital Territory 26 (11) 31 (13) 23 (11) 14 (9) 11 (7) 105 (11) 0.13 
 Northern Territory 4 (2) 10 (4) 10 (5) 9 (6) 7 (5) 39 (4) 0.13 
Comorbidities#        
 COPD 41 (16) 51 (20) 40 (18) 38 (23) 25 (17) 185 (19) 0.81 
 Asthma 25 (10) 35 (14) 27 (12) 24 (15) 16 (11) 117 (12) 0.81 
 CVD 101 (40) 111 (44) 96 (44) 78 (48) 57 (39) 409 (41) 0.61 
 Heart failure 4 (2) 4 (2) 3 (1) 2 (1) 9 (6) 16 (2) 0.61 
 Diabetes mellitus 32 (13) 32 (13) 36 (16) 34 (21) 18 (12) 144 (14) 0.61 
 History of stroke 3 (1) 3 (1) 3 (2) 2 (1) 9 (6) 21 (2) 0.27 
 Chronic kidney disease 5 (2) 4 (2) 10 (5) 4 (2) 5 (3) 27 (3) 0.58 
 Cancer, active or remission 23 (9) 45 (18) 32 (15) 29 (18) 22 (15) 136 (14) 0.79 
*Values are no. (%) except as indicated. Variables were defined as those at baseline (i.e., restricted to those recorded during the study period or until the 
time of pertussis diagnosis). COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease (except heart failure); IQR, interquartile range. 
†Pearson 2 or Fisher exact test for categorical variables, Student t-test/Wilcoxon/Kruskal Wallis tests for continuous variables, as appropriate. There 
were significant differences in smoking status, alcohol consumption, state of residence (Western Australia, Australian Capital Territory), COPD, and 
diabetes between males and females.  
‡Two patients had sex documented as unknown. 
§One unit of alcohol is defined as containing 10 g of alcohol according to Australia’s national alcohol guidelines.  
¶History of pertussis immunization was defined as the presence of pertussis immunization record throughout the study period, as recorded in the Australia 
general practitioner electronic medical records database.  
#History of CVD, chronic kidney disease, and cancer were defined as those at baseline and were restricted to those recorded during the study period, or 
until the time of pertussis diagnosis, as applicable. 

 



Pertussis among Persons >50 Years of Age

with asthma, pertussis IRs ranged from 473.0 (95% 
CI 454.0–492.0) in 2015 to 376.8 (95% CI 357.8–395.8)  
in 2019 (Figure 4, panel A; Appendix Table 7). Al-
though pertussis IRs among patients with COPD or 
asthma were higher than the overall study popula-
tion, variations between age groups were generally 
consistent (Figure 3, panel B; Figure 4, panel B). Con-
sistent with the overall study population, pertussis 
IRs in women with COPD or asthma were higher 
than in men with COPD (Figure 3, panel C; Appendix 
Table 6) or in men with asthma (Figure 4, panel C; 
Appendix Table 7).

In the sensitivity analysis, based on an extended 
definition of pertussis, annual IRs were 197.6 (95% CI 
185.5–209.7) in 2015 and 196.7 (95% CI 184.5–208.8) in 
2019 (Appendix Figure 1, panel A). Overall, the low-
est IRs were observed in patients ≥85 years of age 
(Appendix Figure 1, panel B). IRs remained higher 
among women versus men (Appendix Figure 1, pan-
el C). In the sensitivity analysis, IRs among patients 
with COPD or asthma were higher than those in the 

overall study population (Appendix Figure 2, panel 
A, Figure 3, panel A). In 2016–2018, pertussis IRs in 
patients with COPD or asthma were highest in pa-
tients 65–74 years of age (Appendix Figure 2, panel B, 
Figure 3, panel B). Overall, IRs by age group and sex 
in patients with COPD or asthma were higher than 
IRs for the same group in the primary analysis and 
NNDSS, consistent with trends observed in the pri-
mary analysis (Appendix Figure 2, panels B, C, Figure 
3, panels B, C). Trends observed in the monthly num-
ber of pertussis cases defined within the primary and 
sensitivity analyses cohorts and those reported in the 
NNDSS data were generally consistent and peaked in 
winter (June–September) (Figure 5).

Risk Factor Modeling
Conditional univariable logistic regression mod-
els predicted that concurrent diabetes, asthma, or 
COPD, use of angiotensin-converting enzyme inhibi-
tors or angiotensin receptor blockers, and prior use 
of antibiotics within 1 month increased the risk for a  
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Figure 2. National notification rates compared with annual incidence of pertussis in population-based study of pertussis incidence and 
risk factors among persons >50 years of age, Australia. A) Overall study population; B) by age group: group 1, 50–64 y; group 2, 65–74 
y; group 3, 75–84 y; group 4, ≥85 y; C) by sex. Incidence rates are reported per 100,000 persons; error bars indicate 95% CIs. Both 
NNDSS and GP EMR data consist of persons ≥50 years of age. Data in 2015 were projected to 12-month period because a run-in 
period/landmark was applied to rule out prevalent pertussis cases carried forward from the previous year. Data for 2016–2019 are as 
observed. EMR, electronic medical records; GP, general practitioner; NNDSS, National Notifiable Diseases Surveillance System.

Figure 3. Annual incidence of pertussis among persons >50 years of age with and without COPD in population-based study of pertussis 
incidence and risk factors, Australia. A) Overall study population; B) by age group: group 1, 50–64 y; group 2, 65–74 y; group 3, 75–84 
y; group 4, ≥85 y; C) by sex.Incidence rates are reported per 100,000 persons; error bars indicate 95% CIs. COPD cases were defined 
based on diagnosis label or prescription of reliever/corticosteroid inhaler (≥1 refill of the same product). Data in 2015 were projected to 
12-month period because a run-in period/landmark was applied to rule out prevalent pertussis cases carried forward from the previous 
year. Data for 2016–2019 are as observed. COPD, chronic obstructive pulmonary disease.
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pertussis diagnosis; history of influenza vaccination 
was associated with reduced risk for a pertussis di-
agnosis (Table 2). The adjusted multivariable logistic 
regression model suggested that prior prescription of 
an antibiotic for cough within 1 month (OR 7.00 [95% 
CI 4.21–11.64]), asthma (OR 2.94 [95% CI 1.71–5.04]), 
and COPD (OR 1.88 [95% CI 1.23–2.86]) were predic-
tors of pertussis diagnosis, but the risk for pertussis 
diagnosis was lower for patients with a history of 
influenza vaccination (OR 0.38 [95% CI 0.26–0.55]; 
Table 3).

Healthcare-Seeking Behavior and  
Antibiotic Prescriptions 
We compared the number of GP visits for men and 
women in terms of asthma status, COPD status, and 
across age groups (Appendix Figure 4, panel A). 
We observed no sex-specific differences (p = 0.12) 
among patients with COPD or asthma (women, me-
dian 11, interquartile range [IQR] 10, vs. men, me-
dian 10, IQR 13).

In the overall study population, the median num-
ber of GP visits within 1 year before pertussis diag-
nosis was significantly higher (p = 0.001) for women 
(median 8, IQR 10) than for men (median 6, IQR 9). 
The median number of GP visits increased with pres-
ence of COPD or asthma for both women and men. In 
patients without COPD or asthma, the median num-
ber of GP visits was also significantly higher (p = 0.01) 
in women (median 6, IQR 8) compared with men (me-
dian 5, IQR 9). Furthermore, the number of GP visits 
increased with age, independent of sex and COPD or 
asthma status (Appendix Figure 4, panels B, C).

To investigate the observed reduced risk for per-
tussis associated with history of influenza vaccination 
within the risk factor modeling, we also looked at the 
distributed number of GP visits among those with or 
without history of influenza vaccination before per-
tussis diagnosis. Persons vaccinated for influenza be-
fore pertussis diagnosis had a higher median number 
of GP visits compared with those without influenza 
vaccination across all age groups (Table 4).
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Figure 4. Annual incidence of pertussis among persons >50 years of age with and without asthma in population-based study of 
pertussis incidence and risk factors, Australia. A) Overall study population; B) by age group: group 1, 50–64 y; group 2, 65–74 y; group 
3, 75–84 y; group 4, ≥85 y; C) by sex. Incidence rates are reported per 100,000 persons; error bars indicate 95% CIs. Asthma cases 
were defined based on diagnosis label or prescription of reliever/corticosteroid inhaler (≥1 refill of the same product). Data in 2015 were 
projected to 12-month period because a run-in period/landmark was applied to rule out prevalent pertussis cases carried forward from 
the previous year. Data for 2016–2019 are as observed.

Figure 5. Comparison of the 
monthly number of pertussis 
cases reported to the NNDSS 
and identified in the primary and 
sensitivity analyses of population-
based study of pertussis incidence 
and risk factors among persons 
>50 years of age, Australia. A) 
Cases captured by the NNDSS; 
B) cases in the primary overall 
study population; C) cases in 
the sensitivity analysis cohort. 
NNDSS, National Notifiable 
Diseases Surveillance System.
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Overall, 252 (25%) patients diagnosed with pertus-
sis in the primary analysis were prescribed antibiotics 
for cough 1 month before their pertussis diagnosis.  
The most prescribed antibiotics were macrolides 
(83%) and broad-spectrum penicillin (24%), followed 
by tetracyclines (5%), cephalosporins (4%), and trim-
ethoprim combinations (1%) (Table 5).

Discussion
By using the IQVIA GP EMR database, we estimated 
IRs and risk factors for clinically diagnosed pertus-
sis among Australians ≥50 years, including those 
with COPD or asthma (Appendix Figure 5). IRs were 
highest among patients 50–64 years of age and were 
2 times higher in women than in men. Furthermore, 
compared with the overall study population, IRs in 
patients with COPD were ≈3–4 times higher and in 
patients with asthma were ≈5–8 times higher.

In a systematic literature review reporting re-
sults from 85 publications, IRs in older adults broadly 
ranged 2–16,670/100,000 population, depending on 
the definition of pertussis and study methodology 
(4). Our findings are largely consistent with previous-
ly published global studies and studies in Australia, 
also reporting higher pertussis IRs in women com-
pared with men (11,13,14). The higher IRs in women 
may be attributed to healthcare-seeking behavior, 
increased exposure to children and elderly persons 
infected with pertussis through caretaker roles, and 
biological and immune response differences (14).

For the extended definition of pertussis in the sen-
sitivity analysis, we noted pertussis IRs to be higher 
than those in the primary analysis, likely attributable 
in part to the inclusion of nonpertussis seasonal re-
spiratory diseases. In patients with COPD or asthma, 
we found IRs in the sensitivity analysis to be >3 times 
higher than those observed in the primary analysis, 
although the overall trends were consistent.

Trends observed in IRs were largely consistent 
between GP EMR data and NNDSS data, aligning 
with the known cyclic trend of pertussis epidemics in 
Australia. Contemporary data suggest that pertussis 
outbreaks occur periodically every 3 to 4 years (5,15); 
the 2 most recent epidemics of pertussis in Australia 
peaked in 2011 and 2015 (16). Evidence of seasonal 
fluctuations in pertussis incidence has been noted in 
other countries as well (17–21). There are conflicting 
findings in the context of Australia; several studies 
report higher incidence peaks in spring and summer 
months (November–January) and others report such 
peaks in winter months (June–September) (22–24). 
Pertussis was also found to be a common pathogen in 
infants hospitalized for acute lower respiratory tract 

infection, including pertussis co-infection, during 
winter in the Netherlands (25). It is therefore likely 
that the incidence spikes of pertussis observed in our 
study were confounded by circulating influenza vi-
ruses or respiratory syncytial virus outbreaks because 
of the the non–laboratory-confirmed definition of 
pertussis cases.

Conditional multivariable regression analysis 
showed that prior use of antibiotics within 1 month 
and concurrent asthma and COPD were predictors of 
pertussis diagnosis. Because only 24% of patients with 
pertussis in this study were tested for pertussis, antibi-
otics prescribed for concurrent asthma and COPD may 
have influenced prediction of pertussis diagnosis.

Patients with a history of influenza vaccination 
had a 62% lower risk for pertussis diagnosis than 
those without that history. A post-hoc analysis from a 
clinical trial among pregnant women suggested that 
influenza vaccination may have a positive effect on 
rates of pertussis infection and called for further in-
vestigation into the possible mechanisms in the upper 
respiratory tract that can lead to the synergy between 
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Table 2. Predictors of pertussis in persons ≥50 years of age from 
conditional univariable logistic regression models in the overall 
study population, Australia* 
Variable OR (95% CI) p value 
Smoking status   
 No Referent  
 Yes 1.18 (0.88–1.58) 0.80 
Alcohol consumption/d†   
 None Referent  
 ≤1 unit 1.02 (0.71–1.46) 0.93 
 >1 unit 1.04 (0.67–1.63) 0.86 
Immunization history‡   
 Pertussis 0.77 (0.48–1.24) 0.28 
 Influenza 0.52 (0.37–0.73) <0.001 
 Pneumococcal  0.70 (0.41–1.17) 0.17 
Comorbidities§   
 CVD 1.30 (0.97–1.74) 0.08 
 Heart failure 0.93 (0.33–2.63) 0.90 
 Diabetes mellitus 1.65 (1.13–2.42) <0.001 
 Stroke 0.88 (0.32–2.42) 0.80 
 Chronic kidney disease 0.90 (0.42–1.92) 0.78 
 Cancer 1.45 (0.98–2.15) 0.06 
 Asthma 2.46 (1.54–3.93) <0.001 
 COPD 2.01 (1.38–2.93) <0.001 
 Asthma/COPD 2.2 (1.59–3.05) <0.001 
Use of ACEi-ARB 1.45 (1.09–1.93) <0.001 
Prior use of antibiotics 7.19 (4.42–11.69) <0.001 
*Variables were defined as those at baseline (i.e., restricted to those 
recorded during the study period or until the time of pertussis diagnosis). 
In this analysis, patients with missing data were excluded. ACEi-ARB, 
angiotensin-converting enzyme inhibitors–angiotensin receptor blockers; 
COPD, chronic obstructive pulmonary disease; CVD, cardiovascular 
disease (except heart failure); OR, odds ratio.  
†One unit of alcohol is defined as containing 10 g of alcohol.  
‡History of pertussis immunization was defined as the presence of 
pertussis immunization record throughout the study period, as recorded in 
the Australia general practitioner electronic medical records database.  
§History of CVD, chronic kidney disease, and cancer were defined as 
those at baseline and were restricted to those recorded during the study 
period, or until the time of pertussis diagnosis, as applicable. 
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the 2 pathogens (26). Influenza-vaccinated persons 
have a lower risk for influenza-related worsening of 
other respiratory diseases (27); thus, fewer potentially 
misdiagnosed pertussis cases may contribute to arti-
facts rather than true association between influenza 
vaccination history and pertussis diagnosis. Given 
the low pertussis testing rates in this study, these 
findings should be treated with caution. Notably, the 
Australian government offers free influenza vaccines 
through the National Immunisation Program for se-
niors ≥65 years of age, which may have contributed to 
a higher influenza vaccination rate in the study popu-
lation. In addition, patients in better health or who 
are health-conscious are more likely to get vaccinated 
(i.e., healthy vaccinee bias) and seek health care when 
experiencing respiratory symptoms (28).

The risk for pertussis diagnosis in patients with 
underlying COPD and asthma was previously re-
ported to be higher than for patients with pertussis but 
without those conditions (29). Contemporary data also 
suggest that patients with COPD and asthma have a 
higher pertussis incidence, risk for pertussis infection, 
and greater subsequent disease burden than patients 
with pertussis but without such concurrent conditions 
(9,29–31). Furthermore, asthma, COPD, and other 
chronic inflammatory pulmonary diseases can be ex-
acerbated by B. pertussis infection (29). Increased risk 
for pertussis in patients with COPD or asthma may 

be explained by potential adverse effects of inhaled or 
systemic corticosteroids, altered airway architecture, 
impairment of innate and acquired immunity, waning 
humoral immunity over time, and influence of concur-
rent conditions on immunogenicity (30).

In this study, women, older age groups, and those 
with a history of influenza vaccination were associated 
with a higher median number of GP visits in a year, 
likely resulting in a higher chance of pertussis being 
recognized or diagnosed. Those observations might be 
due to women and older adults (who may have other 
concurrent conditions) visiting the GP more often (32–
34). The higher median number of GP visits in persons 
with a history of influenza vaccination versus without 
suggests that those persons are more health conscious 
(i.e., healthy vaccinee bias) or had other conditions 
that required more GP visits. Among all patients diag-
nosed with pertussis, antibiotic prescriptions within 1 
month before pertussis diagnosis were more common 
for those with COPD or asthma, men, and younger age 
groups (50–74 years); macrolides and penicillin were 
the most prescribed. Of note, persistent cough is a cri-
terion for asthma and COPD exacerbation according to 
Australia guidelines (35,36), possibly explaining why 
antibiotics were more commonly prescribed and why 
pertussis may not have been recognized or diagnosed 
earlier in these patients. Because macrolides are the pre-
ferred treatment for pertussis, an adequate dosage and 
treatment duration may reduce likelihood of pertussis 
diagnosis (37), which may have skewed the estimated 
pertussis IRs in the populations described in this study, 
particularly among patients with COPD or asthma.

Because of differing case definitions in this study 
and the lack of routine laboratory testing in the pri-
mary care setting, the pertussis IRs in Australians ≥50 
years may be higher than those reported to the NNDSS. 
NNDSS data rely on GP clinical, laboratory, or empiri-
cal diagnoses to identify confirmed and probable cases 
of pertussis. The surveillance case definition for pertus-
sis requires confirmed cases to have either laboratory-
definitive evidence or laboratory-suggestive evidence 
and clinical evidence, whereas probable cases require 
clinical and epidemiologic evidence (38). In our study, 
we identified cases based on clinical diagnosis, and only 
a small proportion of patients had pertussis-related di-
agnostic laboratory tests performed and documented in 
the EMR. Therefore, the approach we used in this study 
captured more cases that did not meet the NNDSS case 
definition of pertussis. Estimating the true impact of per-
tussis vaccination is not feasible, given the low vaccina-
tion rate and underdocumentation of vaccination history 
in the EMR database. Previous studies have shown that 
pertussis-related hospitalizations, healthcare burden,  

112 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024

 
Table 3. Predictors of pertussis in persons ≥50 years of age from 
conditional multivariable logistic regression models, Australia* 
Variables aOR (95%CI) 
Prior prescription of antibiotics for cough 7.00 (4.21–11.64) 
Asthma 2.94 (1.71–5.04) 
COPD 1.88 (1.23–2.86) 
Diabetes mellitus 1.47 (0.68–2.27) 
Use of ACEi-ARB 1.37 (1.00–1.85) 
History of pertussis immunization† 1.03 (0.62–1.69) 
History of influenza vaccination 0.38 (0.26–0.55) 
*Variables were defined as those at baseline (i.e., restricted to those 
recorded during the study period or until the time of pertussis diagnosis). 
In this analysis, patients with missing data were excluded. ACEi-ARB, 
angiotensin-converting enzyme inhibitors–angiotensin receptor blockers; 
COPD, chronic obstructive pulmonary disease.  
†History of pertussis immunization was defined as the presence of 
pertussis immunization record throughout the study period, as recorded in 
the Australia general practitioner electronic medical records database.  

 

 
Table 4. Comparison of median number of GP visits within 1 year 
before pertussis diagnosis by history of influenza vaccination and 
age groups in persons ≥50 years of age, Australia* 

Age group, y 

History of influenza vaccination, 
median (IQR) visits 

p value† No Yes 
50–64 5 (8) 9 (8) <0.001 
65–74 6 (9.5) 13 (9) <0.001 
75–84 8 (12) 13 (15) <0.001 
≥85 8 (10.5) 15 (17) 0.01 
*GP, general practitioner; IQR, interquartile range.  
†Differences in median number of GP visits within 1 year before the 
pertussis diagnosis within each age group. 
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concurrent conditions, and risk for death increase with 
age (4,11,39). However, because the GP EMR database is 
based in the primary care setting, it is not representative 
of all Australians ≥50 years and does not allow further 
evaluation of pertussis severity and its association with 
hospitalization, healthcare burden, and mortality. Giv-
en the known underdiagnosis and underreporting of 
pertussis, our incidence and risk factor analysis can still 
provide useful guidance related to pertussis prevention 
in the primary care setting. Nevertheless, it will be im-
portant to further validate the findings of this study by 
using a more specific and validated case definition of 
pertussis cases.

From a public health standpoint, this study high-
lights the importance of pertussis prevention for 
Australians ≥50 years, especially among those with 

COPD or asthma, thus improving community aware-
ness and uptake of immunization at age 50 and 65 
years, which is currently suboptimal (40,41). An effec-
tive vaccination strategy is necessary to reduce compli-
cations and increased healthcare costs associated with 
pertussis among patients with COPD or asthma (4,29). 
For patients with COPD or asthma who have unrec-
ognized or undiagnosed pertussis, inappropriately 
prescribed antibiotics may empirically treat patho-
gens causing other respiratory illnesses but delay the 
diagnosis and control of pertussis. Conversely, timely 
pertussis vaccinations can protect vaccinated persons 
against pertussis development and prevent communi-
ty-level transmission. Other strategies include increas-
ing pertussis testing by GPs to improve ascertainment 
of cases and ensure timely treatment (40).
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Table 5. Distribution of antibiotics prescribed within 1 month before pertussis diagnosis in persons ≥50 years of age, Australia* 

Category 

No. 
pertussis 

cases 

 

 

Antibiotic category 
Antibiotic prescription Broad-spectrum 

penicillin Cephalosporins Macrolides Tetracyclines 
Trimethoprim 
combinations No Yes 

All pertussis patients         
 Overall 992 740 (75) 252 (25)  61 (24) 11 (4) 209 (83) 12 (5) 2 (1) 
 Age group, y 

   
 

     

  50–64 598 444 (74) 154 (26)  33 (21) 4 (3) 130 (84) 6 (4) 1 (1) 
  65–74 260 190 (73) 70 (27)  17 (24) 6 (9) 60 (86) 1 (1) 0 (0) 
  75–84 95 76 (80) 19 (20)  8 (42) 1 (5) 11 (58) 5 (26) 0 (0) 
  >85 39 30 (77) 9 (23)  3 (33) 0 (0) 8 (89) 0 (0) 1 (11) 
 Sex 

   
 

     

  F 658 497 (76) 161 (24)  36 (22) 9 (6) 134 (83) 7 (4) 2 (1) 
  M 332 242 (73) 90 (27)  25 (28) 2 (2) 74 (82) 5 (6) 0 (0) 
Pertussis patients with asthma        
 Overall 117 75 (64) 42 (36)  14 (33) 7 (17) 34 (81) 0 NA 
 Age group, y          
  50–64 72 47 (65) 25 (35)  7 (28) 3 (12) 21 (84) 0  
  65–74 38 21 (14) 17 (86)  6 (35) 4 (24) 14 (82) 0 NA 
  75–84 7 6 (86) 1 (14)  1 (100) 0 0 0  
  >85 0 0 0  0 0 0 0  
 Sex          
  F 86 55 (64) 31 (36)  10 (32) 7 (23) 26 (84) 0 NA 
  M 31 20 (65) 11 (35)  4 (36) 0 8 (73) 0  
Pertussis patients with COPD        
 Overall 185 139 (75) 46 (25)  17 (37) 2 (4) 38 (83) 3 (7) NA 
 Age group, y          
  50–64 81 61 (75) 20 (25)  7 (35) 0 16 (80) 1 (5)  
  65–74 60 44 (73) 16 (27)  6 (38) 2 (13) 14 (88) 0 NA 
  75–84 29 22 (76) 7 (24)  2 (29) 0 6 (86) 2 (29)  
  >85 15 11 (73) 4 (27)  2 (50) 0 3 (75) 0  
 Sex          
  F 143 110 (77) 33 (23)  8 (24) 2 (6) 29 (88) 2 (6) NA 
  M 42 29 (69) 13 (31)  9 (69) 0 9 (69) 1 (8)  
Pertussis patients without asthma/COPD       
 Overall 709 534 (75) 175 (25)  34 (19) 4 (2) 147 (84) 9 (5) 2 (1) 
 Age group, y          
  50–64 452 337 (75) 115 (25)  21 (18) 1 (1) 99 (86) 5 (4) 1 (1) 
  65–74 173 129 (75) 44 (25)  7 (16) 2 (5) 38 (86) 1 (2) 0 
  75–84 60 49 (82) 11 (18)  5 (45) 1 (9) 5 (45) 3 (27) 0 
  >85 24 19 (79) 5 (21)  1 (20) 0 5 (100) 0 1 (20) 
 Sex          
  F 443 337 (76) 106 (24)  21 (20) 2 (2) 87 (82) 5 (5) 2 (2) 
  M 264 196 (74) 68 (26)  13 (19) 2 (3) 59 (87) 4 (6) 0 
*Values are no. (%) except as indicated. Percentages were calculated within each row. Because some patients may have received combination of 
antibiotics, the sum of number of patients in antibiotics category do not equal to total number of pertussis cases in each row. Likewise, percentages do not 
sum up to 100%. COPD, chronic obstructive pulmonary disease; NA, not applicable.  
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Future studies might consider the effect of pol-
icy interventions on pertussis vaccination behavior,  
underuse of pertussis vaccines, and cost-effectiveness 
of potential new models of pertussis immunization 
programs to address policy gaps in the present pro-
gram. In summary,  a sizeable burden of pertussis in 
older adults in Australia has a greater impact on per-
sons with COPD or asthma. This study highlights the 
importance of pertussis prevention for Australians 
≥50 years of age.
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Globally, tuberculosis (TB) is the 13th leading 
cause of death and a leading infectious killer, 

second to COVID-19 (1,2). In 2021, TB affected 10.6 
million persons and caused 1.6 million deaths world-
wide (2). Moreover, a quarter of the world’s popula-
tion is latently infected with Mycobacterium tubercu-
losis, which puts them at a 5%–10% lifetime risk of 
developing active disease (2–4). Global trends indi-
cate that the World Health Organization’s (WHO) 
End TB Strategy milestones will likely be missed be-
cause TB incidence has reduced by only 10% and TB 
deaths by 5.9% during 2015–2021, compared with the 
desired goals of 20% reduction in incidence and 35% 
reduction in deaths (2,5). The COVID-19 pandemic 

has further disrupted TB notification and treatment, 
reversing the progress toward global TB elimination 
while widening existing inequalities (2,6).

The TB epidemic is considered a major challenge 
in low-resource, high-burden countries; 30 high-bur-
den countries represent 87% of the global burden (2). 
However, the epidemiology of TB in low-incidence 
countries is characterized by concentration of the TB 
burden, sometimes as high as in high-burden coun-
tries, among socially and historically marginalized 
populations (7,8). Before the impact of COVID-19 on 
TB notification, TB incidence continued to decline 
during 1993–2019 in the United States; however, the 
annual rate at which TB declined plateaued during 
the later years (9). Similarly, a recent study from Ar-
kansas reported no significant decline in TB incidence 
during 2009–2020 (10). To move toward preelimi-
nation (1 case/100,000 population) and eventually 
elimination (<1 case/100,000 population), current 
TB interventions should be adapted to unique local 
challenges focusing on populations at increased risk 
for TB as suggested by WHO’s action framework for 
TB elimination in low-incidence countries (7,8). This 
framework calls for epidemiologic assessment of dis-
ease distribution in the local population by important 
sociodemographic variables; however, such disag-
gregated analysis is typically not available in TB sur-
veillance reports, limiting the ability of public health 
programs to develop pro-equity policies (7,8,11,12). 

In the United States, race is a strong social de-
terminant of health because it serves as a proxy for 
systemic and structural barriers to equitable opportu-
nities for education, employment, earning, housing, 
and healthcare, which perpetuates racial discrimina-
tion and unjust distribution of resources that lead to 
adverse health outcomes (13,14). In this study from 
Arkansas, USA, a state with TB incidence below the 
national average of 2.4 cases/100,000 population, we 
quantify the racial/ethnic disparities in TB incidence 
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We conducted an epidemiologic assessment of disease 
distribution by race/ethnicity to identify subpopulation-
specific drivers of tuberculosis (TB). We used detailed 
racial/ethnic categorizations for the 932 TB cases diag-
nosed in Arkansas, USA, during 2010–2021. After adjust-
ing for age and sex, racial/ethnic disparities persisted; the 
Native Hawaiian/Pacific Islander (NHPI) group had the 
highest risk for TB (risk ratio 173.6, 95% CI 140.6–214.2) 
compared with the non-Hispanic White group, followed 
by Asian, Hispanic, and non-Hispanic Black. Notable 
racial/ethnic disparities existed across all age groups; 
NHPI persons 0–14 years of age were at a particularly 
increased risk for TB (risk ratio 888, 95% CI 403–1,962). 
The risks for sputum smear–positive pulmonary TB and 
extrapulmonary TB were both significantly higher for ra-
cial/ethnic minority groups. Our findings suggest that TB 
control in Arkansas can benefit from a targeted focus on 
subpopulations at increased risk for TB.
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at the population level using detailed racial/ethnic 
categorizations that have not been widely used in pre-
vious TB studies in Arkansas (15–17). This study will 
not only help map subpopulations at an increased 
risk for TB in a low-burden setting but also guide the 
development of targeted TB interventions in light of 
the underlying factors that differentially drive TB in-
cidence across racial/ethnic groups. 

This study used de-identified patient data that 
we retrospectively retrieved from the TB surveillance 
database maintained by the Arkansas Health Depart-
ment. The University of Michigan Health Sciences and 
Behavioral Sciences Institutional Review Board (IRB-
HSBS) determined that this study was not regulated.

Methods

Study Population
This study included all 932 TB cases diagnosed in Ar-
kansas during 2010–2021. All of these cases met the 
Centers for Disease Control and Prevention (CDC)’s 
definition of a verified TB case. These verified cases 
met either laboratory or clinical case definition, in-
cluding those verified by provider diagnosis as de-
scribed in CDC’s TB case reporting manual (18).

Data Collection and Data Sources
Demographic and clinical data available in this data-
set were collected on verified TB cases using the stan-
dard CDC TB reporting form. We obtained US Census 
Bureau official population estimates for 2010–2019 
from annual resident population estimates for 6 race 
groups (5 race-alone groups and 2 or more races) by 
age, sex and Hispanic origin for states and the District 
of Columbia from April 1, 2010–July 1, 2019; April 1, 
2020; and July 1, 2020. We obtained population esti-
mates for 2020 and 2021 from annual state resident 
population estimates for 6 race groups (5 race-alone 
groups and 2 or more races) by age, sex, and Hispanic 
origin from April 1, 2020–July 1, 2021 (19).

Data Analysis
This study had 4 objectives. The objectives were to 
characterize racial/ethnic disparities in TB risk; to de-
termine if the observed racial/ethnic disparities were 
a result of underlying differences in sex and age distri-
bution; to track age-specific incidence for racial/ethnic 
groups to draw inferences related to the underlying 
drivers of TB incidence; and to characterize racial/eth-
nic differences in advanced TB disease at diagnosis.

From the TB surveillance dataset, we created 
a combined variable for race and ethnicity with 5  
categories so that we did not consider racial/ethnic 

identities in isolation (20). The Hispanic category in-
cluded all racial subcategories. We categorized non-
Hispanic persons into Asian, non-Hispanic Black, 
Native Hawaiian/Pacific Islander (NHPI), and non-
Hispanic White categories. We did not include Amer-
ican Indian/Alaska Native (n = 4) and multirace (n 
= 1) categories in race/ethnicity-stratified results be-
cause of their small sample sizes. We categorized age 
as 0–14 years, 15–24 years, 25–44 years, 45–64 years, 
and >65 years. Consistent with the definition used by 
CDC, US-born persons included those who were eli-
gible for US citizenship at the time of birth regardless 
of place of birth.

To address the first objective, we calculated the 
overall TB incidence for the period 2010–2021, with 
corresponding 95% CI for the state and the 5 racial/
ethnic groups mentioned. We calculated TB incidence 
per 100,000 population using the population estimates 
from the US Census Bureau (19). We estimated TB inci-
dence in the overall population and stratified by race/
ethnicity and age group using Poisson regression with 
an offset term for the total population size. To further 
characterize TB-related disparities, we calculated risk 
ratio (RR) estimates for the race/ethnicity-combined 
variable, sex, and age group using Poisson regression. 
Because age and sex are important determinants of TB 
risk, we calculated race/ethnicity RRs that were ad-
justed for both age and sex concurrently using Pois-
son regression to achieve our second objective. In the 
absence of genotyping data, age-specific TB incidence 
can help draw inferences related to the underlying 
mechanisms that drive TB incidence. Previous stud-
ies demonstrated that TB among older adults strongly 
reflects reactivation of latent TB infection (LTBI) in 
low-burden settings, whereas TB is typically a result 
of recent transmission among young children (21,22). 
Hence, the third objective determined how racial dis-
parities tracked across age groups by reporting RRs 
for race/ethnicity from age-specific Poisson models 
adjusted for sex. In addition, to track age disparities 
within each racial/ethnic group, we reported RRs for 
age groups from race/ethnicity-specific Poisson mod-
els while adjusting for sex.

Pulmonary TB (PTB) often starts with minimum 
infiltrate and progresses to additional infiltrate; spu-
tum smear positivity has been used previously as a 
proxy for delayed diagnosis (17). The occurrence of 
extrapulmonary TB (EPTB) often reflects the spread of 
M. tuberculosis outside of the lungs due to the host’s 
inability to contain the infection (23). We evaluated 
sputum smear–positive PTB and EPTB as important 
indicators for advanced disease. For those 2 outcomes, 
we calculated RRs and adjusted RRs for the race/
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ethnicity-combined variable, sex, and age group using 
Poisson regression.

We used the non-Hispanic White category as 
the reference group for race/ethnicity and female as 
the reference category for sex because those groups 
were at the lowest risk for TB compared with other 
variable categories. For age, no one category was 
at the lowest risk for TB across stratified results, 
so we used the >65 years age category as the refer-
ence group to follow how TB risk progressed with 
age. We determined model fit using a goodness-of-
fit test. We conducted statistical analysis using the 
SAS OnDemand for Academics (SAS Institute Inc., 
https://www.sas.com).

Results

Characteristics of Study Sample
Among the 932 TB cases in our study, 72% were 
bacteriologically confirmed through either nucleic 
acid amplification test or positive culture (Table 1). 
Most TB cases (76.5%) were exclusively diagnosed 
as PTB patients. Among all TB patients, 35.73% 
had a positive sputum smear result and 43.2% of 
the patients with PTB diagnosis (including those 
with both PTB and EPTB) had a positive sputum 
smear result. Of the total study sample, 86.6% of 
TB patients identified as non-Hispanic with di-
verse racial categorizations; 63.2% of the study pa-
tients were male. Most case-patients among Asian 
(91.7%), NHPI (67.4%), and Hispanic (82.4%) per-
sons were not US born, and all of the non–US-born 
NHPI TB case-patients in this study were born in 
the Marshall Islands. For the non-Hispanic White 
group, only 2.3% of TB cases were non–US born, 
and for the non-Hispanic Black group, only 6.1% of 
TB cases were non–US born.

Racial/Ethnic Disparity in TB Incidence
The overall TB incidence in Arkansas was 2.6 (95% 
CI 2.4–2.8) cases/100,000 population during 2010–
2021 (Table 2). Upon stratifying by race/ethnicity, 
the NHPI persons (131.6 [95% CI 111.4–155.5] cas-
es/100,000 population) had the highest incidence of 
TB followed by Asian (20.0 [95% CI 16.6–24.2] cas-
es/100,000 population), Hispanic (4.8 [95% CI 4.0– 
5.7] cases/100,000 population), non-Hispanic Black 
(4.4 [95% CI 3.9–5.0] cases/100,000 population), and 
non-Hispanic White persons (1.2 [95% CI 1.0–1.3] cas-
es/100,000 population).

