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Coronavirus disease (COVID-19) is a viral respi-
ratory infection caused by severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) (1). Per-
son-to-person transmission primarily occurs when 
respiratory particles containing SARS-CoV-2 are 
exhaled by an infected person and subsequently in-
haled by others (2). Transmission through fomites is 
also possible but is considered to play a minimal role 
(3). Until recently, the principal route of COVID-19 

transmission was thought to be through respiratory 
droplets (4; J.C. Palmer et al., unpub. data, https://
www.medrxiv.org/content/10.1101/2021.10.19.2126
5208v1). Droplets are larger respiratory particles that 
fall quickly and thus disperse over short distances of 
generally <2 meters (6 ft) (2,4). However, evidence is 
emerging that the dominant route of COVID-19 trans-
mission might in fact be airborne, through respiratory 
aerosols (4). Aerosols are smaller respiratory particles 
that remain suspended in the air for prolonged peri-
ods, and they can thus disperse and result in trans-
mission over distances of >2 meters (4; J.C. Palmer et 
al., unpub. data). Epidemiologic studies are consid-
ered the most robust evidence currently available to 
support the biologic plausibility of airborne transmis-
sion of COVID-19 (5; J.C. Palmer et al., unpub. data).

To mitigate importation of COVID-19 into New 
Zealand (Aotearoa), border restrictions have been 
in place since March 2020; only citizens, permanent 
residents, and exempted persons have been permit-
ted entry into the country (6). Persons entering the 
country must complete a period of quarantine in 
one of several government-assigned managed quar-
antine facilities (MQFs) that form part of the border 
response (7–9). While in a MQF, asymptomatic per-
sons undergo mandatory SARS-CoV-2 screening tests 
by real-time reverse transcription PCR (rRT-PCR) of 
nasopharyngeal swab samples routinely collected 
on days 0, 3, and 12 after arrival in New Zealand, or 
as close to these times as practical (10). Symptomatic 
persons and MQF room companions of SARS-CoV-2–
positive persons are tested as soon as possible after 
symptom onset or case identification (7,10). Persons 
who are identified as symptomatic at the border, have 
had a positive SARS-CoV-2 screening test, or who 
share the same MQF room as another SARS-CoV-2–
positive person are immediately transferred from 
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In New Zealand, international arrivals are quarantined 
and undergo severe acute respiratory syndrome corona-
virus 2 screening; those who test positive are transferred 
to a managed isolation facility (MIF). Solo traveler A and 
person E from a 5-person travel group (BCDEF) tested 
positive. After transfer to the MIF, person A and group 
BCDEF occupied rooms >2 meters apart across a cor-
ridor. Persons B, C, and D subsequently tested positive; 
viral sequences matched A and were distinct from E. The 
MIF was the only shared location of persons A and B, C, 
and D, and they had no direct contact. Security camera 
footage revealed 4 brief episodes of simultaneous door 
opening during person A’s infectious period. This pub-
lic health investigation demonstrates transmission from 
A to B, C, and D while in the MIF, with airborne trans-
mission the most plausible explanation. These findings 
are of global importance for coronavirus disease public 
health interventions and infection control practices.
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their respective MQF to a single dedicated managed 
isolation facility (MIF) for confirmed and suspected 
COVID-19 cases and close contacts.

Solo traveler A and a 5-person travel group, 
BCDEF, had traveled on different flights from differ-
ent countries, arrived in New Zealand on different 
dates, and been staying in different MQFs. Persons A 
and E had positive SARS-CoV-2 screening tests, which 
resulted in the transfer of A and group BCDEF to the 
MIF, on different dates, where they occupied rooms 
across the corridor, 2.135 meters (7 ft) apart. Persons 
B, C, and D subsequently tested positive while in the 
MIF; viral sequences were linked by whole-genome 
sequencing (WGS) to person A, not to person E, who 
was within their travel group. A comprehensive epi-
demiologic investigation was undertaken by public 
health to determine whether airborne transmission of 
SARS-CoV-2 Delta variant had taken place between 
person A and persons B, C, and D, who were stay-
ing in separate, nonadjacent rooms >2 meters apart 
within the tightly monitored MIF.

Methods
All nasopharyngeal swabs underwent routine rRT-
PCR diagnostic testing by using the Cepheid Xpert 
Xpress SARS-CoV-2 assay (Cepheid, https://www.
cepheid.com) or an E gene rRT-PCR laboratory-de-
veloped test on the Panther Fusion platform (Ho-
logic, https://www.hologic.com) (10,11). WGS and 
phylogenetic analysis was undertaken as previously 
described (12,13). In brief, we assigned SARS-CoV-2 
genomes from persons A, B, C, D, and E as lineage 
B.1.617.2 (Delta variant) by using Pangolin (14). We 
then aligned these genomes along with 1,000 Del-
ta variant genomes uniformly sampled at random 
from GISAID (15) samples collected during July 
1–14, 2021 using Nextalign (16), using the proto-
type strain Wuhan-Hu-1 (GenBank accession no. 
NC_045512) as reference. We estimated a maximum-
likelihood phylogenetic tree by using IQ-TREE (17) 
using the best fit model and ultrafast bootstrapping 
for branch support.

COVID-19 is a notifiable disease in New Zealand: 
all PCR-confirmed cases are reported to Public Health 
for further investigation. Investigation outcomes of 
this in-facility transmission event have been commu-
nicated to the public by the New Zealand Ministry of 
Health (18,19). Because this was a public health inves-
tigation, formal ethics approval was not required (20). 
The 6 persons involved are anonymously described 
here as A–F, and because no identifiable details have 
been provided, formal written consent was not re-
quired. The infectious period was assumed to last up 

to 10 days after symptom onset or the first positive 
rRT-PCR test (21).

Results

Case Details
Person A arrived in New Zealand from the Philip-
pines on July 16, 2021, and was placed in MQF1. After 
a positive routine day 1 test result on July 17 (E gene 
cycle threshold [Ct] value 20.57), person A was trans-
ferred to the MIF on July 19 (Figure 1) and placed in 
block 2, room 277 (Figure 2). Person A remained as-
ymptomatic and had no further tests during the stay 
in the MIF. Person A was considered infectious up to 
and including July 27 and was released from the MIF 
on July 31.

Travel group BCDEF arrived in New Zealand 
from the United Arab Emirates on July 14 and were 
quarantined together in MQF2. One member of the 
group, person E, had a positive routine day 0 test re-
sult on July 14 (E/N2 gene Ct values 33.9/37.1). On 
July 15, the whole group was transferred to the MIF 
(Figure 1), where they were accommodated in block 
2 in adjoining rooms 276 and 278 on the opposite side 
of the corridor from person A (Figure 2). The distance 
between the doors to room 277 and room 276 was 
2.135 meters. Person E experienced upper respiratory 
tract infection symptoms on July 16–17 (coryza and 
subjective fever) and had a further positive SARS-
CoV-2 rRT-PCR test on July 16 (E/N2 gene Ct values 
15.6/17.3).

Person B experienced upper respiratory tract in-
fection symptoms on July 17–18; on July 18, a rRT-
PCR test result was negative for SARS-CoV-2 but 
positive for rhinovirus/enterovirus. Persons B, C, 
and D subsequently tested positive for SARS-CoV-2. 
Persons B and C had positive routine day 13 tests on 
July 27 (E/N2 gene Ct values 17.6/18.7 for person B 
and 17.2/18.9 for person C) but were not symptom-
atic. They had no further SARS-CoV-2 tests during 
their stay in the MIF. Person D had a negative day 13 
test but had a headache on July 29 and tested positive 
for SARS-CoV-2 by rRT-PCR that day (E/N2 gene Ct 
values 25.3/27.3). Person D had a further positive test 
on August 9 (E/N2 gene Ct values 28.7/30.6).

Despite sharing a room with 4 other persons 
with PCR-confirmed SARS-CoV-2 infection, person 
F never tested positive for SARS-CoV-2 by rRT-PCR, 
testing negative on July 14, 18, 21, 27, 29, 31, and Au-
gust 8, 14, 16, and 23. Person F had received 2 doses of 
the Pfizer-BioNTech (https://www.pfizer.com) CO-
VID-19 vaccine, but no other members of the travel 
group had been vaccinated.

502 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 
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Travel group BCDEF remained together in the 
MIF until person F had completed the 14-day isola-
tion period after the last SARS-CoV-2 exposure (14 
days after August 8, the last day of the infectious pe-
riod of person D). Travel group BCDEF were released 
from managed isolation on August 25.

Viral Genomic Data
All samples testing positive for SARS-CoV-2 by rRT-
PCR underwent WGS for routine surveillance pur-
poses. Persons A, B, C, D, and E had all been infected 
with SARS-CoV-2 lineage B.1.617.2 (Delta variant). 
The viral genome sequence isolated from person A 
was SARS-CoV-2 sublineage B.1.617.2.7.1 (AY.7.1); 
the sequence was genetically identical to the se-
quences isolated from persons B and D and only 1 
single-nucleotide polymorphism different from the 
sequence from person C (Figure 3). However, the vi-
ral genomes sequenced from these 4 persons (A, B, C, 
and D) were genetically distinct (difference of 12–13 
single-nucleotide polymorphisms) from the SARS-

CoV-2 Delta variant from person E, which was of a 
different sublineage, B.1.617.2.4 (AY.4). Genomic data 
for all 5 persons are available on GISAID (accession no. 
EPI_ISL_3164123 [person A], EPI_ISL_3477087 [per-
son B], EPI_ISL_3477085 [person C], EPI_ISL_3477082 
[person D], and EPI_ISL_3164111 [person E]).