Racial/Ethnic Disparity after Adjusting for Sex  
and Age Differences
Based on the unadjusted model (Table 3), the risk for 
TB was many folds higher for all racial/ethnic groups 
when compared with the non-Hispanic White group. 
The risk for TB for NHPI persons was 113 (95% CI 
92.1–137.7) times the risk for non-Hispanic White 
persons. Asian (RR 17.1, 95% CI 13.8–21.3) Hispanic 
(RR 4.0, 95% CI 3.3–5.0), and non-Hispanic Black (RR 
3.8, 95% CI 3.2–4.5) persons all had higher risk for TB 
than non-Hispanic White persons. Male persons were 
at an 81% (RR 1.8, 95% CI 1.6–2.1) higher risk for TB 
than female persons. The risk for TB was 66% (RR 0.3, 
95% CI 0.3–0.4) lower for the youngest group, 0–14 
years of age, compared to the oldest age group. TB 
risk increased with age; the >65-year age group had 
the highest risk for TB.
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Table 1. Demographic and clinical characteristics of 932 TB 
patients diagnosed in Arkansas, USA, during 2010–2021* 
Characteristic No. (%) 
Diagnosis confirmation  
 Bacteriologically confirmed 669 (71.78) 
 Clinically diagnosed 263 (28.22) 
TB disease site  
 Pulmonary 713 (76.50) 
 Extrapulmonary 164 (17.60) 
 Both 55 (5.90) 
Sputum smear result  
 Positive 333 (35.73) 
 Negative 473 (50.75) 
 Not done 126 (13.52) 
Race/ethnicity  
 Hispanic 125 (13.41) 
 Asian 109 (11.70) 
 Non-Hispanic Black/African American 245 (26.29) 
 Native Hawaiian/Pacific Islander 138 (14.81) 
 Non-Hispanic White 310 (33.26) 
 American Indian or Alaska Native 4 (0.43) 
 Multirace 1 (0.11) 
Sex  
 F 336 (36.05) 
 M 589 (63.20) 
 Unknown 7 (0.75) 
Age group  
 0–14 y 92 (9.87) 
 15–24 y 85 (9.12) 
 25–44 y 253 (27.15) 
 45–64 y 282 (30.26) 
 ≥65 y 220 (23.61) 
Origin of birth  
 US born 613 (65.77) 
 Non-US born 319 (34.23) 
Year  
 2010 76 (8.15) 
 2011 85 (9.12) 
 2012 71 (7.62) 
 2013 72 (7.73) 
 2014 93 (9.98) 
 2015 90 (9.66) 
 2016 91 (9.76) 
 2017 85 (9.12) 
 2018 76 (8.15) 
 2019 65 (6.97) 
 2020 59 (6.33) 
 2021 69 (7.40) 
*Percentages may not total 100 because of rounding. TB, tuberculosis.  
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After adjusting for age group and sex, racial/
ethnic disparities continued to persist. NHPI per-
sons were at the highest risk for TB compared with 
non-Hispanic White persons (RR 173.6, 95% CI 140.6– 
214.2), followed by Asian (RR 21.6, 95% CI 17.3– 27.0), 
Hispanic (RR 5.9, 95% CI 4.8– 7.4), and non-Hispanic 
Black (RR 4.6, 95% CI 3.9–5.5) persons.

Age-Related Racial/Ethnic Disparities in TB Incidence
The statewide TB incidence was highest among 
the >65-year age group (3.8 [95% CI 3.3– 4.3] cas-
es/100,000 population) whereas the youngest group, 
0–14 years, had the lowest incidence (1.3 [95% CI 1.1–
1.6] cases/100,000 population). Risk for TB increased 
with age in Arkansas (Table 2). The 0–14-year age 
group had the lowest risk for TB compared with the 
≥65 year age group for non-Hispanic White (RR 0.05, 
95% CI 0.02– 0.11), non-Hispanic Black (RR 0.18, 95% 
CI 0.11–0.30), Asian (RR 0.09, 95% CI 0.02–0.42), and 
Hispanic (RR 0.08, 95% CI 0.04–0.18) groups, (Table 
4). We observed no significant age differences for the 
NHPI group (p = 0.13). NHPI persons 0–14 years of 

age had 888 (95% CI 403–1,962) times and NHPI per-
sons >65 years of age had 55 (95% CI 20–148) times 
the risk of TB compared to similarly aged non-His-
panic White persons (Table 5). 

Racial/Ethnic Disparity in Advanced Disease  
at Diagnosis
The risk for sputum smear-positive PTB was highest 
for NHPI persons (RR 138.8, 95% CI 94.7–203.7), fol-
lowed by Asian (RR 14.4, 95% CI 9.5–22.0), Hispan-
ic (RR 5.5, 95% CI 3.8–8.0), and non-Hispanic Black 
(RR 4.8, 95% CI 3.7–6.3) persons when compared 
with non-Hispanic White persons (Table 6). The risk 
for EPTB was highest for NHPI persons (RR 133.3, 
95% CI 83.7–212.4), followed by Asian (RR 31.4, 95% 
CI 21.1–46.7), Hispanic (RR 5.3, 95% CI 3.3–8.3), and 
non-Hispanic Black (RR 4.5, 95% CI 3.1–6.3) persons 
compared to non-Hispanic White persons (Table 6).

Discussion
The TB incidence in the United States and Arkansas 
has been <10 cases/100,000 population for several 
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Table 2. Average TB incidence by race/ethnicity, Arkansas, USA, 2010–2021* 

Category 
Incidence (95% CI) 

All ages 0–14 y 15–24 y 25–44 y 45–64 y >65 y 
State 2.580 

 (2.42–2.76) 
1.29  

(1.05–1.59) 
1.75  

(1.42–2.17) 
2.76  

(2.44–3.13) 
3.09  

(2.75–3.48) 
3.79  

(3.32–4.33) 
Hispanic 4.75  

(3.99–5.67) 
1.40  

(0.80–2.47) 
3.64 

 (2.26–5.86) 
6.27  

(4.76–8.28) 
7.51  

(5.25–10.75) 
16.61  

(10.02–27.56) 
Asian 20.02  

(16.60–24.16) 
1.79  

(0.45–7.14) 
18.52  

(11.17–30.72) 
25.45  

(19.29–33.59) 
29.85  

(21.33–41.77) 
19.45  

(9.73–38.90) 
Non-Hispanic 
Black 

4.42  
(3.90–5.01) 

1.65  
(1.07–2.53) 

2.98  
(2.04–4.35) 

4.45  
(3.50–5.66) 

6.34  
(5.11–7.88) 

8.54  
(6.44–11.33) 

NHPI 131.62  
(111.39–155.51) 

139.60  
(105.51–184. 71) 

108.08  
(68.94–169.44) 

109.27  
(80.45–148.40) 

206.17  
(139.31–305.11) 

158.67  
(59.55–422.75) 

Non-Hispanic 
White 

1.17  
(1.04–1.31) 

0.16  
(0.07–0.33) 

0.22  
(0.10–0.46) 

0.66  
(0.49–0.89) 

1.50  
(1.24–1.81) 

2.88  
(2.44–3.39) 

*Incidence is no. cases/100,000 population. The table provides overall and age-stratified TB incidence for the state of Arkansas and for racial/ethnic 
groups as calculated by Poisson regression. NHPI, Native Hawaiian/Pacific Islander; TB, tuberculosis. 

 

 
Table 3. Disparity in tuberculosis incidence by race, sex, and age, Arkansas, USA, 2010–2021* 
Covariate Unadjusted risk ratio (95%CI) Age- and sex-adjusted risk ratio (95%CI) 
Race/ethnicity†   
 Hispanic 4.07 (3.30–5.01) 5.94 (4.79–7.37) 
 Asian 17.14 (13.77–21.33) 21.61 (17.32–26.98) 
 Non-Hispanic Black 3.78 (3.20–4.48) 4.60 (3.88–5.45) 
 NHPI 112.64 (92.13–137.73) 173.58 (140.64–214.24) 
 Non-Hispanic White Referent Referent 
Sex‡   
 F Referent Referent 
 M 1.81 (1.59–2.07) 1.88 (1.64–2.15) 
Age group§   
 0–14 y 0.34 (0.27–0.44) 0.16 (0.12–0.20) 
 15–24 y 0.46 (0.36–0.59) 0.23 (0.18–0.30) 
 25–44 y 0.73 (0.61–0.87) 0.36 (0.30–0.43) 
 45–64 y 0.82 (0.68–0.97) 0.58 (0.49–0.70) 
 >65 y Referent Referent 
*RR calculated by Poisson regression. NHPI, Native Hawaiian/Pacific Islander; RR, risk ratio. 
†Using unadjusted RR model 1.  
‡Using unadjusted RR model 2.  
§Using unadjusted RR model 3.  
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years; however, neither the state nor the country has 
been able to make the final push toward preelimi-
nation and elimination targets. The underlying epi-
demiologic factors that drive the remaining TB epi-
demic in low-incidence countries differ from those in 
high-burden settings and also across subpopulations 
within low-incidence settings, which suggests the 
need for locally informed, context-specific TB inter-
ventions (24).

Our study provides an in-depth epidemiologic 
understanding of the concentrated TB epidemic in 
Arkansas that is not well captured by aggregated 
statewide estimates. We found remarkable dispari-
ties in TB incidence around the axes of race/ethnicity, 
sex, and age. Of particular importance were racial/
ethnic disparities, which could not be explained by 
age and sex differences across racial/ethnic groups. 
Age-specific TB incidence and differences in clinical 
manifestation of TB at diagnosis across racial/ethnic 
categories hold important lessons for understanding 
the drivers of TB incidence and challenges related to 
health equity in Arkansas.

The racial/ethnic disparities that we observed in 
our study are consistent with previous studies con-
ducted in Arkansas and the United States, which con-
sistently reported racial disparities in risk for LTBI, 
recent transmission, and TB disease (13,15,16,25,26). In 
2021, a total of 88.1% of the TB cases reported in the 
United States were attributable to racial/ethnic mi-
norities (9,27). Such observed racial disparities can be 
explained as a consequence of structural racism that 
perpetuates health inequities primarily through 2 in-
terlinked pathways: residential segregation and inad-

equate healthcare (14,28). Persons from racial/ethnic 
minority groups are more likely to live in neighbor-
hoods with high population density, limited healthcare 
access, poor housing conditions, and greater air pollu-
tion, which makes them more susceptible to acquiring 
TB infection (14,28,29). Moreover, those persons are 
more likely to experience conditions such as diabetes, 
HIV, and malnutrition that can contribute toward pro-
gression to TB disease (28,30). In essence, race is associ-
ated with socioeconomic status (SES), including gen-
erational wealth, income, and education, which then 
mediates the relationship between race and suscepti-
bility to infection and progression to disease through 
psychosocial stress, nutrition, physical environment, 
healthcare access, and immune function (28,31).

The NHPI persons in Arkansas had a strikingly 
high TB incidence of 131.6 cases/100,000 population, 
many times higher than their annual national-level TB 
incidence rate that has remained <20 cases/100,000 
during 2003–2021 (9,32). Most of the TB case-patients 
among NHPI in our study were born in the Marshall 
Islands, where TB incidence was 280.6 cases/100,000 
population in 2020 and 343.2 cases/100,000 popula-
tion in 2021 (9,32). Decades of colonial rule and test-
ing of nuclear weapons by the US government during 
1946–1958 had socioeconomic repercussions for the 
health infrastructure of the Marshall Islands, where 
the prevalence of comorbidities that substantially 
increase TB risk is alarmingly high (33). Under the  
Compact of Free Association, the people of the Mar-
shall Islands can freely travel, live, and work in the 
United States, where they experience language, cul-
tural, and economic barriers when accessing health-
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Table 4. Age disparities in tuberculosis incidence across racial/ethnic groups, Arkansas, USA, 2010–2021* 

Age group 

Risk ratio (95% CI) 
Non-Hispanic White, no. 

cases = 305 
Non-Hispanic Black, 

no. cases  = 244 
Asian, no. 

cases  = 109 
NHPI, no. 

cases  = 138 
Hispanic, no. 
cases  = 124 

0–14 y 0.05 (0.02–0.11) 0.18 (0.11–0.30) 0.09 (0.02–0.42) 0.87 (0.31–2.42) 0.08 (0.04–0.18) 
15–24 y 0.07 (0.03–0.15) 0.33 (0.20–0.52) 0.92 (0.39–2.16) 0.68 (0.23–1.99) 0.21 (0.11–0.43) 
25–44 y 0.22 (0.15–0.31) 0.50 (0.34–0.72) 1.27 (0.60–2.68) 0.68 (0.24–1.90) 0.37 (0.21–0.65) 
45–64 y 0.50 (0.39–0.64) 0.72 (0.50–1.03) 1.51 (0.70–3.26) 1.29 (0.45–3.72) 0.44 (0.24–0.82) 
>65 y Referent Referent Referent Referent Referent 
*Risk ratio calculated by Poisson regression. NHPI, Native Hawaiian/Pacific Islander. 

 

 
Table 5. Racial/ethnic disparities in tuberculosis incidence across age groups, Arkansas, USA, 2010–2021* 

Race/ethnicity 

Risk ratio (95% CI) 
0–14 y, no. 
cases = 91 

15–24 y, no. 
cases = 85 

25–44 y, no. 
cases = 249 

45–64 y, no. 
cases = 277 

≥65 y, no.  
cases = 218 

Hispanic 8.93 (3.52–22.68) 16.68 (6.92–40.22) 9.37 (6.22–14.13) 4.84 (3.23–7.26) 5.57 (3.27–9.48) 
Asian 11.38 (2.36–54.78) 85.02  

(34.67–208.53) 
38.81  

(25.75–58.50) 
20.72  

(14.08–30.50) 
7.09 (3.48–14.46) 

Non-Hispanic Black 10.50 (4.46–24.69) 13.77 (6.00–31.63) 6.83 (4.64–10.06) 4.36 (3.26–5.81) 3.06 (2.21–4.25) 
NHPI 888.70  

(402.55–1961.98) 
496.40  

(208.68–1180.84) 
162.91  

(105.93–250.55) 
138.01  

(89.26–213.38) 
54.82  

(20.30–148.08) 
Non-Hispanic White Referent Referent Referent Referent Referent 
*RR calculated by Poisson regression. The table reports RR estimates with 95% CI while adjusting for sex. NH, non-Hispanic; NHPI, Native 
Hawaiian/Pacific Islander; RR, risk ratio. 
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care that can lead to infection, delayed diagnosis, 
and prolonged infectiousness with implications for 
community transmission (34,35). Despite the high in-
cidence of TB in the Marshall Islands, persons from 
that country are not required to undergo screening 
for LTBI or active disease upon arrival to the United 
States (36). Screening those persons for TB may help 
in early diagnosis and treatment, thereby reducing the 
burden of TB in Arkansas and among NHPI persons.

TB is driven by various mechanisms, mainly by 
reactivation of LTBI or primary disease by a recent 
transmission, each of which requires specialized 
mitigation strategies (37). TB incidence was 139.6 cas-
es/100,000 population among 0–14-year-old NHPI 
children in our study; incidence was<2 cases/100,000 
population among all other racial/ethnic groups 
of similar age. The risk among 0–14-year-old NHPI 
children was 888 times the risk among non-Hispanic 
White children of similar age. Because progression 
from infection to disease is rapid, TB among young 
children is a good marker for ongoing community 
transmission (38,39). Given the high risk for spu-
tum smear positive PTB and elevated TB risk among 
0–14-year-olds, TB transmission appears to play a role 
in driving TB incidence among NHPI persons. Hence, 
to curtail the disproportionate TB burden for NHPI 
persons, mitigation strategies should focus on active 
case finding in addition to LTBI screening of adults 
to disrupt chains of transmission (36). Curtailing the 
TB epidemic will also require ramping up contact 
tracing based on contact disclosure from TB patients, 
who often hesitate to name contacts because of stigma 
around TB in their communities (40). Community-
level advocacy and awareness using culturally appro-

priate tools can improve contact disclosure and equip 
the local community with the necessary information 
on TB diagnosis, treatment, and transmission (40).

For Hispanic, non-Hispanic White, and non-
Hispanic Black persons, the risk for TB was highest 
among the oldest age group, indicating that TB is 
likely driven by reactivation of LTBI in those sub-
populations (41). Two previous studies conducted in  
Arkansas using genotyping data from 1997–2010 
demonstrated that TB incidence among >65-year-olds 
was largely driven by nonclustered TB incidence, 
which is indicative of reactivation of LTBI (15,16). In 
addition, foreign-born non-Hispanic White, non-His-
panic Black, Asian, and Hispanic persons had signifi-
cantly higher risks for TB than did US-born persons 
(Appendix Table). The high risk among foreign-born 
persons likely indicates reactivation, as suggested by 
a previous national-level study based on genotyping 
data (42). Racial/ethnic groups with a high propor-
tion of foreign-born TB cases can particularly benefit 
from TB control efforts focused on preventing reacti-
vation of LTBI.

Sputum smear–positive PTB is highly infectious 
because its high bacillary load leads to an elevated 
risk for transmission (43,44). In addition, the increased 
risk of smear-positive PTB at first diagnosis in per-
sons from racial/ethnic minority groups likely points 
toward differential access to timely and adequate TB 
care, previously supported by a study from Arkansas, 
and such difference can result in severe disease with 
poor health outcomes (17,44). Another study from 
Arkansas found that TB patients from rural Arkan-
sas faced delays in receiving the correct diagnosis and 
were treated for other conditions for several months 
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Table 6. Disparities in advanced TB disease at diagnosis by race/ethnicity, sex, and age, Arkansas, USA, 2010–2021* 

Covariate 
RR (95% CI) for sputum smear-positive PTB 

 
RR (95% CI) for EPTB 

Unadjusted  Age- and sex-adjusted  Unadjusted  Age- and sex-adjusted  
Race/ethnicity†      
 Hispanic 3.42 (2.39–4.90) 5.54 (3.84–8.00)  3.61 (2.31–5.66) 5.26 (3.32–8.34) 
 Asian 11.07 (7.28–16.82) 14.43 (9.46–22.02)  25.97 (17.59–38.35) 31.37 (21.09–46.66) 
 Non-Hispanic Black 3.80 (2.90–4.99) 4.80 (3.65–6.31)  3.68 (2.59–5.22) 4.46 (3.13–6.34) 
 NHPI 78.73 (54.40–113.94) 138.84 (94.65–203.67)  89.90 (57.41–140.78) 133.32 (83.68–212.41) 
 Non-Hispanic White Referent Referent  Referent Referent 
Sex‡      
 M 2.27 (1.79–2.87) 2.40 (1.89–3.05)  1.43 (1.09–1.87) 1.49 (1.14–1.95) 
 F Referent Referent  Referent Referent 
Age group§      
 0–14 y NA¶ NA  0.20 (0.11–0.36) 0.10 (0.05–0.18) 
 15–24 y 0.42 (0.27–0.64) 0.22 (0.14–0.34)  0.37 (0.22–0.64) 0.20 (0.11–0.35) 
 25–44 y 0.73 (0.54–0.99) 0.37 (0.27–0.51)  0.93 (0.66–1.31) 0.48 (0.33–0.69) 
 45–64 y 1.04 (0.78–1.38) 0.75 (0.56–1.00)  0.66 (0.45–0.96) 0.48 (0.33–0.71) 
 >65 y Referent Referent  Referent Referent 
*Estimates used Poisson regression, EPTB includes cases concurrently diagnosed with PTB. EPTB, extrapulmonary tuberculosis; NA, not available; 
NHPI, Native Hawaiian/Pacific Islander; PTB, pulmonary tuberculosis; RR, risk ratio; TB, tuberculosis. 
†Using unadjusted RR model 1.  
‡Using unadjusted RR model 2. 
§Using unadjusted RR model 3. 
¶Not available due to small sample size. 
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(40). Our findings suggest the need to explore the bar-
riers related to TB care that affect various subpopula-
tions in Arkansas. Increasing awareness of TB among 
healthcare workers, especially in a time when TB inci-
dence is low in the country can help equip them with 
the knowledge needed to make timely and accurate 
TB diagnosis (40).

The increased risk for EPTB, including concur-
rent PTB, among persons from racial/ethnic minor-
ity groups is indicative of elevated risk for advanced 
disease that is a diagnostic and a therapeutic chal-
lenge due to the dissemination of the disease (45). An 
increased prevalence of comorbidities such as HIV 
might predispose racial/ethnic minority groups to 
EPTB, suggesting the need for improved manage-
ment of risk factors that compromise host immunity 
(46). The Arkansas Office of Minority Health and 
Health Disparities reported that among non-Hispanic 
Black persons, the mortality rate for HIV was 6 times 
higher and for diabetes was 2 times higher than the 
rates among non-Hispanic White persons during 
2011–2015 (47). TB preventive strategies should go be-
yond curtailing transmission and focus on improved 
comanagement of noncommunicable conditions, 
which are often modifiable risk factors, by collaborat-
ing across health programs to provide more holistic 
patient-centered care (48).

This study relies on surveillance data that pro-
vides access to limited study variables. We used 
markers of advanced TB disease to make inferences 
related to access to timely and adequate care in 
Arkansas. To clarify the factors that limit access to 
timely care, future studies should collect qualitative 
data crucial for determining delays in healthcare and 
assessing if these delays are patient- or provider-re-
lated to bridge health inequities related to TB care.  
Distinguishing between ongoing community trans-
mission and reactivation of remotely acquired TB in-
fection is crucial when designing TB interventions, 
but lack of genotyping data in this study prevented 
reliable evaluation of the relative contribution of each 
of these 2 mechanisms across racial/ethnic groups 
(49). Despite those limitations, this study provides 
incidence and RR estimates stratified by detailed ra-
cial/ethnic categories that had not been previously 
reported at the population level for Arkansas using 
the most recent surveillance data (11,15–17). 

The state-level estimates of TB incidence in Ar-
kansas are misleading because the progress toward 
TB elimination is unequally felt across racial/eth-
nic subpopulations. Our findings demonstrate that 
drivers of TB incidence vary across subpopulations, 
which necessitates designing context-specific TB in-

terventions. Although our results may not be gener-
alizable to other low-incidence settings, the racial/
ethnic disparities we observed demonstrate the need 
for detailed disaggregated analysis of TB surveillance 
data by race/ethnicity while providing a framework 
for such an analysis in other US states.
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Human African trypanosomiasis (HAT), also 
known as African sleeping sickness, is caused by 

different subspecies of the blood parasite Trypanoso-
ma brucei. T. brucei rhodesiense mainly affects livestock 
and wildlife but sporadically spills over into humans, 
causing an acute disease that progresses quickly. 
Without prompt appropriate treatment, patient prog-
nosis is poor; case-fatality rate is almost 100%. Tsetse 
flies (Glossina spp.) transmit the parasites (1). HAT 
was first reported in Ethiopia in 1967 in the Gambella 
region (2). Sporadic cases were reported in that area 
until 1991 (3). 

In 2022, four cases of HAT were reported from 
the Kucha Alfa district, Gamo zone, South Nations 

Nationalities Peoples’ Region (SNNPR), Ethiopia. Be-
cause >3 decades had passed since the last reported 
case in Ethiopia, no surveillance or reporting sys-
tems existed. HAT is also not included in the national 
tropical diseases disease roadmap list (4). Necessary 
resources for case management were lacking at the 
time of the outbreak. We developed a case-series 
report using data from patients’ hospital records to 
describe activities and processes used to respond to 
the recent cases. Each case patient provided informed 
written consent or assent from parents if patient was 
<18 years of age. 

The Study
All 4 case-patients with diagnosed HAT experi-
enced fever, headache, insomnia, and a reduced 
level of consciousness; all were from near the Omo 
River area in the Kucha Alfa district of Gamo Zone, 
SNNPR (Figure). We initially sought to rule out 
malaria by microscopy of blood film at Selamber 
Primary Hospital (Selamber, Ethiopia). For each 
case-patient, we performed a complete blood count 
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We report 4 cases of human African trypanosomiasis 
that occurred in Ethiopia in 2022, thirty years after the 
last previously reported case in the country. Two of 4 
patients died before medicine became available. We 
identified the infecting parasite as Trypanosoma brucei 
rhodesiense. Those cases imply human African trypano-
somiasis has reemerged. 
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and blood chemistry analysis (Table 1). Dried  
blood spot samples retrieved from 1 case-patient  
in October 2022 were sent to the Institute of Tropi-
cal Medicine in Antwerp, Belgium, where the para-
site was confirmed by molecular analysis as T. bru-
cei rhodesiense. 

We reported the cases to the Ethiopia Public 
Health Institute after the second case. A working 
group from the Ethiopia Ministry of Health and 
World Health Organization Ethiopia country office 
was immediately established to make resources avail-
able for case management and case reporting.  

Fever, headaches, and joint and muscle dis-
comfort were the most frequently expressed clini-
cal signs and symptoms among the 4 confirmed 

case-patients. All manifested acute malnutrition, 
loss of consciousness, and insomnia. The first 2 
case-patients died because appropriate treatment 
was unavailable in Ethiopia at that time. By the 
time the third case-patient sought treatment, HAT 
had progressed to stage 2; after performing cere-
brospinal fluid analysis, we treated the patient with 
melarsoprol. Unfortunately, the patient developed 
a drug-induced encephalopathic syndrome with 
high-grade fever and generalized seizures and sub-
sequently died. The fourth patient was successfully 
treated (Table 2). 

Responses to the outbreak, provided with World 
Health Organization support, included making lab-
oratory supplies, medicines, technical guidelines, 
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Figure. Locations of past 
and present human African 
trypanosomiasis outbreaks in 
Ethiopia. Areas in light blue indicate 
location of 1969–1970 outbreak 
and last case report in the Goge 
and Jore Districts in the Gambella 
region. Red dot indicates location 
of 2022 outbreak in Kucha Alfa 
District, Gamo Zone, South Nations 
Nationalities Peoples’ Region. Inset 
shows location of primary map area.



Human African Trypanosomiasis, Ethiopia

healthcare staff training, and job aids (e.g., fact sheets, 
checklists, manuals) available for clinically suspected 
HAT, and establishment of a surveillance system. 
When the outbreak began, no national guidelines, 
training materials, or protocols for HAT existed, 
meaning few disease prevention and control mea-
sures were available. 

The Kucha Alfa district is surrounded by the 
Omo River, where tsetse flies are abundant and cat-
tle come to drink water. Furthermore, the district is 
close to the Maze National Park, which is home to 
much wildlife and livestock. The proximity of tsetse 
fly habitat, animal reservoirs, and humans increases 
the likelihood of interaction between humans and 
infected wildlife and consequently the risk for infec-
tious spillover, including from T. brucei rhodesiense. 
The areas in which the recent cases originated are 
rural and hard to reach, and residents have little ac-
cess to medical facilities. Local persons usually first 
visit primary healthcare facilities in their village, 
then a district health center, and only after unsuc-
cessful diagnosis or treatment do they seek care at 
Selamber Primary Hospital. That multistep pro-
gression substantially delays diagnosis and reduces 
chances for a good prognosis. Furthermore, the ab-
sence of laboratory supplies, gaps in health profes-
sionals’ knowledge and expertise related to HAT, 
and lack of resources for active surveillance and case 
management further hamper timely diagnosis and 
treatment initiation.  

According to 1 study (5), animal trypanosomia-
sis in Ethiopia poses a serious threat to livestock and 
agricultural productivity. SNNPR states comprise 
≈75% of the area in Ethiopia conducive to tsetse fly 
habitat. Most risk factors enabling the transmission 
of HAT are present in the Kucha Alfa district. Many 
locations in the Gamo and Gofa zones in SNNPR, 
including savannah-covered national parks, river 
basins, and bushy land areas, together with favor-
able average temperatures, support tsetse fly repro-
duction (6). 

Conclusions
HAT has reemerged in Ethiopia in a different geo-
graphic region from where previous cases were re-
ported 30 years earlier. Four confirmed case-patients 
were recently admitted to Selamber Hospital, pro-
viding evidence of ongoing transmission of the dis-
ease. Left untreated, HAT is almost always fatal, and 
the prognosis is generally poor even with treatment. 
Resources that can be established quickly and mobi-
lized for surveillance, detection, reporting, diagno-
sis, and treatment of new cases are urgently needed. 
It is imperative to raise awareness of HAT by includ-
ing it in the list of national tropical diseases in Ethio-
pia. Collaborative partnerships, including with One 
Health programs, are critical for designing control 
strategies, and additional areas that might be vul-
nerable to HAT should be mapped using the world-
wide HAT atlas (7). 
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Table 1. Laboratory data and clinical information for 4 human African trypanosomiasis case-patients, Selamber Primary Hospital, 
Kucha Alfa District, South Nations Nationalities Peoples’ Region, Ethiopia, 2022* 
Laboratory data Case 1 Case 2 Case 3 Case 4 
Leukocytes,  109 cells/L 4.7 5 7.5 4 
Hemoglobin, g/dL 6.6 8 7.3 10 
MCV, fL 88 91.3 96 89 
Platelets,  103/L 120 110 143 90 
SGOT, U/L 5 3.6 83.7 21.3 
SGPT, U/L 0.5 4.4 26.3 37 
ALP, U/L 18.5 65 70 200 
Giemsa-stained blood film T. brucei spp. positive T. brucei spp. positive T. brucei spp. positive T. brucei spp. positive 
Test blood film for malaria Yes Yes Yes Yes 
PCR test done No No Yes No 
*ALP, alkaline phosphatase; MCV, mean corpuscular volume; SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamic-pyruvic 
transaminase. 

 

 
Table 2. Sociodemographic and treatment information for 4 human African trypanosomiasis case-patients, Selamber Primary Hospital, 
Kucha Alfa District, South Nations Nationalities Peoples’ Region, Ethiopia, 2022* 
Descriptions Case 1 Case 2 Case 3 Case 4 
Age 18 mo 11 y 20 y 7 y 
Sex F M M M 
Date of onset 2022 Mar 20 2022 Apr 5  2022 Jul 13  2022 Sep 11 
Date of diagnosis  2022 Apr 15 2022 May 28 2022 Oct 20 2022 Oct 29 
CSF findings Motile T. brucei spp. 

positive 
Motile T. brucei spp. 

positive 
Motile T. brucei spp. 

positive 
Motile T. brucei spp. 

positive 
Treatment None None Melarsoprol (2.2 mg/kg/d) Melarsoprol (2.2 mg/kg/d) 
Final outcome Died Died Died Cured 
*CSF, cerebrospinal fluid 
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Zoonotic infections associated with animal 
bite injuries are common and can result in 
severe illness. Approximately 5 million ani-
mal bites occur annually in North America, 
and 10 million injuries occur globally from 
dog bites alone. Pathogens causing infec-
tions after dog or cat bites are well de-
scribed; pathogens from other animal bites 
are less well defined, although their oral mi-
crobiota are known. 
In this EID podcast, Dr. Niaz Banaei, a profes-
sor of pathology and medicine at Stanford 
University in California, discusses Mycobac-
terium marinum infection after an iguana 
bite in Costa Rica.



Helicobacter species are classified into enterohe-
patic and gastric species. Human infections with 

enterohepatic species have been reported mainly as 
bloodstream infections caused by H. cinaedi and H. 
fennelliae in the immunocompromised patients (1–3). 
Intestinal localization and bacterial translocation have 
been suggested as the origin of those infections (4,5) 
because the same pathogen is detected in the stool of 
patients with Helicobacter bacteremia (3,6). However, 
evidence is limited regarding where enterohepatic 
Helicobacter is present in the gastrointestinal tract. We 
describe a confirmed human case of localization of H. 
fennelliae in crypts of the mucosal epithelium of the 
large intestine in a patient with recurrent H. fennelliae 
bacteremia.

The Case Study
A 62-year-old man sought treatment at Toranomon 
Hospital, Tokyo, Japan, for recurrence of H. fennelliae 
bacteremia, causing cellulitis of the left lower leg. He 
had received 3 weeks of intravenous ampicillin ther-
apy, followed by oral doxycycline therapy, for the 
first episode H. fennelliae bacteremia, which initially 
resulted in a confirmed negative blood culture. How-
ever, blood culture became positive again under oral 
doxycycline therapy. H. fennelliae could be detected in 
stool culture before ampicillin administration, which 

raised suspicion of entry via the intestinal tract. How-
ever, the most recent colonoscopy (first colonoscopy) 
was performed before the first episode of bacteremia 
5.5 weeks earlier, which showed no abnormal find-
ings other than two 3-mm erosions in the cecum (bi-
opsies revealed no abnormal tissue) and some small-
sized adenomatous lesions in the colon (Figure 1, 
panels A–C). A fourth-generation HIV antigen/anti-
body combination assay was negative. 

The blood tests we conducted at the time of recur-
rence showed hypogammaglobulinemia (IgG 625 mg/
dL, IgA 38.6 mg/dL, IgM 1.0 mg/dL), leading us to sus-
pect impaired intestinal immunity, which prompted a 
repeat colonoscopy. Gastroenterologists performed a 
second colonoscopy to observe the mucosal surface, tak-
ing random biopsies and tissue cultures of the cecum, 
ascending colon, transverse colon, descending colon, 
sigmoid colon, and rectum. Pathologists assessed the 
biopsy tissue by using hematoxylin-eosin and Warthin-
Starry silver staining. Microbiologists homogenized cul-
tured tissue specimens and suspended them in saline, 
and infectious disease specialists assessed Gram stain-
ing of the suspension. Laboratory staff incubated mi-
croaerobic cultures of the tissue suspension in modified 
Skirrow medium EX (Shimadzu Diagnostics Corpora-
tion, https://corp.sdc.shimadzu.co.jp) at 35°C. After the 
bacterial colony was obtained, we confirmed the patho-
gen by using matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry  
(Microflex LT, flex control 3.4.135.0, MALDI Biotyper 4.1.1; 
Bruker Daltonics, https://www.bruker.com/en.html) 
(Appendix https://wwwnc.cdc.gov/EID/article/30/ 
1/23-1049-App1-pdf). 

Colonoscopy confirmed that the erosions in the 
cecum seen at the time of the previous examination 
had disappeared. Overall, the colonic vascular per-
meability was preserved and there were no erosions, 
ulcers, or other findings suspicious for inflammation 
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The site of enterohepatic Helicobacter colonization/in-
fection in humans is still unknown. We report microbio-
logically and histopathologically confirmed H. fennelliae 
localization in the large intestine in an immunocompro-
mised patient in Japan. This case contributes to better 
understanding of the life cycle of enterohepatic Helico-
bacter species.
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(Figure 1, panels D–F). Gram staining showed gram-
negative spiral bacilli in the tissue obtained from 
the cecum and transverse colon (Figure 2, panel A). 
Hematoxylin and eosin staining of the biopsied tis-
sues showed only slight inflammation with very mild 
edema of the mucosa in both cases, preservation of 
goblet cells, and mild leukocytic infiltration. In con-
trast, Warthin-Starry silver staining showed bacteria 
with spiral structures in crypts of the cecum, ascend-
ing colon, transverse colon, descending colon, and 
sigmoid colon but not in the rectal tissues (Figure 2, 
panels B–D). Culture of the tissue suspension showed 
bacterial growth in all tissues from the cecum, the as-
cending, transverse, descending, and sigmoid colon, 
and the rectum, which we identified as H. fennelliae 
by MALDI-TOF mass spectrometry, confirming the 
localization of H. fennelliae.

Conclusions
This study provides evidence for the localization of 
H. fennelliae in the intestinal tract. This confirmation 
may lead to better understanding of the life cycle of 
enterohepatic Helicobacter species. Reports of human 
infections with H. cinaedi are scarce but are gradually 
increasing (3–5), whereas those of H. fennelliae are 

even scarcer (2). Enterohepatic Helicobacter species 
cannot be identified based on biochemical character-
istics alone. A definitive diagnosis requires identifica-
tion by PCR, MALDI-TOF mass spectrometry, or both 
(3,7). Detection from stool and tissue is also difficult 
by routine culture methods, and many cases might 
have been overlooked (3).

Some previous reports have focused on distur-
bance of the intestinal tract by enterohepatic Helico-
bacter in animal models, but not in humans (8). Ex-
periments conducted on pigtailed macaques given H. 
cinaedi and H. fennelliae orally showed that diarrhea, 
bacteremia, and localized inflammation of the colon 
were seen 3–7 days after exposure and that organ-
isms remained detectable in stools for 3 weeks after 
diarrhea resolved. Researchers noted no acute inflam-
matory findings or microbial adherence in the small 
or large intestine in animals in the H. cinaedi group; 
however, they did note lymphoid hyperplasia caused 
by immune stimulation in the Peyer’s patches. In 
contrast, our case of a human patient with recurrent 
bacteremia showed broad localization of H. fennelliae 
in the crypts of the colonic mucosa, almost without 
background inflammation in the intestinal tract or 
grossly visible disruption of the mucosal barrier.
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Figure 1. Colonoscopy findings from a man in Japan who had recurrent Helicobacter fennelliae bacteremia. A–C) First colonoscopy 
findings in the transverse colon (A), in the sigmoid colon (B), and in the rectum (C). D–F) Second colonoscopy findingsin the transverse 
colon (D), in the sigmoid colon (E), and in the rectum (F). Yellow arrows indicate randomly biopsied sites. Colonic vascular permeability 
was preserved, and there were no significant findings for inflammation. 



Helicobacter fennelliae in Human Intestine

The lack of inflammation and mucosal abnormal-
ity may reflect the fact that the patient was immuno-
compromised with hypogammaglobulinemia and 
lacked adequate intestinal immunity, which possibly 
caused bacteremia. Fujiya et al. described a patient 
with H. fennelliae bacteremia who had been receiving 
anticancer chemotherapy that included carboplatin, a 
possible risk factor of mucositis (9). They mentioned 
the possibility of the damaged intestinal mucosa be-
ing the route of entry for the pathogen. However, 
retrospective Warthin-Starry silver staining of the bi-
opsied erosive mucosal tissue in the cecum from the 
first colonoscopy in the patient we describe showed 
no spiral bacillus-like structures in the mucosal le-
sions. Furthermore, we detected no gross abnormali-
ties in the second colonoscopy. Given the absence of 
abnormal mucosal findings in our patient, immuno-
globulin-associated impairment of intestinal immu-
nity may be more important than damage to the in-
testinal mucosa in prevention of pathogen entry. This 
hypothesis would explain the mechanism caused in a 
previously reported patient with X-linked agamma-
globulinemia, who developed recurrent bacteremia 
with persistent detection of H. cinaedi in stools despite 
repeated courses of antimicrobial therapy and selec-
tive decontamination of the digestive tract (10).

We report the microbiological and histopatho-
logical confirmation of H. fennelliae localization in the 

large intestine in an immunocompromised patient. 
Only 1 other report, regarding a patient in Japan, had 
enterohepatic Helicobacter detected pathologically 
(11). That patient contracted Clostridioides difficile en-
teritis after treatment for H. cinaedi bacteremia that re-
sulted in bloody stools. Colonoscopy revealed pseu-
domembranous mucosal tissue in the cecum, where 
H. cinaedi was detected and confirmed pathologically. 
The authors stated, however, that it was impossible to 
determine whether the enteritis found in their patient 
was caused by C. difficile or H. cinaedi and whether 
it was localized at the time of the onset of H. cinaedi 
bacteremia. In our case, H. fennelliae was already pres-
ent in stool culture at the time of the initial episode of 
bacteremia. Moreover, when the recurrent bacteremia 
was detected, persistence of the localized pathogen in 
the intestinal tract after the resolution of the first epi-
sode of bacteremia was confirmed. Both results sug-
gest entry of H. fennelliae via the intestinal tract. We 
believe that investigating carriage rate or pathogenic-
ity of enterohepatic Helicobacter in humans will help 
to better establish the disease concept.

This work was supported in part by a Research Grant from 
Okinaka Memorial Institute for Medical Research, Tokyo, 
Japan. Written informed consent for publication of this 
report and the associated images was obtained from  
the patient.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, January 2024 131

Figure 2. Microscopic 
findings in ileocolonic 
biopsy specimens (second 
colonoscopy) in a man in 
Japan who had recurrent 
Helicobacter fennelliae 
bacteremia. A) Morphologic 
features of the bacteria in 
a cecal tissue suspension 
with Gram staining (original 
magnification ×2,000). Arrow 
indicates gram-negative spiral 
bacilli. B) Histologic findings 
in a biopsy specimen taken 
from the transverse colon with 
hematoxylin-eosin staining 
(original magnification ×200). 
The colonic mucosa shows 
mild leukocytic infiltration. C) 
Histologic findings in a biopsy 
specimen taken from the 
transverse colon with Warthin-
Starry silver staining (original 
magnification ×200). Bacteria 
are aggregated in crypts 
(arrowheads) D) Morphologic 
features of bacteria obtained 
from the transverse colon with 
Warthin-Starry silver staining (original magnification ×1,000). A cluster of spiral bacilli was observed.
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Since October 2020, highly pathogenic avian influenza 
A(H5N1) virus has been responsible for over 70 mil-
lion poultry deaths and over 100 discrete infections in 
many wild mesocarnivore species. In 2022, research-
ers detected an HPAI A(H5N1) outbreak among New 
England harbor and gray seals that was concurrent 
with a wave of avian infections in the region. As harbor 
and gray seals are known to be affected by avian influ-
enza A virus and have experienced previous outbreaks 
involving seal-to-seal transmission, they represent a 
pathway for adaptation of avian influenza A virus to 
mammal hosts that is a recurring event in nature and 
has implications for human health.

In this EID podcast, Dr. Wendy Puryear, a virologist at 
The Cummings School of Veterinary Medicine at Tufts 
University, discusses the spillover of highly pathogenic 
avian influenza A(H5N1) into New England seals in the 
northeastern United States.



Hantavirus disease occurs worldwide. Estimated 
number of cases is ≈100,000 annually; most cases 

are in Asia and Europe. Pathogenic hantaviruses are 
transmitted to humans through excreta of infected 
rodents. The infection can lead to renal or cardiopul-
monary failure; case-fatality rates are up to 50% (1). 
Seoul virus (SEOV) is a hantavirus species for which 
rats (Rattus spp.) are natural hosts. In humans, SEOV 
infection causes mild to moderate disease with fever, 
acute kidney injury, hepatitis, and gastroenteritis; it is 
associated with transient thrombocytopenia and pro-
teinuria (2–4).

Despite numerous clinical cases and local out-
breaks of SEOV infection in Asia, few human cases 
are known in Europe (4–6). However, SEOV infec-
tions are difficult to identify by routine serodiagnosis 
because of high cross-reactivity with antigens of relat-
ed hantaviruses, such as Hantaan virus and Dobrava-
Belgrade virus. Whereas Hantaan virus is endemic in 
Asia, Dobrava-Belgrade virus is found in many parts 
of Europe (1).

Autochthonous human SEOV infection in Ger-
many was described in 2020; the hantavirus type 
was determined by molecular analysis, and infection 

source was identified as a pet rat (4). Deeper molecu-
lar analysis found SEOV strains in several pet rats, 
including the animals owned by that patient (7). 
However, no clusters of human SEOV infections were 
reported previously from Germany or any other part 
of Europe.

The Study
During November–December 2021, three persons in 
Germany experienced typical initial signs of hanta-
virus disease (fever, malaise, myalgia, chills, low-
back pain, nausea) (Table 1). The patients lived ≈25 
km apart. All 3 patients had acute kidney injury with 
reduction of glomerular filtration rate, proteinuria, 
and microhematuria. Moreover, biochemical analysis 
revealed typical thrombocytopenia and signs of in-
flammation, including elevation of C-reactive protein 
and transaminases. Serum creatinine levels remained 
within reference ranges or were only transiently high-
er. The patients recovered and were discharged after 
3–6 days (Table 1).

All 3 patients developed IgM and IgG against di-
agnostic antigens from the group of murine-associated 
hantaviruses, including Hantaan virus, Dobrava-Bel-
grade virus, and SEOV. After onset of disease, we per-
formed panhantavirus PCR, reverse transcription PCR 
based on amplification of a 412-nt region of the genom-
ic large segment (8), to detect hantavirus genetic mate-
rial from serum samples of patients 1 and 3 (Table 2).

Patients 1 and 2 were married to each other and 
lived in the federal state of North Rhine-Westphalia. 
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A cluster of 3 persons in Germany experienced hantavi-
rus disease with renal insufficiency. Reverse transcrip-
tion PCR–based genotyping revealed infection by Seoul 
hantavirus transmitted from pet rats. Seoul virus could 
be responsible for disease clusters in Europe, and in-
fected pet rats should be considered a health threat.
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Their children (persons 12a and 12b) (Table 2) re-
mained healthy and did not seroconvert. The family 
was known to keep pet rats at home. Patient 3, who 
lived in Lower Saxony, reported that his girlfriend 
also kept pet rats. Investigation of his girlfriend (per-
son 4) showed that she remained healthy; however, 
her hantavirus IgM negative/IgG positive serostatus 
suggested a previous subclinical infection (Table 2).

The family of patients 1 and 2 permitted us to test 
their pet rats. We amplified the corresponding region 
from the genomic large segment. Phylogenetic analy-
sis of the amplified virus sequences from patients 1 
and 3 and the pet rats revealed almost identical se-
quences (Figure). We compared them to the amplified 
virus sequences from a previous unrelated patient 
and her pet rat from Lower Saxony (4). 

Phylogenetic analysis disclosed the detected vi-
rus sequences as SEOV and, moreover, demonstrat-
ed the high relatedness of virus sequences from pa-
tients and pet rats from North-West Germany. The 
high similarity of SEOV sequences from Germany to 
sequences derived from breeder rats in the Nether-
lands, France, and the United States, but not to se-
quences from wild rats of those countries, suggests an 
intensive exchange of pet rats between neighboring  

countries in Europe and between Europe and the 
United States (7).

Human SEOV infections might be underestimated 
because the nucleocapsid proteins used in serologic 
assays share high amino acid sequence similarity and 
cross-reactivity with different hantavirus species. To 
explore this hypothesis in an external quality assess-
ment, we sent a serum sample from patient 3, obtained 
2 months after complete recovery, to 8 expert laborato-
ries in Europe. All laboratories analyzed the sample in 
their routine hantavirus diagnostics, including commer-
cial and lab-derived enzyme immunoassays, immuno-
fluorescence assays, rapid assays, and immunoblots for 
confirmation (Appendix Tables 1, 2, https://wwwnc.
cdc.gov/EID/article/30/1/23-0855-App1.pdf). Results 
revealed strong cross-reactivities to related hantavirus 
nucleocapsid proteins in IgG and IgM screening and in 
confirmation assays, making correct serotyping impos-
sible. Thus, in cases of unexpected pattern in serodiag-
nostics or cases of known contact to rats, we strongly 
recommend verifying positive results with molecular 
methods or by typing of neutralizing antibodies. Only 
the laboratory using a focus reduction neutralization as-
say identified the SEOV infection (Appendix Table 1).

Conclusions
A total of 6 molecularily proven SEOV-infected  
patients in Germany have been described: 1 imported 
case (9), 1 autochthonous case (4), and the 3 symp-
tomatic case-patients and 1 asymptomatic case-pa-
tient we described in this report. Five of these per-
sons had been admitted to hospital for several days. 
In all autochthonous cases, pet rats were confirmed 
as source of infection, strongly suggesting a need for 
close cooperation between public health and animal 
health institutions in the One Health frame. Pet rats, 
in addition to wild and breeder or feeder rats, should 
be considered threats for SEOV infection in humans.
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Table 1. Clinical characteristics of patients infected with Seoul virus, Germany* 
Criteria Patient 1 Patient 2 Patient 3 
Domicile North Rhine-Westphalia North Rhine-Westphalia Lower Saxony 
Sex M F M 
Age, y 31 31 20 
Duration of hospitalization, d 3 4 6 
Initial fever, °C 40 39 40 
Malaise, myalgia, chills, low-back pain, nausea Y Y Y 
Serum creatinine elevation Y† N N 
Thrombocytopenia Y Y† Y 
CRP elevation Y Y Y 
Liver enzyme elevation Y Y Y 
GFR reduction Y Y N 
Proteinuria Y Y Y 
Microhematuria Y Y Y 
Additional clinical findings Splenomegaly Splenomegaly Lung opacity 
*CRP, C-reactive protein; GFR, glomerular filtration rate; LS, Lower Saxony; NRW, North Rhine-Westphalia. 
†Test result was at the cutoff between positive and negative.  

 

 
Table 2. Virus diagnostics results of hantavirus patients and 
close contacts, Germany* 

Person no. Illness 
Pan-hantavirus 

PCR 
Hantavirus 

IgM† 
Hantavirus 

IgG† 
1 Y + + + 
2‡ Y − + + 
12a§ N NA − − 
12b§ N NA − − 
3 Y + + + 
4¶ N − − + 
*NA, not applicable; +, positive; −, negative. 
†Tested with recomLine HantaPlus IgG and IgM 
(https://www.mikrogen.de). 
‡Wife of patient 1. 
§Children of patients 1 and 2. 
¶Girlfriend of patient 3. 
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Figure. Phylogenetic tree of partial large segment Seoul virus 
sequences from humans and rats, Germany. Segments were 412-
nt long, positions nt 2919–3330 based on reference sequence 
(KM948594_Cherwell_GBR_BR). The partial large segment 
Bayesian tree was reconstructed using 20 million generations 
and the Hasegawa-Kishino-Yano substitution model with 
gamma distribution and invariant sites. Single asterisks indicate 
sequences from this study, denoted by their GenBank accession 
numbers. Double asterisks indicate sequence from the imported 
Seoul virus case from Indonesia (9). Aa, Apodemus agrarius; 
BEL, Belgium; BEN, Benin; BR, breeder rat (includes feeder, 
lab, and pet rats); CAM, Cambodia; CHN, China; FRA, France; 
GBR, Great Britain; GER, Germany; HTNV, Hantaan virus; HU, 
human; IDN, Indonesia; KOR, Korea; L, large segment; NED, the 
Netherlands; Rn, Rattus norvegicus; RUS, Russia; SEN, Senegal; 
SEOV, Seoul virus; SWE, Sweden; UNK, unknown wild or breeder 
rat; USA, United States of America; VNM, Vietnam; WR, wild rat.



California typically reports one quarter of tuber-
culosis (TB) cases in the United States and had a 

19% case decline during 2020 (1). That decline paral-
leled national and global observations during the CO-
VID-19 pandemic (1,2). Pandemic-related disruptions 
challenged healthcare systems and TB control pro-
grams by diverting staff and other resources (3,4). Pan-
demic effects on TB diagnostic and care delays in the 
United States have not been fully described. We aimed 
to characterize missed opportunities and diagnos-
tic delays, hospitalizations, and treatment outcomes  

in a subset of patients in California who had TB and 
COVID-19 during 2020. The California Department 
of Public Health, Centers for Disease Control and 
Prevention, and participating local health depart-
ments reviewed and approved this activity. This 
study was conducted consistent with applicable fed-
eral and Centers for Disease Control and Prevention 
policies (Appendix, https://wwwnc.cdc.gov/EID/
article/30/1/23-0924-App1.pdf).

The Study
Using surveillance records of TB and COVID-19, we 
used name-based probabilistic matching to find per-
sons with diagnosed TB and COVID-19 in California 
(5). We abstracted records for 58 patients who had TB 
disease diagnosed in 2020 and COVID-19 diagnosed 
within 120 days and who resided in 6 local health 
jurisdictions with high TB burdens: Los Angeles, 
San Diego, Santa Clara, Orange, Alameda, and Sac-
ramento Counties (Figure 1). We captured TB and  
COVID-19 symptom profiles and timing, chest imag-
ing results, TB diagnostic testing, and hospitalizations 
from TB program, hospital, emergency department, 
and outpatient records, and from death certificates. 
We also obtained PCR and antigen-based COVID-19 
test results, including negative results, beginning on 
March 9, 2020. We performed statistical comparisons 
by using 2-sided χ2 or Fisher exact tests for categorical 
data and Wilcoxon 2-sample tests for continuous data 
(α = 0.05) (Appendix). 

Among 58 patients with COVID-19 and TB, 51 
had pulmonary or pleural TB disease. The median 
time from symptom onset to TB diagnosis was 29.0 
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We assessed tuberculosis (TB) diagnostic delays among 
patients with TB and COVID-19 in California, USA. 
Among 58 persons, 43% experienced TB diagnostic de-
lays, and a high proportion (83%) required hospitalization 
for TB. Even when viral respiratory pathogens circulate 
widely, timely TB diagnostic workup for at-risk persons 
remains critical for reducing TB-related illness.
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(interquartile range [IQR] 5.0–95.0) days. Twenty-
two (43%) patients had a diagnostic delay of >30 
days (median 95.0 [IQR 60.0–117.0] days) between 

TB symptom onset and first TB clinical consultation 
(Table 1; Appendix Table). Patients with diagnos-
tic delays had indicators of more severe TB, such as 
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Figure 1. Flowchart of patients included in a study of TB diagnostic delays and treatment outcomes among patients with COVID-19, 
California, USA, 2020. TB high-burden counties included were Alameda (excluding the city of Berkeley), Los Angeles (excluding 
the cities of Long Beach and Pasadena), Orange, Sacramento, San Diego, and Santa Clara. Excluded cities maintain independent 
surveillance registries. *Includes TB patients also hospitalized for COVID-19. †Includes 3 patients with pleural TB only. TB, tuberculosis.

 
Table 1. Characteristics of 51 persons with pulmonary or pleural TB in a study of TB diagnostic delays and treatment outcomes 
among patients with COVID-19, California, USA, 2020* 
Characteristics Diagnostic delay† No diagnostic delay 
All pulmonary or pleural cases‡ 22 29 
Median days between symptom onset to first TB care visit (IQR) 95.0 (60.0‒117.0) 5.5 (2.0‒13.0) 
Age, y (IQR) 55.5 (42.0‒71.0) 58 (49.0‒77.0) 
Sex   
 M 11 (50.0) 22 (75.6) 
 F 11 (50.0) 7 (24.1) 
Hispanic or Latino ethnicity 13 (59.1) 17 (58.6) 
Healthy Places Index score in 1st quartile§ 10 (45.5) 10 (34.5) 
Primary language non-English, n = 46 13 (59.1) 18 (66.7) 
No health insurance 2 (9.5) 7 (28.0) 
Essential worker¶ 8 (36.4) 4 (14.3) 
No. underlying conditions 

  

 0–1 9 (40.9) 12 (41.4) 
 >2 13 (59.1) 17 (58.6) 
Smear-positive, cavitary, or disseminated pulmonary TB# 19 (86.4) 16 (55.2) 
Mycobacterium tuberculosis NAAT testing done 21 (95.5) 23 (79.3) 
 Positive M. tuberculosis NAAT 18 (85.7) 16 (69.6) 
 M. tuberculosis NAAT done before or within 7 d of TB diagnosis 19 (90.5) 18 (78.3) 
Recent secondary TB case among cases with genotype** 4 (18.2) 3 (10.3) 
Diagnosed with COVID-19 during period of elevated COVID-19 incidence†† 18 (81.8) 16 (55.2) 
Missed opportunity for pulmonary TB diagnosis 6 (27.3) 2 (6.9) 
Order of disease 

  

 TB first 7 (31.8) 8 (27.6) 
 COVID-19 first 2 (9.1) 3 (10.3) 
 Not distinct 7 (31.8) 12 (41.4) 
 >1 episode, asymptomatic or with unknown symptoms 6 (27.3) 6 (20.7) 
Death 2 (9.1) 6 (20.7) 
 ICU and intubated while hospitalized for TB 1 (50.0) 3 (50.0) 
 Died in hospital 1 (50.0) 4 (66.7) 
*TB–COVID-19 co-infected patients had TB and COVID-19 diagnoses within 120 d of each other, whereby >1 of the diseases was diagnosed in 2020. 
Included California jurisdictions were Alameda, Los Angeles, Orange, Sacramento, San Diego, and Santa Clara Counties. Values are no. (%) except 
where indicated. Bold text indicates statistical significance (p<0.05). ICU, intensive care unit; NAAT, nucleic acid amplification test; TB, tuberculosis.  
†Diagnostic delay was defined as >30 d between TB symptom onset and first care visit for TB. 
‡Extrapulmonary-only cases not included. 
§The Healthy Places Index combines 25 community characteristics, such as access to healthcare, housing, education, and more, into a single indexed 
score; 1st quartile is the least advantaged score. 
¶Work that must be done in person and in which the worker interacts with other workers or the public. 
#Disseminated TB is defined as meningeal, miliary, positive acid-fast bacilli blood culture, or both pulmonary and extrapulmonary TB. 
**Based on phylogenetic analysis (<5 single-nucleotide polymorphisms) and timing (<3 y) or epidemiologic link. 
††California 7-d average incidence of new COVID-19 cases >15 cases per 100,000 population. 
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acid-fast bacilli smear–positive sputum, cavitary im-
aging results, or disseminated pulmonary disease, 
than patients without diagnostic delays (86% vs. 55%; 
p = 0.02). Diagnostic delays were marginally more 
common among persons with COVID-19 diagnosed 
during periods of elevated incidence, considered the 
statewide 7-day average COVID-19 incidence rate 
of >15 cases/100,000 population, than persons diag-
nosed at periods without elevated incidence (82% vs. 
55%; p = 0.05).

Among 51 patients with COVID-19 and pulmo-
nary or pleural TB, 8 (16%) had >1 missed opportuni-
ty for TB diagnosis. We defined a missed opportunity  

as a documented clinical encounter in which a per-
son with TB risk factors (e.g., experiencing homeless-
ness or being non–US-born, in a correctional facility, 
or HIV-positive) had TB-specific symptoms but no 
TB diagnostic testing. TB-specific symptoms were 
hemoptysis, weight loss, or cough >3 weeks, or chest 
imaging of cavity, tree in bud pattern, pleural effu-
sions, nodules, miliary, or upper lobe infiltrate; TB 
diagnostic testing included acid-fast bacilli smear or 
Mycobacterium tuberculosis nucleic acid amplification 
test. The median time between the first missed op-
portunity and start of TB diagnostic testing was 62.5 
(IQR 33.5–70.5) days. Five (63%) missed opportunities  
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Figure 2. Timeline of 8 patients included in a study of TB diagnostic delays and treatment outcomes among patients with COVID-19, 
California, USA, 2020. Symptom onset is the date the first symptoms compatible with either TB or COVID-19 was identified. Symptom 
onset for patient 6 was in June 2019. Patient 7 was hospitalized for reasons unrelated to TB or COVID-19, and the TB diagnostic work-
up was prompted by incidental findings on chest imaging. The healthcare visit of a missed opportunity to diagnose TB in a person 
with TB risk factors was a visit where >1 symptom or chest imaging finding was known. Yellow shading captures the number of days 
between the first missed opportunity and the first specimen collection for a TB diagnosis. Elevated COVID-19 incidence in California was 
considered >15 cases/100,000 population (7-day average rate). TB, tuberculosis.

 
Table 2. Hospitalizations for 51 persons who might have experience TB diagnostic delay in a study of TB diagnostic delays and 
treatment outcomes among patients with COVID-19, California, USA, 2020* 
Disease-associated 
hospitalization† No. admissions Median duration, d (IQR) Range, d 

Cumulative 
hospital days ICU and intubation 

In-hospital 
death‡ 

Total 73 12.0 (7.0‒21.0) 1‒139 1,324 14 6 
TB only 35 (47.9) 13.0 (8.0‒21.0) 1‒74 634 5 (14.3) 0 (0.0) 
TB and COVID-19§ 23 (31.5) 10.0 (5.0‒20.0) 1‒139 392 5 (21.7) 4 (17.4) 
COVID-19 only 15 (20.5) 12.0 (6.0‒26.0) 3‒68 298 4 (26.7) 2 (13.3) 
*TB–COVID-19 co-infected patients had TB and COVID-19 diagnoses within 120 d of each other, whereby >1 of the diseases was diagnosed in 2020. 
Included California jurisdictions were Alameda, Los Angeles, Orange, Sacramento, San Diego, and Santa Clara Counties. Values are no. (%) except 
where indicated. ICU, intensive care unit; TB, tuberculosis. 
†Based on the timing of hospitalization and diagnosis for each disease. Distinct TB-associated and COVID-19–associated hospitalizations must have 
occurred >14 d apart. Persons who were hospitalized at any point had an average 1.3 hospitalizations each. 
‡Patients who died in hospital had admission durations of 10‒57 d. 
§Concurrent TB and COVID-19 were addressed in same hospital stay. 
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occurred during periods of elevated COVID-19 inci-
dence, and 4 (50%) patients had COVID-19 testing (2 
COVID-19–negative and 2 COVID-19–positive) in-
stead of TB testing at the clinical encounter where the 
missed opportunity occurred (Figure 2).

Among the 58 patients, 51 (88%) were hospitalized 
>1 time (Table 2). Among 73 hospitalizations (aver-
age 1.3 per person), 35 (48%) were related to TB dis-
ease alone, 23 (32%) to indistinct (i.e., concurrent) TB 
and COVID-19 disease episodes, and 15 (21%) to CO-
VID-19 alone. All 6 in-hospital deaths occurred during 
COVID-19–associated hospitalizations. The median 
overall hospital stay was 12 (IQR 7–21) days and was 
similar across all 3 disease-associated hospitalizations, 
even when we excluded in-hospital deaths.

Two patients did not start TB treatment because they 
died before TB diagnosis. Of the remaining 56 patients, 
42 (75%) completed TB treatment within 12 months, 5 
(9%) completed treatment in >12 months (including 1 
case with rifampin resistance), 1 refused treatment, and 
8 (14%) died before completing treatment. Overall, 10 
(17%) patients died. Local TB programs determined that 
3 (30%) deaths were definitely related to TB, 5 (50%) 
were possibly related, and 2 (20%) were probably not 
related. Of the 8 deaths definitely or possibly related to 
TB, 3 (38%) had TB and COVID-19 listed as contributors 
on the death certificate, 4 (50%) had only COVID-19, 
and 1 (16%) had neither term listed.

Conclusions
Delays in TB diagnosis or documentation of a missed 
opportunity to diagnose TB were more frequent dur-
ing periods of elevated COVID-19 incidence, poten-
tially because of pandemic-related staff and health 
system disruptions and community transmission mit-
igation policies (6,7). Approximately 1 in 6 persons 
in our sample had a documented clinical encounter 
where TB diagnostic evaluations could have been 
initiated earlier, which was consistent with literature 
published before the pandemic (8). Delayed diagno-
sis could lead to increased TB transmission and worse 
TB outcomes; in this analysis, delayed diagnosis ap-
peared to be associated with more advanced TB, sug-
gesting more infectiousness.

In our sample, 83% of patients had >1 TB-related 
hospitalization, which is higher than the prepandemic 
frequency of TB-associated hospitalization in Califor-
nia, which previously was reported as ≈50% (9). This 
finding might have been influenced by the slightly 
older age distribution of this patient cohort (median 
57.5 [IQR 42–76] years) compared with pre-pandemic 
TB patients (median 56.0 IQR 35–70 [years]) in Cali-
fornia from 2017–2019 (5). The median duration of 

TB-related hospital stays did not change compared 
with historical TB hospitalizations in California (9).

TB treatment completion appeared consistent 
with the pre–COVID-19 era in which ≈75% of pa-
tients completed TB treatment within 12 months (10). 
As we previously described, the proportion of deaths 
among TB patients with COVID-19 was higher than 
for TB patients in the recent pre-pandemic period (5). 
Most (77%) deaths were definitely or possibly TB-re-
lated but TB attribution on death certificates had poor 
correlation with detailed retrospective review, as has 
also been historically described (11). Thus, death cer-
tificates are unlikely to yield accurate estimates for 
deaths related to TB and COVID-19 co-infections.

Limitations of this study include use of observa-
tional data and lack of a comparison cohort of persons 
with TB who did not have COVID-19 in 2020 but had 
the same detailed clinical data. Our small sample size 
also precluded robust subgroup comparisons. The 6 
participating TB programs represented 55% of Cali-
fornia’s population (12), 53% of reported COVID-19 
(13), and 66% of the state’s reported TB in 2020 (1). 
Nonetheless, our findings may not be generalizable to 
all areas of California or to other US regions.

In summary, delays in TB diagnoses continued 
to occur and the frequency of TB-related hospitaliza-
tions was higher for patients diagnosed with both TB 
and COVID-19 during the pandemic than historically 
observed in California. Nonetheless, the proportion 
of TB patients with COVID-19 completing treatment 
within 12 months was similar to persons with TB in 
the prepandemic period, suggesting TB programs 
managed to maintain TB treatment standards despite 
redirection of staff and resources. Pursuing a diag-
nostic workup for persons at risk of developing TB 
disease, even when a viral respiratory pathogen is 
widely circulating, remains critical for reducing TB-
related illness in California.
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Since the COVID-19 pandemic began, wastewater-
based surveillance has been used to track circulation 

levels of SARS-CoV-2 (1,2). For that purpose, we began 
collecting samples from a regional wastewater treat-
ment plant in Leuven, Belgium, in December 2020. We 
found wastewater-based surveillance was an objective 
indicator of SARS-CoV-2 community circulation, which 
can be highly valuable when testing is limited (3).

Many persons with acute respiratory infections 
(ARI) do not seek medical care, thereby enabling 
those infections to go undetected. Obtaining detailed 
information on the circulation of respiratory viruses 
in the community is key to elucidating their societal 
burden. This knowledge could enable better predic-
tion and management of major outbreaks and could 
guide physicians in diagnosis. The current approach, 
usually based on limited reporting by sentinel phy-
sicians and laboratories, can lead to substantial data 
bias. We explored whether wastewater sampling can 
provide an alternative method for monitoring circula-
tion of respiratory pathogens at the population level.

The Study
We screened 112 wastewater samples collected 
weekly over a 2-year period at a large regional  

treatment plant in Leuven for the presence of re-
spiratory pathogens with an in-house–devel-
oped multiplex quantitative PCR respiratory 
panel (Appendix, https://wwwnc.cdc.gov/EID/
article/30/1/23-1011-App1.pdf) (4). We investigat-
ed whether respiratory viruses found in wastewa-
ter corresponded to their detection in samples from 
patients with respiratory infections at the Univer-
sity Hospitals Leuven (UZL) (5). At UZL, patient 
samples were only tested with the respiratory pan-
el in case of serious lower respiratory tract infection 
in immunocompromised or critically ill patients. 
Those clinical samples are therefore not entirely 
representative of locally circulating respiratory 
pathogens, especially when those pathogens cause 
mainly mild infections. When possible, we supple-
mented clinical sample data with epidemiologic 
data from sentinel laboratories across Belgium re-
ported by Sciensano, but these were only available 
for a limited number of viruses (6). Nonpharmaco-
logic interventions during the COVID-19 pandemic 
affected timing and levels of virus circulation.

Influenza A was repeatedly identified during 
mid-February–mid-May 2022 (Figure 1, panel A). 
This pattern aligned with positive clinical samples 
at UZL, which showed an influenza A peak during 
March–May 2022 and few cases outside that period. It 
also corresponded to Sciensano data, which indicated 
a mild 2020–21 influenza season and a late 2021–22 
season (end of February to end of April) (6), caused 
almost exclusively by influenza A (7). The onset of the 
2022–23 influenza epidemic, with cocirculation of in-
fluenza A and B, was reflected in positive wastewater 
samples as of mid-December.

The off-season peak of respiratory syncytial vi-
rus (RSV) in the spring of 2021, visible in clinical 
samples at UZL and in data reported by Sciensano, 
was reflected in positive wastewater samples dur-
ing March–July 2021 (Figure 1, panel B). We de-
tected RSV in almost all wastewater samples from  
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mid-October 2021 until the end of July 2022. Data 
from Sciensano also showed a low continuous RSV 
presence in the 2021–22 season (6). After August 2022, 
RSV reappeared in wastewater; levels were elevated 
in November and December 2022. The number of 
positive clinical samples in UZL and sentinel labo-
ratories remained low until the end of October 2022,  

followed by a strong RSV epidemic in November 
and December 2022.

During late September–December 2021, human 
metapneumovirus was almost continuously detectable 
in wastewater, which corresponded with high num-
bers of positive samples at UZL (Figure 1, panel C). 
Human metapneumovirus reappeared in wastewater  
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Figure 1. Respiratory viruses 
measured in wastewater versus 
positive clinical samples, 
Leuven, Belgium, January 2021–
December 2022: A) influenza 
virus; B) RSV; C) HMPV; D) 
PIV-1; E) PIV-2; F) PIV-3; G) 
PIV-4; H) AdV. Graphs indicate 
evolution of viruses detected 
in wastewater by an in-house–
developed multiplex quantitative 
PCR respiratory panel (line 
graphs; dots represent individual 
measurements) and by weekly 
counts of PCR-positive tests 
detected at UZL (bar graphs). 
Plots were generated using R 
version 4.1.1 (The R Foundation 
for Statistical Computing, https://
www.r-project.org) and the 
ggplot2 package version 3.3.5 
(https://ggplot2.tidyverse.org). 
A larger version of this figure 
is available at https://wwwnc.
cdc.gov/EID/article/30/1/23-
1011-F1.htm. AdV, adenovirus; 
Ct, cycle threshold; HMPV, 
human metapneumovirus; 
PIV, parainfluenzavirus; RSV, 
respiratory syncytial virus; UZL, 
University Hospitals Leuven. 
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in late October 2022, followed by an increase in posi-
tive samples at UZL in November and December.

Parainfluenzavirus (PIV) type 1 was predomi-
nantly found in wastewater samples during fall 2022, 
coinciding with a rise in positive cases at UZL. PIV-2 
was sporadically detected in wastewater beginning in 
fall 2021, corresponding with low positive case num-
bers at UZL during November 2021–November 2022. 

PIV-3 was almost always detected in wastewater 
samples; a clear peak occurred during February–May 
2021, in concordance with positive sample numbers at 
UZL. PIV-4 was detectable during August–December 
2021 and September–December 2022, and occurred 
sporadically in between. The data also demonstrated 
an association with numbers of positive samples at 
UZL (Figure 1, panels D–G).
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Figure 2. Respiratory viruses 
measured in wastewater versus 
number of positive clinical 
samples, Leuven, Belgium, 
January 2021–December 2022: 
A) HBoV; B) EV/RV and EV-
D68; C) HPeV; D) SARS-CoV-1; 
SARS-CoV-2; and MERS-CoV; 
E) HCoV-NL63; F) HCoV-
229E; G) HCoV-OC43; H) 
HCoV-HKU-1. Graphs indicate 
evolution of viruses detected 
in wastewater by an in-house–
developed multiplex quantitative 
PCR respiratory panel (line 
graphs; dots represent 
individual measurements) and 
by weekly counts of PCR-
positive tests detected at 
UZL (bar graphs). Plots were 
generated using R version 4.1.1 
(The R Foundation for Statistical 
Computing, https://www.r-
project.org) and the ggplot2 
package version 3.3.5 (https://
ggplot2.tidyverse.org). A larger 
version of this figure is available 
at https://wwwnc.cdc.gov/
EID/article/30/1/23-1011-F2.
htm. Ct, cycle threshold; EV, 
enterovirus; HBoV, bocavirus; 
HCoV, human coronavirus; 
HPeV, parechovirus; MERS-
CoV, Middle East respiratory 
syndrome coronavirus; RV, 
rhinovirus; UZL, University 
Hospitals Leuven.
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We detected adenovirus and human bocavirus 
(HBoV) consistently and in high concentrations in 
all wastewater samples (Figure 1, panel H; Figure 
2, panel A). That finding is consistent with continu-
ous adenovirus circulation in 2020–21 and 2021–22 
reported by Sciensano and with our previous study 
on ARI samples, in which adenovirus infections 
were detected year-round (8). The continuous high-
level detection of adenovirus and HBoV in wastewa-
ter does not align with the low numbers of positive 
samples found in ARI patients at UZL. Of the 4 HBoV 
genotypes, HBoV1 is mainly associated with respira-
tory symptoms in children with ARI and HBoV2 is 
linked to gastroenteritis (9,10). All HBoV genotypes 
are known to be present in stool and can frequently 
be detected in wastewater samples (11). Adenovirus 
infections can cause gastrointestinal symptoms, even 
when the primary site of involvement is the respirato-
ry tract (12). The presence of HBoV and adenovirus in 
wastewater samples is likely linked to enteric rather 
than respiratory infections.