Exclusion of Laboratory Error
Initial investigative efforts focused on ruling out lab-
oratory error to exclude a mix-up between samples 
from persons A and E. The sample from person A 
and the 2 samples from person E were collected on 
different dates from different locations, underwent 
diagnostic rRT-PCR testing at different laboratories, 
and were sequenced on separate runs at the national 
reference laboratory. Both samples from person E had 
already undergone WGS before collection of the posi-
tive samples from the subsequent cases in the same 
travel group (persons B, C, and D). The 2 samples 
from person E were genomically linked to each other; 
the July 14 sample (E/N2 gene Ct values 33.9/37.1) 
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Figure 1. Timeline of infectious periods, test results, and relative locations of persons A–F, implicated in airborne transmission of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Delta variant between separate nonadjacent rooms within a tightly monitored 
MIF, New Zealand. Colors indicate persons A–F; bars represent each person’s infectious period of 10 days after symptom onset or 
the first positive rRT-PCR test. Syringe symbol indicates person was fully vaccinated against coronavirus disease. Person A occupied 
room 277 and travel group BCDEF occupied adjoining rooms 276 and 278 on the opposite side of the corridor in block 2 of the MIF. The 
doors to the rooms were 2.135 m apart. Map-arrow symbols indicate country of origin (Philippines and United Arab Emirates); airplane 
symbols denote date of arrival in New Zealand. Episodes of simultaneous door-opening between room 277 and rooms 276/278, each 
lasting 3–5 seconds, are indicated with ↓1 to ↓4. Positive SARS-CoV-2 rRT-PCR test results are indicated by (+); negative rRT-PCR test 
results are indicated by (–). MIF, managed isolation facility; MQF, managed quarantine facility.



SYNOPSIS

yielded a partial genome that matched the sample 
from July 16 (E/N2 gene Ct values 15.6/17.3), which 
was sequenced in full. These 2 samples from person E 
were genomically distinct from the positive samples 
from persons B, C, and D. These findings exclude a 
reversal of samples between persons A and E, refut-
ing the hypothesis that person E was linked to sub-
sequent cases in the travel group, rather than these 
cases being linked to person A, which we determined 
to be the case.

Security Camera Footage
Review of closed-circuit television security camera 
footage from the MIF block 2 corridor during the pe-
riod that person A was deemed to be infectious (July 
19–27) revealed 4 separate episodes of simultaneous 
opening of doors to room 277 and room 276, each of 
which occurred for intervals of 3–5 seconds. In epi-
sode 1, on July 19, person A and a member of group 
BCDEF opened the respective doors for a food deliv-
ery at the same time (timeframe 4.2 s). In episode 2, on 
July 20, a member of group BCDEF opened the door 
for a food delivery and talked briefly to the delivering 
MIF staff member, then person A also opened the door 
for food, upon which the member of group BCDEF 
was instructed by the staff member to close that door 
(timeframe 3 s). In episode 3, on July 23, person A and 

a member of group BCDEF opened their respective 
doors for food delivery at the same time (timeframe 
3–5 s). In episode 4, on July 24, a MIF nurse conduct-
ing a health check initially knocked on the door of 
room 277; after no answer, the nurse knocked on the 
door of room 276. However, the door to room 277 was 
opened first by person A, and then the door to room 
276 was opened by a member of group BCDEF. The 
member of group BCDEF was told by the nurse to 
close that door while she undertook the health check 
on person A. After she completed the health check 
on person A, the door to room 277 was closed. The 
nurse cleaned equipment and changed gloves, then 
knocked on the door of room 276, which was opened 
by a member of group BCDEF (timeframe 4–5 s).

Person A was found to have not left the room at 
any point during their infectious period at the MIF 
and only left the room for exercise after the infectious 
period, from July 28 onward (after persons B and C 
had already tested positive). During the infectious pe-
riod of person A, no fire evacuations or other drills at 
the MIF occurred that would have required guests to 
leave their rooms. Camera angles meant that security 
camera footage could not identify which member of 
group BCDEF opened the doors in the episodes pre-
viously described. In addition, security camera foot-
age could not confirm that medical masks were worn 

504 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 

Figure 2. Layout of managed isolation facility block 2, New Zealand, in which airborne transmission of severe acute respiratory 
syndrome coronavirus 2 Delta variant occurred between separate nonadjacent rooms. Colored circles indicate persons A–F. Person A 
occupied room 277 and travel group BCDEF occupied adjoining rooms 276 and 278 on the opposite side of the corridor, 2.135 m apart. 
Red arrow indicates direction of probable airborne transmission of Delta variant from person A to persons B, C, and D. Blue arrows 
indicate direction of airflow.
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by the persons answering the doors, but wearing of 
medical masks when opening doors is standard pol-
icy in the MIF.

The MIF delivery staff involved in the simultane-
ous door-opening episodes 1–3 wore medical masks 
and gloves during these encounters and were posi-
tioned >2 meters away from the rooms when the 
doors were open. The nurse involved in simultaneous 
door-opening episode 4 was wearing full personal 
protective equipment, including gloves, gown, gog-
gles, and an N95 particulate respirator. The staff iden-
tified as being involved in these interactions had all 
received 2 Pfizer-BioNTech COVID-19 vaccinations 
and underwent weekly surveillance rRT-PCR testing; 
each staff member had >3 negative test results after 

these encounters. No other persons within the facili-
ties had SARS-CoV-2 genomes linked to these cases.

Room and Corridor Air Ventilation
Before this investigation, the negative pressure capa-
bilities of the MIF rooms had been assessed. Within 
the ensuite bathroom of each room was a continuous-
ly operating extractor fan, with an average extraction 
rate of 36 L/s (128 m3/h). The extractor fan removed 
air from the room, venting it to the outside and gen-
erating an average negative pressure of approximate-
ly −6.6 Pa in each room. The US Centers for Disease 
Control and Prevention engineering specifications for 
negative pressure rooms recommend a negative pres-
sure exceeding −2.5 Pa (22). Smoke tests performed 
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Figure 3. Unrooted maximum-
likelihood phylogenetic tree of 
genomes from severe acute 
respiratory syndrome coronavirus 
2 (SARS-CoV-2) isolated from 
persons A, B, C, D, and E, 
implicated in airborne transmission 
of SARS-CoV-2 Delta variant 
between separate nonadjacent 
rooms within a tightly monitored 
managed isolation facility, New 
Zealand, set among a background 
of other lineage B.1.617.2 (Delta 
variant) genomes sampled from 
around the world during July 1–14, 
2021. Colored circles indicate 
persons A–E. Person F is not 
included because they were not 
infected with SARS-CoV-2 during 
the timeframe of this investigation. 
Upper left phylogenetic scale bar 
indicates number of nucleotide 
substitutions per site. Lower right 
scale shows number of mutations 
(single nucleotide polymorphisms) 
difference between viral sequences 
isolated from persons A, B, C, D, 
and E.
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in a sample of rooms had confirmed a gradual but 
definite observed flow toward the closed bathroom 
door. Each room was equipped with a free-standing 
high efficiency particulate air (HEPA) filter, which re-
circulated and filtered air within the room but did not 
affect air movement into or out of the room. No venti-
lation systems connected separate rooms. Rooms had 
external windows that could be freely opened by oc-
cupants. External air was pumped into the corridor 
at either end, which, coupled with the room extractor 

fans, meant that when room doors and external win-
dows were closed, the direction of air flow was from 
the corridor into the rooms (Figure 4, panel A).

A total of 4 free-standing HEPA filtration units 
were present in the MIF block 2 corridor (Figure 2). 
Investigation of the outward air flow from these units 
revealed that air exited the units in the horizontal 
plane at an angle of ≈45 degrees from the wall. The 
nearest unit to rooms 277 and 276 was mounted on 
the wall outside room 281, on the same side of the  

506 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 

Figure 4. Possible mechanisms 
of airborne transmission of severe 
acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) 
Delta variant between separate 
nonadjacent rooms within a tightly 
monitored MIF, New Zealand. 
A) Air flow through rooms when 
room doors and external windows 
are closed; rooms are negative 
pressure and air moves from the 
corridor into the rooms, exiting 
by extractor fans. B) Movement 
of viral aerosols between rooms 
during episodes of simultaneous 
door-opening, when negative 
pressure generated by extractor 
fans is negated. C) Movement of 
viral aerosols under room doors, 
aided by opening of external 
room windows and outdoor 
meteorological conditions (wind 
speed and direction), which can 
create internal air flows within the 
building. Colored circles indicate 
persons A–F. Blue arrows indicate 
direction of air flow. Different 
types of infectious particles 
are annotated in red, with all 
infectious particles originating 
from person A. Red arrows 
indicate direction of movement 
of infectious particles. Person 
B is shown opening the door in 
this example; however, security 
camera footage could not identify 
which group member opened 
the door during the episodes. 
Security camera footage could 
not confirm that masks were worn 
by the persons answering the 
doors, but wearing of medical 
masks when opening doors 
is mandated in the MIF. MIF, 
managed isolation facility.
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corridor as room 277. Air flowed out of this unit diag-
onally from one side of the corridor to the other (i.e., 
from the door of room 277 to the door of room 276).

Discussion
We concluded that an episode of airborne transmis-
sion of SARS-CoV-2 Delta variant occurred between 
person A, the index case-patient, and persons B, C, 
and D, the secondary case-patients, who were stay-
ing in separate nonadjacent rooms 2.135 meters apart 
within the MIF. This conclusion is supported by mul-
tiple lines of evidence.