Enterovirus/rhinovirus were continuously de-
tected in wastewater, but enterovirus D68 (EV-D68) 
was only present during early September–Decem-
ber 2021; the highest concentrations were detected 
in October 2021 (Figure 2, panel B). Those findings 
suggest a regional EV-D68 outbreak during fall 2021, 
in line with increasing EV-D68 infections in Europe 
in September 2021 (13). At UZL, 33 EV-D68–positive 
samples were detected during the study period, most 
during October 2021–January 2022. In mid-September 
2022, EV-D68 reappeared in wastewater; only a small 
number of positive samples were reported at UZL. 
Detection of EV-D68 in wastewater preceded positive 
cases in the same region, indicating that wastewater 
surveillance can be used as a sensitive early warning 
signal for EV-D68 circulation.

Human parechovirus (HPeV) infections are 
common in children; illness can range from gastro-
enteritis and respiratory infections to neurologic 
disease, particularly in neonates (14). We detected 
HPeV consistently in almost all wastewater samples 
throughout the study but detected few positive clini-
cal samples (Figure 2, panel C). HPeV’s presence in 
wastewater could be associated with enteric infec-
tions or paucisymptomatic respiratory infections 
with limited spillover to hospitals.

The SARS-CoV assay in the respiratory panel 
did not detect SARS-CoV-2 until late September 
2021 (Figure 2, panel D). This assay targets a con-
served region in the open reading frame 1ab poly-
protein gene to enable detection of SARS-CoV-1 
and SARS-CoV-2, resulting in a lower sensitivity. 

That lower sensitivity was observed in validation 
experiments on clinical samples but did not nega-
tively affect accuracy in routine clinical practice 
(4). The assay is, however, not sensitive enough 
for environmental surveillance. Of the 4 endemic 
seasonal coronaviruses infecting humans, human 
coronavirus (HCoV) NL63 was primarily detect-
ed in wastewater during fall and winter of 2022, 
whereas HCoV-229E and HCoV-OC43 were pres-
ent in most samples year-round. HCoV-HKU-1 was 
mainly detected between winter of 2021 and sum-
mer of 2022; all positive clinical samples were also 
reported during this period (Figure 2, panels E–H). 
Low numbers of HCoV positive clinical samples 
were detected in UZL, particularly for HCoV-NL63 
and HCoV-229E, likely because of the mild nature 
of endemic coronavirus infections (typically not re-
quiring hospitalization) rather than because of ab-
sence of circulation.

Conclusions
By using an in-house respiratory panel to test a 2-year 
wastewater sample collection, we effectively detected 
the presence and seasonal variations of most tested 
respiratory viruses. These findings demonstrate 
wastewater sampling’s potential for population-level 
pathogen monitoring and early outbreak detection, 
addressing limitations associated with limited senti-
nel laboratory data. Our study underscores the role 
of wastewater-based epidemiology in supplementing 
clinical surveillance for respiratory viruses, enhances 
understanding of community virus circulation, and 
supports public health efforts.

This article was published as a preprint at  
https://www.medrxiv.org/content/10.1101/ 
2022.10.24.22281437v1.
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Rheumatic heart disease (RHD), caused by Strep-
tococcus pyogenes infections, is driven by social 

determinants of health and disproportionately affects 
Aboriginal and Torres Strait Islanders in Australia 
(hereafter Indigenous Australians), causing prema-
ture illness and death (1–3). Deaths associated with 
RHD can be prevented by addressing poor living 
conditions, treatment delays, racism, and healthcare 
inaccessibility (2,4–6). Approximately 663 deaths as-
sociated with RHD among Indigenous Australians 
are predicted for 2016–2031 (7). Our previous analy-
sis of persons from 5 jurisdictions in Australia who 
had RHD, were <65 years of age, and died during 
2013–2017 (covering 86% of the Indigenous popula-
tion) revealed that RHD was the underlying cause of 
death for only 15.0%; cause of death was recorded as 
underlying noncardiovascular for 42.7%, and cause of 
death among Indigenous Australians was missing for 
13.7% (2). Thus, the burden of death associated with 

RHD is potentially underestimated when measured 
by using RHD-coded death records from the Aus-
tralian Bureau of Statistics (ABS). Concerns regard-
ing inaccurate or missing cause-of-death data can be 
reduced by using excess mortality methods, which 
measure deaths directly and indirectly attributable 
to RHD (8). Consequently, we used excess mortality 
methods, independent of ABS RHD-coded records, 
to estimate RHD-associated deaths for 2013–2017 in 
Australia.

The Study
In a cross-sectional study, we used linked adminis-
trative health and ABS data to estimate RHD-related 
deaths (Figure 1). We estimated observed mortality 
rates by age at death and Indigenous status by using 
data from End RHD in Australia: Study of Epide-
miology (ERASE) (9). We used the generated excess 
deaths rates to calculate expected RHD-associated 
deaths and compared them with ABS RHD-coded 
death counts.

The ERASE cohort has been described (2). In brief, 
prevalent and new RHD cases were identified from 
the RHD register, surgical registry, and hospitaliza-
tion records (1,9,11,12). ERASE included 5 jurisdic-
tions in Australia: Northern Territory, Queensland, 
South Australia, Western Australia, and New South 
Wales (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/30/1/23-0905-App1.pdf). We obtained 
probabilistically linked data from jurisdiction-specific 
linkage units; ERASE investigators harmonized vari-
ables between jurisdictions and data sources and de-
termined vital status.

To create the RHD study cohort, we selected 
ERASE cohort members who had RHD, were <65 
years of age, and were alive on January 1, 2013 (Fig-
ure 1). We used broad age groups (0–24, 25–44, and 
45–64 years), which corresponded to those used in 
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During 2013–2017, the mortality rate ratio for rheumatic 
heart disease among Indigenous versus non-Indigenous 
persons in Australia was 15.9, reflecting health inequity. 
Using excess mortality methods, we found that deaths 
associated with rheumatic heart disease among Indig-
enous Australians were probably substantially under-
counted, affecting accuracy of calculations based solely 
on Australian Bureau of Statistics data.
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previous RHD mortality studies (2,13). We used mul-
tiple ERASE data sources to assign Indigenous sta-
tus, minimizing known underidentification (9). We 
searched all hospitalization record diagnosis fields 
for comorbidities (Appendix Table 1).

We calculated observed and background mortal-
ity rates (both crude and age-specific per 100,000 per-
son-years). We calculated age-standardized mortal-
ity rates by using the direct method, standardized to 
World Health Organization World Standard Popula-
tion 5-year age groupings for 2000–2025. For observed 
mortality rates (Figure 1), RHD diagnoses from Janu-
ary 1, 2013, through December 31, 2017, contributed 
person-time from whichever time was latest (denomi-
nators): first diagnosis date or January 1, 2013. Deaths 
during 2013–2017 contributed to observed mortality 
rate numerators. For background mortality rates (Fig-
ure 1), we used age group–specific deaths of Indig-
enous and non-Indigenous Australians (numerators) 
and residential population denominators from the 
ABS (13).

We calculated excess mortality rates as the differ-
ence between the observed and background mortality 
rates (within matched age/population stratum; Fig-
ure 1). We derived 95% CIs by using nonparametric 
bootstrap methods, assuming a Poisson distribution 
(Appendix). We calculated expected RHD-related 
deaths by applying excess mortality rates to person-

years within the RHD study cohort age/population 
stratum (Appendix Table 2). We calculated observed 
and excess mortality rate ratios (MRRs) with 95% CIs 
by comparing Indigenous with non-Indigenous pop-
ulations with RHD.

Epidemiologic, demographic, and clinical char-
acteristics of this cohort are described (Appendix 
Table 3). Among the 9,342 persons in the RHD study 
cohort (65.6% female, 24.6% <25 years of age, 55.6% 
Indigenous), comorbidities included atrial fibrillation 
(30.5%), heart failure (26.0%), hypertension (23.7%), 
diabetes (19.4%), chronic kidney disease (17.4%), and 
chronic obstructive pulmonary disease (10.6%) (Ap-
pendix Table 3). The 726 observed cohort deaths oc-
curred most frequently among persons 45–64 years 
of age (72.3%) and among those who were female 
(58.7%) (Appendix Table 3). Among the 325 non-In-
digenous persons who died, 36.0% were immigrants 
from low/middle income countries. Metropolitan 
residents accounted for 14.0% (n = 56) of deaths 
among Indigenous and 71.4% (n = 232) among non-
Indigenous persons. Detailed causes of death within 
the study cohort were attributed to mostly noncardio-
vascular causes; most frequent were cancer, diabetes 
mellitus, and respiratory diseases (2).

In 2013–2017 in Australia, the background mor-
tality rate was 193.6 deaths/100,000 Indigenous per-
son-years and 72.3 deaths/100,000 non-Indigenous 
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Figure 1. Data sources, cohort selection, and calculations generated in study of excess deaths associated with rheumatic heart disease, 
Australia, 2013–2017 (2,9,10). The main study outputs are observed mortality rates, excess mortality rates, and expected RHD-
associated deaths (bottom row). ABS, Australian Bureau of Statistics; RHD, rheumatic heart disease.
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person-years (Table). Background age-specific mor-
tality rates increased with advancing age in both pop-
ulations but were always 2- to 3-fold higher for the 
Indigenous than non-Indigenous population (Table, 
Figure 2).

In the RHD study cohort, 401 Indigenous and 
325 non-Indigenous persons died, corresponding to 
observed mortality rates of 1,451 deaths/100,000 In-
digenous person-years and 883 deaths/100,000 non-
Indigenous person-years (Table). Age-specific mor-
tality rates among Indigenous persons were highest 
among those 45–64 years of age (4,568 deaths/100,000 
person-years; Figure 2); corresponding MRR was 2.13 

(95% CI, 1.81–2.52) for Indigenous versus non-Indige-
nous persons (Table).

For the RHD study cohort, we estimated excess 
mortality rates of 1,166 deaths/100,000 Indigenous 
person-years and 771 deaths/100,000 non-Indigenous 
person-years, generating an MRR of 1.5 (Table). Ex-
cess mortality rates were highest among Indigenous 
persons 45–64 years of age for whom the peak excess 
MRR of 2.1 was observed (Table; Figure 2). Excess 
mortality rates applied to RHD study cohort strata 
estimated that 319 Indigenous and 272 non-Indig-
enous deaths were directly or indirectly associated 
with RHD (Table; Appendix Table 4). By comparison, 
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Table. Mortality rates associated with RHD among persons <65 years of age, Australia, 2103–2017* 

Age group, y 
Indigenous 

 
Non-Indigenous 

 Rate ratio (95% CI) No. Rate (95% CI) No. Rate (95% CI) 
Background mortality rates†        
 0–24 1,319 70.4 (66.7–74.4)  8282 32.6 (32.0 –33.4)  2.16 (2.03–2.29) 
 25–44 2,302 262.87 (252.2–273.8)  17,004 74.20 (73.1– 75.3)  3.54 (3.29–3.60) 
 45–64 5,221 921.66 (896.8 –947.0)  69,752 344.26 (341.7–346.8)  2.68 (2.60–2.75) 
 Crude, 0–64 8,842 266.83 (261.3– 272.4)  95,038 138.64 (137.8–139.5)  1.92 (1.88–1.97) 
 ASMR, 0–64 8,842 193.55 (189.5– 197.6)  95,038 72.29 (71.8– 72.7)  2.68 (2.66–2.70) 
Observed mortality rates‡        
 0–24 13 204.1 (93.2–315.1)  <5 339.4 (0–723.4)  NC 
 25–44 112 1,238.3 (1,009.0–1,467.7)  34 858.4 (569.8–1,146.9)  1.44 (0.98–2.12) 
 45–64 276 4,568.6 (4,029.6–5,107.6)  288 2,140.1 (1,892.9–2,387.3)  2.13 (1.81–2.52) 
  Crude, 0–64 401 1,869.1 (1,687.9–2,050.4)  325 1,775.7 (1,584.4–1,967.1)  1.05 (0.91–1.22) 
 ASMR, 0–64 401 1,451.6 (1,307.0–1,596.2)  325 883.6 (674.3–1,092.9)  1.64 (1.42–1.9) 
Excess mortality rates§        
 0–24 9¶ 136.7 (39.3–249.0)  <5¶ 308.40 (0–751.3)  NC 
 25–44 88¶ 1,000.2 (786.4–1230.9)  29¶ 760.7 (487.8–1,047.3)  1.31 (1.02–2.31) 
 45–64 222¶ 3,720.4 (3,184.8–4305.8)  240¶ 1,817.8 (1,566.9–2,066.8)  2.05 (1.81–2.5) 
 Crude, 0–64 319¶ 1,636.7 (1,459.8–1822.1)  272¶ 1,646.7 (1,454.5–1,847.4)  0.99 (0.85–1.16) 
 ASMR, 0–64 319¶ 1,166.0 (1,028.8–1317.6)  272¶ 770.8 (584.3–989.0)  1.51 (1.14–2.02) 
ABS RHD-coded mortality rates#       
 0–24 8 0.43 (0.13–0.72)  7 0.03 (0.01–0.05)  15.49 (5.62–42.71) 
 25–44 48 5.48 (3.93–7.03)  41 0.18 (0.12–0.23)  30.64 (20.19–46.48) 
 45–64 89 15.71 (12.45–18.98)  252 1.24 (1.09–1.40)  12.63 (9.92–16.09) 
 Crude, 0–64 145 4.38 (3.66–5.09)  300 0.44 (0.39–0.49)  10.00 (8.20–12.19) 
 ASMR, 0–64 145 5.25 (4.40–6.11)  300 0.33 (0.29–0.37)  15.85 (13.00–19.33) 
*Rates are deaths/100,000 person-years; intervals for excess mortality rates were obtained from bootstrapping of estimates (interpreted as 95% CIs). 
ABS, Australian Bureau of Statistics; ASMR, age-standardized mortality rate; NC, not calculated (numbers too low for reliable estimate); RHD, rheumatic 
heart disease. 
†Population level, n = 14,372,851. 
‡Deaths from all causes within the RHD study cohort (n = 9,342). 
§Observed mortality rates minus background mortality rates. 
¶Expected number of deaths associated with RHD were calculated on the basis of excess mortality rate applied to person-years within appropriate 
age/population strata. 
#Whole population. Previously published data, reproduced with permission (2). Population-level mortality rates based on ABS RHD-coded data (RHD as 
an underlying or associated cause of death). 

 

Figure 2. Excess RHD-associated 
mortality by Indigenous status and 
age at death, Australia, 2013–
2017. A) Indigenous; B) non-
Indigenous. Background mortality 
rates (from the Australian Bureau 
of Statistics) were subtracted from 
the observed mortality rates (in 
the RHD study cohort), generating 
excess mortality rates (the direct 
and indirect RHD-associated 
mortality rate). RHD, rheumatic 
heart disease.
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ABS RHD-coded deaths captured 145 Indigenous 
deaths, less than half the expected cases (174 fewer 
than expected), but 300 non-Indigenous deaths, ap-
proximately the same as expected (28 more).

Accuracy of our estimates is limited by the quality 
of the coded information within source datasets and 
constrained by available data, including nonavailabil-
ity of migrant population denominator information for 
rate calculations. The RHD mortality rates that we re-
port also do not capture the profound effects that those 
deaths had on families, communities, and cultures.

Conclusions
After adjusting for background mortality in Indigenous 
and non-Indigenous populations, we found that excess 
deaths were higher among persons with RHD. The ex-
cess mortality method applied to the RHD study co-
hort estimates both direct and indirect RHD-associated 
deaths and reduces concerns regarding misclassified 
and missing cause of death arising from use of ABS 
RHD-coded data only. Our method is particularly use-
ful with the Indigenous population, for whom missing 
ABS RHD-coded data are an issue. RHD is probably not 
the only underlying driver of observed excess prema-
ture deaths; rather, RHD is a potent marker of the ineq-
uities experienced by Indigenous Australians and drives 
excess deaths indirectly in synergy with other chronic 
health conditions associated with social determinants. 
Expected deaths among non-Indigenous persons corre-
sponded closely to ABS RHD-coded records; however, 
among the Indigenous population, excess deaths were 
more than twice those recorded in ABS (2). Similar to 
other chronic illnesses (diabetes and dementia [10,14]), 
the burden of RHD-associated deaths in Australia is po-
tentially underascertained when based exclusively on 
ABS RHD-coded records, especially among Indigenous 
persons, for whom cause-of-death data are missing for 
>10% and multiple comorbidities, along with underly-
ing RHD, contribute to death (2). Before Australia can 
achieve its RHD elimination goals, improved quality 
of Indigenous cause-of-death data and identification of 
synergistic factors contributing to excess RHD-associat-
ed deaths are needed (7).
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The COVID-19 pandemic has caused us 
to reevaluate what “work” should look like. 
Across the world, people have converted 
closets to offices, kitchen tables to desks, 
and curtains to videoconference back-
grounds. Many employees cannot help but 
wonder if these changes will become a 
new normal.

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

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



Plasmodium falciparum malaria is a major cause 
of illness and death worldwide (1). In disease-

hyperendemic areas, most of the population are 
parasitemic (2). Chronic exposure results in par-
tial immunity, and sickle cell trait reduces the se-
verity of infection (3,4). Delayed P. falciparum ma-
laria after immigration to nonendemic countries 
has been reported in the literature, and pregnancy 
is the most common risk factor for this unusual 
presentation (5).

Former residents of disease-endemic areas who 
have P. falciparum malaria without recent travel 
risk present a public health challenge because lo-
cally acquired mosquitoborne transmission of the 
parasite must be ruled out, given the widespread 
distribution of Anopheles spp. mosquito vectors in 
the United States (6–8). We report the clinical and 
public health investigation of a case of delayed P. 
falciparum malaria in a pregnant woman 11 years 
after immigration to the United States from sub-
Saharan Africa.

The Study
The patient was a 20–30-year-old multiparous preg-
nant woman from sub-Saharan Africa who came to 
an emergency department at Providence Portland 
Medical Center, Portland, Oregon, USA, during her 
third trimester; she had inadequate prenatal care 
and a 2-week history of loose stools and abdominal 
pain before defecation. She reported chills and night 
sweats without fevers. She denied nausea, vomit-
ing, epigastric pain, runny nose, cough, sore throat, 
lymphadenopathy, dysuria, or vaginal discharge. The 
patient was tachycardic; fetal heart rate (FHR) trac-
ing showed a normal FHR, moderate variability, ac-
celerations, and late and variable decelerations. Initial 
laboratory evaluation on the woman showed micro-
cytic anemia, leukocytopenia, thrombocytopenia, and 
an increased level of bilirubin (Table).

Testing results were negative for HIV, SARS-
CoV-2, influenza, hepatitis B, hepatitis C, rubella, 
and syphilis. The result of a rapid point-of-care 
BinaxNOW malaria test (Abbott Laboratories,  
https://www.globalpointofcare.abbott) was positive 
for P. falciparum. Thick and thin malaria blood smears 
showed P. falciparum (Figure 1). Initial parasitemia 
was 0.2%. We submitted blood smears to the Division 
of Parasitic Diseases and Malaria diagnostic laborato-
ry, Center for Global Health, Centers for Disease Con-
trol and Prevention, and P. falciparum morphologic 
identification was confirmed. A pretreatment blood 
sample was not available for molecular speciation or 
whole-genome sequencing.

We initiated a 3-day course of artemether/lume-
fantrine, and percentage parasitemia decreased to 
0.1% within 24 hours. No parasites were observed 
by day 3 of therapy. The patient received intrave-
nous fluids and 1 unit of packed red blood cells. 
Maternal tachycardia resolved, and FHR tracing 
displayed normal FHR with moderate variability, 
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Delayed Plasmodium falciparum malaria in immigrants 
from disease-endemic countries is rare. Such cases 
pose a challenge for public health because mosquito-
borne transmission must be rigorously investigated. We 
report a case of delayed P. falciparum malaria in a preg-
nant woman with sickle cell trait 11 years after immigra-
tion to the United States.
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accelerations, and resolution of decelerations. The 
patient’s anemia and thrombocytopenia improved, 
and her leukocyte count normalized. The patient 
gave birth to a healthy postterm infant without evi-
dence of placental insufficiency. Placental patholog-
ic analysis showed sickled maternal erythrocytes, 
pigment in perivillous fibrin, and mild lymphocytic 
deciduitis without immunohistochemical evidence 
of parasites.

The patient immigrated to the United States 
with her family 11 years before she sought care. 
She had lived in a metropolitan area of Oregon dur-
ing the 5 years before she sought care and denied 
any history of foreign or domestic travel. The pa-
tient reported a history of malaria during childhood 
19 years earlier, for which treatment was received 
while living in sub-Saharan Africa. She denied any 
history of blood transfusions or recent insect bites. 
The most recent visit to the patient’s home by a per-
son from sub-Saharan Africa occurred 2 years be-
fore her illness. She had a history of anemia during 
previous pregnancies, and her first pregnancy was 
complicated by thrombocytopenia and preeclamp-
sia. She had a history of sickle cell trait diagnosed by 
hemoglobin fractionation.

We explored the plausibility of local malaria 
transmission by evaluating current mosquito surveil-
lance data and conducting case finding with tempo-
rospatial proximity to the case. The investigation was 

anchored to month of symptom onset (September 
2022). We used mapping to visualize spatial associa-
tions between mosquito surveillance, malaria case  
reports, syndromic surveillance, and death surveil-
lance (Figure 2).

Anopheles freeborni and An. punctipennis mosqui-
toes were identified during Washington County Pub-
lic Health’s 2022 Mosquito Control trapping season, 
May–September 2022. However, during the period of 
our investigation, temperatures had decreased, and 
Anopheles mosquitos were not active in the area. P. 
falciparum case finding within the statewide report-
able disease database showed 1 travel-associated ma-
laria case with an onset 2 months before this patient 
and ≈4 miles away. There was no epidemiologic link 
between the cases; whole blood was not available to 
identify microsatellite parasite signatures. A search of 
Oregon’s Electronic Surveillance System for the Ear-
ly Notification of Community-Based Epidemics for 
emergency department encounters with a discharge 
diagnosis of fever of unknown origin (FUO) showed 
greater than expected activity in the week of the pa-
tient’s onset of symptoms (9). However, the trend was 
not isolated to the proximity of the case-patient, and 
many encounters noted manifestations consistent 
with viral infections.

An Early Notification of Community-Based Epi-
demics query for mosquito bites and arboviral dis-
eases did not show greater than expected activity. 
A vital records query for deaths with an associated 
diagnosis of FUO showed 1 death temporospatially 
related to the case. Medical record review by the Ma-
laria Branch, Center for Global Health, Division of 
Parasitic Diseases and Malaria, Centers for Disease 
Control and Prevention, ruled out the death as relat-
ed to malaria due to clinical and laboratory incompat-
ibility. Thus, there was no evidence to support local 
mosquitoborne transmission.
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Table. Pregnant patient laboratory values at initial clinical 
evaluation (day 0) and at discharge (day 5), Washington County, 
Oregon, USA, July–September 2022 
Laboratory test Day 0 Day 5 
Hemoglobin 9.1 g/dL 8.8 g/dL 
Hematocrit 27.9 g/dL 27.9 g/dL 
Mean corpuscular volume 70.8 fL 72.5 fL 
Leukocyte count 3.6 × 109/L 7.3 × 109/L 
Platelet count 91.0 × 109/L 102.0 × 109/L 
Total bilirubin 2.23 mg/dL 0.92 mg/dL (day 3) 

 

Figure 1. Representative 
thin blood smears showing 
Plasmodium falciparum in 
pregnant patient, Washington 
County, Oregon, USA, July–
September 2022. Ring-form 
trophozoites, morphologically 
consistent with P. falciparum, 
were identified. A) Multiply-
infected erythrocyte showing 
an applique form; B) ring form 
showing 2 chromatin dots 
(headphone form). Original 
magnification x1,000.



Delayed P. falciparum Malaria in Pregnant Patient

Conclusions
We report a case of P. falciparum malaria in a pregnant 
woman 11 years after immigration from sub-Saharan 
Africa to the United States. To assess for local mos-
quitoborne transmission, a joint state and local public 
health investigation examined mosquito surveillance 
data, performed case finding for additional malaria 
cases, and reviewed syndromic surveillance and 
death surveillance for FUO diagnoses with temporo-
spatial proximity to the case. This comprehensive as-
sessment enabled the public health departments to ef-
fectively evaluate local mosquitoborne transmission 
and emerging local risk.

Although delayed P. falciparum illness has been 
documented, it remains rare, and the patient’s latency 
period was unusually long at 11 years. In 1 case series 
and literature review, pregnancy was the most prev-
alent risk factor associated with delayed presenta-
tion and reports of delayed presentation in pregnant 
women ranged from 3 months to 4 years (5). Delayed 
P. falciparum in persons from disease-endemic regions 
is believed to arise from persistent low-level parasit-
emia and decaying P. falciparum-specific immunity 
(5). In pregnant women, pregnancy-related immuno-
suppression, sequestration of P. falciparum parasites 
in the placenta, and, possibly, placental antigen ex-
pression might increase the risk for delayed P. falci-
parum presentation (10–12). The patient’s sickle cell 
trait might have also contributed to the latency of her 
delayed presentation. Sickle cell trait protects against 
severe disease from P. falciparum infection and is as-
sociated with lower parasite densities and delayed 
malaria (13,14).

Most malaria cases in the United States are related 
to travel to a disease-endemic region. However, malaria 
can rarely be acquired locally through mosquito bite, 
transfusion, or other parenteral route, transplantation, 
or during pregnancy or childbirth (15). Our case-patient 
had no known history of transfusion or transplantation, 
and her infant did not show development of malaria. 
Although the patient denied traveling to a disease-en-
demic area, she was not available for follow-up, and we 
were unable to verify travel history through a passport 
review. Therefore, undisclosed travel to a malaria-en-
demic country remains an unlikely possibility.

Malaria should be considered in all patients 
from disease-endemic regions who have compatible 
symptoms regardless of time since exposure. Clini-
cal suspicion should be heightened in persons who 
have underlying risk factors for delayed manifesta-
tion, including pregnancy, immunosuppression, 
and sickle cell trait. To rule out the possibility that a  
patient without recent travel risk acquired malaria lo-

cally, rigorous public health investigation is required. 
Components of an investigation might include  
medical and travel record review, environmental sur-
veillance, case finding, and syndromic and death sur-
veillance with consideration of temporospatial prox-
imity to the case.
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etymologia revisited
Petri Dish  
[pe′tre ′dish]

The Petri dish is named after the German inventor and bac-
teriologist Julius Richard Petri (1852–1921). In 1887, as an 

assistant to fellow German physician and pioneering microbi-
ologist Robert Koch (1843–1910), Petri published a paper titled 
“A minor modification of the plating technique of Koch.” This 
seemingly modest improvement (a slightly larger glass lid), 
Petri explained, reduced contamination from airborne germs 
in comparison with Koch’s bell jar.
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The genus Brucella comprises a monophyletic 
group including 6 classical species showing clon-

al evolution: B. abortus, B. suis, B. melitensis, B. canis, B. 
ovis, and B. neotomae (1,2). The zoonotic potential of B. 
melitensis, B. abortus, B. suis, and B. canis (in decreas-
ing order of disease burden in human populations) 
has been clinically established on the basis of numer-
ous human cases reported over the past century.

B. neotomae was originally isolated from a single 
rodent species (desert woodrat, Neotoma lepida), in 
an area with low population density of other wild 
animals and remote from domestic livestock (3). 
Recently, 2 publications described the isolation in 
Costa Rica of  B. neotomae strains from 2 human  
patients with brucellosis (4,5). According to those 
reports, the 2 human isolates, bneohCR1 and 
bneohCR2, differed from each other by 164 single-
nucleotide polymorphisms (SNPs); bneohCR1 
differed from the B. neotomae genome used as 
reference in the analysis (GenBank accession no. 
GCA_000742255) by 174 and bneohCR2 by 160 
SNPs. Those data indicated that B. neotomae has 
zoonotic potential and is present in a much wider 
geographic area than previously reported. 

Because that finding was unexpected and has 
substantial implications regarding our understanding 
of Brucella, we further investigated available 
information regarding the neglected species B. 
neotomae. We reviewed the literature for previous 
studies in which B. neotomae strains were isolated and 
searched public sequence repositories for B. neotomae 
whole-genome sequence (WGS) datasets. In addition, 
we identified and sequenced available B. neotomae 
strains maintained since the 1960s in 2 Brucella strain 
collections, the UK Animal and Plant Health Agency 
(APHA) Weybridge collection and the Brucella Culture 
Collection Nouzilly (BCCN) of the Institut National de 
l’Agriculture, de l’Alimentation et de l’Environnement 
(INRAE; National Research Institute for Agriculture, 
Food and the Environment) in France. We report a 
comprehensive comparative analysis of all genome 
sequences we identified from databanks and the 
human cases from Costa Rica, to further shed light on 
the genetic relationships between those isolates. 

The Study
We recovered 17 B. neotomae WGS datasets from pub-
lic repositories as assemblies or raw reads (last ac-
cessed May 31, 2023): ERR1894830, GCA_000158715, 
GCA_000712255, GCA_000742255, GCA_900446125, 
SRR004305, SRR004306, SRR032598, SRR857216, 
SRR4038991 (all 10 strains 5K33), ERR2993140 
(MLVA31), GCA_900446115, SRR4038990 (5E1169), 
GCA_900446105 (6D152), ERR473742 (babohCR62), 
ERR1845156 (bneohCR2), and ERR1845155 (bneo-
hCR1) (Appendix Table 2, https://wwwnc.cdc.gov/
EID/article/30/1/22-1783-App1.pdf). We merged 3 
records (SRR004305, SRR004306, SRR032598) corre-
sponding to the same biosample.  

The Brucella strain collection maintained by APHA 
contained 5 and INRAE/BCCN, 7 B. neotomae strains 
(6,7). We recorded APHA and corresponding BCCN 
identifiers for each strain (Appendix Table 1). We 
produced and analyzed sequence data (Appendix). 
The 12 B. neotomae sequence datasets produced for 
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After reports in 2017 of Brucella neotomae infections 
among humans in Costa Rica, we sequenced 12 
strains isolated from rodents during 1955–1964 from 
Utah, USA. We observed an exact strain match be-
tween the human isolates and 1 Utah isolate. Indepen-
dent confirmation is required to clarify B. neotomae 
zoonotic potential. 



DISPATCHES

this report were SRR22273182–8 (BCCN collection 
corresponding to primary names 6G152, 5E1169, 
5E1266, 7E1260, 6H8988, and 5G239 and 1 unknown 
primary name) and SRR22414766–70 (APHA collection 
corresponding to primary names 7E164 and 5E1266  
and 3 unknown primary names). We deposited 
sequences in the National Center for Biotechnology 
BioProject database as PRJNA901374 (BCCN) and 
PRJNA905663 (APHA) (Appendix Table 2). 

We generated a maximum parsimony tree from 
the 149 SNPs identified among the 27 B. neotomae 
sequence datasets, including 15 public and 12 newly 
sequenced WGS datasets (Figure 1; Appendix Tables 
1, 2). The whole-genome SNP (wgSNP) genotype of 
the most recent common ancestor (MRCA) of known 
B. neotomae lineages descends into 2 groups (Figure 
1): the group containing type strain 5K33 corresponds 
to sequence type (ST) 22 in the Brucella multilocus 
sequence typing scheme MLST21, the other to ST120 

(7). The limited available information about the 
sampling site of each strain from rodents in the Great 
Salt Lake Desert in Utah, USA, is consistent with 
congruence between B. neotomae phylogeny and the 
geography of the Great Salt Lake region, but further 
data are needed to robustly test this association 
(Appendix). 

We show a different representation of the wgSNP 
phylogenetic analysis after removal of duplicates and 
of 1 dataset with relatively lower coverage (Figure 2; 
GenBank accession no. GCA_900446105 from strain 
6D152). Because we removed the WGS datasets with 
partial coverage, the new tree contained 205 SNPs. The 
distances from MRCA to tips were similar: maximum 
76 SNPs (to strain 7E1260) and minimum 56 SNPs (to 
strain APHA#65–197). The 3 whole-genome datasets 
from Costa Rica, including the human isolates 
bneohCR1 and bneohCR2 and the isolate babohCR62 
entered as B. abortus in the European Nucleotide 
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Figure 1. Brucella neotomae phylogeny. Maximum parsimony tree was derived from wgSNP data. We investigated 27 datasets and 
identified 149 SNPs; tree size is 151 substitutions (homoplasy 1.5%). Circles are colored according to primary strain identifier; red 
indicates the 3 datasets from Costa Rica. Circles are labeled with an accession number or collection strain identifier (Brucella Culture 
Collection Nouzilly [BCCN]) or Animal and Plant Health Agency [APHA] Weybridge collections). Branch lengths >1 substitution are 
indicated. Black star shows the position of the hypothetical MRCA. Box indicates the 2 MLST21 STs. MLST, multilocus sequence typing; 
MRCA, most recent common ancestor; SNP, single-nucleotide polymorphism; ST, sequence type; wgSNP, whole-genome single-
nucleotide polymorphism. 



Zoonotic Potential of Brucella neotomae

Archive database, remained identical in wgSNP 
genotype to strain 5G239 (BCCN#R34) in spite of the 
increased resolution. We still observed a coincident 
wgSNP genotype when we considered only these 4 
strains, in sharp contrast with a report of human cases 
that indicated the corresponding genomes differed by 
164 SNPs (4). 

Conclusions
Our findings demonstrate that the strains isolated 
during 1955–1964 in the Great Salt Lake Desert in 
Utah display notable intraspecies genetic diversity 
despite being isolated from a geographically limit-
ed location, within a limited time frame, and from 
the same host species. In contrast, the datasets from 
wgSNP analysis of isolates from Costa Rica were 
identical despite having been isolated 4 years apart 
and in different areas of Costa Rica (5). Of note, da-
tasets from analysis of isolates from Costa Rica were 
identical to data from 1 B. neotomae strain, 5G239, 
from the Great Salt Lake region. Finding an identical 
genotype in human cases from Costa Rica >3,000 km 
and >50 years apart in a different species from the 
Great Salt Lake discovery is remarkable in light of 
the diversity of strains noted in the geographically 
limited location in Utah and reported absence of rats 
of genus Neotoma in Costa Rica (5). Full understand-
ing of the zoonotic potential of B. neotomae requires 
further exploration, including additional sampling 
of rodents and human cases in the US Southwest 
and Central America.
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Figure 2. Rooted Brucella neotomae phylogeny of 16 selected datasets. Maximum parsimony tree was derived from wgSNP data; 205 
SNPs in tree, tree size 207 substitutions (homoplasy 1%). Branch lengths >1 substitution are indicated. Circles are colored according to 
primary strain identity; red indicates the 3 datasets from Costa Rica. Circles are labeled with an accession number or collection strain 
identifier (Brucella Culture Collection Nouzilly [BCCN] or Animal and Plant Health Agency [APHA] Weybridge collections). Primary strain 
identifier is indicated in brackets when available. ENA, European Nucleotide Archive; SNP, single-nucleotide polymorphism; wgSNP, 
whole-genome SNP.
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etymologia revisited
Haematospirillum jordania
[Hae.ma.to.spi.ril’lum jor.da’ni.ae]

For the sesquipedalian term Haematospirillum, Haema is derived from the Greek 
haima, meaning blood. Spirillum is derived from Medieval Latin in the mid-

13th century Latin (spiralis), French in the 1550s (spiral), and Greek (speira). All 
suggest a winding or coil. A New Latin reference book entry in 1875 implied a 
little coil (Figure 1).

Isolated from human blood, Haematospirillum jordaniae was reported as a 
novel genus and species in 2016 by Centers for Disease Control and Prevention 
(CDC) scientist Ben W. Humrighouse and his laboratory team, which included 
Jean G. Jordan, a microbiologist (Figure 2). This gram-negative bacterium was 
isolated 14 times in 10 states during 2003–2012 before its identification in 2016.

H. jordaniae was previously considered an environmental bacterium with 
limited pathogenicity, but increasing numbers of isolates indicated a possible 
emerging pathogen. All cases occurred in male patients, and the pathogen 
showed a predilection for infecting lower leg injuries. In 2018, Hovan and Hol-
linger reported a case of infection in a Delaware man who, in 2016, had sepsis 
from a lower leg wound. The organism isolated was identified at the CDC 
Special Bacteriology Reference Laboratory (SBRL) in the Division of High-
Consequence Pathogens and Pathology, National Center for Emerging and 
Zoonotic Infectious Diseases.
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Peripheral intravenous catheters (PVCs) and cen-
tral venous catheters (CVCs) are frequently used 

in hospitalized patients. Estimates from global de-
vice sales illustrated that ≈1.2 billion PVCs are used 
worldwide annually (1,2). PVC-related complications 
include phlebitis, hematoma, and extravasation (3,4). 
PVC-associated bloodstream infections (BSIs) of-
ten are disregarded in surveillance systems because 
of low incidence (5,6). However, because PVCs are 
widely used in hospitalized patients, the burden of 
PVC-associated or related BSIs might still be sub-
stantial. In contrast, only 10% of acute care inpatients 
have a CVC inserted (7), but the incidence of BSIs 
associated with CVCs is higher than that for PVCs, 
likely because infection prevention strategies mostly 
focus on CVCs.

Several studies have shown that intravascular 
catheter infections increased during the COVID-19 

pandemic (8–11). Those studies mainly focused on 
BSIs associated with CVCs. COVID-19 might have 
substantially affected the frequency of PVC infec-
tions, but published reports are lacking. To assess the 
incidence of BSIs associated with or related to intrave-
nous catheters, we used a large prospective database 
to study BSIs by catheter type during the COVID-19 
pandemic in Switzerland.

The Study
We performed a cohort study at Geneva University 
Hospitals (HUG), a large network of tertiary care cen-
ters in Switzerland. HUG includes 5 rehabilitation 
or palliative care sites and 1 acute care, 1 geriatric, 1 
pediatric, 1 gynecology-obstetrics, and 1 psychiatric 
site. HUG has ≈2,100 beds and receives 60,000 hospi-
tal admissions per year.

We included all patients hospitalized during Jan-
uary 1, 2020–December 31, 2022. All hospital-acquired 
BSIs during that timeframe were investigated as part 
of prospective hospital-wide surveillance, which has 
been conducted for >25 years by the HUG infection 
control program. We limited the analysis to catheter-
related or -associated BSIs (CRABSIs), comprising 
catheter-related BSI (CRBSI) and catheter-associated 
BSI (CABSI). We classified CRABSI that were attrib-
uted to PVC, short-term CVC, and long-term CVC. 
The infection control program routinely collects pa-
tient data from CRABSI, including onset date, age, 
sex, ward of acquisition, catheter type, and microor-
ganism identified.

The primary outcomes (i.e., CRABSI) were based 
on European Centre for Disease Prevention and Con-
trol definitions (12). A CRBSI required a positive 
blood culture <48 hours after catheter removal and 
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Studies suggest that central venous catheter blood-
stream infections (BSIs) increased during the COVID-19 
pandemic. We investigated catheter-related BSIs in Swit-
zerland and found peripheral venous catheter (PVC) BSI 
incidence increased during 2021–2022 compared with 
2020. These findings should raise awareness of PVC-
associated BSIs and prompt inclusion of PVC BSIs in 
surveillance systems.

1These authors contributed equally to this article.
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the same microorganism isolated from a quantita-
tive catheter tip culture or the same microorganism 
isolated in a culture from pus collected from a cath-
eter site (Appendix, https://wwwnc.cdc.gov/EID/
article/30/1/23-0183-App1.pdf). A CABSI required a 
positive blood culture occurring from time of inser-
tion until 48 hours after catheter removal, resolution 
of symptoms within 48 hours after catheter removal, 
and no other infectious focus. We also tracked details 
of COVID-19 infections reported in the hospital sys-
tem (Appendix).

We used patient-days as the main denomina-
tor, which we extracted from the electronic record 
system. We used a 5-step statistical plan. First, we 
determined the total monthly incidence of CRABSI, 
and CRABSI attributed to PVC, short-term CVC, and 
long-term CVC per 1,000 patient-days (Figure 1). Sec-
ond, we evaluated incidence rate ratios (IRRs) for in-
travascular catheter infections stratified for catheter 
type for 2021 and 2022 by segmented Poisson regres-
sion models using aggregated monthly data and used 
2020 as the referent and patient-days as the offset. We 
tested overdispersion by using the likelihood ratio 
test and subsequently fit a negative binomial model, 
if required. Third, we compared patient and micro-
biologic characteristics of CRABSI attributed to PVC 
between the different periods using χ2 test for cate-
gorical variables and Kruskal-Wallis test for continu-
ous variables. Fourth, we determined the number of 
PVCs and PVCs in situ >4 days inserted per month. 
Fifth, we performed a sensitivity analysis by using 
catheter-days as a denominator for CRABSI attrib-
uted to PVC and CVC.

We used SAS version 9.4 (SAS Institute, Inc., 
https://www.sas.com) to perform all analyses 
and considered p<0.05 statistically significant. This  

analysis complies with STROBE guidelines for obser-
vational studies (13).

During the study period, a total of 179,463 pa-
tients were hospitalized at HUG, corresponding to 
1,978,177 patient-days. We included 249 CRABSI epi-
sodes. We observed 90 CRABSI attributed to PVC, 
94 attributed to short-term CVC, 74 attributed to 
long-term CVC, and 9 cases were possibly attribut-
able to >1 intravascular catheter. Overall, the median 
age of patients with a CRABSI was 61 (interquartile 
range [IQR] 47–73) years; 62.3% (n = 155) were male 
and 37.7% (n = 94) were female. Most (37.8%, n = 94) 
CRABSI were caused by coagulase-negative staphy-
lococci (Appendix Table 1).

CRABSI incidence remained stable during the 
study period, but we observed peaks in CRABSI at-
tributed to short-term and long-term CVC during 
November 2021–January 2022 (Appendix Figure 1). 
Of note, incidence of CRABSI attributed to PVC in-
creased during late 2021 and in 2022. Similarly, the 
proportion of CRABSI attributed to PVC among all 
intravascular catheter infections increased during late 
2021 and in 2022 (Figure 1).

Overall, compared with 2020, IRRs for CRABSI 
did not significantly increase in 2021 (IRR 1.24, 95% 
CI 0.91–1.71; p = 0.18) and 2022 (IRR 1.19, 95% CI 
0.87–1.64; p = 0.27) (Figure 2; Appendix Table 2). By 
contrast, rates of CRABSI attributed to PVC signifi-
cantly increased during 2021 (IRR 2.08, 95% CI 1.14–
3.78; p = 0.02) and 2022 (IRR 3.23, 95% CI 1.85–5.65; 
p<0.01) compared with 2020. Rates of CRABSI attrib-
uted to short-term and long-term CVC did not show 
statistically significant changes (Figure 2; Appendix 
Table 2).

Among patients with CRABSI attributed to 
PVC, we did not observe statistically significant  
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Figure 1. Percentage of intravascular catheter infections stratified by catheter type in study of intravascular catheter bloodstream 
infections during the COVID-19 pandemic, Switzerland, January 1, 2020–December 31, 2022. CRABSI, catheter-related or -associated 
bloodstream infections; CVC, central venous catheter; PVC, peripheral venous catheter.
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differences for sex, age, ward of acquisition, or mi-
croorganism distribution (Appendix Table 1). We ob-
served similar results for short-term and long-term 
CVC (Appendix Table 1). Furthermore, the monthly 
number of CVCs and PVCs inserted, and PVCs in 
situ >96 hours did not change over time (Appendix 
Table 3, Figures 2, 3). A sensitivity analysis using 
catheter-days as a denominator yielded similar re-
sults (Appendix Figure 4).

Conclusions
This study showed that CRABSI attributed to PVC 
increased during the 2021–2022 compared with 2020. 
Studies in different countries showed that CVC-re-
lated BSIs increased during the COVID-19 pandemic 
(10,11), but no data on PVC-related infections are 
available. 

Several hypotheses might explain these find-
ings. First, ward of acquisition and microorganism 
distributions from 2020–2022 did not substantially 
change among PVC-related BSIs. Nevertheless, we 
observed a nonsignificant increase of PVC-attribut-
ed CRABSI due to coagulase-negative staphylococ-
ci in surgery wards in 2022. Moreover, we did not 
observe a significant increase of blood culture con-
taminations during 2021–2022 compared with 2020 
(14). Second, according to our institutional recom-
mendations, PVCs should be routinely changed  

every 4 days. We did not observe an increase of 
PVCs inserted for >96 h, suggesting adequate com-
pliance to that preventive measure (Appendix). Re-
cent unpublished data from France showed similar 
alarming results in the surveillance system of de-
vices associated infections (15).

Our study’s first limitation is that the study was 
single-center, limiting the generalizability of the re-
sults; however, HUG comprises several different 
sites, thus increasing the diversity of the patient pop-
ulation. Moreover, our data cannot be generalized to 
centers that routinely use midline catheters or that 
routinely use other infection control strategies, such 
as chlorhexidine-gluconate bathing post-CVC inser-
tion or use of impregnated dressings. Second, we 
did not include confounders such as site of insertion, 
emergent versus elective insertions, immunocompro-
mised states, chronic illnesses, body mass index, and 
nurse-to-patient ratio in our analysis. Third, our pri-
mary outcome, CRABSI, did not include pulmonary 
arterial, peripheral arterial, and umbilical arterial 
catheter infections.

In conclusion, our findings show that CRABSI at-
tributed to PVC significantly increased during 2021–
2022 in HUG. The observed increasing incidence of 
CRABSI attributed to PVC should raise awareness 
and warrants inclusion of PVC-related BSIs in nation-
al surveillance systems.
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Figure 2. Incidence rate ratios 
per 1,000 patient days in a 
study of intravascular catheter 
bloodstream infections during 
the COVID-19 pandemic, 
Switzerland, January 1, 2020–
December 31, 2022. Squares 
indicate IRRs, bars indicate 95% 
CIs. Patient-days were used as 
the denominator; 2020 rates 
were used as the referent. BSI, 
bloodstream infection; CRABSI, 
catheter related or associated 
bloodstream infections; CVC, 
central venous catheter; IRR, 
incidence rate ratio; PVC, 
peripheral venous catheter.
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Norovirus is the most common cause of acute 
gastroenteritis (AGE) worldwide. Norovi-

rus has an ≈7.7 kb positive-sense single-stranded 
RNA genome organized into 3 open reading frames 
(ORFs). ORF1 encodes a polyprotein that is post-
translationally cleaved into 6 nonstructural (NS) 
proteins, including NS7, the viral RNA-dependent 
RNA polymerase (RdRp). ORF2 encodes the major 
viral protein (VP), VP1, and ORF3 encodes the minor 
VP2 capsid protein. 

Noroviruses are genetically diverse and classified 
into >10 different genogroups. Genogroup II geno-
type 4 (GII.4) viruses cause most illnesses worldwide 
(1,2). GII.4 variants include US95–96, Farmington 
Hills_2002, Asia_2003, Hunter_2004, Yerseke_2006, 
Den Haag_2006, Osaka_2007, Apeldoorn_2007, New 
Orleans_2009, Sydney_2012, and HongKong_2019 
(3). GII.4 variant emergence has been associated with 

changes in epitopes A–I on the surface exposed P2 
subdomain of VP1 affecting interactions with his-
to-blood group antigens (HBGA) on host cells (4). 
Since 2012, GII.4 Sydney has been the most preva-
lent norovirus genotype globally (2). We sequenced 
complete genomes or VP1 of GII.4 viruses from re-
cent outbreaks and sporadic cases that could not be 
genotyped to investigate genomic similarities with 
existing variants.

The Study
Several surveillance networks track trends in nor-
ovirus strain diversity, including CaliciNet in the 
United States (5) and NOROPATROL in the United 
Kingdom. In July 2017, four identical sequences 
from a norovirus outbreak in a childcare facility 
in San Francisco, California, USA, were uploaded 
to CaliciNet (https://www.cdc.gov/norovirus/ 
reporting/calicinet). We genotyped those 4 se-
quences as GII.4 untypeable; the sequences had 
>2% nucleotide sequence difference in the 5′ end 
of ORF2 from existing GII.4 viruses. We identified 
genetically similar strains in stool specimens from 3 
UK outbreaks: 1 strain from a hospitalized 32-year-
old patient with AGE in Newcastle in 2019, 1 from 
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We detected a novel GII.4 variant with an amino acid in-
sertion at the start of epitope A in viral protein 1 of noro-
viruses from the United States, Gabon, South Africa, and 
the United Kingdom collected during 2017–2022. Early 
identification of GII.4 variants is crucial for assessing pan-
demic potential and informing vaccine development.
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a 1-year-old child in London in 2021, and 2 from 
Brighton in 2021, from a 1-year-old and a 3-year-
old from the same household in an oyster-related 
outbreak. We also identified similar strains in spo-
radic samples from children with AGE in Gabon 

during 2018–2019 (6) and in children and adoles-
cents with AGE from Western Cape and Gauteng 
in South Africa during 2021–2022. We sequenced 
5 near-complete genomes and 10 complete VP1 se-
quences and compared those with existing GII.4  
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Table. List of oligonucleotide primers used to examine emergence of novel norovirus GII.4 strains on 3 continents* 
Primer names Sequence, 5′ → 3′ Orientation Nested reverse transcription PCR 
NV6e ACC AYT WTG ATG CAG ACT A Forward Round 1 
NV6f ACC AYT ATG ATG CTG ATT A Forward Round 1 
NV6g ATC AYT ATG ATG CWG AYT A Forward Round 1 
NV357a CGC CAG TCC AGG AGT CCA AAA TY Reverse Round 1 
NV378 GCT TAC GAA TGT GAG CGA A Reverse Round 2 
*Primers were used to amplify complete ORF2 and ORF3 genes of GII.4 San Francisco strains from Gabon. ORF, open reading frame 

 

Figure 1. Phylogenetic trees of the emerging novel norovirus GII.4 strains on 3 continents. A) Common genotyping region C; 250 
nt from the 5′ end of ORF2; B) complete VP1 aa sequences. Phylogenetic trees show novel GII.4 San Francisco strains and GII.4 
variants, including recently identified clusters like GII.4 Hong Kong. Evolutionary analyses were conducted in MEGA X (https://www.
megasoftware.net) using the maximum-likelihood method based on the Tamura-Nei model for the C region and Jones-Taylor-Thornton 
matrix-based model for VP1. We used a discrete gamma distribution to model evolutionary rate differences among sites; 5 categories 
γ parameter = 0.2174. Bootstrap (100) values are indicated at the nodes. Trees were drawn to scale. Scale bar represents nucleotide 
substitutions per site. ORF, open reading frame; VP1, viral protein 1.
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sequences from the Human Calicivirus Typing Tool 
(https://calicivirustypingtool.cdc.gov/gebali.cgi).

We extracted viral RNA and obtained complete 
genome or VP1 sequences for strains from the United 
States, United Kingdom, and South Africa according 
to published methods (5–9). We amplified the com-
plete VP1 from Gabon strains by seminested reverse 
transcription PCR (RT-PCR) using Oligo dT and 
Lunascript Master Mix Kit (New England Biolabs, 
https://www.neb.com) for cDNA synthesis at 55°C 
for 30 min. We amplified complete VP1 and VP2 by 
using seminested RT-PCR and oligonucleotide prim-
ers designed for this study (Table). We performed RT-
PCRs by using OneTaq 2X Master Mix (New England 
Biolabs) for 30 cycles at 94°C for 10 s, 45°C for 30 s, 
and 72°C for 3 min, then a final extension of 72°C for 
2 min. We sequenced all amplicons. 

We aligned complete VP1 amino acid sequences 
with GII.4 reference strains representing all known 
emerging and epidemic GII.4 viruses by using Clust-
alW in MEGA X (10). We computed maximum-like-
lihood phylogenetic trees by using the Jones-Tay-
lor-Thornton model for amino acid sequences and 
Tamura-Nei model for nucleotide sequences and 
performed gamma distribution of evolutionary rates 
among sites using 100 bootstrap replications. We de-
posited nucleotide sequences of GII.4 San Francisco 
strains in GenBank (accession nos. OR262322–29, 
OR262341–44, and MW506847–49). We predicted 
3-dimensional structures of GII.4 San Francisco vi-
ruses by using ChimeraX version 1.4 (11) and the al-
phafold prediction tool (12) and used the P-domain 
of GII.4 Sydney (Protein Data Bank no. PDB 4OP7; 

https://www.rcsb.org/structure/4OP7) as the back-
bone. To evaluate the effects of amino acid changes 
in P2, we synthesized virus-like particles from the 
codon-optimized ORF2 sequence of SF128 (GenBank 
accession no. OR262322) and compared ligand bind-
ing with other GII.4 virus-like particles (4).

We found that GII.4 San Francisco sequences 
from the 5′-end of ORF2 were closest to GII.4 Sydney 
and GII.4 Den Haag reference strains with maximum 
identities ranging from 91%–95% (Figure 1, panel 
A). Complete VP1 amino acid sequences of GII.4 San 
Francisco strains formed a distinct cluster with 5%–
10% amino acid difference from GII.4 New Orleans 
and GII.4 Sydney (Figure 1, panel B). We typed RdRp 
sequences of all strains as GII.P31.

Of note, VP1 sequences of all GII.4 San Francisco 
strains had an alanine insertion at position 293/294 
at the start of epitope A, coinciding with a unique 
SVTQTAT/A motif at positions 289–295 adjacent to 
epitope A (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/30/1/23-1003-App1.pdf). Com-
pared with GII.4 Sydney_2012 and GII.4 New Or-
leans viruses, we observed mutations at amino acid 
residues 256 and 438 in the P1 region and 294, 310, 
340, 341, 356, 372, 373, 377, 393, and 395 in the hyper-
variable region, P2 (Appendix Figure 1).

Homology modeling of the GII.4 San Francisco P-
domain using GII.4 Sydney 2012 as a backbone (PDB 
4OP7; GenBank accession no. JX459908) showed 
structural changes near and within epitope A (Figure 
2). When the alanine insertion and SVTQTAT/A mo-
tif were introduced, several charged amino acids in 
GII.4 Sydney_2012 were replaced by neutral amino  
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Figure 2. Structural 
changes of emergent novel 
norovirus GII.4 strains from 3 
continents. A) Sydney GII.4 
strain (GenBank accession 
no. JX459908); B) GII.4 
San Francisco strain. The 
3-dimensional structure 
models were predicted by 
using ChimeraX version 
1.4 (11) and the alphafold 
prediction tool (12). Models 
show structural changes 
near and within the epitope 
A antigenic region on GII.4 
San Francisco P-domain 
(panel B) are overlayed 
on a GII.4 Sydney 2012 
backbone (Protein Data 
Bank, https://www.rcsb.org/
structure/4OP7). Negatively 
(red) and positively (green) charged amino acids of GII.4 Sydney (panel A) were replaced with neutral amino acids (blue) in the 
GII.4 San Francisco strain and a hydrophobic (yellow) amino acid, alanine, was inserted between T293 and T294.
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acids (Figure 2). We also observed changes in the 
charge or hydrophobicity of amino acids in the mono-
clonal antibody binding epitope G (A356N) and with-
in and around the HBGA binding regions D391N, 
S393D, and T395A, except in strains from South Af-
rica (Appendix Figure 1). The alanine insertion in 
GII.4 San Francisco strains does not ablate binding 
to ligands found in porcine gastric mucin (Appendix 
Figure 2), which is consistent with ligand binding 
patterns known to correlate with susceptibility.

Conclusions
We report a novel norovirus GII.4 variant, named 
GII.4 San Francisco, detected in human stool speci-
mens from patients with AGE on at least 3 continents 
during 2017–2022. The novel strains have a unique 
amino acid insertion in VP1 at the start of epitope A. 
We observed a similar unique insertion on epitope D 
in GII.4 variant Farmington Hills, which emerged in 
2002, replacing the GII.4 US95–96 viruses, which had 
been circulating globally since 1995 (13). Whether 
the emerging GII.4 San Francisco strains will replace 
the current globally dominant GII.4 Sydney vari-
ant is not yet clear. Previous studies showed that 
epidemic GII.4 viruses diversified and spread over 
wide geographic areas for several years before epi-
demic emergence (14).

GII.4 viruses have always had strong immuno-
dominance on epitope A, and alterations in epitope A 
residues has affected antibody responses (15). Addi-
tion of alanine at the start of epitope A and introduc-
tion of several neutral amino acids (SVTQTAT/A) 
before the insertion indicate major changes in the 
structure that could have an outsize effect on neu-
tralizing antibody responses. GII.4 San Francisco 
strains showed mutations at residues S393D and 
T395A in epitope D. Those changes kept the ligand 
binding stabilizing function; epitope D also is a neu-
tralizing epitope and an HBGA binding site (4). That 
finding further indicates that this virus has potential 
for increased spread and warrants additional anti-
genicity studies. Those data provide information for 
evaluation of norovirus vaccines that are currently 
in clinical trials.

In conclusion, the unique amino acid insertion in 
epitope A of VP1 together with a >5% aa difference 
from existing GII.4 variants confirmed that GII.4 San 
Francisco can be classified as a new GII.4 variant. This 
virus variant is circulating on at least 3 continents, 
North America, Europe, and Africa. Early detection 
and rapid assigning of an agreed upon name for fu-
ture GII.4 variants will be crucial to assessing their 
pandemic potential. 
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The A/goose/Guangdong/1/1996-like (GsGD-
like) highly pathogenic avian influenza A(H5N1) 

viruses were first identified in 1996 and have con-
tinuously evolved into antigenically distinct hemag-
glutinin (HA) clades that have substantially affected 
animal and human health. Before 2005, the GsGd-
like virus mainly circulated in Asia among domestic 
poultry. Spillover infections from domestic poultry to 
wild migratory birds have enabled intercontinental 
spread to Europe, the Middle East, Africa, and North 
America, as previously observed in 2005 (clade 2.2 vi-
rus) and in 2014–2015 (clade 2.3.4.4c virus) (1). Since 
2016, the clade 2.3.4.4b viruses have undergone a 3rd 
wave of intercontinental spread and have become en-
zootic among wild birds as of 2021 (2,3). Currently, 
the GsGD-like H5N1 viruses have been reported in all 
continents except Oceania and Antarctica. Expanded 
genetic diversity and geographic distribution has led 

to spillover events into numerous mammal species 
and sporadic human infections (4). 

Highly pathogenic avian influenza A(H5N1) 
virus has not yet achieved efficient transmissibility 
in humans, but the current epidemiology of H5N1 
2.3.4.4b lineage raises concerns of possible pandemic 
potential. Population immunity to an emerging influ-
enza virus is one of the key parameters considered in 
assessing its pandemic risk according to the Centers 
for Disease Control and Prevention influenza risk as-
sessment tool (https://www.cdc.gov/flu/pandemic- 
resources/national-strategy/risk-assessment.htm) 
and the World Health Organization tool for influenza 
pandemic risk assessment (https://www.who.int/
teams/global-influenza-programme/avian-influ-
enza/tool-for-influenza-pandemic-risk-assessment-
(tipra)). Neutralizing antibodies targeting the HA 
receptor-binding domain and antibodies that inhibit 
neuraminidase (NA) activity have been shown to 
correlate with protection against influenza infection 
(5,6). We evaluated whether healthy adults possess 
cross-reactive hemagglutination inhibition (HAI) and 
neuraminidase inhibition (NAI) antibodies to H5N1 
virus through previous exposure to seasonal influ-
enza infections.

The Study
We collected serum samples from 63 healthy blood 
donors 18–73 years of age in 2020 in Hong Kong 
(HKU/HA HKW IRB #UW-132) to determine cross-
reactive HAI antibodies and NAI antibodies to a clade 
2.3.4.4b H5N1 virus (A/black-faced spoonbill/Hong 
Kong/AFCD-HKU-22-21429-01012/2022; Spoonbill/
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We detected high titers of cross-reactive neuramini-
dase inhibition antibodies to influenza A(H5N1) virus 
clade 2.3.4.4b in 96.8% (61/63) of serum samples from 
healthy adults in Hong Kong in 2020. In contrast, an-
tibodies at low titers were detected in 42% (21/50) of 
serum samples collected in 2009. Influenza A(H1N1)
pdm09 and A(H5N1) titers were correlated.
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HK/22), which showed high homology to the HA and 
NA proteins of clade 2.3.4.4b candidate vaccine virus-
es A/chicken/Ghana/AVL-76321VIR7050-39/2021 
(98.8% [HA] and 97.3% [NA]) and A/American wi-
geon/South Carolina/AH0195145/2021 (98.6% [HA] 
and 97.2% [NA]) (7). For comparison, we also deter-
mined the HAI and NAI antibody responses to the 
2009 pandemic influenza A(H1N1)pdm09 (pH1N1) 
virus (A/California/04/2009; California/09) using 
an HAI assay and enzyme-linked lectin assay (detec-
tion limit at 1:10) (8,9).

Among healthy adults, 56/63 (88.8%) possessed 
HAI antibodies to pH1N1 virus with a geometric 
mean titer (GMT) of 21.84; none showed detectable 
HAI antibodies to H5N1 virus (Figure 1, panel A). 
NAI antibodies against pH1N1 were detected in 57/63 
(90.5%) healthy participants (GMT 41.80), and 61/63 
(96.8%) also possessed cross-reactive NAI antibodies 
to H5N1 (GMT 41.34) (Figure 1, panel B). The NAI ti-
ters against pH1N1 and H5N1 were highly correlated 
(Spearman ρ = 0.8349; p<0.001) (Appendix Figure 1). 
Furthermore, 57 (90.5%) persons had NAI antibodies 

to both viruses at titers >1:10, and 32 (50.8%) persons 
had NAI antibodies to both viruses at titers >1:40. To 
evaluate whether the cross-reactivity extends to N1 
proteins of other avian influenza viruses, we random-
ly selected 32 serum samples to determine NAI titers 
against an avian influenza A(H6N1) virus isolated 
from wild bird surveillance (A/environment/Hong 
Kong/HKU_MPT_2006/2015; Env/HK/15). DNA 
barcoding suggested that the specimen originated 
from Platalea minor (black-face spoonbill). Similarly, 
93.75% (30/32) persons possessed cross-reactive NAI 
titers against H6N1 virus (GMT 26.50), and 40.6% 
(13/32) possessed NAI titers >1:40 (Appendix Figure 
1). However, cross-reactivity did not extend to N4 
protein of an avian influenza A(H6N4) virus isolated 
from wild bird surveillance (A/environment/Hong 
Kong/HKU_MPT_2022; Env/HK/22) originated 
from Anas acuta (northern pintail) (Appendix Figure 
1). Overall, we observed high correlations between 
NAI titers against pH1N1 and H6N1 viruses (Spear-
man ρ = 0.875; p<0.001) and between H5N1 and H6N1 
viruses (Spearman ρ = 0.874; p<0.001).
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Figure. Age-stratified HAI and NAI antibody responses to influenza A(H1N1)pdm09 (California/09) and A(H5N1) (Spoonbill/HK/22) 
viruses in serum samples collected from healthy adults in 2020 and 2009, Hong Kong, China. A, B) Results for serum samples of 63 
healthy adults collected in 2020. C, D) Results for serum samples of 50 healthy adults collected in 2009. The assay detection limit 
was 1:10, and samples with antibody below the detection limit were assigned an arbitrary antibody titer of 5, which is used to calculate 
geometric mean titer. The HAI and NAI titers across different age groups were compared using Kruskal-Wallis test and Dunn’s multiple 
comparison test. HAI, hemagglutination inhibition; NAI, neuraminidase inhibition.
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We examined NAI titers to the homologous vi-
rus and cross-reaction to H5N1 virus in archival fer-
ret antiserum against seasonal A(H1N1) viruses and 
pH1N1 (Table 1). Ferret antiserum against H1N1 vi-
ruses circulating during 1977–2007 showed no cross-
reactive NAI response to H5N1 but had NAI titers at 
1:320–1:1280 against the homologous viruses. Ferret 
antiserum against pH1N1 virus showed a homolo-
gous NAI titer of 1:2,560 and cross-reactive NAI titers 
to H5N1 at 1:320 to 1:640.

To further confirm whether exposure to pH1N1 
virus contributed to the cross-reactive NAI antibod-
ies, we used serum samples of 50 healthy blood do-
nors (17–55 years of age) collected in July 2009, be-
fore pH1N1 had become widespread in Hong Kong 
(11). HAI antibodies to pH1N1 were detected in 22% 
(11/50) of the samples; GMT was low, at 7.07 (Figure 
1, panel C). We detected NAI antibodies to pH1N1 
in 44% (22/50) of healthy blood donors; GMT was 
low, at 8.24. NAI antibodies to H5N1 were detected 
in 42% (21/50) of donors; GMT was 8.35 (Figure 1, 
panel D). Most participants (16/20) with detectable 
NAI antibodies to pH1N1 also had NAI antibodies to 
H5N1. Overall, the cross-reactive NAI titers detected 
in 2009 (Figure 1, panel D) were lower than the those 
detected in 2020 (Figure 1, panel B). This result sug-
gests that previous exposure to pH1N1 virus is the 
potential source of cross-reactive NAI antibodies to 
H5N1 virus. The NA protein of Spoonbill/HK/22 

differed from the pH1N1 (California/09) NA by 53 
aa and from the seasonal H1N1 NA proteins by 68–76 
aa; most changes occurred in the NA head domain 
(Table 2; Appendix Figure 2).

Conclusion
We detected high titers of cross-reactive NAI antibod-
ies to clade 2.3.4.4b H5N1 virus, Spoonbill/HK/22, 
in samples collected from healthy adults 18–73 years 
of age in 2020. The N1 antibody cross-reactivity also 
extended to an H6N1 avian influenza virus isolated 
from wild bird samples in Hong Kong. Our results 
confirm and extend the findings from a recent study 
reporting cross-reactive NAI antibody responses to 
clade 2.3.4.4b H5N1 virus in healthy blood donors 
(12). The use of monospecific archival ferret antiserum 
against seasonal H1N1 and pH1N1 influenza showed 
that cross-reactive NAI response to H5N1 were elic-
ited by pH1N1 but not by seasonal H1N1 viruses cir-
culating during 1977–2007. The pH1N1 virus derived 
its NA protein from the avian-origin Eurasian-avian 
swine viruses (13) and appeared antigenically more 
closely related to the N1 of H5N1 and H6N1 avian 
influenza viruses but not to a N4 of H6N4 avian influ-
enza virus. The use of serum samples collected from 
healthy blood donors in 2009 further confirmed that 
exposure to pH1N1 might have contributed to the 
cross-reactive NAI antibodies against H5N1.

HAI titer of >1:40 has long been established to 
correspond with a 50% reduction in influenza infec-
tion risk, which might be used to model the effects of 
cross-reactive HAI antibody titers on reducing the ba-
sic reproduction number (R0) of novel zoonotic viruses 
with pandemic potential (14). NAI antibodies have 
also been shown to protect against infection, reduce 
symptoms, and shorten the duration of viral shedding 
(5,6); however, the NAI antibody threshold that cor-
responds with protection has not been clearly defined.

In summary, we detected high titers of cross-
reactive NAI antibodies against influenza A(H5N1) 
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Table 1. NAI antibody titers detected in postinfection ferret antiserum against influenza A(H1N1), A(H1N1)pdm09, and A(H5N1) 
viruses, Hong Kong, China 
Postinfection 
ferret antiserum† 

NAI antibody titers* 
Homologous virus California/09 A (H1N1)pdm09 Spoonbill/HK/22 A(H5N1) 

A/USSR/90/1977 320 <10 <10 
A/Chile/01/1983 320 <10 <10 
A/Singapore/06/1986 320 <10 <10 
A/Texas/36/1991 320 <10 <10 
A/Brisbane/59/2007 1,280 <10 <10 
A/California/04/2009 2,560 2,560 320–640 
*NAI antibody response was determined using recombinant A(H6N1) viruses carrying the N1 proteins derived from A(H1N1), A(H1N1)pdm09, or A(H5N1) 
viruses that were generated as described previously (10). Although we used recombinant H6N1 viruses in ELLA assays to avoid interference of 
hemagglutinin-reactive antibodies, we might not completely prevent the interference of cross-reactive antibodies that bind to the stalk of H6 protein and 
inhibit neuraminidase activity through stearic hindrance. NAI, neuraminidase inhibition. 
†One ferret antiserum against each of the influenza A(H1N1) viruses and 6 ferret antiserum against the influenza A(H1N1)pdm09 were used. 

 

 
Table 2. Comparison of the neuraminidase proteins of  
seasonal influenza A(H1N1) and A(H1N1)pdm09 viruses to  
the neuraminidase proteins of influenza A(H5N1) virus, Hong 
Kong, China 

Viruses 

No. amino acid 
differences compared 
with Spoonbill/HK/22 

Amino acid 
homology, % 

A/USSR/90/1977 70 84.08 
A/Chile/01/1983 68 84.58 
A/Singapore/06/1986 68 84.58 
A/Texas/36/1991 69 84.33 
A/Brisbane/59/2007 76 83.83 
A/California/04/2009 53 88.00 
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clade 2.3.4.4b virus in serum samples collected 
from healthy adults in 2020 but not detected in se-
rum samples collected in 2009. Further studies are 
needed to confirm whether cross-reactive NAI anti-
bodies confer protection against H5N1 infection or 
modulate disease severity, but our results suggest 
that the antibodies against H5N1 and H6N1 viruses 
might derive from exposure to the conserved epit-
opes shared between the avian-origin pH1N1 virus 
and avian N1 proteins. 
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Human mpox, caused by monkeypox virus 
(MPXV), is an emerging zoonotic viral disease 

first identified in the Democratic Republic of the Con-
go (DRC) (1). MPXV is endemic in multiple regions 
of Central and West Africa (2,3). The virus is subclas-
sified into 2 clades: clade I, formerly Congo Basin 
(Central Africa) clade, and clade II, formerly West 
African clade. Clade II is further subdivided into 2 
subclades, IIa and IIb; subclade IIb was responsible 
for the 2022 global epidemic (4; https://www.who.
int/news/item/12-08-2022-monkeypox--experts-
give-virus-variants-new-names). Clade I infections 
are associated with greater disease severity and more 
pronounced rash and had demonstrated increased  

human-to-human transmission compared with clade 
II before the global emergence of clade IIb (5). Those 
difference are likely influenced by factors such as 
clade-specific genomic differences in host response 
modifier proteins, exposure type and dose, and 
vaccination status (https://www.who.int/news/
item/12-08-2022-monkeypox--experts-give-virus-
variants-new-names). Travel-related and animal im-
portation–related cases have been reported in non-
endemic regions (6). In 2022, rapid spread of MPXV 
to new geographic regions resulted in >86,000 con-
firmed infections in nonendemic regions and decla-
ration of a public health emergency of international 
concern by the World Health Organization (7).

During the 2022 epidemic, >90% of infections 
were linked to secondary transmission, mainly 
through sexual contact among men who have sex with 
men (MSM) (8–11). The disease appeared to affect 
younger populations in endemic regions because of 
increased contact with zoonotic sources; the average 
age at infection was <25 years, and the case-fatality  
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We report a cluster of clade I monkeypox virus infections 
linked to sexual contact in the Democratic Republic of the 
Congo. Case investigations resulted in 5 reverse tran-
scription PCR–confirmed infections; genome sequenc-
ing suggest they belonged to the same transmission 
chain. This finding demonstrates that mpox transmission 
through sexual contact extends beyond clade IIb.
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rate was higher among children. In nonendemic re-
gions, however, the average age at infection was >30 
years, and infection occurred predominantly in men 
(>95%) who self-identify as MSM (>80%) (10,11). 
Clinical characteristics during the 2022 epidemic 
included fever, physical asthenia or lethargy, and 
lymphadenopathy with high concentrations of pap-
ules, pustules, and vesicles on the skin of the genital 
and perianal organs. Rectal pain, bleeding, and puru-
lent bloody stools were also common (12,13). A recent 
case series assessing data from clade IIb infections in 
persons living with HIV demonstrated that increased 
disease severity and fatal disease were also linked to 
CD4 counts (11).