First, transmission between person A and per-
sons B, C, and D could only have occurred within 
the MIF. This facility was the only location where 
these persons were colocated, because person A and 
travel group BCDEF had traveled on different flights 
from different countries, arrived in New Zealand on 
different dates, stayed in different MQFs, and were 
transferred to the MIF on different dates. Second, 
person A and travel group BCDEF were located in 
relatively close physical proximity within the MIF, in 
rooms across the corridor from one another. Third, 
the infectious period of person A preceded infection 
in persons B, C, and D. Fourth, during the infectious 
period of person A, several episodes of simultane-
ous door-opening occurred between the rooms oc-
cupied by person A and travel group BCDEF, mean-
ing that for a short time no barriers to the spread of 
airborne respiratory aerosols between these rooms 
were in place. Fifth, during the episodes of simulta-
neous door-opening, person A and the member of 
travel group BCDEF who opened the door should 
have been wearing medical masks, as is mandated 
within the MIF. The wearing of medical masks, short 
duration of simultaneous door-opening, and sepa-
ration by >2 meters makes transmission by droplets 
improbable. Sixth, the risk for fomite transmission of 
SARS-CoV-2 by shared surfaces is already thought 
to be low (3). Person A and travel group BCDEF had 
no direct contact with each other or with any shared 
objects, as corroborated by security camera footage, 
making transmission by fomites in this case also im-
probable. Finally, viral genomic data demonstrate 
that persons A, B, C, and D had genetically identical 
or closely linked SARS-CoV-2 Delta variant viral ge-
nomes and that these were markedly different from 
the Delta variant genome sequenced from person E. 
The cumulative evidence of these findings indicates 
that transmission of SARS-CoV-2 Delta variant took 
place between person A and persons B, C, and D dur-
ing their stay in the MIF and that transmission by an 
airborne route is the most plausible explanation.

Like many such facilities globally, the MIF de-
scribed here was not built for this function but rather 
was a commercial hotel complex that had been adapt-
ed for use as a MIF in the wake of the COVID-19 
pandemic (9). Although the rooms did have negative 
pressure capabilities, they did not have anterooms 
to maintain negative pressure during entry and exit, 
and they had external windows that could be freely 
opened by occupants. Opening either the door to the 
corridor or the external window could negate the 
negative pressure within the room, enabling aerosol 
particles to disperse out of rooms. Person A did not 
leave the room at any point during their infectious 
period, likely resulting in a high concentration of vi-
ral aerosols accumulating in the room. Our findings 
support the hypothesis that during episodes of simul-
taneous door-opening, airborne particles in the room 
of person A rapidly diffused down a concentration 
gradient, across the corridor, and into the rooms of 
group BCDEF (Figure 4, panel B). Air flow from the 
corridor HEPA filter outside room 281 could have 
aided in aerosol movement across the corridor (Fig-
ure 2). This explanation is more plausible than exha-
lation and transmigration of viral aerosols only dur-
ing the brief periods of simultaneous door-opening.

Another potential mechanism for movement of 
viral aerosols between opposite rooms is air flow un-
der the room doors (Figure 4, panel C). As previously 
described, continuously operating extractor fans gen-
erate negative pressure in the rooms, causing air to 
flow from the corridor, under closed room doors, 
and into the rooms. Opening external room windows 
could negate the negative pressure generated by the 
extractor fans and permit external weather condi-
tions to influence internal air flow within the build-
ing (23). Transmission of SARS-CoV-2 during brief 
periods of simultaneous door-opening or because of 
subtle internal air flows under room doors highlights 
the highly infectious nature of the Delta variant, es-
pecially in indoor settings. Transmission by an inter-
mediary case, such as a MIF staff member, is highly 
unlikely given that all MIF staff members are fully 
vaccinated against COVID-19 and have weekly sur-
veillance SARS-CoV-2 rRT-PCR testing and that no 
staff members tested positive for SARS-CoV-2 in the 
weeks surrounding this event.

Locally, the outcome of this investigation effect-
ed an immediate change in food delivery and health 
check protocols at the MIF to eliminate episodes of 
synchronous door opening. Corridor HEPA filtra-
tion units were reoriented so that air exited the units 
parallel to the wall to mitigate against movement of 
respiratory aerosols across the corridor. In addition, 
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depending on occupancy, future room allocation of 
residents within the MIF will be spread out as much 
as possible.

Genomic epidemiologic studies such as this one 
provide the best evidence currently available to sup-
port airborne transmission of SARS-CoV-2, the caus-
ative agent of COVID-19 (J.C. Palmer et al., unpub. 
data). The findings of this comprehensive public 
health investigation describing airborne transmis-
sion of SARS-CoV-2 are vital for global public health 
interventions and infection prevention and control 
practices relating to COVID-19. The findings are rel-
evant to healthcare settings, managed quarantine and 
isolation facilities, and other community indoor envi-
ronments. To date, multiple reports of SARS-CoV-2 
transmission over distances incompatible with drop-
let spread exist (J.C. Palmer et al., unpub. data), in-
cluding epidemiologic studies from isolation hotels 
such as the one we describe in this study (9,24). This 
study adds key information to the growing body of 
evidence supporting a primarily airborne route of 
transmission for COVID-19 (4).
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Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection during pregnancy is as-

sociated with severe maternal coronavirus disease 
(COVID-19) and preterm birth and may increase the 
risk for other complications of pregnancy (1–5). Al-
though possible vertical SARS-CoV-2 transmission 

has been reported (4,6–8), the strength of support-
ive laboratory evidence varies. Risk for SARS-CoV-2 
infection in neonates seems to be low, and severe 
COVID-19 in neonates seems rare (2–4,9). We de-
scribe the detection and localization of SARS-CoV-2 
in autopsy tissues from a 25-week neonate who died 
at 4 days of age with clinical history, laboratory, 
and pathologic fi ndings consistent with severe CO-
VID-19. Asymptomatic SARS-CoV-2 infection was 
diagnosed for the infant’s mother after universal 
screening and preeclampsia.

Clinical History of the Mother
The mother was a 34-year-old woman in the United 
States with a history of 3 prior pregnancies that re-
sulted in live births. She was severely obese (prepreg-
nancy body mass index 47.5 kg/m2) and had chronic 
hypertension and a history of preeclampsia in 2 prior 
pregnancies. She was hospitalized at 25 weeks of 
gestation for preeclampsia management. Other than 
systolic blood pressure >160 mm Hg and proteinuria, 
she was otherwise asymptomatic. She received rou-
tine prenatal care starting in the fi rst trimester, and 
her blood pressure was well controlled until 24 weeks 
of gestation. At the time of hospitalization, she re-
ceived magnesium sulfate, intravenous antihyperten-
sive medications, and betamethasone for fetal lung 
maturation. On hospital day 2, a nasopharyngeal 
swab sample collected for SARS-CoV-2 screening by 
reverse transcription PCR (RT-PCR) tested positive. 
The pregnancy had occurred before COVID-19 vac-
cines were available in the United States. The patient 
reported no known SARS-CoV-2 exposures, previ-
ous SARS-CoV-2 testing, or COVID-19 symptoms. 
She had completed her antenatal regimen of cortico-
steroids, and fetal assessment remained reassuring. 

Detection of SARS-CoV-2 in Neonatal
Autopsy Tissues and Placenta 
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Severe coronavirus disease in neonates is rare. We 
analyzed clinical, laboratory, and autopsy fi ndings from 
a neonate in the United States who was delivered at 25 
weeks of gestation and died 4 days after birth; the moth-
er had asymptomatic severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) infection and preeclamp-
sia. We observed severe diff use alveolar damage and 
localized SARS-CoV-2 by immunohistochemistry, in situ 
hybridization, and electron microscopy of the lungs of 
the neonate. We localized SARS-CoV-2 RNA in neona-
tal heart and liver vascular endothelium by using in situ 
hybridization and detected SARS-CoV-2 RNA in neona-
tal and placental tissues by using reverse transcription 
PCR. Subgenomic reverse transcription PCR suggested 
viral replication in lung/airway, heart, and liver. These 
fi ndings indicate that in utero SARS-CoV-2 transmission 
contributed to this neonatal death.
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However, on day 5, an urgent cesarean delivery was 
performed because of preeclampsia with severe fea-
tures. Delivery and maternal postpartum course were 
uncomplicated. The patient was discharged on day 9 
and did not subsequently experience fever or respira-
tory symptoms. No subsequent SARS-CoV-2 testing 
was performed.

Clinical History of the Neonate
The male infant, delivered at 25 weeks and 6 days of 
gestation, was immediately taken to a radiant warmer 
without any maternal contact. Apgar scores were 1 at 1 
minute, 4 at 5 minutes, and 7 at 10 minutes. He was in-
tubated within 5 minutes of birth. His birth weight was 
670 g (16th percentile), length 32.5 cm (33rd percentile), 
and head circumference 21.5 cm (6th percentile).

In the neonatal intensive care unit, the neonate 
was immediately placed under airborne, contact, and 
droplet precautions in a single-patient room. A chest 
radiograph showed diffuse bilateral granular opaci-
ties without focal consolidation. He received oxygen, 
an intratracheal dose of surfactant, parenteral nutri-
tion, caffeine, and prophylactic fluconazole. A com-
plete blood count revealed a leukocyte count of 3,150 
cells/µL (reference range of 9,000–30,000 cells/µL), 
a hematocrit of 40.7% (reference range 42%–63%), 
and a platelet count of 114,000/µL (reference range 
150,000–350,000 cells/µL).

At 1 day of age, the neonate was extubated and 
positive-pressure ventilation was administered; how-
ever, by 2 days of age, he was reintubated because 
of worsening respiratory status and consolidative 
changes on chest radiograph. A second dose of sur-
factant was given, and a packed red blood cell trans-
fusion was given because of a hematocrit of 29%. A 
chest radiograph taken ≈12 hours later showed pro-
gression of diffuse bilateral lung opacification and air 
bronchograms in the lung bases. Oxygenation index 
was 16.2, demonstrating a severe oxygen deficit con-
sistent with severe neonatal acute respiratory distress 
syndrome (oxygen index >16) (10).

 At 3 days of age, cardiopulmonary resuscitation 
was initiated for bradycardia; fluids, vasopressors, 
and hydrocortisone were administered for hypoten-
sive shock. Vancomycin and amikacin were empiri-
cally initiated. A complete blood count revealed 850 
leukocytes/µL, 85 neutrophils/µL (reference range 
1,300–15,000 neutrophils/µL), and platelets 3,000/µL, 
for which a platelet transfusion was given. Results of 
SARS-CoV-2 RT-PCRs on nasopharyngeal swab sam-
ples collected at 24 and 72 hours after delivery were 
positive. Bacterial blood and endotracheal aspirate 
cultures collected at 3 days of age were negative.

When the neonate was 4 days of age, ventilator 
and vasopressor requirements increased. A chest 
radiograph showed continued widespread bilateral 
airspace consolidation, and oxygenation index was 
46.7. Phenobarbital was given for possible seizure 
activity, and cefepime was added. Despite increasing 
ventilator support, respiratory acidosis worsened, 
and an acute bradycardic event occurred. Death was 
pronounced at 4 days of age, and parental consent 
for autopsy was obtained.

Postmortem and Placenta Examinations 
A complete autopsy and placental examination were 
performed per standard protocol at the clinical insti-
tutions. Formalin-fixed, paraffin-embedded (FFPE) 
neonatal lung, airway, heart, liver, spleen, and kidney 
tissues and placental tissues were submitted by the 
clinical institutions to the Infectious Diseases Pathol-
ogy Branch, Division of High-Consequence Patho-
gens and Pathology, National Center for Emerging 
and Zoonotic Infectious Diseases, Centers for Disease 
Control and Prevention (CDC), for diagnostic consul-
tation along with medical and autopsy records. This 
activity was reviewed by CDC and conducted consis-
tent with applicable federal law and CDC policy (45 
C.F.R. part 46; 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 
U.S.C. §552a; 44 U.S.C. §3501 et seq.).

At CDC, we performed routine hematoxylin-eo-
sin staining for histopathologic evaluation and Gram 
and Grocott methenamine silver staining to evaluate 
for bacterial and fungal pathogens. We performed 
immunohistochemistry (IHC) for SARS-CoV-2 viral 
antigens (nucleocapsid and spike proteins) as previ-
ously described (11) as well as angiotensin-convert-
ing enzyme 2 (ACE2), transmembrane serine protease 
2 (TMPRSS2), and CD163 IHC assays. We performed 
SARS-CoV-2 conventional RT-PCR and sequencing 
on RNA extracted from FFPE tissues, as previously 
described (12). We also performed subgenomic RNA 
RT-PCR and in situ hybridization (ISH) on samples 
positive by conventional RT-PCR (12) and selected 
only areas with abundant IHC or ISH staining for 
electron microscopy (11).

Histopathology and Immunohistochemistry Assays
For SARS-CoV-2 IHC, we used rabbit monoclo-
nal SARS-CoV-2 nucleocapsid HL448 antibody 
(GTX635686) and mouse monoclonal SARS-CoV-2 
spike S1 antibody (GTX635654; both from GeneTex, 
https://www.genetex.com). We also used ACE2 goat 
polyclonal antibody (R&D Systems, https://www.
rndsystems.com), transmembrane serine protease 
2 (TMPRSS2) rabbit polyclonal PA5-76776 (Thermo 
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Fisher Scientific, https://www.thermofisher.com), 
and CD163 mouse monoclonal antibody (clone 10D6; 
Leica Biosystems, https://www.leicabiosystems.
com) for IHC. Double-stained IHC assays were per-
formed according to manufacturer guidelines by 
using the mouse monoclonal SARS-CoV-2 spike S1 
antibody and CD163 mouse monoclonal antibody 
with the TripleStain IHC Kit: M&M&R on human tis-
sue (DAB, AP/Red & HRP/Green, ab183286; abcam, 
https://www.abcam.com).

RT-PCR, Sequencing, and ISH Assays
We extracted RNA from FFPE autopsy and placen-
tal tissues by using the phenol-chloroform extraction 
protocol, as previously described (13) and evaluated 
all samples by using 2 conventional RT-PCR assays 
targeting the spike (S) and nucleocapsid (N) genes for 
SARS-CoV-2. The assays were performed by using 
the OneStep RT-PCR Kit (QIAGEN, https://www.
qiagen.com) and 5 μL of RNA sample. The N-gene 
(150-bp) and S-gene (162-bp) amplicons positive by 

PCR were directly sequenced by Sanger sequenc-
ing on a GenomeLab GeXP sequencer (AB SCIEX, 
https://sciex.com). We searched for homologies to 
known sequences by using the BLAST nucleotide da-
tabase (http://blast.ncbi.nlm.nih.gov/Blast.cgi). To 
demonstrate evidence of probable viral replication, 
we performed subgenomic RNA RT-PCR (14). To di-
rectly localize SARS-CoV-2 RNA, we performed ISH 
assays targeting the N and S genes on FFPE tissues 
that were positive for SARS-CoV-2 by conventional 
RT-PCR.

Postmortem and Placenta Findings 

Neonate 
Microscopic examination of lungs from the neonate 
showed peripheral vascularization consistent with 
24–26 weeks of gestation. We observed severe dif-
fuse alveolar damage with hyaline membranes, type 
II pneumocyte hyperplasia, and mild interstitial 
mononuclear infiltrate (Figure 1, panel A). We found 

512 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 

Figure 1. Pulmonary histopathologic, immunohistochemical (IHC), in situ hybridization, and ultrastructural findings in tissues from 
a neonate in the United States with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). A) Lower magnification of the 
lung showing diffuse alveolar damage, characterized by type II pneumocyte hyperplasia (arrowhead), hyaline membrane (arrow), and 
interstitial mononuclear infiltrate. Original magnification ×20. B) Extensive intra-alveolar immunostaining by spike protein SARS-CoV-2 
IHC assay. Original magnification ×40. C) Double-stain IHC assay showing rare macrophages with SARS-CoV-2/CD-163–positive 
immunostaining. Red, SARS-CoV-2; brown, CD-163 antibody (arrow). Original magnification ×63. D) Extensive staining of SARS-CoV-2 
genomic RNA in pneumocytes by nucleocapsid gene in situ hybridization assay. Original magnification ×10. E) Electron microscopy 
(EM) image of a pneumocyte containing accumulations of intracellular viral particles. Scale bar indicates 200 nm; viral particles were on 
average 65 nm in diameter, smaller than commonly observed because of shrinkage during processing. F) Immunostaining of tracheal 
epithelial cells (arrowhead) and submucosal glands (arrow) by SARS-CoV-2 nucleocapsid IHC assay. Original magnification ×20. G) EM 
image of a ciliated epithelial cell with extracellular viral particles (arrow) associated with the cilia. Scale bar indicates 200 nm. EM images 
were collected from 4-µm sections of formalin-fixed, paraffin-embedded tissues affixed to glass slides that were embedded for EM.
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no histopathologic evidence of bronchopneumonia; 
Gram staining revealed no bacterial pathogens; and 
Grocott methenamine silver staining revealed no fun-
gal pathogens. We identified SARS-CoV-2 viral anti-
gens in alveolar macrophages, type II pneumocytes 
(Figure 1, panel B), and hyaline membranes. Rare 
macrophages demonstrated SARS-CoV-2/CD163 
double-staining (Figure 1, panel C). ISH demonstrat-
ed viral RNA in alveolar macrophages and pneumo-
cytes (Figure 1, panel D). We observed viral antigens 
(Figure 1, panel F) and RNA in airway, bronchiolar, 
and submucosal gland epithelium and in macro-
phages in prominent airway submucosa lymphoid 
follicles (Figure 2, panel D).

Although we observed no significant histo-
pathologic findings in extrapulmonary tissues, ISH 
detected SARS-CoV-2 RNA in vascular endothelial 
cells in the myocardium (Figure 2, panel A), where 
viral antigens were also observed, and in the liv-
er (Figure 2, panel C). IHC assays of the liver and 
IHC and ISH of the spleen and kidney produced  
negative results.

SARS-CoV-2 RNA was detected in lung, airway, 
heart, liver, spleen, and kidney tissue by conventional 
RT-PCR; sequence analysis of PCR amplicons showed 
99%–100% nt identity with SARS-CoV-2. Subgenomic 
RNA, suggesting SARS-CoV-2 replication (12), was de-
tected by subgenomic RT-PCR in lung, airway, heart, 
and liver tissue but not in spleen or kidney tissue.

Electron microscopy revealed coronavirus-like 
particles in areas corresponding to SARS-CoV-2 IHC 
and ISH staining in respiratory and myocardial tis-
sues. We found vacuolar accumulations of corona-
virus particles within pneumocytes (Figure 1, panel 
E) and extracellular viral particles in association with 
cilia of respiratory epithelial cells (Figure 1, panel G) 
and near collagen in the heart (Figure 2, panel B).