Although clade I–related infections can occur 
through close contacts, including through fomites, 
transmission through sexual contact has not been re-
ported previously (14,15). However, given the high 
sequence homology across MPXV clades and the in-
creased disease severity associated with clade I, clari-
fying whether sexual contact–related infections occur 
across MPXV clades is critical. We report a confirmed 
cluster of clade I–associated mpox associated with 
sexual contact.

The Study
An alert was issued by the Kwango Provincial Health 
Division, DRC, after reports from civil society orga-
nizations in March 2023 regarding a resident with 
skin rashes and pruritus. Teams from the National 
Programme for the Control of Monkeypox and Vi-
ral Hemorrhagic Fevers and the Institut National de  

Recherche Biomédicale, accompanied by members of 
the senior team from the Kwango Provincial Health 
Division, the senior team from the Kenge Health Zone, 
the provincial team from the National Programme for 
the Control of HIV, and the provincial civil society 
representative, conducted an investigation. During 
the investigation, the national and provincial health 
teams instituted training for local healthcare clinics 
to raise awareness of the clinical signs and mode of 
transmission for mpox and HIV, including sexual 
contact in MSM.

A man from DRC in his late 20s (case-patient 
1) reported having 2 sexual encounters with a man 
(suspected primary case-patient) in Europe 1 week 
before returning to DRC. The suspected primary 
case-patient frequently visited DRC. Case-patient 1 
reported that the primary case-patient had general 
clinical symptoms including genital pruritus, joint 
pain, and physical asthenia. Nine days after contact, 
case-patient 1 began experiencing pruritus, vesicular 
skin eruptions, and genital and perianal ulcerations. 
He contacted a local civil organization, which initi-
ated a preliminary investigation and alerted the Na-
tional Programme for the Control of Monkeypox and 
Viral Hemorrhagic Fevers. He had penile lesions and 
penile papules (Figure 1); localized redness on the 
lips and in the oral buccal mucosa were also noted, 
and he had 1 lesion on the middle finger of the right 
hand. Blood samples, oropharyngeal swab samples, 
swab samples from rectal and genital lesions, and 
swab samples from vesicles on the skin of the penis 
and pubis were taken.
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Figure 1. Penile lesions and papules associated with clade I monkeypox virus infection in a man in his late 20s who reported having 2 
sexual encounters with a man in Europe 1 week before arriving in Democratic Republic of the Congo. 
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Case-patient 1 reported having sexual contact 
with 9 partners (6 men and 3 women) after arriving 
in DRC. A prescreening of those contacts identified 
suspected mpox in 3 sexual contacts (2 men and 1 
woman, 30–35 years of age) who had fever and le-
sions in the genital and perianal region. Blood sam-
ples and oropharyngeal swab samples were taken 
from all 9 partners; additional rectal or vaginal swab 
samples were taken from the men and woman sus-
pected to be secondary case-patients. Investigation 
of all sexual contacts yielded an additional 36 sexual 
contacts. Samples from case-patient 1 and 3 suspected 
secondary case-patients were confirmed to be MPXV-
positive by PCR using samples from vesicles, crusts, 
or blood. One of the 36 sexual contacts was also PCR-
positive for MPXV. We performed viral genome se-
quencing on PCR-positive samples; phylogenetic 
analysis showed tight clustering among 3 positive 
samples, suggesting they belong to the same chain 
of transmission. The closest related sequence beyond 
this cluster was a 2022 clade I MPXV sequence from 
DRC (Figure 2).

We treated the 5 PCR-positive case-patients with 
supportive care and pain control on an outpatient ba-
sis. We performed a follow-up investigation to further 
investigate transmission chains and identify additional  

contacts; follow-up was conducted for each contact 
through individual case report forms. We monitored 
a total of 120 contacts over 21 days. The contacts were 
categorized into 3 groups: sexual contacts (n = 5), fami-
ly members (n = 45), and persons associated with close 
nonsexual contact (n = 70). None of the persons moni-
tored during the 21 days experienced clinical signs.

Conclusions
We describe a cluster of clade I MPXV–associated in-
fections in DRC related to sexual contact, which has 
previously only been described for clade II MPXV. Of 
note, MPXV transmission through sexual contact is 
not exclusive to clade IIb and can occur during het-
erosexual and same-sex contact. This study demon-
strates that MPXV infections can occur through ad-
ditional exposure routes in MPXV-endemic regions 
and that the current understanding of mpox burden 
in clade I–endemic regions is based on classical trans-
mission exclusively; recognizing those factors is criti-
cal. Our findings highlight additional considerations 
for MPXV circulation and transmission containment 
in endemic areas. Thus, increased MPXV surveil-
lance, diagnostic testing access, and equitable ac-
cess to both vaccines and therapeutics for persons at  
increased risk for infection are needed for ongoing 
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Figure 2. Phylogenetic 
analysis of MPXV sequences 
from a cluster of mpox cases 
described in Kwango Province, 
Democratic Republic of the 
Congo. A) MPXV global 
phylogeny showing that the 
Kwango Province outbreak 
cluster belongs to clade I 
MPXV. B) Phylogenetic analysis 
of MPXV genome sequences 
from the reported cases and 
clade I MPXV sequences 
from Central Africa. Posterior 
support values are shown 
at branch points. DNA was 
extracted at Institut National de 
Recherche Biomédicale using a 
QIAGEN DNA Mini Kit (https://
www.qiagen.com) from blood 
samples and subsequently 
screened for MPXV with an 
orthopoxvirus-specific real-time 
PCR assay. Whole-genome 
sequencing was attempted on 
samples from the index case 
by next-generation sequencing. The library preparation was performed using Illumina DNA Prep with Enrichment (https://www.illumina.
com), and the libraries were enriched for MPXV using biotinylated custom probes synthesized by Twist Biosciences (https://www.
twistbioscience.com). Note that 23MPX098 (or 23MPX0245V) and 23MPX099 (or 23MPX0245C) are vesicle and crust samples from 
case-patient 1. Scale bar indicates number of substitutions per site. DRC, Democratic Republic of the Congo; hMPXV, human MPXV; 
MPXV, monkeypox virus.
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mitigation strategies. Given the increased disease 
severity associated with clade I MPXV, the potential 
implications of sexual transmission on broadening 
geographic distribution for MPXV across clades I and 
II must be considered. In addition, long-term immu-
nity to mpox inferred by vaccination is unknown, in-
cluding the role of mucosal immunity against clade 
I MPXV infections. This report highlights multiple 
critical global health considerations that must be ad-
dressed. Ongoing support for community engagement 
and educational efforts focusing on mpox recognition 
and reporting, including within sexual networks and 
for specific groups who might suffer from lack of care 
or experience stigma when seeking care.

Our findings highlight historically unrecognized 
MPXV transmission through sexual contact and indi-
cate the need for increased routine screening in sexual 
health clinics in mpox-endemic and nonendemic re-
gions. Population movement and previously unre-
ported routes of transmission could exacerbate global 
distribution of MPXV, which could be compounded 
by the lack of routine diagnostic testing or inadequate 
access to rapid point-of-care testing. In view of this 
investigation, epidemiologic and genomic surveil-
lance for MPXV, in both endemic and nonendemic 
regions, should be improved and strengthened.
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The herpesvirus Macacine alphaherpesvirus 1 (her-
pes B virus, or B virus) is ubiquitous in macaque 

monkeys. Although macaque monkeys do not usu-
ally show symptoms when infected with B virus, hu-
mans show severe disease, including encephalitis and 
encephalomyelitis, and death frequently results from 
infection with B virus from monkeys (1). However, B 
virus infection of humans is rare. Infection can occur 
after being bitten or scratched by a macaque monkey 
that is actively shedding the virus or through direct 
contact with bodily fluids or contaminated laboratory 
materials. Since B virus infection was first reported in 
1934, more than 50 cases have been reported, mainly 
in North America, and 29 cases have been confirmed, 
including a recent case in China (2,3). In most cases 
in which a specific macaque species was identified, 
patients had been exposed to rhesus macaques, rather 
than other species of monkey (e.g., cynomolgus ma-
caques, African green monkeys, Vervet monkeys, or 
Sykes monkeys) (2).

In this study, 2 patients in Japan with chronic 
and long-term neurologic diseases were tested for 

B virus infection; the B virus genome was detect-
ed in cerebrospinal fluid (CSF). Both patients had 
worked at a macaque facility in Japan. To maintain 
confidentiality and privacy, we report no person-
al information, or information about the clinical 
course or the working environment. All protocols 
and procedures were approved by the research eth-
ics committee of the National Institute of Infectious 
Diseases for the use of human subjects (approval 
no. 1314). We confirmed B virus infection in both 
patients by using molecular assay and, in one pa-
tient, by also using immunohistochemical analysis. 
We describe molecular and immunohistochemical 
findings in the 2 patients. 

The Study
Patient 1 worked in the macaque facility at a phar-
maceutical research company. In 2019, the patient 
was hospitalized for headache, fever, and dete-
rioration of consciousness. CSF samples were col-
lected at the time of hospitalization and sent to the 
National Institute of Infectious Diseases (Tokyo, 
Japan), where we tested them for B virus infection. 
We extracted total DNA from the CSF samples and 
tested the samples by using real-time PCR with 
primers and a fluorescent probe targeting the B vi-
rus gB gene: forward primer, 5′- CGTGGCCAGG-
TAGTACTGCAC-3′; reverse primer, 5′- CTCGTTC-
CGCTTCTCCTCGTC-3′); AND fluorescent-labeled 
probe, 5′- FAM-TAGCGCCGGAGGAA-MGB-3′. 
The reaction mixture (total volume 25 µL) con-
tained 12.5 µL TaqMan Universal PCR Master Mix 
(ThermoFisher, https://www.thermofisher.com), 
2.0 µg/mL of sonicated salmon sperm DNA, 0.2 
µmol/L of each primer and fluorescein amidite–
labeled probe, and 4.0 µL of extracted DNA. We 
subjected the reaction mixture to real-time PCR 
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Two human patients with Macacine alphaherpesvirus 
1 infection were identified in Japan in 2019. Both pa-
tients had worked at the same company, which had a 
macaque facility. The rhesus-genotype B virus genome 
was detected in cerebrospinal fluid samples from  
both patients.
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by using an ABI-7500 Fast Real-Time PCR System 
(ThermoFisher). The reaction conditions were as 
follows: 50°C for 2 min and 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s and 60°C for 
60 s. We performed real-time PCR targeting the B 
virus gG gene as described previously (4). We per-
formed conventional PCR by using primers target-
ing a gB gene region conserved among primate her-
pes viruses (herpes-PCR) as described previously 
(5). We detected the gB and gG genes in the CSF 
samples at a concentration of 5.1 × 105 copies/mL 
for gB and 7.6 × 105 copies/mL for gG. Sequencing 
of the 364-bp herpes-PCR product revealed 100% 
identity with a B virus sequence from GenBank (ac-
cession no. LC637778).

Patient 2 had been diagnosed with chronic neu-
rologic disease. The patient was tested for B virus 
infection because they worked at the same facility as 
patient 1 and had been working with macaques. In 
2014, patient 2 was admitted to hospital with fever, 
headache, and neurologic symptoms. Brain biopsy 
was performed, but no pathogen was detected at 
that time. In 2019, after identification of patient 1, we 
collected a CSF sample and tested it for B virus infec-
tion in addition to testing a paraffin-embedded sec-

tion of the brain biopsy collected in 2014. Real-time 
PCR of the CSF detected the gB (3.5 × 105 copies/
mL) and gG genes (2.0 × 106 copies/mL) of B virus. 
Nucleotide sequencing of the 364-bp herpes-PCR 
product confirmed that it had 100% identity with 
the sequence detected in patient 1. Furthermore, 
real-time PCR of the DNA extracted from the par-
affin-embedded section of brain tissue biopsied in 
2014 was positive for the B virus gG gene. Real-time 
PCR did not detect herpes simplex virus 1, herpes 
simplex virus 2, or varicella zoster virus. Histologic 
analysis of the brain biopsy revealed inflammatory 
cell infiltration and hemorrhage in the white matter 
of the cerebellum (Figure 1). Careful observation re-
vealed the presence of inclusion bodies in the nuclei. 
Immunohistochemical analysis using B virus rab-
bit polyclonal and gB mouse monoclonal antibod-
ies generated positive signals in cells with inclusion 
bodies (6).

Conclusions
From our results, we concluded that patients 1 and 
2 had been infected with B virus. Although the 2 pa-
tients worked in the facility managing imported ma-
caques, there was no direct evidence that they were 
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Figure 1. Brain biopsy from patient (patient 2) with Macacine alphaherpesvirus 1 (herpes B virus) infection, Japan, 2019. A–C) 
Inflammatory cell infiltration and hemorrhage observed around blood vessels in the cerebellar white matter. Arrows indicate nuclear 
inclusion bodies (B, C). Hematoxylin and eosin stain. D, E) Immunohistochemical analysis using B virus gB mouse monoclonal (clone 
19B6) (D) and an B virus rabbit polyclonal (E) antibodies as the primary antibodies. Original magnification × 200 for all images.
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infected from imported macaques. Given that no 
epidemiologic link between the 2 patients had been 
recorded, it seems that they were infected indepen-
dently. Nucleotide sequence analysis identified B vi-
rus genotypes known to be carried by the macaque 
species (7,8). Recently, a case of human B virus infec-
tion was identified in China; however, the genotype 
was not identified (3). Phylogenetic analysis of the gB 
gene indicated that B virus from the 2 patients in Ja-
pan clustered with the genotype in rhesus macaques 
(Figure 2). The full-length nucleotide sequences of the 
gG, gB, and gJ genes also were obtained from the CSF 
of patient 2 and also were classified by phylogenet-
ic analysis as the rhesus B virus genotype (data not 
shown). Although there is no direct epidemiologic 
evidence of zoonotic transmission of rhesus B virus in 
the monkey facility, the results indicated that workers 
in such facilities are at risk for infection with rhesus B 
virus infection, which is pathogenic in humans.
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Figure 2. Phylogenetic tree of 
Macacine alphaherpesvirus 1 
(herpes B virus) gB gene in 2 
patients with B virus infection, 
Japan, 2019. Nucleotide 
sequences of the herpes-
specific PCR products (364 
bp) from the 2 patients were 
aligned with the corresponding 
region of the B virus gB gene 
from GenBank (accession no. 
LC637778 for virus from patient 
1 and LC637779 for virus from 
patient 2). Phylogenetic tree 
with HVP2 as an outgroup 
constructed using the neighbor-
joining method. Scale bar 
indicates number of nucleotide 
substitutions per site. HVP2, 
herpesvirus papio 2.



Mpox, a zoonotic disease endemic to central and 
western Africa, is caused by monkeypox virus 

and transmitted primarily through person-to-person 
contact, secretions from skin and respiratory lesions, 
and fomites, such as bedding and shared utensils 
(1). Mpox manifests in a wide spectrum of signs and 
symptoms, including fever, headache, muscle pain, 
fatigue, lymphadenopathy, and a characteristic rash 
progressing from macules to papules, vesicles, pus-
tules, and eventually crusts (2).

Since May 2022, mpox outbreaks have been re-
ported in 109 countries, notably affecting men who 
have sex with men (MSM) (3). The atypical transmis-
sion pattern of mpox has prompted investigation into 
potential sexually associated routes and led to hy-
potheses about disease dynamics (4,5). Previous evi-
dence suggests changes from classic clinical manifes-
tations, which included milder symptoms and genital 
lesions, and alterations in transmission dynamics, 
particularly during the incubation period (6–8). 

Accurately estimating the mpox incubation peri-
od is crucial for implementing effective public health 
measures, such as quarantine and isolation during 
outbreaks. We attempted to estimate the distribution 
of the incubation period using data from the first con-
firmed cases among MSM identified through routine 
surveillance. This study was approved by the institu-
tional committee of the Health Department of Pereira 
(Colombia) in accordance with Resolution 8430 of 1993. 

The Study
We conducted a descriptive cross-sectional epidemio-
logic study using data extracted from field epidemio-
logic investigation of 11 reverse transcription PCR–
confirmed cases of mpox in Pereira, Colombia, from 
the national reference laboratory of the National Insti-
tute of Health of Colombia. Case investigations were 
performed by a coinvestigator with training and expe-
rience in conducting epidemiologic interviews. Inves-
tigators gathered information from patients on travel 
history within the 21 days before symptom onset and 
any potential exposure events from a list of events de-
veloped from scientific publications on the 2022 mpox 
outbreak (4,6). Events included having multiple sexual 
encounters or new sexual partners, attending LGBTQ+ 
venues such as saunas and venues for sexual encoun-
ters involving chemsex (sexual activity while under 
the influence of drugs), or social gatherings involving 
intimate contact, including sexual activity. 

We used 2 approaches to collect data on date of 
exposure. If during the initial interview a case-patient 
reported an exact date potentially related to exposure 
to mpox infection, we recorded that as probable date 
of exposure. If the case-patient identified multiple po-
tential exposure times, we recorded the longest period 
of time during which visits to places or situations for 
potential monkeypox virus transmission. That second 
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We estimated the incubation period for mpox during 
an outbreak in Pereira, Colombia, using data from 11 
confirmed cases. Mean incubation period was 7.1 (95% 
CI 4.9–9.9) days, consistent with previous outbreaks. 
Accurately estimating the incubation period provides 
insights into transmission dynamics, informing public 
health interventions and surveillance strategies. 
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approach generated censored interval data in which 
occurrence of the transmission event was known, but 
not the exact timing.  

For the date of onset, we used the day in the 
prodromal period on which symptoms were first 
reported, including nonspecific symptoms such as 
fever, fatigue, headache, lymphadenopathy, muscle 
pain, sore throat, or rash. We resolved inconsisten-
cies in dates and missing data through follow-up 
telephone interviews. We conducted an event-time 
analysis to estimate the distribution that would best 
fit the incubation periods of the cases. Because mea-
surements corresponded to both interval-censored 
and left-censored data, as explained elsewhere (9), we 
constructed a dataset with these characteristics. We 
used 3 parametric distributions—gamma, Weibull, 
and log-normal—to determine the best fit for the 
analytic model. We evaluated the fitted models us-
ing the corrected Akaike information criterion (AICc) 
to obtain the lowest value, which indicates a better 
model fit. We performed all analyses in R software 
icenReg package version 2015 (https://cran.r-project.
org/web/packages/icenReg/index.html) using the 
maximum-likelihood method (10).

All 11 mpox case-patients included in our analy-
sis were men who reported having sexual contact with 
other men. Median age was 34 (range 22–53, interquar-
tile range 27–41) years. Symptoms commonly reported 
were myalgia, headache, fever, and lymphadenopa-
thy. Only 1 case-patient did not manifest genital le-
sions, and only 2 did not have a previous HIV diag-
nosis. Dates of probable exposure for the 11 patients 
were July 9–September 10, 2022; dates of first symptom 
onset were July 11–September 20, 2022. Exposure win-
dow was 1 day in 6/11 cases; maximum exposure win-
dow was 8 days (1 case) and minimum 1 day. 

Visual inspection of the parametric curves con-
firmed that all 3 fitted parametric models provided 
reasonable fits for distribution of the incubation pe-
riod (Figure). Based on AICc values (Table), Weibull 
parametric distribution (AICc = 61.18) fit the data 
most closely, followed by gamma (AICc = 61.64) and 
log-normal (AICc = 62.79) distributions. For the best-
fit Weibull distribution, median incubation period 
was 7.1 days (95% CI 4.9–9.9 days); 95th percentile in-
cubation period was 15 days (95% CI 10.6–22.6 days). 

Results for gamma and log-normal distributions were 
similar (Figure). Adjusted mean incubation period 
using the Weibull parametric distribution from likely 
exposure to onset was 7.1 days (5th–95th percentiles 
1.9–15.0 days). That estimated incubation period 
aligns with some previous findings after considering 
associated uncertainty and statistical methodologies 
used in those studies. One study reported a mean of 
8.5 days (5th–95th percentiles 4.2–17.3 days) slightly 
longer than in our study (11); another (K. Charniga, 
unpub. data, https://doi.org/10.1101/2022.06.22.22
276713) estimated a mean 7.6 days (95% credible in-
terval 6.2–9.7) and the 95th percentile 17.7 days (95% 
CrI 12.4–28.1 days), more closely consistent with our 
estimation and supported by data from 3 additional 
studies (4,5,12).  

Mpox might exhibit a shorter incubation period 
in invasive or complex exposures, in which the pa-
tient experienced contact through damaged skin or 
mucous membranes; typical incubation period is 9 
days in those exposures (4). Mean mpox incubation 
period in MSM during this outbreak was 7.1 days, 
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Figure. Comparison of parametric distributions from different 
models for the incubation period of mpox for patients in  
Pereira, Colombia. 

 
Table. Estimated mean and percentile parametric distributions for incubation period in 11 confirmed cases of mpox, Pereira, 
Colombia* 

Model 
Mean incubation, d (95% CI) 

AICc P50  P5 P95 
Gamma 6.7 (4.6–9.5)  2.0 (1.0–3.9)  15.9 (10.6–24.5)  61.64 
log-normal 6.4 (4.3–9.2)  2.2 (1.0–3.9)  18.6 (10.7–37.6)  62.79 
Weibull 7.1 (4.9–9.9)  1.9 (1.0–4.0)  15.0 (10.6–22.6)  61.18 
*P5, P50, and P95 indicate the percentiles of the estimated distribution. AICc, corrected Akaike information criterion 
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which aligns with reports in cases with similar condi-
tions, falling within the typical values for complex or 
invasive exposure (11; K. Charniga, unpub. data). Of 
the 11 case-patients, 9 had a previous HIV diagnosis; 
research has indicated that HIV-infected patients may 
experience shorter incubation periods than persons 
not infected with HIV (13). That association might be 
related to immunosuppression and compromised im-
mune response in persons with HIV potentially ac-
celerating viral replication and clinical manifestations 
of mpox. 

Conclusions
Establishing precise and accurate estimates of the 
temporal distribution of incubation periods for 
emerging infectious diseases is crucial for case defi-
nition and to inform public health policies. Robust 
inference methods that account for interval censor-
ing in the estimations are recommended. Regarding 
potential transmission associated with sexual contact 
during the mpox outbreak (6), the complex and var-
ied nature of those types of exposure should be care-
fully considered and incorporated into epidemiologic 
findings. We obtained the data on which this study 
was based from initial epidemiologic investigations 
of cases during a mpox outbreak in the city of Pereira, 
Colombia. The small sample size (11 case-patients) 
was a limitation of this study. 

Our study provides empirical evidence of the 
incubation period in the 2022 mpox outbreak, illus-
trated by the Weibull distribution graph, using data 
on exposure history and symptom onset in cases 
confirmed using PCR testing in Colombia and Latin 
America. The upper limit of the confidence interval 
for the estimated 95th percentile, 22.6 days, supports 
the recommendation of using a 21-day monitoring pe-
riod for potential mpox cases involving close contact 
to limit further spread of the infection. Understand-
ing the incubation period and its variability contrib-
utes to the development of targeted control strategies 
and enhances our knowledge of this emerging infec-
tious disease. 
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Dengue virus (DENV) infection is the most prev-
alent arthropodborne viral disease in humans, 

caused by 4 DENV serotypes widely spread in tropi-
cal and subtropical regions and transmitted mainly 
by Aedes mosquitoes (1). Aedes albopictus mosquitoes 
colonizing every continent except Antarctica has led 
to an increase in areas of Europe at risk for Aedes-
borne viruses (2,3). During August–October 2023, 
a total of 68 case-patients who had DENV infection 
and no travel link were reported in Italy, 36 (53%) 
in Lombardia and 32 (47%) in Lazio; all had a good 
clinical condition (4,5). We report 2 autochthonous 
case-patients who had DENV infection and pro-
longed viral shedding during a follow-up period of 
28 days after symptoms onset.

On August 31, a 46-year-old man (case-patient 1) 
and a 48-year-old woman (case-patient 2) who were 
living in Rome, Italy, and had no history of recent 
international travel or of yellow fever vaccination 
were referred to the National Institute for Infectious 
Diseases L. Spallanzani in Rome for history of fever. 
Both persons were on holiday during August 14–21. 
On August 27, eighty km south of Rome, where 1 
imported DENV case was previously reported, case-
patient 1 had a 2-day history of fever with bilateral 
conjunctivitis and a face and trunk macular rash, 
and case-patient 2 had a 1-day history of fever with 
myalgia and arthralgia. No major concurrent illness-
es were present.

At admission, we tested the 2 patients for 
DENV nonstructural protein 1 (NS1) and IgM and 
IgG by using fluorimetric rapid assays (Standard 
F Dengue NS1 Ag FIA and Standard F Dengue 
IgM/IgG FIA; SD Biosensor, https://www.sd-
biosensor.com) (6). For both patients, rapid assays 
were positive for DENV NS1 antigen only, which 
is considered an early marker for acute DENV in-
fection (7). Results for chikungunya virus, HIV,  
hepatitis B virus, and hepatitis C virus were nega-
tive. Hematologic analyses showed platelet values 
within reference limits but leukopenia (minimum 
2,760 cells/mm3 for case-patient 1 and 1,850 cells/
mm3 for case-patient 2; reference range 4,000–11,000 
cells/mm3) and lymphocytopenia (minimum 750 
cells/mm3 for case-patient 1 and 230 cells/mm3 
for case-patient 2; reference range 1,000–4,800  
cells/mm3).

Case-patient 1 had continuous fever (maxi-
mum temperature 38.5°C) until day 8, skin macu-
lar rash and lymphopenia until day 9, and lowest 
platelet level (98,000 cells/mm3) on day 9. Case-
patient 2 had fever (maximum temperature 38.7°C), 
headache, myalgia, arthralgia, and lymphopenia  
until day 7.

We performed molecular and serologic analy-
ses during the 28-day follow-up period (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/1/23-
1508-App1.pdf). DENV-specific reverse transcrip-
tion PCR on plasma and blood samples collected 
within 3 days after symptom onset yielded positive 
results, enabling us to identify a DENV-3 infection 
(8). Plasma samples remained positive until day 
9 for case-patient 1 and day 8 for case-patient 2. 
Blood samples were positive at day 17 for case-pa-
tient 1 and day 16 for case-patient 2. Saliva sample 
results were positive until day 9 for case-patient 1 
and day 8 for case-patient 2. Positive urine samples 
were observed only at day 9 for case-patient 1 and 
day 16 for case-patient 2. Ocular swab specimens 
remained negative for both patients. At the end of 
the 28-day follow-up period, all samples were neg-
ative in the DENV molecular assay.

We analyzed serum and saliva samples by using 
an immunofluorescence assay to detect DENV-3–
specific IgM, IgG, and IgA at serologic and mucosal 
levels (Appendix). IgM appeared in serum samples 
by day 6 and seroconversion of IgG by day 9 in both 
case-patients. In saliva, IgM, IgG, and IgA were al-
ways negative for case-patient 1, and a positive re-
sult was obtained for IgA at day 8 for case-patient 2, 
suggesting an absent/poor antibody response at the 
mucosal level for these patients.
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Since August 2023, outbreaks of dengue virus (DENV) 
infection have occurred in Italy. We report 2 autochtho-
nous case-patients and their extended follow-up. Despite 
persistent DENV detected in blood by PCR, results for 
antigenomic DENV RNA were negative after day 5, sug-
gesting that a 5-day isolation period is adequate to avoid 
secondary cases.



To determine whether the DENV genome in 
plasma/blood samples was associated with active 
viral replication, we measured levels of antigenom-
ic DENV RNA (negative-strand) (Appendix) by us-
ing a DENV type 3–specific forward primer because 
we considered it to be an indirect marker of ongo-
ing viral replication (9). Both patients had antige-
nomic DENV RNA during the acute phase of infec-
tion (i.e., day 3), and case-patient 2 was positive for 
antigenomic DENV RNA until day 5. Thereafter, 
despite prolonged viral persistence detected by re-
verse transcription PCR in plasma/blood until day 
16, the antigenomic DENV RNA test results were 
always negative, suggesting absence of ongoing ac-
tive viral replication. Patients were discharged at 
day 9 (case-patient 1) and day 8 (case-patient 2) in 
good clinical condition.

DENV-infected patients can transmit the virus 
to Aedes mosquitoes if bitten after symptom onset. 
Therefore, patients should use precautionary mea-
sures to reduce the risk for transmission (i.e., sleeping 
alone) during the first 7 days of febrile illness.

Our results suggest that prolonged viral shed-
ding is not always a marker of ongoing replication in 
blood, and that the 5-day isolation period might be 
adequate to prevent transmission (10). This observa-
tion is relevant for nonendemic countries to limit gen-
eration and spread of autochthonous cases.
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A 67-year-old man in the United Kingdom was seen 
in the emergency department for right lower leg 

pain and swelling with associated fevers lasting 24 
hours. He reported a right heel blister had formed 1 
week earlier, after he purchased new footwear. His 
medical history included obesity, hypertension, atrial 
fibrillation, and left ventricular systolic dysfunction. He 
was a former smoker and had a 40 pack-year history.

On examination, the patient appeared alert and 
comfortable. He was febrile (38.0°C), tachycardic 
(124 beats/min) in atrial fibrillation, and had a stable 
blood pressure (108/72 mm Hg). His respiratory rate 
was 20 breaths/min, and oxygen saturation was 92% 
on room air. He had right leg swelling and erythema, 

extending from the blister on his heel to his mid-calf. 
Blood test results showed leukocyte count was 15.03 
× 109 cells/L (reference range 4.0–11.0 cells/L), neu-
trophils 13.44 (reference 1.5–8.0) × 109 cells/L, and 
lymphocytes 0.38 (reference 1.0–4.0) × 109 cells/L. 
Bilirubin was 41 (reference <21) μmol/L, albumin 34 
(reference 35–50) g/L, and C-reactive protein 20 (ref-
erence <6.0) mg/L.

The patient was started on intravenous flucloxa-
cillin (1g 4×/d) for lower limb cellulitis. Aerobic blood 
culture samples at admission were positive at 11.5 
hours’ incubation and cultures collected 8 hours after 
admission positive at 10.5 hours’ incubation by BD 
Bactec FX system (Becton Dickinson, https://www.
bd.com). Gram stain from the samples showed gram-
negative bacilli, resulting in an immediate change of 
therapy to intravenous amoxicillin/clavulanic acid 
(1.2 g 3×/d) and gentamicin (400 mg; 5 mg/kg based 
on patient’s ideal bodyweight). Direct extract from 
the first sample was tested by matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) 
mass spectroscopy (Bruker Corporation, https://
www.bruker.com), which identified Pseudomonas 
guariconensis with a score of 1.94 within 3 hours of 
the initial culture report. Growth on plates from the 
second blood culture was subsequently confirmed 
to be the same organism. Samples were sent to the 
UK Health Security Agency Antimicrobial Resistance 
and Healthcare Infection reference laboratory, which 
also confirmed P. guariconensis by MALDI-TOF mass 
spectroscopy with a score of 2.62.

The patient’s treatment was changed to intrave-
nous piperacillin/tazobactam (4.5 g 4×/d); gentami-
cin was continued. On review, no local features of 
necrotizing fasciitis were observed, and his leg ap-
peared improved. The patient reported that he had 
been applying several over-the-counter creams of 
uncertain age to his blister since it had developed.  
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We describe a case of necrotizing fasciitis in the United 
Kingdom in which Pseudomonas guariconensis was iso-
lated from multiple blood culture and tissue samples. The 
organism carried a Verona integron-encoded metallo-β-
lactamase gene and evidence of decreased susceptibility 
to β-lactam antimicrobial agents. Clinicians should use cau-
tion when treating infection caused by this rare pathogen.

 
Table. Antimicrobial susceptibility data for blood culture isolates in a case of Pseudomonas guariconensis necrotizing fasciitis, United 
Kingdom* 

Antimicrobial agent 
Admission blood culture by 

ViTek 2† (MIC, mg/L) 
8-h blood culture Tissue culture by 

disc diffusion‡ Disc diffusion‡  Gradient strip (MIC, mg/L) 
Ceftazidime I (4) I ND I 
Ciprofloxacin I (<0.25) I ND I 
Gentamicin S (<1) S ND S 
Meropenem I (4) I I (4) I 
Tobramycin S (<1) S ND S 
Piperacillin/tazobactam R (64) I I (16) I 
Amikacin S (<2) ND ND ND 
Cefepime I (2) ND ND ND 
Imipenem I (1) ND ND ND 
Levofloxacin I (0.5) ND ND ND 
Ticarcillin/clavulanic acid R (>128) ND ND ND 
*All breakpoints are European Committee on Antimicrobial Susceptibility Testing (EUCAST) clinical breakpoints version 11.0, except gentamicin disk 
diffusion testing, for which EUCAST version 9.0 was used. I, susceptible, increased exposure; ND, not done; R, resistant; S, susceptible. 
†bioMérieux, https://www.biomerieux.com. 
‡Using methods from EUCAST (1). 

 



Attempts were made to recover the creams for culture 
but were unsuccessful.

Direct disk susceptibility testing was performed by 
using European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) rapid antimicrobial suscep-
tibility testing (AST) methodology, reading plates at 
16–18 hours, which showed piperacillin/tazobactam 
susceptibility. Although unvalidated for this organ-
ism, AST suggested piperacillin/tazobactam suscepti-
bility at increased exposure compared with EUCAST 
rapid AST breakpoints for P. aeruginosa and standard 
AST clinical breakpoints for Pseudomonas spp. (EU-
CAST criteria version 11.0), which was confirmed by 
standard EUCAST disk diffusion testing (1) from the 
second isolate. The patient’s gentamicin was stopped. 
However, he remained tachycardic and hypotensive.

Confirmatory AST performed by using the VI-
TEK 2 system and software version 9.02 (bioMérieux, 
https://www.biomerieux.com) produced a piper-
acillin/tazobactam MIC of 64 mg/L and meropenem 
MIC of 4 mg/L (Table). Piperacillin/tazobactam MIC 
by gradient strip testing performed on the second 
isolate was increased at 16 mg/L, particularly close 
to the EUCAST breakpoint, and meropenem MIC 
was increased at 4 mg/L. The patient’s therapy was 
changed to 2 g intravenous ceftazidime (2 g 3×/d).

In-house multiplex PCR was performed us-
ing agarose gel electrophoresis for beta-lactamase 
genes (Appendix, https://wwwnc.cdc.gov/EID/
article/30/1/23-1192-App1.pdf), based on previously 
published methodology (2–5). PCR detected a Verona 
integron-encoded metallo-β-lactamase enzyme, consis-
tent with previously reported strains of this species (6,7).

The patient subsequently deteriorated and re-
quired inotropic and vasopressive support. He un-
derwent above-knee amputation and debridement 
after fasciotomies, and exploration confirming necro-
tizing fasciitis. Tissue samples isolated pure growth 
P. guariconensis, and sensitivity testing by standard 
EUCAST disk methodology was consistent with pre-
vious samples (Table).

The patient remained in the critical care unit for 
3 days and had high vasopressor requirements de-
spite adequate antimicrobial drug therapy. He was 
deemed not stable for further surgery; life-sustaining 
treatment was withdrawn, and he died. 

P. guariconensis is a gram-negative, strictly aerobic, 
non–spore-forming, rod-shaped bacterium that is mo-
tile by means of 2 polar flagella, is oxidase and catalase 
positive, and is indole and aesculin negative. P. guarico-
nensis was described in 2013, isolated from rhizospheric 
soil of Vigna unguiculata (L.) Walp. (the cowpea) in 
Guárico, Venezuela (8). Isolates of the same species pro-

ducing novel carbapenemases have been reported from 
environmental samples taken in the Amazon Basin (9).