Placenta 
The trimmed placenta was 72 g, which was small 
for gestational age (10th percentile weight for a 
singleton placenta at 25 weeks gestation would be 
≈159 g) (15). We found microscopic evidence of ma-
ternal vascular malperfusion, including placental 
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Figure 2. In situ hybridization (ISH) slides demonstrating localization of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) genomic RNA in heart, liver, and lymph node tissues and electron microscopic evidence of viral particles in heart tissue from 
neonate in the United States that died with SARS-CoV-2 infection and placental histopathology and angiotensin-converting enzyme-2 
immunohistochemical stain slides. A) SARS-CoV-2 RNA staining by nucleocapsid gene ISH assay in the endothelial cells in myocardium 
vessel walls (arrow). Original magnification ×20. B) Extracellular virus particles in the connective tissue of the heart (arrow). Scale bar 
indicates 100 nm. C) Intravascular staining by nucleocapsid gene ISH assay in the liver parenchyma (arrow). Original magnification ×20. 
D) Extensive nucleocapsid gene ISH staining within macrophages of subcapsular sinus of lymphoid follicle in the submucosa of upper 
airway (arrow). Original magnification ×10. E) Second trimester placenta with fibrinoid necrosis (arrow). Original magnification ×20. 
F) Angiotensin-converting enzyme 2 immunostaining in the membrane polarized on the maternal lake side in the syncytiotrophoblast 
(arrow). Original magnification ×63.
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hypoplasia, accelerated villous maturation, and fo-
cally increased perivillous fibrin (Figure 2, panel 
E). We also noted increased villous fibrinoid ne-
crosis, a feature of villous trophoblastic injury. 
We observed low-grade fetal vascular malperfu-
sion with multifocal avascular villi but no villitis 
or histiocytic intervillositis. ACE2 was multifocally 
expressed in the syncytiotrophoblast and cytotro-
phoblast in the maternal lake side and in the de-
cidua basalis (Figure 2, panel F). Weak TMPRSS2 
staining was observed in the syncytiotrophoblast 
membrane. Placental parenchyma was positive by 
SARS-CoV-2 conventional RT-PCR, confirmed by 
sequencing but negative by subgenomic RT-PCR, 
IHC, and ISH. Trivascular umbilical cord and fe-
tal membranes were unremarkable, and all SARS-
CoV-2 assay results for cord and membrane sam-
ples were negative.

Discussion
We provide direct evidence of SARS-CoV-2 infec-
tion and probable viral replication in multiple au-
topsy tissues from a premature infant who died with 
severe COVID-19. Our findings are most consistent 
with virus acquisition via in utero transmission. We 
found extensive staining of SARS-CoV-2 antigens 
and RNA and evidence of plausible virus replication 
in the lungs, which demonstrated significant pathol-
ogy. Heart and liver demonstrated vascular endothe-
lial RNA staining and subgenomic RT-PCR positiv-
ity, consistent with hematogenous dissemination to 
the primary targets of fetal circulation and probable 
virus replication in these organs. Although other 
mechanisms of vertical transmission cannot be defini-
tively excluded, placental positivity by conventional 
RT-PCR suggests that SARS-CoV-2 RNA was in the 
maternal circulation, and transplacental transmission 
could have occurred only if maternal viremia was 
present before delivery. Furthermore, although the 
incubation period after in utero SARS-CoV-2 expo-
sure is unknown, development of advanced pulmo-
nary pathology, including diffuse alveolar damage 
with extensive staining of viral antigens and RNA, 
and extrapulmonary dissemination of SARS-CoV-2 
would be unlikely if transmission occurred intrapar-
tum or postnatally.

Viral infections during pregnancy and after de-
livery can lead to infant illness and death (16,17). 
Vertical transmission of viruses can occur in 3 ways: 
1) in utero (via maternal viremia and either placental 
cell infection or placental barrier disruption), 2) in-
trapartum (from maternal body fluids during birth), 
or 3) postnatally (e.g., from breastfeeding, caregiver 

exposures) (16,17). Thus far, reports consistent with 
in utero SARS-CoV-2 transmission have been rare 
and include mother–infant pairs with evidence of 
SARS-CoV-2 in maternal specimens (e.g., placen-
ta) and neonatal specimens (e.g., respiratory swab 
samples collected <24 hours postnatally) (18,19). Al-
though a review of 176 neonatal SARS-CoV-2 infec-
tions reported in the literature estimated that ≈30% 
could have resulted from vertical transmission, 
those data were not based on systematic testing or 
surveillance activities (8).

Vertical transmission of SARS-CoV-2 and severe 
neonatal COVID-19 seem infrequent; however, risk 
for medically indicated preterm delivery and stillbirth 
among women with SARS-CoV-2 infection during 
pregnancy seems to be elevated (2,3,7,8). Although se-
vere respiratory disease in SARS-CoV-2–positive late 
preterm or term neonates has been reported (4–7), we 
detected SARS-CoV-2 and evidence of probable virus 
replication in autopsy tissues from an extremely pre-
term neonate. In addition, maternal SARS-CoV-2 infec-
tion occurred during the first or second trimester. Most 
reports of SARS-CoV-2 infection during pregnancy de-
scribe infection in the third trimester (1–5). Additional 
data on outcomes among women with first or second 
trimester SARS-CoV-2 infection, including data spe-
cifically for preterm infants (2–4,9), are needed.

Given the extreme prematurity of this infant, the 
relative contributions of neonatal respiratory distress 
syndrome versus SARS-CoV-2 infection to the ob-
served lung pathology and patient outcome are dif-
ficult to disentangle. However, abundant staining of 
SARS-CoV-2 antigens and RNA in the lungs and evi-
dence of probable virus replication in the context of 
pathology typical of COVID-19 in adults (11,12) indi-
cate that SARS-CoV-2 infection played a central role 
in this case. Furthermore, the neonate’s condition did 
not improve after repeated surfactant administration.

Placental cells express SARS-CoV-2 ACE2 and 
TMPRSS2 receptors, as in this case, and the genes 
necessary for viral replication (20–23). However, 
receptor density and colocalization vary through-
out pregnancy, potentially leading to differential 
risk for placental infection by trimester (23,24). 
In addition, SARS-CoV-2 RNA is rarely detected 
in the placenta, and electron microscopy has mis-
identified common subcellular structures as coro-
navirus particles (25–28). In this patient, we found 
neither evidence of placental SARS-CoV-2 infection 
by ISH or IHC (29–34) nor evidence of chronic his-
tiocytic intervillositis, which has been identified as 
a relatively consistent pathologic feature associ-
ated with placental SARS-CoV-2infection (32–34).  
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Consequently, conventional RT-PCR positivity 
may represent maternal viremia.

Other case series have described placental SARS-
CoV-2 detection in the syncytiotrophoblast, cyto-
trophoblast, Hofbauer cells, and villous endothelial 
cells, including in some cases with evidence of in 
utero SARS-CoV-2 transmission (18,32–34). Although 
the timing of maternal infection cannot be established 
in this case, if the infection was acute and viremia was 
present, it is possible that substantial placenta pathol-
ogy had not yet developed or may have been missed 
during placenta sampling. Hematogenous in utero 
transmission of some viral infections also occurs in 
the absence of placental infection (35). Factors such 
as hypoperfusion and trophoblast ischemic damage 
or transient maternal–fetal hemorrhage could have 
exposed the villus stroma to maternal blood and led 
to SARS-CoV-2 transfer to fetal circulation without 
placental cellular infection. The relationship between 
SARS-CoV-2 infection, preeclampsia, and maternal 
and infant outcomes is complex. Although the rate 
of preeclampsia might be elevated among pregnant 
women with COVID-19 (2,5), the effect of SARS-
CoV-2 infection on its development or severity, par-
ticularly in patients with multiple preeclampsia risk 
factors, is unknown.

The World Health Organization and others 
have proposed definitions for in utero SARS-CoV-2 
transmission (16,17,31). This case would meet World 
Health Organization criteria for possible in utero 
SARS-CoV-2 transmission; however, it would not 
meet the definition of confirmed transmission be-
cause virus persistence criteria were not met (i.e., 
RT-PCR SARS-CoV-2 positivity for a sterile sample at 
24–48 hours of life) (16). Adding criteria for neonatal 
autopsy tissue–based molecular evidence of SARS-
CoV-2 could be useful, similar to criteria for establish-
ing in utero transmission for a fetal demise.

This case demonstrates that in utero SARS-CoV-2 
transmission is possible and can lead to serious out-
comes for infants. Further work is needed to provide 
more information about risk factors for mother-to-
child transmission, adverse pregnancy outcomes, 
and infant outcomes in women with SARS-CoV-2 
infection during pregnancy and to inform patient 
management and testing strategies, prevention, and 
individual COVID-19 vaccination decision making. 
COVID-19 vaccination before or during pregnancy is 
strongly recommended by CDC, the American Col-
lege of Obstetrics and Gynecology, and the Society for 
Maternal-Fetal Medicine (36–38). However, vaccina-
tion uptake among pregnant women is currently low 
in the United States; as of September 27, 2021, only 

31% of pregnant women were fully vaccinated before 
or during pregnancy (39). Continued public health 
surveillance for pregnancy and infant outcomes by 
trimester of SARS-CoV-2 infection is warranted, in-
cluding evaluation of placental, fetal, or infant speci-
mens from COVID-19–affected pregnancies when 
possible and clinically indicated. SARS-CoV-2 testing 
during pregnancy should be guided by routine assess-
ment for COVID-19–associated signs/symptoms and 
exposures, presence of complications potentially as-
sociated with SARS-CoV-2 infection (e.g., preeclamp-
sia) (2,5), and level of community transmission. Neo-
nates born to women with suspected or confirmed 
COVID-19, regardless of neonatal signs/symptoms, 
should also be tested for SARS-CoV-2 (40).
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Nontuberculous mycobacteria (NTM) are ubiqui-
tous bacteria found in soil, water, and other en-

vironments (1,2). More than 200 NTM species have 
been described to date. NTM are classifi ed according 
to their speed of growth in vitro, specifi cally rapidly 
growing mycobacteria (such as Mycobacterium che-
lonae, M. fortuitum complex, and M. abscessus) and 
slowly growing mycobacteria (such as M. avium com-
plex, M. marinum, and M. kansasii).

NTM infections are usually not transmissible be-
tween humans, although outbreaks linked to the same 
contamination event or from a common water reser-
voir have been reported. This fi nding was especially 
observed for extrapulmonary NTM infections after 
invasive procedures because of a common source, 
such as healthcare-associated infections (HAIs) and 
those related to medical, aesthetic, or cosmetic proce-
dures (3–7). In particular, NTM HAIs were observed 
after heart surgery: >100 cases of endocarditis caused 
by a single clone of M. chimaera were found in water 
tanks of heater-cooler units used for cardiac bypass 
(8). In France, previously reported outbreaks of NTM 
HAI cases have involved M. xenopi in bone and joint 
infections after orthopedic surgery (9) and M. che-
lonae in skin infections after mesotherapy cosmetic 
procedures (5) or in hematopoietic stem cell trans-
plantation (10). Endocarditis on bioprosthetic heart 
valves were also reported to contain M. wolinskyi and 
M. chelonae (11).

HAI reporting has been mandatory in France 
since 2001, and reports are collected at the French 
Public Health Agency. In addition, the National 
Reference Centre for Mycobacteria and Resistance 
of Mycobacteria to Anti-Tuberculosis Agents (CNR-
MyRMA) regularly receives NTM isolates, including 
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We describe nontuberculous mycobacteria (NTM) in-
fections during 2012–2020 associated with health care 
and aesthetic procedures in France. We obtained epide-
miologic data from the national early warning response 
system for healtcare-associated infections and data on 
NTM isolates from the National Reference Center for 
Mycobacteria. We compared clinical and environmen-
tal isolates by using whole-genome sequencing. The 85 
original cases were reported after surgery (48, 56%), 
other invasive procedures (28, 33%) and other proce-
dures (9, 11%). NTM isolates belonged to rapidly grow-
ing (73, 86%) and slowly growing (10, 12%) species; in 
2 cases, the species was not identifi ed. We performed 
environmental investigations for 38 (45%) cases; results 
for 12 (32%) were positive for the same NTM species 
as for the infection. In 10 cases that had environmental 
and clinical samples whose genomes were similar, the 
infection source was probably the water used in the pro-
cedures. NTM infections could be preventable by using 
sterile water in all invasive procedures.
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NTM HAI isolates, from human infections for diag-
nosis and treatment purposes. A previous case series 
described an initial cross-database evaluation focus-
ing on NTM infections associated with cosmetic pro-
cedures during 2001–2010 (12). We describe episodes 
of extrapulmonary NTM infections associated with 
surgical, medical, or aesthetic procedures, including 
cosmetic care, reported in France during 2012–2020, 
in and outside healthcare facilities (HCFs).

Materials and Methods

Data Sources
We used 2 data sources to include reported cases of 
NTM infections associated with surgical, medical, or 
aesthetic procedures during January 2012–June 2020. 
The first data source  was the national early warning 
response system (EWRS) for HAI diagnosed in HCF, 
using an electronic reporting process implemented in 
2012 (e-SIN), and slightly modified in 2017 (13). The 
second data source was the NTM isolate database of 
the CNR-MyRMA, which includes microbiological 
results of clinical isolates, as well as environmental 
isolates found after epidemiologic investigations. 
The Regional Support Centre for the Prevention of 
Healthcare-Associated Infections conducted epide-
miologic investigations. We contacted health profes-
sionals who reported cases to the national EWRS for 
HAI and send isolates to CNR-MyRMA to associate 
isolates with cases. We used this procedure to set 
up a single database containing epidemiologic and  
microbiological data.

Case Definition
We included extrapulmonary NTM infections de-
fined as a person who had clinical symptoms com-
patible with an NTM infection and >1 NTM-positive 
microbiological sample (cases considered as NTM 
colonization by physicians were excluded); and 
specific surgical, medical, or aesthetic procedures, 
including cosmetic care, potentially at the origin 
of the NTM infection. Pulmonary NTM infections, 
even hospital-acquired, were excluded. We usually 
consolidated epidemiologically related cases into a 
single report.

Data Collection and Analysis
We collected the following information from the 2 
data sources: 1) the report itself (the HCF or the labo-
ratory which made the report, date of report); 2) data 
for infection (date of onset of initial symptoms, symp-
toms, infection type); 3) the context and suspected 
cause of the infection (procedure at the origin of the 

infection, date of contamination or invasive proce-
dure, equipment implicated); 4) epidemic context 
(number of cases, distribution over time); 5) charac-
teristics of case-patients (age, sex, and immune sta-
tus); 6) investigation characteristics performed after 
the NTM infection diagnosis (environmental and pro-
fessional practices investigations, corrective measures 
implemented); and 7) microbiological results (name 
of species and subspecies, whole-genome sequenc-
ing [WGS] comparison). We performed a descriptive 
data analysis by using STATA version 14.2 (https://
www.stata.com). We analyzed the  rate of NTM infec-
tion cases over the study period by using a Poisson  
regression model.

Genomic Comparison
We performed genotypic analysis by using WGS to 
compare isolates found in environmental and clini-
cal samples. We extracted DNA by using the DNA 
Ultraclean Microbial Kit (QIAGEN, https://www.
qiagen.com). We prepared DNA libraries by us-
ing the Nextera XT Kit (Illumina, https://www.
illumina.com) and sequenced them by using the 
MiSeq System (Illumina) and MiSeq Reagent V2 (2 
× 150) Kits (Illumina). We performed WGS compari-
son by aligning sequencing reads of the isolates to 
a reference genome. We analyzed sequencing data 
by using Bionumerics version 7.6 (Applied Maths, 
https://www.applied-maths.com). We trimmed 
reads to exclude base calls with a Phred score <15 
and then aligned them by using the Trimming and 
Resequencing analysis options. The single-nucleo-
tide polymorphism (SNP) signature was built by us-
ing the Strict filtering (closed SNP set) option, retain-
ing all SNP with a minimum coverage of 5×, at least 
covered once in both forward and reverse direction 
and a minimum distance between retained SNP po-
sition of 12 bases, removing the nondiscriminatory 
position. We used the SNP matrix to build a maxi-
mum parsimony tree. We defined a cluster in the 
WGS analysis by isolates sharing <10 or fewer SNPs. 
WGS data are available from the National Center for 
Biotechnology Information (https://dataview.ncbi.
nlm.nih.gov; under BioProject nos. PRJNA597875, 
PRJNA657124, PRJNA576780, and PRJNA574109).

Results
For the study period, 71 reports of extrapulmonary 
NTM infections related to HAI surgical, medical, 
or aesthetic procedures were included to give a 
total of 85 original cases, a mean of 10 cases/year 
for complete years (i.e., 2012–2019) (Figure 1). The 
regression identified an increasing trend of cases 
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per year of onset of clinical signs during the study 
period after excluding incomplete years (p<0.01). 
This increase was observed particularly during the 
period 2016–2019 (i.e., after the M. chimaera heat-
er–cooler unit [HCU] outbreak) but was caused by 
addition of these cases because regression analysis 
without them showed a similar significant trend 
(p<0.01). Among the 85 cases, 36 (42%) were found 
in the CNR-MyRMA strain database and the e-SIN 
database. The CNR-MyRMA database contained 30 
additional cases, and the e-SIN database contained 
19 additional cases.

The reports were received from 46 HCFs through-
out France. Twenty-nine of the HCFs sent only 1 re-
port during the study period, and 16 HCFs sent >1 (10 
HCFs made 2 reports, 3 HCFs made 3 reports, 2 HCFs 
made 4 reports, and 1 HCF made 5 reports). Most 
(90%, 64/71) of the reports concerned an individual 
case, and 7 reports concerned clusters (2 cases in 4 re-
ports, 3 cases in 1 report, and 5 cases in 2 reports).

For most (69%, 59/85) of cases, the infection was 
acquired inside the HCF, whereas 26 cases (31%) were 
acquired outside the reporting HCF. These infections 
acquired outside the HCF were imported either from 
another HCF (n = 14) or from a non–hospital-based 
medical or aesthetic practice (n = 12).

More women than men had cases reported (M:F 
= 31:46); sex was not reported for 8 case-patients. The 
median case age was 54 years (range 4–86 years; age 
was not reported for 12 cases). One third of the cases 
concerned immunosuppressed patients (33%, 23/70 
cases; 15 cases did not report this information). NTM 
infections resulted from surgical procedures (56%, 

48/85 cases), other invasive procedures (33%, 28/85 
cases), and noninvasive procedures (11%, 9/85 cas-
es). Cardiovascular surgery (n = 14), orthopedic sur-
gery (n = 11), plastic surgery (e.g., breast surgery, 
(n = 13), face-lift (n = 2), abdominoplasty (n = 1), or 
capillary implant (n = 1), and catheter-associated in-
fections (n = 17) comprised most of the surgical and 
other invasive procedure cases reported. The NTM 
infections concerned mainly skin and soft tissues 
(36%, 31/85), intravascular catheters (20%, 17/85), 
bones and joints (18%, 15/85), and arterial/cardiac 
(15%, 13/85) (Table 1).

Overall, 14 NTM species were isolated: 10 rap-
idly growing NTM species and 4 slowly growing 
NTM species. Rapidly growing NTM were M. che-
lonae (n = 30), M. fortuitum complex (n = 24) (17 cases 
with M. fortuitum, 2 with M. mageritense, 2 with M. 
porcinum, 1 with M. senegalense, and 2 strains for 
which the exact species could not be determined), 
M. abscessus (n = 14), M. mucogenicum (n = 5), M. 
neoaurum (n = 2), M. fuerthensis (n = 1), and M. wo-
linskyi (n = 1). Slowly growing NTM species were 
M. chimaera (n = 4), M. avium (n = 2), M. lentiflavum 
(n = 1), and M. marinum (n = 1). For 2 cases of en-
docarditis, direct examination of the valve samples 
identified acid-fast bacilli after Ziehl-Neelsen stain-
ing, but culture results were negative.

We determined the hypothesized incubation time 
(i.e.,  time between the onset of clinical signs and most 
probable contamination date, which is most often the 
date of the procedure) for 50 cases (Table 1). Incuba-
tion time was shorter for rapidly growing NTM (me-
dian time 34 days, n = 40) than for slowly growing 
NTM (median time 549 days, n = 5).