Reports of P. guariconensis human disease are rare; 
1 case of infective endocarditis was reported in a pa-
tient with underlying lupus erythematosus (10). The 
rarity of reports likely reflects the recent description 
of the species and delays in updates to identification 
methodologies, such as MALDI-TOF databases. This 
case shows the pathogenic potential of P. guariconensis 
in an immunocompetent host and the degree of clini-
cal suspicion required to exclude deep infection when 
isolating an unusual organism from a sterile site. 
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Spiroplasma, a genus of bacteria in the phylum My-
coplasmatota, is characterized by cell structures 

with no cell walls (1). Spiroplasma isolates have been 
primarily reported from plants, guts of insects, tick 

triturates, and crustaceans (2), although a few cases 
of Spiroplasma infection in humans have also been re-
ported, causing cataracts and uveitis in infants and 
systemic infections in immunocompromised patients 
(3–6). We describe a rare Spiroplasma bloodstream in-
fection in a patient after surgery for type A aortic dis-
section in China.

The case-patient, a 68-year-old man, underwent 
surgery to repair his aorta on June 3, 2022, and he 
developed a severe respiratory infection afterward 
while still hospitalized. Fibrobronchoscopy revealed 
extensive and severe airway erosion, with yellow and 
thick sputum adhering to the airway walls. A biopsy 
of a bronchial embolism was taken and sent for exam-
ination (Appendix Figure, panel A, https://wwwnc.
cdc.gov/EID/article/30/1/23-0858-App1.pdf), and 
microscopic observation revealed a layered arrange-
ment of thrombi mixed with neutrophils (Appendix 
Figure, panel B). On June 9, 2022, the patient’s health 
began to deteriorate (Appendix Table). The patient 
was diagnosed with pulmonary infection, acute re-
spiratory distress syndrome, sepsis, and septic shock.

Medical staff performed multiple tests on the 
patient to identify an infectious etiology to explain 
the patient’s acute illness (Table). Candida tropica-
lis was cultured in bronchoalveolar lavage fluid 
(BALF) samples. Seven of 12 blood cultures tested 
positive (Bactec FX; Becton Dickinson, https://www.
bd.com/en-us) for a microorganism that was isolated 
as rare colonies under conditions of 35°C and a 5% 
CO2 atmosphere. Subcultures on Columbia blood 
agar showed pinpoint-size zones of hemolysis with 
no macroscopic colony growth at 4 days of incuba-
tion; however, Gram stain and Giemsa-Wright stain 
of the blood could not detect the presence of bacte-
ria. Finally, metagenomic next-generation sequencing 
was performed on both the blood and BALF samples. 
Unique reads of Spiroplasma eriocheiris (n = 1,577 in 
BALF, n = 2,344 in blood), human alphaherpesvirus 
1 (n = 66,185 in BALF, n = 1,942 in blood), and Asper-
gillus fumigatus (n = 7 in BALF, n = 12 in blood) were 
detected (Table). We have uploaded raw data to the 
National Center for Biotechnology Information Se-
quence Read Archive (BioProject no. PRJNA1021328).

We characterized the cultivated microorganism, 
designated DGKH1, by 16S rRNA gene sequencing 
and whole-genome sequencing analysis. Results of 
16S rRNA gene phylogeny show DGKH1 is closely 
related to S. eriocheiris CCTCC M 207170T (Figure). 
However, the average nucleotide identity value be-
tween the genomes of the 2 isolates was 94%, and the 
average digital DNA–DNA hybridization value be-
tween them was 56%, both of which were lower than 
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We report a case of Spiroplasma bloodstream infection 
in a patient in China who developed pulmonary infection, 
acute respiratory distress syndrome, sepsis, and septic 
shock after emergency surgery for type A aortic dissec-
tion. One organism closely related to Spiroplasma erio-
cheiris was isolated from blood culture and identified by 
whole-genome sequencing.



the threshold values (95%–96% average nucleotide 
identity and 70% digital DNA–DNA hybridization) 
used for delineating prokaryotic species (7). There-
fore, DGKH1 is represented as an unclassified species 
that is phylogenetically related to S. eriocheiris. The 
16S rRNA gene sequence (accession no. OQ955597) 
and genomic DNA sequence (accession no. JAST-
WG000000000) were deposited into GenBank.

Results of serum galactomannan testing were 
negative, and the patient did not respond clinically to 
voriconazole and caspofungin treatment. We theorize 
that C. tropicalis and A. fumigatus played an unlikely 
role in the patient’s infection, and their detection may 
reflect colonization or contamination. We postulate 

that Spiroplasma species and human alphaherpesvirus 
1 were the main causes of pulmonary infection, acute 
respiratory distress syndrome, sepsis, and septic 
shock in this case. Human alphaherpesvirus 1 (previ-
ously known as herpes simplex virus 1) is a poten-
tial cause of multiorgan failure and septic shock (8). 
Although Spiroplasma infection is much less common, 
the related bacteria Metamycoplasma hominis (previ-
ously known as Mycoplasma hominis and Mycoplas-
moides pneumoniae) can cause bloodstream infection, 
pneumonia, and septic shock (9). Unfortunately, even 
with the addition of acyclovir and doxycycline in the 
therapy, the patient developed multiple organ failure 
and died on June 23, 2022.
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Table. Etiologic examination of a postsurgery patient with a blood infection, China, 2022* 
Sampling 
date Sample classification Detection technique Microorganism Report date 
June 11 BALF Culture Candida tropicalis June 13 
 Hydrothorax Culture Negative June 17 
June 12 Blood culture (2 sets) Culture Negative June 18 
June 15 Blood culture (2 sets) Culture Positive (3 bottles): Spiroplasma eriocheiris, identified by 

16S rRNA gene sequencing 
June 27 

 Urine Culture Negative June 18 
 BALF Culture Candida tropicalis June 17 
June 19 BALF Culture Candida tropicalis June 22 
 Blood culture (2 sets) Culture Positive (all): Spiroplasma eriocheiris, identified by 16S 

rRNA sequencing and designated DGKH1 
June 27 

 Blood mNGS† Spiroplasma eriocheiris (2,344, 11.36%) June 20 
Human alphaherpesvirus 1 (1,942, 84.41%) 

Aspergillus fumigatus (12, 0.00%) 
Human gammaherpesvirus 4 (7, 0.27%) 

Human betaherpesvirus 5 (3, 0.08%) 
Human betaherpesvirus 6B (1, 0.04%) 

 BALF mNGS† Human alphaherpesvirus 1 (66,185, 99.49%) June 20 
Spiroplasma eriocheiris (1,577, 0.26%) 

Candida tropicalis (42, 0.00%) 
Aspergillus fumigatus (7, 0.00%) 

*BALF, bronchoalveolar lavage fluid; mNGS, metagenomic next-generation sequencing. 
†Numbers in parentheses indicate unique reads and relative abundance. One set included 2 bottles (1 aerobic and 1 anaerobic). 

 

Figure. Neighbor-joining 
phylogenetic tree based on 16S 
rRNA gene sequences from a 
postsurgery patient with a blood 
infection, China, 2022. Tree shows 
the phylogenetic relationship 
among the strain DGKH1 from 
this study (boldface) and closely 
related species of Spiroplasma. 
Williamsoniiplasma luminosum 
PIMN-1T (GenBank accession 
no. NR025676) was used as an 
outgroup in the tree; GenBank 
accession numbers are provided 
for all sequences. Bootstrap values 
(expressed as percentages of 1,000 
replications) >70% are shown at 
the branch points. Superscript 
T indicates type strains. Scale 
bar indicates substitutions per 
nucleotide position.



In conclusion, we report a rare case of Spiroplas-
ma sp. blood infection in a patient after surgery for 
type A aortic dissection. Spiroplasma is an arthropod-
infecting bacterium that may be part of the commen-
sal microbiome of the human gut; there are 13 pieces 
of relevant information deposited into the gutMEGA 
database (http://gutmega.omicsbio.info) (10). Spi-
roplasma detection is challenging, and the discovery 
and diagnosis of emerging pathogens, such as the one 
we have described, can be aided by new technologies 
such as 16S rRNA gene sequencing and metagenomic 
next-generation sequencing.
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Using Oxford Nanopore technologies and phylogenetic 
analyses, we sequenced and identified the cosmopoli-
tan genotype of dengue virus serotype 2 isolated from 
2 patients in the city of Villavicencio, Meta department, 
Colombia. This identification suggests the emergence 
of this genotype in the country, which warrants further 
surveillance to identify its epidemic potential.



DOI: https://doi.org/10.3201/eid3001.230972

Dengue fever is a viral disease transmitted by 
Aedes spp. mosquitoes; the Americas are one of 

the most severely affected regions (1). The causative 
agent of dengue fever is the dengue virus (DENV), a 
positive-sense single-stranded RNA virus with a ge-
nome size of ≈10.7 kilobase. This virus is categorized 
into 4 distinct serotypes (DENV-1–4), classified on the 
basis of their surface antigens, and each serotype fur-
ther consists of different genotypes that are phyloge-
netically distinct (2,3).

Recent epidemics in South America have been 
primarily attributed to the DENV-2 serotype, accord-
ing to epidemiologic reports from the region (4). In 
Colombia, 70,418 cases of dengue fever have been 
reported as of August 2023; DENV-2 has been identi-
fied in most cases (5). Currently, this serotype con-
sists of 5 genotypes named according to the region 
in which they circulate. Asian I and II genotypes are 
predominantly found in Asia, whereas the American 
genotype, which is no longer in circulation, was once 
prevalent in Central and South America. In the 1980s, 
the American genotype was replaced by the Asian-
American genotype, which now circulates in South-
east Asia and the Americas. Last, the cosmopolitan 
genotype is noteworthy for its extensive global distri-
bution, spanning 5 continents (6).

The cosmopolitan genotype has recently ex-
panded in Africa and the Americas (7). This wide-
spread dispersal has led to substantial intrageno-
type heterogeneity, reflecting the evolutionary 

forces acting within this genotype that are associated  
with its transmission. An outbreak attributed to the 
cosmopolitan genotype was reported in Madre de 
Dios Province, Peru, in 2019, coinciding with its re-
cent expansion in Africa (8,9). In 2021, an addition-
al 2 reports were documented in the states of Acre 
and Goiás in Brazil (4). Those reports shed light on 
a potential introduction route of the genotype into 
Brazil, specifically from the border with Peru (4). 
In 2023, the World Health Organization reported 
an outbreak in Latin America, generating a state of 
alert because of the increase in DENV cases (10). The 
genetic characteristics acquired during the extensive 
dissemination of the cosmopolitan genotype em-
phasize the need for further research into its diver-
sity, evolution, and transmission dynamics within 
DENV-endemic areas.

In this report, we discuss 2 cases of the cosmopol-
itan genotype DENV-2 identified in Villavicencio, a 
city in the Meta department of Colombia. Of note, this 
department had the highest number of DENV cases 
in Colombia in 2023, accounting for 15.4% (10,859 
cases) of total cases reported nationwide as of August 
(5). The 2 cases involved 2 young men with no travel 
history residing in suburban neighborhoods in south-
ern Villavicencio (Figure, panel A). Both patients 
exhibited symptoms of fever, headache, myalgia, in-
tense and continuous abdominal pain, and a platelet 
count of <100,000. Those symptoms align with the 
classification of DENV infection with warning signs, 
and dates of symptom onset were April 26, 2023, and 
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Figure. Phylogenetic analysis of dengue virus 2 cosmopolitan genotype, Colombia. A) Geographic location of the neighborhoods where 
the patients’ residences are situated. B) Maximum-likelihood tree rooted at the midpoint depicts the evolutionary relationships of the 
complete genome sequence of the dengue virus 2 cosmopolitan genotype identified in 2 patients from the city of Villavicencio in Meta 
department, Colombia (red circles), along with 1,001 publicly available sequences from GenBank. The highlighted blue area is shown in 
a time-resolved maximum-likelihood tree in expanded panel; colors represent different sampling locations. Scale bar indicates number of 
substitutions per site. 



April 29, 2023.
Serum samples were collected and sent to the 

microbiology laboratory at Universidad del Rosario 
in Bogotá, Colombia for processing. We extracted 
viral RNA using the Quick-RNA Viral Kit (Zymo 
Research, https://zymoresearch.eu). The infection 
was confirmed to be caused by the DENV-2 serotype 
using the previously described protocol (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/1/23-
0972-App1.pdf). We performed whole-genome se-
quencing using MinION (Oxford Nanopore Tech-
nology, https://nanoporetech.com) to determine 
the corresponding genotype classification and to 
conduct subsequent analysis of the local distribu-
tion of DENV (Appendix). The Technical Research 
Committee and Ethics Research Board from Univer-
sidad del Rosario in Bogotá, Colombia approved the 
protocol implemented in this study (approval no. 
DVO005 1585-CV142).

We conducted an initial maximum-likelihood 
phylogenetic analysis to identify the genotype. The 
analysis revealed that the sequences obtained from 
the patients were closely related, belonged to the 
DENV-2 cosmopolitan genotype, and were placed 
within the South America sequences found in Tefé 
and Tabatinga, Brazil, and Madre de Dios in Peru 
(Figure, panel B).

Further examination using a time-resolved max-
imum-likelihood tree demonstrated that those se-
quences were closely related to sequences reported 
in the Tabatinga province in Brazil. The bootstrap 
support for this relationship was 95% (Figure, panel 
B). This finding suggests potential cross-border trans-
mission in the Tabatinga province, highlighting the 
possibility of viral spread across borders.

In conclusion, although genetic data alone cannot 
provide conclusive evidence about the directionality 
of the introduction of the DENV-2 cosmopolitan gen-
otype, insights gained from phylogenetic reconstruc-
tion and temporal information suggest a potential 
introduction from Tabatinga, Brazil, with subsequent 
spread northwards in Colombia. Tabatinga is located 
in the tripartite border region between Brazil, Colom-
bia, and Peru adjacent to the Amazonas department 
in southern Colombia. Because of the limited research 
available on the cosmopolitan genotype, our under-
standing of its effects on dengue disease dynamics 
in Colombia remains incomplete. Further investiga-
tions are required to gain a more comprehensive in-
sight into its potential for local, regional, and global 
epidemics. Our findings highlight the importance of 
implementing robust genomic surveillance in the re-
gion, especially considering the ongoing outbreak in 

Latin America.
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Mycobacterium senegalense, also referred to as M. 
conceptionense, is a nonpigmented rapid-grow-

ing mycobacterium belonging to the M. fortuitum 
group, which was first isolated in 2006 from a post-
traumatic osteitis inflammation in France (1,2). Only 
a handful of M. conceptionense cases are readily iden-
tifiable in existing literature. Infections can manifest 
with pulmonary involvement but more commonly 

manifest as skin or subcutaneous infection, such as 
after face rejuvenation surgery, breast augmentation 
surgery, gastric carcinoma resection, or subcutane-
ous ankle infection (3–6). Mycobacterial species like 
M. senegalense have been found in irrigation systems, 
soil, domestic and wild animals, and dairy products 
(7,8). Cases of M. senegalense infection have been ob-
served in France, Iran, Taiwan, South Korea, Japan, 
and the United States, demonstrating an unidentifi-
able pattern of regional bacterial prevalence.

Establishing an accurate diagnosis of M. senegalense 
infection is incredibly difficult, requiring histological ex-
amination and extensive mycobacterial cultures (9). The 
limited susceptibility data also mean an optimal therapy 
has not been completely established, which leaves cer-
tain patient populations, particularly the elderly and 
immunocompromised, susceptible to increased illness 
and death from M. senegalense infection (10). We report a 
complicated case of M. senegalense infection in a patient 
with a previous kidney transplant and insulin-depen-
dent diabetes mellitus in Memphis, Tennessee, USA.

A 70-year-old Black woman with end-stage kidney 
disease sought care for a painful, swollen, abdominal 
wall abscess. She had first noticed the lesion ≈3 weeks 
before in the left mid-abdomen, where she frequently 
injected insulin. The patient denied any recent travel, 
drainage at the site, or fever. The 7- × 4-cm abscess was 
drained the next day without complications, and we sent 
the custard-like purulent material for laboratory testing.

The patient had undergone a right-sided cadaveric 
renal transplant 8 years before; her immunosuppres-
sive regimen consisted of tacrolimus, mycophenolate, 
and prednisone. The patient’s past diagnoses at the 
time of infection included type 2 diabetes mellitus, lu-
pus, hypertension, hyperlipidemia, sleep apnea, and 
coronary artery disease. Insulin injections create small 
open wounds where pathogens can enter and cause 
infection. An environmental source of the infection 
was not sought. The hospital microbiology laboratory 
detected acid-fast bacilli on direct AFB smear. The pa-
tient immediately began empiric antimicrobial drugs, 
including doxycycline (100 mg 2×/d) and levofloxacin 
(250 mg 1×/d), adjusted for her creatinine clearance.

The isolate was sent to the National Jewish Myco-
bacteriology Reference Laboratory (Denver, Colora-
do, USA) for confirmation and susceptibility testing. 
Sanger sequencing analysis was performed; BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) testing of 
the rpoB sequence results against the public GenBank 
database identified M. senegalense (>99% homology to 
existing sequences). A line probe assay for common 
nontuberculous mycobacteria, GenoType NTM-DR 
(Hain Lifescience, https://www.hain-lifescience.de), 
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Fewer than 30 cases of Mycobacterium senegalense 
infection have been reported. We report a complicated 
case of M. senegalense infection in Memphis, Tennes-
see, in the southeastern United States. The patient’s co-
morbidities of past organ transplant and insulin-depen-
dent diabetes required delicate consideration of those 
health conditions to guide treatment.



was performed first to differentiate qualitatively and 
in vitro species of several strains of mycobacteria, 
such as M. avium complex, M. abscessus, M. chelonae, 
M. intracellulare, M. chimaera, M. massiliense, M. bolletii, 
and M. chelonae, but did not yield a species-level iden-
tification. Those tests supported identification as M. 
senegalense, and the sequence was deposited in Gen-
Bank (accession no. OR644277). In vitro susceptibil-
ity testing demonstrated the antibiotics to which the 
isolate was susceptible, intermediate, and resistant, 
according to Clinical and Laboratory Standards Insti-
tute guidelines (https://clsi.org) (Table).

The patient continued taking doxycycline. Le-
vofloxacin was stopped after the patient reported 
nausea and vomiting. Because of increasing creati-
nine levels, trimethoprim/sulfamethoxazole was not 
used. The isolate was susceptible to clarithromycin, 
but it was not selected because of ongoing tacrolimus 
treatment. Amoxicillin/clavulanate was chosen, de-
spite the isolate’s intermediate susceptibility, because 
of better patient tolerance. The final drug regimen 
was doxycycline (100 mg 2×/d) and amoxicillin/cla-
vulanate (250/125 mg 2×/d) adjusted for renal func-
tion; expected treatment course was 4–6 months. At 
the 3-month clinic follow-up, the lesion had notably 
shrunk to a 3- × 0.8-cm open wound with no drainage, 
foul odor, or tenderness. By 6-month follow-up, the 
lesion had closed and was hyperpigmented and flat, 
without fluctuance or signs of active infection.

We achieved identification of M. senegalense 
through rpoB gene sequencing, and treatment was 
guided by antibiotic susceptibility options. Separat-
ing M. senegalense from the rest of the M. fortuitum 
complex species helps guide appropriate treatment 
and epidemiologic analysis of mycobacterial spe-
cies by geographic location. This patient presented 
a unique and delicate case in which adequate treat-
ment required thorough consideration of other 
medications, diagnoses, and comorbidities. Overall, 
this complicated, interesting case of M. senegalense 
infection at the site of insulin injections for a dia-
betic patient in the southeastern United States adds 
to the limited body of M. senegalense infection and 
treatment knowledge. This case highlights that M. 
senegalense is present in this region, suggesting a 
higher index of suspicion is needed for patients in 
those areas. 
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Table. Antibiotic susceptibility testing for Mycobacterium 
conceptionense sample from kidney transplant patient with 
diabetes, Memphis, Tennessee, USA* 
Antibiotic  MIC, µg/mL Interpretation 
Amikacin IV <8 S 
Amoxicillin/clavulanate 8/4 NI 
Azithromycin <16 NI 
Cefepime >32 NI 
Cefotaxime >64 NI 
Cefoxitin <16 S 
Ceftriaxone >64 NI 
Ciprofloxacin <1 S 
Clarithromycin <0.25 S 
Clofazimine <0.5 NI 
Clofazimine/amikacin† <0.5/2 NI 
Doxycycline <1 S 
Gentamicin <2 NI 
Imipenem <2 S 
Kanamycin <8 NI 
Linezolid 4 S 
Minocycline <1 NI 
Moxifloxacin <0.5 S 
Tigecycline <0.25 NI 
Tobramycin 4 I 
Trimethoprim/sulfamethoxazole 1/19 S 
*I, intermediate; NI, no Clinical Laboratory Standards Institute guidelines 
for this antibiotic/organism combination; R, resistant; S, susceptible.  
†Clofazimine is not available as a combined medication commercially in 
the United States. It is available in the National Jewish Mycobacteriology 
Reference Laboratory for testing purposes only. 
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Norovirus is the most common cause of acute vi-
ral gastroenteritis among adults and children 

and has no currently approved vaccine (1). Noro-
virus is genetically diverse and is classified into 10 
genogroups (GI–GX) representing ≈50 genotypes, of 
which GI and GII predominantly infect humans (2). 
Currently, dual-typing of the RNA-dependent RNA 
polymerase (RdRp) gene in the open reading frame 
1 region and the major capsid protein (VP1) gene 
in the open reading frame 2 region is required for 
proper genotype assignment and detection of viral 
recombinants (3).

In June 2023, health officials in Thailand were 
investigating diarrheal outbreaks that occurred on 
Phuket Island in southern Thailand, which is fre-
quented by international travelers (https://www.
bangkokpost.com/thailand/general/2592541/
phukets-diarrhoea-outbreak-wanes-cause-still-
unknown). Two stool specimens were eventually 
sent to our laboratory at the Center of Excellence 
in Clinical Virology at Chulalongkorn University 
(Bangkok) for molecular typing. The study was ap-
proved by Chulalongkorn University Institutional 
Review Board (approval no. 549/62). After viral 
RNA extraction from the stool specimens, quantita-
tive real-time reverse transcription PCR (4) identi-
fied GII norovirus in both specimens. Confirmation 
assays using conventional reverse transcription PCR 
(5) with additional primers (Appendix 1 Table 1) 
and nucleotide sequencing yielded near-complete 
genomes, which we subjected to the norovirus geno-
typing tools of the Netherlands’ National Institute 
for Public Health and the Environment (https://
www.rivm.nl/mpf/norovirus/typingtool) and 
the US Centers for Disease Control and Prevention 
(https://calicivirustypingtool.cdc.gov).

Both specimens from Phuket were human noro-
virus GII.8[P8]. Because GII.8[P8] is relatively uncom-
mon and rarely linked to large outbreaks, we retro-
spectively examined archived stool specimens dating 
back to 2018 to determine the frequency of past infec-
tion in the country. We identified 8 additional GII.8 
strains (Table), all of which were GII.8[P8]. We depos-
ited these complete genome sequences in GenBank 
(accession nos. OR546391–OR546400).

All 10 patients who tested positive for GII.8[P8] 
were relatively young (age range 3–29 years, mean age 
10.8 years + 7.1 SD). Five patients had vomiting and 
diarrhea, 3 had vomiting only, and 2 had diarrhea only 
(Appendix 1 Table 2, https://wwwnc.cdc.gov/EID/
article/30/1/23-1264-App1.pdf). Minor symptoms 
were nausea, abdominal pain, fever, and headaches. 
All but 1 patient required 1–2 nights of hospital stay.
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Acute gastroenteritis associated with human norovirus in-
fection was reported in Phuket, Thailand, in June 2023. 
We amplified GII.8[P8] from the outbreak stool speci-
mens. Retrospective sample analysis identified infrequent 
GII.8[P8] in the country beginning in 2018. In all, the 10 
whole-genome GII.8[P8] sequences from Thailand we ex-
amined had no evidence of genotypic recombination.
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Table. Human norovirus GII.8[P8] strains identified in Thailand, 2018–2023 
Collection date Specimen ID Patient age, y/Sex Location Specimen type 
2018 Feb 2 B4899 5/M Saraburi Stool 
2018 Feb 18 B5182 7/M Bangkok Stool 
2018 Sep 18 B6213 6/F Nonthaburi Stool 
2019 Jul 30 B6941 12/M Nonthaburi Stool 
2020 Feb 04 B7634 29/F Bangkok Stool 
2023 Feb 22 B9202 3/M Bangkok Stool 
2023 Feb 27 B9256 12/F Chaiyaphum Stool 
2023 Apr 19 B9804 10/M Bangkok Stool 
2023 Jun 14 B10039 12/F Phuket Rectal swab 
2023 Jun 13 B10069 7/F Phuket Stool 

 

Figure. Phylogenetic analysis of the complete nucleotide sequences of noroviruses identified in Thailand, 2018–2023 (black dots), and 
reference sequences. A) RNA-dependent RNA polymerase (RdRp) region; B) major capsid protein (VP1) region. Trees were generated 
using the maximum-likelihood method based on the general time reversible model, with 1,000 bootstrap replications for branch support 
as implemented in MEGA software version 11 (http://www.megasoftware.net). Bootstrap values >80 are indicated at the branch nodes. 
GenBank accession numbers for reference sequences are provided in parentheses. Scale bar indicates nucleotide substitutions per site.



From the complete nucleotide sequences of the 
RdRp and VP1 genes, the GII.8[P8] strains from  
Thailand phylogenetically clustered with strains iden-
tified in Canada (GenBank accession no. MW661257), 
China (GenBank accession nos. MK213549 and 
MN996298), and the United States (GenBank acces-
sion nos. MZ292794 and OP686904) during the pre-
vious 10 years (Figure). Collectively, nucleotide se-
quence identities of GII.8[P8] strains from Thailand 
and other strains were 85%–99% over the entire ge-
nome compared with the prototypic GII.8[P8] Saita-
maU25 (GenBank accession no. AB039780) (Appen-
dix 1 Figure). However, Phuket GII.8[P8] appeared 
to diverge most from other GII.8[P8] strains in parts 
of the nonstructural protein 1–2 (p48), nonstructural 
protein 3 (NTPase), and VP1 shell domain.

To address whether Phuket GII.8[P8] strains had 
developed notable amino acid changes on its genome, 
we compared their deduced residues to other GII.8[P8] 
strains. Phuket GII.8[P8] shared many unique resi-
due changes with the most recent strain from Thai-
land (B9804) identified in Bangkok 2 months prior 
(Appendix 2 Table, https://wwwnc.cdc.gov/EID/
article/30/1/23-1264-App2.xlsx). No apparent muta-
tions to suggest increased virulence or viral transmis-
sibility were obvious, although >10 residue positions 
scattered throughout the GII.8[P8] genome identified 
in Thailand in 2023 were not shared by other known 
GII.8[P8] sequences. Most residue variations were 
conservative changes; however, T479S on VP1 is a 
highly conserved position among GII noroviruses.

The potential for GII.8[P8] to cause the recent nor-
ovirus outbreak in Phuket was unexpected given that 
the last reported outbreak in Thailand wad caused by 
a novel GII.3[P25] recombinant in Chanthaburi Prov-
ince (6). Of note, GII.8[P8] outbreaks are infrequent 
(7), and the most recent occurrence was foodborne 
(through contaminated raspberries) (8). No specific 
food source was identified and laboratory-confirmed 
for norovirus, and anecdotal evidence suggests prob-
able person-to-person norovirus transmission in the 
Phuket outbreak. Reports of GII.8[P8] infection in the 
literature have not identified RpRp–VP1 recombi-
nants, and comprehensive historical analysis of nor-
ovirus sequences suggests that GII.8 RdRp and VP1 
rarely recombine with other genotypes (9).

Molecular analysis in this study was limited be-
cause <40 complete GII.8[P8] genomes were avail-
able in the public database. This study was also 
constrained by the scarcity of specimens sent for 
laboratory testing, which underscored limited aware-
ness and importance placed by health officials toward 
timely etiologic diagnosis. A study suggests that an-

tibodies elicited by GI.1 and GII.4 (2 genotypes in the 
norovirus vaccine candidate under consideration) 
minimally block the binding of GII.8 VLPs to histo–
blood group antigens (10). Although unlikely, any 
potential increase in the prevalence of GII.8[P8] could 
affect real-world norovirus vaccine effectiveness. In 
summary, GII.8[P8] genomes identified in this study 
are expected to contribute to the ongoing molecular 
and epidemiologic surveillance of community-ac-
quired norovirus infection, which could benefit the 
tracking of global norovirus transmission.
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Reports of bacterial sexually transmitted infections 
(STIs) (e.g., chlamydia, gonorrhea, and syphilis) 

in the United States are at the highest level in several 
decades (1). A useful tool for preventing STIs may 
be prophylactic use of doxycycline taken within 72 
hours after a sexual encounter (2–5). However, con-
cerns about development of antimicrobial resistance 
(AMR) (e.g., in Neisseria gonorrhea, which is listed 
by the Centers for Disease Control and Prevention 

as an urgent AMR threat), may affect provider atti-
tudes toward prophylactic use of doxycycline (6). To 
determine differences in the practices and beliefs of 
providers who work with STI patients (STI providers) 
and do not work with STI patients (non–STI provid-
ers) with regard to prophylactic use of doxycycline 
for STIs and their concerns about potential AMR con-
sequences, we analyzed survey responses.

We analyzed data from the DocStyles panel sur-
vey (https://styles.porternovelli.com/docstyles) 
conducted by SERMO, a social network platform for 
physicians (https://www.sermo.com) in conjunction 
with Porter Novelli during September 9–November 3, 
2022. Of 1,755 US healthcare providers who respond-
ed (response rate 67.0%), we focused on a sample of 
1,504 healthcare providers, including family physi-
cians (457, 30.4%), internists (545, 36.2%), obstetri-
cian/gynecologists (251, 16.7%), and nurse practitio-
ners/physician assistants (251, 16.7%). We excluded 
251 pediatricians.

We further stratified analyses by the percentage 
of the providers’ practice focused on clinical manage-
ment of STIs. Providers were asked, “What propor-
tion of your visits include screening for, diagnosing, 
or treating sexually transmitted infections?”; the 5 
possible responses were “none,” “some, but less than 
10%,” “more than 10% up to 25%,” “more than 25% 
up to 50%,” or “more than 50%.” The 743 respondents 
whose practice consisted of <10% STI management 
were considered non–STI providers, and the 761 oth-
ers were considered STI providers. We further ascer-
tained provider age, sex, specialty, and number of 
years in practice.

We asked 4 questions about use and beliefs with 
regard to doxycycline prophylaxis and antimicrobial 
resistance (Figure), and the 5 response choices were 
“strongly disagree,” “somewhat disagree,” “neither 
agree nor disagree,” “somewhat agree,” or “strongly 
agree.” We used χ2 tests to compare the percentage of 
respondents who chose “strongly agree,” and “agree” 
between STI providers and non–STI providers. We 
further tested those differences by using adjusted lo-
gistic regression models controlling for provider age, 
sex, number of years in practice, and specialty (Table).

Among STI providers, 41.9% said that they had 
ever prescribed doxycycline for STI prophylaxis, 
compared with 21.0% non–STI providers (p<0.01). 
Among STI providers, 57.4% either strongly agreed 
or agreed with the statement, “I have seen an increase 
in antibiotic resistant infections among my patients 
over the past 5 years,” compared with 57.6% of non–
STI providers (p = 0.94). Among STI providers, 63.5% 
either strongly agreed or agreed with the statement, 
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Use of doxycycline to prevent sexually transmitted infec-
tions (STIs) may lead to antimicrobial resistance. We ana-
lyzed attitudes toward this practice between US providers 
who commonly and less commonly treat STIs. Providers 
who more commonly treat STIs are more likely to pre-
scribe prophylactic doxycycline and believe that benefits 
outweigh potential for increased antimicrobial resistance.



“I am concerned that the prophylactic use of doxycy-
cline contributes to antibiotic resistance,” compared 
with 62.1% of non–STI providers (p = 0.57). Among 
STI providers, 47.0% either strongly agreed or agreed 
with the statement, “The benefits of prophylactically 
prescribing doxycycline to a patient who is at high 
risk of contracting a sexually transmitted infection 
outweigh the possibility of increasing antibiotic re-
sistance,” compared with 36.6% of non–STI providers 
(p<0.01) (Figure).

When we used adjusted logistic regression mod-
els to control for provider age, sex, specialty, and 
number of years in practice, STI providers were >2.5 
times more likely to have used doxycycline prophy-
lactically for STI prevention (adjusted odds ratio 
[aOR] 2.76, 95% CI 2.20–3.48) compared with non–
STI providers. STI providers were no more likely 
than non–STI providers to agree that they had seen 
an increase in AMR among their patients over the 

past 5 years (aOR 1.00, 95% CI 0.81–1.23) or that the 
prophylactic use of doxycycline contributes to AMR 
(aOR 1.09, 95% CI 0.88–1.35). STI providers had ≈50% 
greater odds than non-STI providers to agree that the 
benefits of prophylactically prescribing doxycycline 
for a patient who is at high risk of contracting an STI 
outweigh the possibility of increasing AMR (aOR 
1.54, 95% CI 1.24–1.89).

Our findings suggest that providers whose prac-
tice includes >10% STI care are more likely to use 
doxycycline prophylactically for STI prevention and 
to believe that the benefits of doxycycline as STI 
postexposure prophylaxis outweigh the potential 
for increased AMR compared with providers who 
do not routinely care for patients with STIs. How-
ever, similar proportions of both groups reported 
concern about the role of prophylactic doxycycline 
in increasing AMR. Data on the effects that prophy-
lactic use of doxycycline may have on development 
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Figure. Comparison of 
prophylactic use of doxycycline 
and beliefs about antimicrobial 
resistance among US STI 
providers and non-STI providers.  
*Indicates a statistical difference 
(p<0.05) according to χ2 analyses.

 
Table. Logistic regression models comparing STI providers with non–STI providers on practices regarding prophylactic use of 
doxycycline and beliefs about antimicrobial resistance, United States* 
Question/response Likelihood 
Do you ever or have you ever prophylactically prescribed doxycycline for the prevention of a sexually transmitted infection? By 
prophylactic use, we mean taking doxycycline to prevent infection ahead of or immediately after exposure risk; response: “yes” 
 STI provider aOR 2.76, 95% CI 2.20–3.48 
 Non–STI provider Referent 
I have seen an increase in antibiotic resistant infections among my patients over the past 5 years; response “agree” or “strongly agree” 
 STI provider aOR 1.00, 95% CI 0.81–1.23 
 Non–STI provider Referent 
I am concerned that the prophylactic use of doxycycline contributes to antibiotic resistance; response: “agree” or “strongly agree” 
 STI provider aOR 1.09, 95% CI 0.88–1.35 
 Non–STI provider Referent 
The benefits of prophylactically prescribing doxycycline to a patient who is at high risk of contracting a sexually transmitted infection 
outweigh the possibility of increasing antibiotic resistance; response: “agree” or “strongly agree” 
 STI provider aOR 1.53, 95% CI 1.25–1.89 
 Non–STI provider Referent 
*STI providers, n = 761; non–STI providers, n = 743. Controlled for age of provider, sex of provider, specialty of provider, and number of years in practice. 
aOR, adjusted odds ratio; STI, sexually transmitted infection.  

 



of AMR are limited (5), although antimicrobial use 
can contribute to the development of AMR (7). Ad-
ditional education on this topic for providers who 
routinely treat STIs and for providers who routinely 
prescribe doxycycline will help minimize any poten-
tial AMR threats.
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Shiga toxin–producing Escherichia coli (STEC) 
cause gastrointestinal illness and can result in 

hemolytic uremic syndrome (HUS) (1). Asymptom-
atic STEC infections can occur and might remain 
undetected (2,3), making the population incidence 
of STEC higher than reported through routine sur-
veillance. In Australia, laboratory-confirmed STEC, 
based on isolation by culture or detection of stx 
gene(s) by nucleic acid testing of feces, is a nation-
ally notifiable condition (4). In 2022, the national 
notification rate was 3.2 cases/100,000 population/
year in Australia and 0.6 cases/100,000 population/
year in Queensland (5).