We suspected that medical devices were related 
to the infection for 80% of cases (68/85), but a medical 
device vigilance report was performed for only 21% 
of those (14/68 cases). Medical devices comprised 
implantable devices (e.g., breast prosthesis, artificial 
heart valve and vascular prosthesis, knee or hip pros-
thesis) for 50% of case-patients that had a medical de-
vice (34/68 cases), invasive devices (e.g., catheter and 
implantable port, dialysis device, endoscopy device, 
infiltration device in orthopedic surgery, liposuction 
cannula, mesotherapy, and tattoo injection equip-
ment) (37%, 25/68 cases), and noninvasive devices 
(e.g., cardiopulmonary bypass HCU, contact lens) 
(13%, 9/68 cases).

For nearly half of all reported cases (47%, 40/85 
cases; 30 cases did not report this information), there 
was a specific investigation of professional practic-
es after the NTM infection was diagnosed to assess 
the level of compliance with hygiene guidelines, 
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Figure 1. Onset of clinical signs in 85 reported cases of infection 
with nontuberculous mycobacteria associated with healthcare 
and aesthetic procedures, by year, France, January 2012‒June 
2020. Blue line indicates linear fit for 2012‒2019 after excluding 
incomplete year 2020.
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Table 1. Description of 85 reported healthcare and aesthetic-associated NTM infections, France, 2012–2020* 

Procedure Infection type Sex, M/F 

Median 
age, y 
(range) 

Infection risk 
factor 

Median 
incubation 
times, d 
(range) Species implicated 

Surgical, n = 48       
 Cardiovascular  
    surgery, n = 14 

Infective 
endocarditis 
and aortic 
infection,  

n = 13 

7/3,  
NR = 3 

69 (47‒81); 
n = 10;  

NR, n = 3 

None, n = 10; 
NR, n = 3 

393 (14‒732); 
n = 11;  

NR, n = 2 

M. chelonae, n = 5;  
M. chimaera, n = 3; AFB 

positive and culture negative,  
n = 2; M. wolinskyi, n = 1;  

M. avium, n = 1;  
M. abscessus,† n = 1;  
M. lentiflavum,† n = 1;  
M. fuerthensis,† n = 1 

 SST, n = 1 0/1 69 None 41 M. fortuitum complex, n = 1 
 Breast surgery, 
    n = 13  

SST 1/12 42 (31‒53); 
n = 10;  

NR, n = 3 

Breast cancer,  
n = 2; HIV,  

n = 1; none,  
n = 8; NR, n = 2 

36 (10‒732);  
n = 12;  

NR, n = 1 

M. fortuitum, n = 6;  
M. abscessus, n = 3;  

M. senegalense, n = 1;  
M. chelonae, n = 1; M. avium, 

n = 1; M. chimaera, n = 1 
 Orthopedic surgery,  
    n = 11 

Bone and joint 5/2,  
NR = 4 

69 (45‒86); 
n = 7; NR,  

n = 4 

None, n = 6;  
NR, n = 5 

33 (23‒183);  
n = 9,  
NR,  
n = 2 

M. fortuitum, n = 4;  
M. abscessus, n = 3;  

M. mageritense, n = 2;  
M. porcinum, n = 1;  
M. chelonae, n = 1 

 Skin surgery,‡ n = 7 SST 4/3 65 (42‒78); 
n = 6; NR,  

n = 1 

None, n = 6; NR, 
n = 1 

45 (30‒93);  
n = 6, NR,  

n = 1 

M. fortuitum, n = 3;  
M. chelonae, n = 2;  

M. abscessus, n = 1;  
M. neoaurum, n = 1 

 Other surgery,§ n = 3 Vascular, n = 1 NR NR NR NR M. fortuitum, n = 1 
Urogenital,  

n = 1 
0/1 48 None NR M. fortuitum, n = 1 

 Ocular, n = 1 0/1 83 None 15 M. chelonae, n = 1 

Invasive, n = 28       
 Vascular catheter  
    insertion, n = 17 

Intravascular 
catheter 

7/10 58 (4‒82);  
n = 17 

Chemotherapy,  
n = 14; none,  
n = 2; NR = 1 

NR M. chelonae, n = 6;  
M. mucogenicum, n = 5;  

M. abscessus, n = 2;  
M. fortuitum, n = 1; M. fortuitum 
complex, n = 1; M. porcinum,  

n = 1; M. neoaurum, n = 1 
 Infiltration, n = 3 Bone and joint 0/3 52 (52‒84); 

n = 3 
Corticosteroid 

infiltration, n = 3 
61 (33‒108);  

n = 3 
M. abscessus, n = 2;  
M. chelonae, n = 1 

 Mesotherapy, n = 3 SST 1/2 47 (35‒49); 
n = 3 

None, n = 3 30 (15‒73);  
n = 3 

M. chelonae, n = 2;  
M. abscessus, n = 1 

 Tattoo, n = 3 SST 3/0 50 (48‒56); 
n = 3 

None, n = 3 NR M. chelonae, n = 3 

 Intestinal endoscopy, 
    n = 2 

Abdominal 0/2 68 (60‒75); 
n = 2 

Kidney 
transplant,  

n = 1; none, n = 1 

7 (4‒10); n = 2 M. fortuitum, n = 1;  
M. abscessus, n = 1 

Noninvasive, n = 4       
 Eye lens use, n = 3 Ocular 0/3 36 (21‒62); 

n = 3 
None, n = 3 NR M. chelonae, n = 3 

 Balneotherapy, n = 1 SST 0/1 51 Methotrexate plus 
corticosteroids 

treatment 

20 M. marinum, n = 1 

Not identified, n = 5       
 SST, n = 3 1/2 44 (28‒75); 

n = 3 
Kidney 

transplant, n = 1; 
NR = 2 

NR M. chelonae, n = 3 

 Disseminated, 
n = 1 

1/0 64 Corticosteroids 
treatment, 

chronic dialysis 

NR M. chelonae, n = 1 

 Bone and joint, 
n = 1 

1/0 61 Corticosteroids 
treatment 

NR M. chelonae, n = 1 

*AFB, acid-fast bacilli; NR, not reported; NTM, nontuberculous mycobacteria; SST, akin and soft tissue.  
†Sample that had several bacteria identified. 
‡Skin operations concerning the following diverse procedures: face-lift, n = 2, abdominoplasty, n = 1, capillary implant, n = 1, excision of a basal cell 
carcinoma, n = 1, wearing a Holter monitor, n = 1 and neurostimulation device, n = 1. 
§Lower limb vascular surgery, n = 1, promontofixation, n = 1, eye surgery, n = 1. 
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sterilization procedures, and treatment procedures. 
For more than one fourth of these cases (28%, 
11/40), the investigations found failure to comply 
with infection risk prevention recommendations. 
Corrective measures were implemented for 45% of 
the reports (17/38 reports; 33 did not report this in-
formation), most often involving increased hygiene 
vigilance and recommendations to improve prac-
tices (n = 7). For 32 reports, there was no active case 
finding; most of them were isolated cases. For 30 
reports, this information was not available. Active 
case finding was conducted after 9 reports (30 did 
not report this information) for procedures such as 
breast reconstruction, heart surgery, gastrointesti-
nal endoscopy, mesotherapy, orthopedic surgery, 
and tattooing sessions.

Environmental investigations were undertaken 
for 42% (30/71) of the reports. Most (27/30) reports 
involved water sampling from potential sources of 
the contamination, such as water supply networks (n 
= 21), HCU (n = 4), dialysis water (n = 1), and swim-
ming pool water (n = 1). Perioperative surfaces (n = 2) 
and air samples (n = 1) were rarely sampled. Among 
the 45% of cases (38/85) involving environmental 
investigations, mycobacteria samples were positive 
for 18 (7 were not reported). The same NTM species 
as in the clinical isolate was found for 12 cases (32%, 
12/38) after environmental investigations. For 10 
cases, the clinical isolate could not be distinguished 
from the environmental isolate (Table 2; Figure 2): M. 
chimaera isolates from HCU and heart surgery infec-
tion (patient A3) (Figure 2, panel A), isolates from 
hospital water supply network, M. fortuitum breast 
infection (patient C1) (Figure 2, panel B), M. chelonae 
skin and soft tissue infection (patients D1, E1-E2, E3, 
and F1) (Figure 2, panel C), M. marinum isolates from 
pool balneotherapy and skin and soft tissue infection 
(patient I1) (Figure 2, panel D), and M. mucogenicum 
catheter-associated infection (patients J1, J2, and J3) 
(Figure 2, panel E).

We also performed genomic comparisons for 
case-patients suspected of being contaminated by 
a common source. For 8/10 case-patients, studied 
isolates had the same pattern (Table 2; Figure 2). In 
report A, 3 clinical isolates of M. chimaera endocar-
ditis from 2 patients were clustered (A1-A2 and A3) 
(Figure 2, panel A). These 2 patients were linked to 
a worldwide outbreak of HCU contamination, as 
shown in the section comparing clinical (A3) and 
environmental (A4-A8) isolates. In report H, which 
concerned M. chelonae catheter-associated infections 
diagnosed in the same institution (n = 5 cases), clini-
cal isolates were clustered into 2 distinct groups; 

the first cluster grouped 3 isolates, H1, H4, and H5, 
from 3 patients, and the second cluster grouped 2 
isolates, H2 and H3, from 2 patients (Figure 2, panel 
C). The presence of 2 clusters in the same HCF sug-
gested that there were 2 sources of contamination, 
neither of which were found. In report K, the same 
genotype was found when comparing M. neoaurum 
isolates from blood cultures of 1 patient with the iso-
late found during microbiological control testing af-
ter a peripheral autologous stem cell transplant (n = 
1 case) (Figure 2, panel F). The contamination of the 
stem cell transplant was attributed to colonization of 
the catheter used for the cell sampling.