The frequency of asymptomatic STEC cases in-
creased in Queensland from 2% in 2018–2019 to 29% 
in 2022. We reviewed the reports for 2020–2022 and 
found that an increasing number of STEC cases had 
been reported from a specialty pathology laboratory 
(SPL) in the state of Victoria that services healthcare 
providers, including alternative health practitioners 
(naturopaths and nutritionists).

We undertook further analysis to clarify the rea-
son for increasing case numbers. This analysis in-
volved descriptive analysis of STEC case data extract-
ed from the Queensland Health Notifiable Conditions 
System database and case report forms for January 
2020–December 2022. Ethics approval for this study 
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In Queensland, Australia, 31 of 96 Shiga toxin‒pro-
ducing Escherichia coli cases during 2020–2022 
were reported by a specialty pathology laboratory 
servicing alternative health practitioners. Those new  
cases were more likely to be asymptomatic or paucis-
ymptomatic, prompting a review of the standard public 
health response.



was obtained from the Australian National Univer-
sity (protocol 2017/909).

SPL diagnosed STEC by performing multiplex 
PCR for enteric pathogens on fecal samples from pa-
tients. STEC confirmation and characterization of cul-
ture-positive isolates were performed subsequently 
by the Microbiology Diagnostic Unit Public Health 
Laboratory (Doherty Institute, University of Mel-
bourne, Melbourne, Victoria, Australia). Other STEC 
cases referred to in this study were tested by pathol-
ogy laboratories or the Queensland STEC reference 
laboratory (Public Health Microbiology, Forensic and 
Scientific Services, Queensland Health) by using PCR 

or culture. Additional confirmatory testing (culture, 
PCR, serotyping, genomic analysis) were performed 
by the reference laboratory.

STEC was reported from an SPL to Queensland 
Health on March 13, 2020. During 2020–2022, a total 
of 96 STEC cases were reported, 31 (32%) from the 
SPL and 65 (68%) from other pathology laboratories 
that provide services for medical practitioners only 
(Table; Figure). SPL-reported case-patients were 
more commonly female (81%) compared with other 
pathology laboratories (43%) (Table). Of the SPL-di-
agnosed cases, 85% (23/27) had stool testing request-
ed by alternative health practitioners, naturopath  
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Table. Characteristics of 31 STEC cases diagnosed by the specialty pathology laboratory and other pathology laboratories, 
Queensland, Australia, 2020–2022* 

Characteristics 
Specialty pathology laboratory 

 
Other pathology laboratories p value

  Value % (95% CI) Value % (95% CI) 
Sex, no. (%)       
 M 6  19 (9–38)  37/65 57 (44–69) 0.001 
 F 25  81 (62–91)  28/65  43 (31–55) 
Median age, y (range) 35 (1–65)   31 (<1–90)   
Clinical manifestation       
 Symptomatic† 16/29 (55) 36–73  56/64 88 (77–94) 0.001 
 Bloody diarrhea 1/29 (3) 0–22  37/64 58 (45–69) <0.001 
 HUS (% of all cases) 0 0  9/64 14 (7–25) 0.024 
 Hospitalized 0 0  27/62 4 (32–56) <0.001 
 Household contacts‡ 0 0  6/65 9 (4–19) 0.174 
Laboratory culture positive 20/30 67 (47–83)  27/65 42 (29–54) 0.023 
stx genes       
 stx1 positive, stx2 negative 6/26 23 (9–44)  14/65 22 (12–33) 0.873 
 stx2 positive, stx1 negative 9/26 35 (17–56)  33/65 51 (38–63) 0.059 
 stx1 positive, stx2 positive 11/26 42 (23–63)  18/65 28 (17–40) 0.176 
eaeA (intimin) positive 1/5 20 (1–72)  20/39 51 (35–68) 0.348 
ehxA (enterohemolysin) positive 4/4 100 (40–100)  26/36 72 (55–86) 0.558 
Serotypes known to cause severe disease       
 O111 1/20 5 (1–25)  2/28 7 (1–24) 0.762 
 O157 0 0  6/28 21 (8–41) 0.034 
 O26 0 0  2/28 7 (1–24) 0.504 
 O145 0 0  2/28 7 (1–24) 0.504 
*Values are no. cases or no. positive/no. tested except as indicated. Denominators reflect total cases where the relevant field was completed. HUS, 
hemolytic uremic syndrome; STEC, Shiga toxin‒producing Escherichia coli. 
†Gastrointestinal symptoms. 
‡Includes contacts of a case and are cases of the study population. 

 

Figure. Shiga toxin‒producing 
Escherichia coli cases by 
month and year of episode date 
(earliest of specimen collection/
onset dates) and reporting 
laboratories, Queensland, 
Australia, 2018–2022.



(n = 19) or nutritionist (n = 4); 15% (4/27) were re-
quested by medical practitioners, and the request 
source was unknown for 4 other cases. Of the case-
patients diagnosed by pathology laboratories other 
than SPL, 92% (60/65) consulted medical practitio-
ners, 6% (4/65) were identified during public health 
follow-up as a close contact of a previously reported 
case-patient, and 2% (1/65) were diagnosed after fe-
cal donor screening.

More case-patients given a diagnosis by other pa-
thology laboratories were symptomatic, experienced 
bloody diarrhea, and were hospitalized than were 
SPL-diagnosed case-patients (Table). HUS was re-
ported in case-patients given a diagnosis by other pa-
thology laboratories, among children and older adults 
(age range <1–85 years). Serotypes (O111, O157, O26, 
O145) and genes (stx2 only detection and eaeA detec-
tion) known to cause severe disease (6,7), were higher  
for cases diagnosed by other pathology laboratories 
(Table). Data on subtypes of stx were available for 
4 SPL and 14 other laboratory cases. stx2a, the toxin 
gene variant reported as being associated with severe 
disease, was detected only among cases diagnosed by 
other pathology laboratories (n = 6); all of those cases 
were symptomatic.

Consistent with current Queensland Health 
guidelines, all reported STEC cases are investigated 
and followed up to identify a source of infection (1). 
Case-patients are excluded from working in high-risk 
settings, and all case-patients, household contacts, 
and other symptomatic contacts are followed until 
evidence of microbiological clearance (2 successive 
negative stool samples 24 hours apart) (1). Although 
asymptomatic case-patients can infect other persons, 
evidence and guidance for managing asymptomatic 
cases is varied and less clear (8). In low-risk settings, 
treatment and exclusion of asymptomatic cases might 
not be necessary (8).

stx genes can be detected in stool specimens 
even when bacterial culture is negative (9). Use of 
higher sensitivity PCRs for STEC screening can re-
sult in an increase in notifications. A range of STEC 
virulence factors and host factors can influence clin-
ical manifestations and outcome of infection, and 
it has been proposed that certain profiles could be 
useful predictors of strains associated with caus-
ing severe illness (10). Although causal inference 
of these factors with severity of disease could not 
be established, this investigation provided insight 
into the observation of increasing detection of mild 
STEC infection and changes in laboratory testing 
practices, including testing requests by alternative 
health practitioners.

Management of STEC cases requires resources 
for follow-up and testing of both symptomatic and 
asymptomatic case-patients and their contacts. There-
fore, reports of asymptomatic cases and changes in 
testing practices, as shown by this study, suggest a 
need to revise existing guidelines for the management 
of STEC cases on the basis of clinical manifestations,  
laboratory testing, identification of risk-groups, and 
available resources.
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Hepatitis C virus (HCV) can be transmitted peri-
natally (1). Rates of acute HCV infection have 

increased recently (2), but few children perinatally 
exposed to HCV are tested and referred to care (3). 
As of November 2023, the Centers for Disease Control 
and Prevention recommends testing of all perinatally 
exposed infants for detection of HCV RNA at age 2–6 
months, which is earlier than previous recommenda-
tions of ≥18 months of age for HCV antibody testing 
(4). There may be advantages to performing HCV 
RNA testing earlier, before children might become 
lost to follow-up (5). A prior analysis found only 16% 
of children perinatally exposed to hepatitis C in Phil-
adelphia, Pennsylvania, USA, received HCV testing 
(6). Limited data are available from larger surveil-
lance cohorts about current testing patterns of chil-
dren perinatally exposed to HCV.

Positive HCV test results are nationally notifiable 
in the United States, but negative HCV test results are 
not. To identify potential gaps in testing and surveil-
lance, we used positive HCV test results to describe 
testing and frequency of children diagnosed with 
perinatal hepatitis C during 2018–2020 compared 
with the expected frequency of perinatal transmis-
sion in 7 US jurisdictions. This activity was deemed 
as public health surveillance and not research at Cen-
ters for Disease Control and Prevention, thus exempt 
from institutional review board review.

We assembled a retrospective cohort from sur-
veillance data of pregnant women. The exposure of 
interest was prenatal exposure to HCV, and perina-
tal hepatitis C was the outcome. The Surveillance for 
Emerging Threats to Pregnant People and Infants 
Network conducts surveillance of pregnant wom-
en with HCV infection and their children (7). As of 
September 9, 2022, seven US jurisdictions (Georgia, 
Los Angeles County, Massachusetts, New York City, 
New York State, Pennsylvania, Tennessee) had con-
tributed data on persons with HCV RNA detected 
during or within 1 year before pregnancy who had 
no evidence of treatment or clearance and who had 
live births during January 1, 2018–October 9, 2020. 
Children were determined to have perinatal hepatitis 
C if HCV RNA was detected or they had a reactive 
HCV antibody test during the recommended window 
(RNA at ≥2 months of age or antibody at ≥18 months 
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We describe hepatitis C testing of 47 (2%) of 2,266 chil-
dren diagnosed with perinatal hepatitis C who were ex-
posed during 2018–2020 in 7 jurisdictions in the United 
States. Expected frequency of perinatal transmission is 
5.8%, indicating only one third of the cases in this cohort 
were reported to public health authorities.



of age) (4). Collection of data is ongoing to provide a 
complete picture of testing practices, including distin-
guishing those who were not tested from those who 
tested negative. We determined the expected num-
ber of children with perinatal hepatitis C by estimat-
ing 5.8% (95% CI 4.2%–7.8%) of live births exposed 
to HCV from included jurisdictions on the basis of a 
published estimate (1). 

A total of 2,266 children were born to pregnant 
women with hepatitis C during the surveillance period 

(Figure). Among those children, 408 (18%) were tested 
for HCV infection within the recommended window 
and 19 (1%) outside it. Forty-seven children (2%) had 
perinatal hepatitis C. Median age at initial positive test 
was 18.6 months. Perinatal HCV infection was detect-
ed at <18 months of age for 17 (36%) children and ≥18 
months of age for 30 (64%) (Table). Of the 47 children 
with perinatal hepatitis C, 18 (38%) had a reactive HCV 
antibody test and HCV RNA detected on the same day, 
likely reflecting reflex laboratory testing. 
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Figure. Observed and expected 
HCV infections among children 
with perinatal hepatitis C 
exposure in 7 US jurisdictions, 
2018–2020. *Appropriate testing 
is considered test conducted at 
≥2 months for HCV RNA or ≥18 
months for HCV antibody. †May 
include children who tested 
negative for HCV, children whose 
tests were not reported to the 
health department, or children 
tested at an inappropriate age 
(<2 months for HCV RNA; <18 
months for HCV antibody). HCV, 
Hepatitis C virus.

 
Table. Characteristics of 47 children with perinatal hepatitis C in a cohort of 2,266 children from 7 United States jurisdictions, by timing 
of test, 2018–2020 

Characteristics  

Children with perinatal hepatitis C 
First positive test <18 months of 

age,* n = 17 (36%)  
First positive test ≥18 months of 

age,† n = 30 (64%) 

Pregnant persons   
 Age at HCV infection in pregnancy, y, median (IQR) 30 (24–33) 27 (23–32) 
 Race/ethnicity  
  White, Non-Hispanic 15 (88) 27 (90) 
  Other 2 (12) 3 (10) 
 Education  
  High school graduate and below 7 (41) 21 (70) 
  Some college and higher 6 (35) 9 (30) 
  Missing 4 (24) 0 
 Health insurance at delivery  
  Public 13 (76) 28 (93) 
  Private/other/none 4 (24) 2 (7) 
 Substance use  
  Any‡ 10 (59) 22 (73) 
  None 2 (12) 2 (7) 
  Missing 5 (29) 6 (20) 
Infants  
 Neonatal abstinence syndrome§  4 (24) 12 (40) 
  Missing data 8 (47) 11 (37) 
 Neonatal intensive care unit admission 6 (35) 12 (40) 
  Missing data 1 (6) 0 (0) 
 Age at first positive test, mo, median (IQR) 7.3 (3.6–11.6) 19.4 (18.7–24.4) 
*Values are no. (%) except as indicated. All tests were done by HCV RNA. HCV, hepatitis C virus. 
†Two infants first tested by positive HCV RNA at ≥18 mo; 28 infants first tested positive by HCV antibody at ≥18 mo. 
‡Substance use includes alcohol, tobacco, cannabis, illicit use of opioids, and other illicit substances (eg, methamphetamines, cocaine). 
§Includes a diagnosis of neonatal abstinence syndrome or drug withdrawal syndrome in infant of dependent pregnant person (ICD-10 code P96.1) during 
the birth hospitalization. 

 



The expected number (1) of children with perina-
tal hepatitis C by 20 months of age was 131 (95% CI 
95–176), suggesting there were an additional 84 chil-
dren with unidentified perinatal hepatitis C in this co-
hort. Therefore, only 36% (47/131) of children by 20 
months of age who were expected to have perinatal 
hepatitis C within our cohort were reported to public 
health authorities. Potential reasons for this discrep-
ancy include loss to follow-up (e.g., patients did not 
attend follow-up appointments), lack of awareness 
of the need for testing, delayed testing or testing too 
early, not completing ordered tests (8), or lack of re-
porting positive tests to health departments.

Limitations of this report include the fact that 
negative tests are not uniformly reportable across the 
jurisdictions we studied. However, medical record ab-
straction is ongoing to be able to describe testing prac-
tices, including those who were not tested or tested 
negative. In addition, the number of children included 
in this analysis may be underestimated if confirma-
tory testing occurred outside of the jurisdiction for the 
pregnant person or they were lost to follow-up before 
delivery. Last, although 5.8% is a pooled estimate for 
risk of vertical HCV infection, underlying differences 
between the prior study population and the popula-
tion included in this analysis could affect risk (1).

This report identified more positive infants than 
a previous study (36% vs. 16%) (6), but both indicate 
that most children perinatally exposed to hepatitis 
C are not tested for infection. Understanding testing 
patterns among children with perinatal HCV expo-
sure and current gaps in perinatal HCV testing and 
surveillance will help serve as a baseline for improv-
ing testing and surveillance to identify children with 
perinatal hepatitis C, connect them to the appropriate 
care, and move toward hepatitis C elimination.
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To the Editor: Mehl et al. (1) report high preva-
lence of lymphocytic choriomeningitis mammarena-
virus (LCMV) in mice captured in a zoo in Germany;  
mice were screened after detection of LCMV in a 
golden lion tamarin. Similarly high LCMV preva-
lences have been detected in mouse breeding facili-
ties (MBFs) (2). Mehl et al. suggested the zoo LCMV 
strains do not support the biogeographic hypothesis 
for LCMV distribution proposed by Fornůsková et al. 
(3). We feel obliged to point out that data collected 
from zoos cannot inform regarding biogeographic 
hypotheses, either way.

Fornůsková et al. (3) surveyed LCMV in natural 
(low-prevalence) house mouse populations. Their 
findings showed that an apparently random distri-
bution of LCMV lineages in human infections, taken 
from public databases, is resolved by tracing viral ori-
gins not to diagnosing institutes, but instead through 
patient history. With origin tracing, most current data 
are consistent with the hypothesis that LCMV lineage 
I (sensu; 4) originates in the range of Mus musculus 
domesticus mice, whereas LCMV lineage II originates 
in the range of M. m. musculus mice.

Regarding the infected lion tamarin (1), numer-
ous LCMV infections have been reported in zoo pri-
mates (5); zoos in Europe exchange primates, includ-
ing lion tamarins. Regarding the zoo-captured mice, 
zoos either maintain their own MBFs or receive live 
mice from external MBFs to feed reptiles, raptors, and 
other small carnivores. Presence of MBF mice in zoos 
breaks origin tracing of wild mouse pathogens be-
cause domesticated mice are crosses of 3 wild subspe-
cies; origins of strains used to mass-produce animal 
food are unregulated. Mehl et al. (1) found multiple 
LCMV strains in a high-density host-pathogen trans-
port hub. Whether such hubs might in the future lead 
to a breakdown in the current biogeographic pattern 
of LCMV lineages remains an open question.

The Czech Science Foundation supports the authors’ work 
on house mouse viruses (grant no. 22-32394S).
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In Response: Gouy de Bellocq et al. question in 
their letter whether data from zoos can be used to 
test a biogeographic hypothesis regarding lympho-
cytic choriomeningitis mammarenavirus (LCMV) 
(1). We agree that this should be done with caution 
because zoos may act as hubs for pathogen trans-
fer through captive animal transfer and the use of 
feeder rodents. As we stated in our article (2), the 
occurrence of LCMV in house mice in western Ger-
many was already described in the 1960s, although 
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genetic information is not available (3). The detec-
tion of LCMV lineage I in house mice from this zoo 
and the previous detection of a closely related strain 
in another zoo in this part of Germany (4) is in line 
with a biogeographic pattern.

We note that we made no claims toward the bioge-
ography of LCMV lineages or of the wild house mice 
in the zoo. Rather, the study provided multiple evi-
dence that did not support the subspecies host speci-
ficity because both LCMV lineages were found in the 
same population of wild Mus musculus domesticus mice 
in the zoo. The high similarity between LCMV genome 
sequences from a primate and a wild house mouse 
suggests a transmission link between captive and wild 
animals in the zoo. The primate was born in the zoo, 
and the zoo did not breed mice and has not fed mice 
to primates for decades; thus, the route through which 
LCMV might have entered the zoo remains unknown. 
More detailed analyses will be necessary to test the as-
sociation of LCMV lineages with their reservoir hosts. 
The scarcity of LCMV detection in wild rodent popula-
tions and pet rodents (5) and the co-detection of both 
LCMV lineages (2,6) will continue to pose a challenge 
to biogeographic hypothesis testing.
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de Bellocq JG. New perspective on the geographic 
distribution and evolution of lymphocytic choriomeningitis 
virus, central Europe. Emerg Infect Dis. 2021;27:2638–47. 
https://doi.org/10.3201/eid2710.210224

  6. Pankovics P, Nagy A, Nyul Z, Juhász A, Takáts K, Boros Á, 
et al. Human cases of lymphocytic choriomeningitis virus 
(LCMV) infections in Hungary. Arch Virol. 2023;168:275. 
https://doi.org/10.1007/s00705-023-05905-4

Address for correspondence: Rainer G. Ulrich, Friedrich-
Loeffler-Institut, Bundesforschungsinstitut fur Tiergesundheit, 
Greifswald–Insel Riems, Germany; email: rainer.ulrich@fli.de

SARS-CoV-2 Incubation  
Period during Omicron  
BA.5–Dominant Period, Japan

Hao-Yuan Cheng, Andrei R. Akhmetzhanov, 
Jonathan Dushoff
Author affiliations: Taiwan Centers for Diseases Control, Taipei, 
Taiwan (H.-Y. Cheng); National Taiwan University, Taipei  
(A.R. Akhmetzhanov); McMaster University, Hamilton, Ontario, 
Canada (J. Dushoff)

DOI: https://doi.org/10.3201/eid3001.230208

To the Editor: Ogata and Tanaka (1) estimated 
the mean incubation period was 2.9 (95% CI 2.6–3.2) 
days for SARS-CoV-2 strain Omicron BA.1 and 2.6 
(95% CI 2.5–2.8) days for Omicron BA.5 during the 
Omicron-dominant period in Japan. Their earlier 
study reported a similar mean incubation period of 
3.1 days for BA.1 (2). Their findings were derived 
from data collected through contact tracing efforts in 
Ibaraki Prefecture, Japan, which provided high accu-
racy in determining exposure time windows.

A potential concern is that their study only included 
cases that had a single exposure event and a 1-day ex-
posure window. Although this concern was recognized 
by the authors as a study limitation, we emphasize that 
those criteria might bias results downward, especially 
when the disease is widespread. Persons that had longer 
incubation periods might have more opportunity for con-
tacts or multiple exposure dates; thus, those with shorter 
incubation periods would be favored for inclusion. A 
more flexible case-selection approach might reduce bias, 
even though this approach would require methods to ad-
dress uncertainty in actual infection timing.

In Taiwan, we collected data from the first 100 
local symptomatic cases during the BA.1–dominant 
period (December 25, 2021–January 18, 2022), which 
were characterized by intensive case finding and con-
tact tracing (A. Akhmetzhanov et al., unpub. data, 
https://doi.org/10.1101/2023.07.20.23292983. Among 
69 cases with an identified exposure, only 4 had a 
1-day exposure window. Using more comprehensive 
exposure windows, the estimated mean incubation 
period in Taiwan was 3.5 (95% CI 3.1–4.0) days, lon-
ger than Tanaka et al.’s estimates (1,2) but similar to 
estimates of 3.5 days from Italy (data collected dur-
ing January 2022) (3) and South Korea (data collected 
during November–December 2021) (4) and estimates 
from a systematic review (3.6 days) (5). The estimates 
from Japan (2) appear to be the shortest periods re-
ported across previously reviewed studies (5).
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In Response: We thank Dr. Cheng and col-
leagues (1) for their valuable comments regarding 
our study of incubation periods observed for the 
SARS-CoV-2 Omicron BA.5 subvariant in Japan (2). 
As we indicated in our study limitations paragraph, 
“patient pairs with long incubation periods might 
be censored during observational periods, and se-
lection bias might result in underestimation” (2). 
We have several other comments to make regarding 
our study. First, our previous study during the in-
creasing dominance of the Omicron BA.1 subvariant 

only included patients who had 1 exposure day; we 
reported incubation periods of 3.0 days for L452R 
mutation–negative patients and 3.3 days for unvac-
cinated patients (3), which was similar to 3.2 days 
reported in a study of patients with BA.1 infections 
who had multiple exposure days (4). Therefore, the 
effect of only including patients who had 1 exposure 
day should be further evaluated. Second, the incu-
bation period for the BA.5 subvariant in our study 
was 3.0 days for patients with infectors who were 
≤19 years of age and 2.1 days for patients with infec-
tors who were ≥60 years of age (2). Because those 
data are considerably different, adjustment for de-
mographic factors for both infectors and infectees 
might be necessary to compare incubation periods. 
Third, although including patients with multiple 
exposure days decreases selection bias, it might in-
crease uncertainty regarding the actual time of in-
fection (5). Therefore, comparing incubation periods 
in studies that use various methods and evaluating 
corresponding study limitations are useful for re-
view and discussion.
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Pictured on this month’s cover is a portrait of An-
thonie van Leeuwenhoek (sometimes spelled 

Antony or Antoni), born October 24, 1632, in Delft, 
the Netherlands, and among the earliest observers 

of bacteria. A brief biography on the University of 
California Museum of Paleontology website de-
scribes Leeuwenhoek as “an unlikely scientist” who 
“succeeded in making some of the most important 
discoveries in the history of biology.” During his 
younger years, he received no advanced education 
that would presage his future scientific accomplish-
ments. Leeuwenhoek became a fabric merchant and 
ran a haberdashery in Delft, where he also held sev-
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Jan Verkolje (1650–1693), Portrait of Anthonie van Leeuwenhoek, Natural Philosopher and Zoologist in Delft (detail), 1680–1686. 
Oil on canvas, 22 in x 18.7 in/56 cm × 47.5 cm. Public domain image courtesy of Rijksmuseum, Amsterdam, Netherlands.
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From Observing Little Animalcules to  
Detecting Fastidious Bacteria

Byron Breedlove and Clyde Partin
We still think of human disease as the work of an organized, modernized kind of  

demonology, in which the bacteria are the most visible and centrally placed of  
our adversaries. We assume that they must somehow relish what they do.

        — Lewis Thomas, The Lives of a Cell: Notes of a Biology Watcher. Chapter 15: Germs



eral appointed positions as a surveyor and as a mi-
nor city official. At age 16, Leeuwenhoek moved to 
Amsterdam for 6 years, where, according to infec-
tious disease specialist Robert P. Gaynes, he “became 
acquainted with Jan Swammerdam, a man known in 
later years to have fashioned early microscopes.” In 
the course of his work, Leeuwenhoek used a simple 
microscope to inspect fabrics used in his drapery 
and clothing business. 

Although he could not read English, Leeuwen-
hoek’s interest in microscopy was piqued by Micro-
graphia (1665), the popular book by Robert Hooke that 
detailed and illustrated his microscopic observations. 
Historian Frank N. Egerton noted that Leeuwen-
hoek started grinding his own lenses and assembling 
simple microscopes in 1673 and, during the next 50 
years, crafted an estimated 500 microscopes. At the 
time of Leeuwenhoek’s death, noted Meyer Friedman 
and Gerald W. Friedland, he had a collection of 247 
microscopes and 172 lenses mounted in various pre-
cious metals. In 1745, Leeuwenhoek’s daughter Maria 
auctioned these items, netting 61 pounds. Fewer than 
10 of his microscopes are extant. 

The portrait by Dutch artist Jan (Johannes) 
Verkolje depicts Leeuwenhoek splendidly dressed, 
wearing a frilled shirt, a fashionably swathed scarf, 
and an elegant satin robe, perhaps perks of his pro-
fession. The text accompanying the painting at the 
Rijksmuseum states that Leeuwenhoek “is sitting at a 
writing table on which is a certificate of his appoint-
ment as a member of the Royal Society in London by 
Charles II.” Curiously, no microscopes are featured in 
this depiction. 

As recounted in A Brief History of Bacteriology, 
Leeuwenhoek was “able to see objects which he called 
‘animalcules’ in rain water, and in scrapings from his 
teeth. He noted that some specimens were motile, and 
described stick-like shapes and spirals. He did not as-
sociate his animalcules with disease. The animalcules 
have become variously known as germs, microbes, 
bacteria, micro-organisms or simply ‘organisms.’” 
Leeuwenhoek’s descriptions represent the primordial 
steps down a path that eventually proved the role of 
his “little creatures” to be the etiologic agents of infec-
tious disease. 

Friedman and Friedland also explain that Leeu-
wenhoek was later puzzled to discover that the 
plaque on his front teeth had quit harboring his little 
animals, yet his molars still hosted them. In the in-
terim, he had taken up the habit of drinking scalding 
coffee, which he realized cleansed his anterior teeth 
but did not affect his molars. The famous French sci-
entist Louis Pasteur, when he developed his method 

of pasteurization, would remind us of this theme of 
utilizing heat as a strategy for managing bacteria.

Eminent scientists continued the arc of Leeuwen-
hoek’s discovery. In 1678, Robert Hooke, at the re-
quest of the Royal Society, confirmed Leeuwenhoek’s 
“epochal observations.” Leeuwenhoek’s glittering 
star dimmed after his death in 1723. Four decades 
after Leeuwenhoek’s death, Austrian Marc von Plen-
ciz resurrected Leeuwenhoek’s investigations and 
“declared flatly that contagious diseases were caused 
by the Dutchman’s small animalcules.” The Italian 
Agostino Bassi “demonstrated experimentally in 
1835 that silk worm disease was caused by bacteria.” 
The anatomist and physician from Bavaria, Friedrich 
Henle, promoted Leeuwenhoek’s investigations and, 
as Friedman and Friedland noted, “impressed on his 
most brilliant student, Robert Koch, the earthshaking 
implications of Bassi’s work.” Although Pasteur and 
Koch were frequently at odds with each other, their 
contributions were the final act in the living drama 
that connected Leeuwenhoek’s tiny creatures to the 
unrelenting scourge of infectious diseases. Their work 
occurred in a lingering milieu of spontaneous genera-
tion theory, a concept Leeuwenhoek found ludicrous, 
and he was incredulous that the idea was still sunder-
ing scientific thought. He wrote, “Can there even now 
be people who still hang on to the ancient belief that 
living creatures are generated out of corruption?” 
Pasteur dismissed the notion of spontaneous genera-
tion, especially the arguments of Félix Pouchet, as 
“merely betrayed shoddy lab techniques,” according 
to medical historian Roy Porter.

More than 350 years after Leeuwenhoek first 
glimpsed bacteria, a report published in Lancet by 
the Global Burden of Disease 2019 Antimicrobial Re-
sistance Collaborators, which focused on 33 bacterial 
pathogens and 11 infectious syndromes (excluding tu-
berculosis), provides global estimates for the horren-
dous burden of bacterial infections. Key findings in-
clude that in 2019, bacterial infections of all types were 
linked to 7.7 million deaths globally and that after isch-
emic heart disease, those infections were the second 
most common cause of death. Deaths from COVID-19 
infection add a complex layer to the accounting of 
deaths associated with infectious disease. The World 
Health Organization reported, “On 30 January 2020 
COVID-19 was declared a Public Health Emergency of 
International Concern (PHEIC) with an official death 
toll of 171. By 31 December 2020, this figure stood at 
1,813,188. Yet preliminary estimates suggest the total 
number of global deaths attributable to the COVID-19 
pandemic in 2020 is at least 3 million, representing 1.2 
million more deaths than officially reported.” 
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The 2019 study reported that 5 bacteria caused 
half of the non–COVID-19 deaths: Staphylococcus au-
reus, Escherichia coli, Streptococcus pneumoniae, Klebsiella 
pneumoniae, and Pseudomonas aeruginosa. Three types of 
bacterial infections—lower respiratory tract infections, 
bloodstream infections, and peritoneal and intraab-
dominal infection—were responsible for more than 75% 
of the fatalities reported in that study. Despite effective 
available antibiotics for treating the 33 culprit bacteria 
identified in that study, the gravest and most complex 
threats to global public health are access to and distribu-
tion of those treatments, lack of consistent surveillance 
and diagnostic abilities, and antimicrobial resistance. 

Traditionally, most bacteria have been propagat-
ed on culture plates or other culture media, though 
some bacteria do not grow well or as quickly by those 
methods. Recalcitrant bacteria are known collectively 
as fastidious bacteria,1 and they have a predilection 
to cause, although not limited to, endocarditis. Ensu-
ing infections create a disproportionate amount of 
human suffering and death. Examples of fastidious 
bacteria include Neisseria gonorrhoeae, Campylobacter 
spp., and Helicobacter spp. 

Although Koch and Pasteur did much to devel-
op the germ theory and the cultivation of bacteria 
in broth and culture media, both significant gifts to 
science and humanity, fastidious bacteria have con-
tinued to present challenges. The problem has been 
partially solved by recognizing that culturing these 
organisms requires patience and culture media for-
tified with certain nutrients. Even those approaches 
have been supplanted by advanced identification 
techniques involving genomic sequencing. This is-
sue of EID features articles that describe newer meth-
ods for detecting other fastidious bacteria, including 
Auritidibacter ignavus, Legionella pneumophila, Helico-
bacter fennelliae, and Brucella neotomae. More than 3 
centuries later, the foundation laid by Leeuwenhoek 
steadfastly endures.
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1The classically recognized fastidious bacteria of clinical concern 
are known as the HACEK group. The K stands for Kingella kingae, 
named for CDC microbiologist Elizabeth King.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, December 2024 211

NEWS AND NOTESNEWS AND NOTES

Upcoming Issue
Vectors

Complete list of articles in the February issue at  
https://wwwnc.cdc.gov/eid/#issue-306

•  Multicenter Retrospective Study of Invasive Fusariosis 
in Intensive Care Units, France

•  Overview of Parechovirus A Circulation and Testing 
Capacities in Europe, 2015–2021

•  Rapid Detection of Ceftazidime/Avibactam 
Susceptibility/Resistance in Enterobacterales by 
Rapid CAZ-AVI NP Test

• Adapting COVID-19 Contact Tracing Protocols to 
Accommodate Resource Constraints, Philadelphia, 
Pennsylvania, USA, 2021

• Invasive Meningococcal Disease Caused by Neisseria 
meningitidis Serogroup W Sequence Type 11, Western 
Australia, Australia

• Identification of Large Adenovirus Infection Outbreak 
at University by Using Multipathogen Testing, South 
Carolina, USA, 2022

•  Lymphocytic Choriomeningitis Virus Lineage V in 
Wood Mice, Germany

• Post-COVID Rebound of Gonorrhea in England

•  Emerging Enterovirus A71 Subgenogroup B5 Causing 
Severe Hand, Foot, and Mouth Disease, Vietnam, 2023

•  Inferring Incidence of Unreported SARS-CoV-2 
Infections Using Seroprevalence of ORF8 Antigen

•  Phylogenomics of Dengue Virus Isolates Causing 
Dengue Outbreak, São Tomé and Príncipe, 2022

•  Integrating Veterinary Diagnostic Laboratories for 
Emergency Use Testing during Pandemics

•  Nonnegligible Seroprevalence and Predictors of 
Murine Typhus, Japan

•  Nonnegligible Seroprevalence and Predictors 
of Murine Typhus, Japan• Key Challenges for 
Respiratory Virus Surveillance: Transitioning out of 
Acute Phase of SARS-CoV-2 Pandemic

•  Residual Immunity to Smallpox Vaccination and 
Possible Protection from Mpox, China



212 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 1, December 2024

Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title
Auritidibacter ignavus, an Emerging Pathogen  

Associated with Chronic Ear Infections

CME Questions
1.  Which of the following statements regarding 
the microbiology of Auritidibacter ignavus is 
most accurate?
A. It is an aerobic, gram-positive cocci
B. It is an aerobic, gram-positive rod
C. It is an anaerobic, gram-negative cocci
D. It is an aerobic, gram-negative rod
2.  Which of the following risk factors for A. ignavus 
otitis was most salient among the 3 cases in the 
current study?
A. Immunocompromised status
B. Male sex
C. Multiple prior episodes of otitis media
D. None of the above

3.   A. ignavus otitis was most associated with 
resistance to which of the following antibiotics in the 
current study?
A. Ciprofloxacin
B. Amoxicillin/clavulanate
C. Azithromycin
D. Gentamicin

4.  Which of the following physical findings was 
noted in all 3 cases of A. ignavus otitis in the 
current study?
A. Spore formation on the tympanic membrane
B. Pre-auricular and postauricular lymphadenopathy
C. Temperature greater than 38.5 °C on clinical 

presentation
D. Stenosis of the external auditory canal 
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Article Title
Early-Onset Infection Caused by Escherichia coli ST1193  

in Late Preterm and Full-Term Neonates

CME Questions
1.  Which of the following statements regarding 
early-onset neonatal sepsis (EOS) is most 
accurate?
A. EOS is defined by a positive blood or cerebrospinal 

fluid culture within 36 hours after birth
B. EOS affects approximately 1 in 1000 live births
C. Meningitis complicates nearly 50% of cases of EOS 
D. EOS due to either Streptococcus agalactiae or E coli 

can be prevented through peripartum prophylaxis with 
antibiotics

2.  Which of the following statements regarding 
virulence factors and antibiotic resistance 
among E coli isolates in the current study is 
most accurate?
A. Virulence factors and antibiotic resistance were more 

common in EOS vs healthy vaginal carriage (HVC) 
isolates

B. Virulence factors, but not antibiotic resistance, were 
more common in EOS vs HVC isolates

C. Antibiotic resistance, but not virulence factors, was 
more common in EOS vs HVC isolates

D. Virulence factors and antibiotic resistance were more 
common in HVC vs EOS isolates

3.  Which of the following statements regarding 
sequence type (ST)1193 E coli EOS isolates in 
the current study is most accurate?
A. All cases were diagnosed in a single hospital
B. All cases had a preterm delivery
C. None of the mothers had received peripartum 

antibiotics
D. All strains were resistant to fluoroquinolones

4.  Which of the following statements regarding 
EOS among term vs preterm infants in the 
current study is most accurate?
A. Type A was found significantly more frequently among 

preterm infants
B. Type F was found significantly more frequently among 

term infants
C. ST95 was found significantly more frequently among 

preterm infants
D. Generally, phylogenetic groups and ST/sequence 

type complex (STc) were similar in term and preterm 
infants
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