Discussion
We describe extrapulmonary NTM infections di-
agnosed after surgical, medical, or aesthetic proce-
dures in France over an 8-year period (2012–2020). 
To broaden the spontaneous reporting from medical 
professionals, we sought 2 information sources: the 
national EWRS for HAI and the national reference 
NTM strain database. Because only 85 cases were de-
scribed in 71 reports over 8 years, we might consid-
er that such NTM infections remain rare. However, 
most of the cases were related to a medical device, a 
specific procedure, or lack of hygiene practices and 
might have been preventable.

Our study highlights a slight increase in re-
ported annual numbers of cases during the study 
period. This increase, particularly during 2016 (14), 
could be explained by greater global awareness 
in public health community after invasive infec-
tions with M. chimaera associated with HCUs used 
during cardiac surgery (15) and other published  
outbreaks (6).

Both infection sites and NTM species isolated 
from these cases of infections were diverse, empha-
sizing the opportunistic nature of these pathogens. 
The most commonly reported infections were skin 
and soft tissue infections, catheter-related infections, 
infective endocarditis, and bone and joint infections. 
When we compared our findings with the major pro-
portion of extrapulmonary NTM infections described 
in the literature, but not limited to healthcare-associ-
ated and aesthetic procedure–associated infections, 
we found that skin and soft tissue infections were the 
most commonly reported infection site (16,17). How-
ever, we identified catheter-associated infections, 
bone and joint infections, or infective endocarditis, 
which are less described, except for the HCU M. chi-
maera outbreak (8).

A wide variety of NTM species were responsible 
for the infections reported in our study; M. chelonae 
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and M. fortuitum were the most common. Isolates of 
slowly growing NTM species were rare (11%) com-
pared with those found in a review in the United 
States, in which 50% of all species were in the M. 
avium complex (16). One possible explanation for this 
difference is that rapidly growing NTM cultivated on 
standard bacteriology diagnostic media might con-
stitute an unexpected etiology diagnosis. We should 
also consider that these rapidly growing species were 
regularly found in France in the water networks, one 
of the sources of infection (1).

Most of the cases in our study were linked to sur-
gical, invasive, and noninvasive procedures. In 5 cas-
es, no specific procedures were identified as the cause 
of infection, even though all patients underwent 
healthcare procedures such as previous intravenous 
catheter, or no procedures were identified at all, such 
as the case of bone and joint infection, which could 
not have originated from spontaneous infection. As 
observed in previous reviews, the most commonly re-
ported infections were those associated with aesthetic 
care (12), particularly breast prostheses (18).
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Table 2. Genomic comparison between clinical versus environmental isolates and comparison of clinical isolates for patients 
suspected of being contaminated with nontuberculous mycobacteria by a common source, France, 2012–2020 

Report Species involved Case manifestations 
Environmental 

sample Result of comparison 
Location of 
information* 

A M. chimaera Endocarditis after cardiac 
surgery by using 

contaminated heater-cooler 
unit (2 patients operated on 

in 2 hospitals) 

Heater-cooler  
unit water 

Clinical isolates from the 2 
patients who had M. chimaera 

disseminated disease after 
open-heart surgery belonged 
to worldwide epidemic cluster. 

Environmental isolates, 
obtained only for 1 of the 2 

patients, belonged to  
the epidemic cluster for  

5/10 of them 

Figure 2, panel A; 
Appendix Table 1 

B M. chimaera Prosthesis infection after 
breast reconstruction  

(1 patient) 

Hospital water 
supply network 

Environmental and clinical 
isolates did not belong to  

the same cluster 

Figure 2, panel A; 
Appendix Table 1 

C M. fortuitum Prosthesis infection after 
breast reconstruction  

(1 patient) 

Hospital water 
supply network 

Environmental and clinical 
isolates belonged to the  

same cluster 

Figure 2, panel B; 
Appendix Table 2 

D M. chelonae Skin and soft tissue infection 
after face lift surgery  

(1 patient) 

Hospital water 
supply network 

Environmental and clinical 
isolates belonged to the  

same cluster 

Figure 2, panel C; 
Appendix Table 3 

E M. chelonae Skin and soft tissue infection 
after tattoo (2 patients 
tattooed in the same  

tattoo parlor) 

Tattoo parlor water 
supply network 

Environmental and clinical 
isolates belonged to  

the same cluster 

Figure 2, panel C; 
Appendix Table 3 

F M. chelonae Skin and soft tissue  
infection after mesotherapy 

(1 patient) 

Water supply 
network from 

doctor’s office sink 
and patient’s home 

Environmental isolates from 
doctor’s office sink and clinical 
isolate belonged to the same 
cluster. Isolates from patient’s 

home were not related 

Figure 2, panel C; 
Appendix Table 3 

G M. chelonae Skin and soft tissue infection 
after mesotherapy  

(1 patient) 

Water supply 
network from 

doctor’s office sink 
and patient’s home 

Environmental and clinical 
isolates did not belong to  

the same cluster 

Figure 2, panel C; 
Appendix Table 3 

H M. chelonae Catheter-associated 
infection (5 patients from the 

same institution) 

No environmental 
sample 

Two clusters of 2 clinical 
isolates were identified 

Figure 2, panel C; 
Appendix Table 3 

I M. marinum Skin and soft tissue infection 
caused by contamination 

after a bath in a 
balneotherapy swimming 

pool (1 patient) 

Swimming pool 
water 

Environmental and clinical 
isolates belong to the  

same cluster 

Figure 2, panel D; 
Appendix Table 4 

J M. mucogenicum Catheter-associated 
infection (3 patients from the 

same institution) 

Hospital water 
supply network 

Environmental and clinical 
isolates belong to the  

same cluster 

Figure 2, panel D; 
Appendix Table 5 

K M. neoaurum Catheter-associated 
infection discovered during 
microbiological control of 

autologous stem cell 
transplant (1 patient) 

Autologous stem 
cell transplant; no 

environmental 
sample 

Environmental and clinical 
isolates belong to the  

same cluster 

Figure 2, panel E; 
Appendix Table 6 

*Appendix Table 1, https://wwwnc.cdc.gov/EID/article/28/3/21-1791-App1.pdf. 
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The source of infection was not determined in 
9/10 case-patients, despite environmental investiga-
tions conducted for ≈50% of the reports. Even when 
environmental investigations were performed, they 
occurred months after the suspected contamination 
because of long incubation times, as in reports B  
and G (Table 2).

Because a medical device was implicated in most 
of the NTM infection cases we reported, we believe 
that these infections can be prevented. The medical 
device could be contaminated by NTM before its use 
or can lead to contamination from environmental 
NTM (5,19). When an environmental cause is iden-
tified, the water system is the major environmental 
source most frequently considered responsible. Wa-
ter systems, particularly in hospitals, are frequently 
identified as NTM reservoirs (20,21).

Genomic comparison of NTM isolates can be used 
to rule out or confirm any hypothesis concerning the 
origin of the contamination. However, careful analy-
sis of genomic sequence comparisons should be con-
ducted because several factors, such as the reference 
sequence on which the reads are mapped (epidemic 
strain or unrelated strain), quality of the sequenced 
data, coverage of the mapping assembly, number of 
sequences included in the comparison, and use of de 
novo assembly, influence SNP analysis. WGS appears 
to be a suitable tool for the molecular investigation 

of NTM infections, but might need expert rules and 
standardization to be used further.

The major limitations of this study concern the 
lack of completeness of the reported data. There is 
no specific surveillance system for NTM infection 
in France, and the 2 databases used for this case se-
ries are not exhaustive. The purpose of the EWRS for 
HAI platform is to improve the management of HAI 
reporting by HCF, and the CNR-MyRMA receives 
NTM isolates for patient diagnosis and treatment and 
genotypic comparison in epidemiologically related 
cases with environmental analyses when necessary. 
Therefore, underdeclaration of NTM infection cases 
in France is probable (22). However, when combined, 
the 2 databases provide a useful inventory of extra-
pulmonary NTM infection cases related to surgical, 
medical, and aesthetic procedures. The genomic com-
parison of NTM isolates performed by CNR-MyRMA 
was able to demonstrate the source when an environ-
mental investigation was conducted and clinical and 
environmental isolates were available. This compari-
son provides valuable pointers for the future imple-
mentation, improvement, and follow-up of certain 
preventive measures.

Although data in the current study were not ex-
haustive, reports of NTM infection cases and sub-
sequent microbiological and workplace practice in-
vestigations showed that considerable progress has 
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Figure 2. Genomic comparison of nontuberculous mycobacteria isolates by using whole-genome sequencing phylogenetic analysis and 
maximum parsimony trees. A) Mycobacterium chimaera, B) M. fortuitum, C) M. chelonae, D) M. marinum, E) M. mucogenicum, F) M. 
neoaurum. Environmental isolates are indicated in blue, and clinical isolates are indicated in red. Additional details on the isolates and their 
sources are available in an extended figure legend online (https://wwwnc.cdc.gov/EID/article/28/3/21-1791-F2.htm); additional information for 
the 6 Mycobacterium species tested is provided in the Appendix (https://wwwnc.cdc.gov/EID/article/28/3/21-1791-App1.pdf). Ref, referent.
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been made in understanding contamination mecha-
nisms during healthcare treatment. Water used in 
the procedures appeared to be the infection source 
for 10 cases. This finding is particularly true for heart 
surgery after the alert issued concerning the global 
outbreak of M. chimaera endocarditis as a result of 
contaminated HCUs (8).

Our observations should prompt more stringent 
recommendations for prompt reporting of NTM infec-
tions and provision of clinical and environmental sam-
ples for analysis of strains. Better application of these 
recommendations should improve methods to identify 
causes of NTM infections and enable their prevention.
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etymologia revisited
Coronavirus

The fi rst coronavirus, avian infectious bronchitis virus, was dis-
covered in 1937 by Fred Beaudette and Charles Hudson. In 1967, 
June Almeida and David Tyrrell performed electron microscopy on 
specimens from cultures of viruses known to cause colds in humans 
and identifi ed particles that resembled avian infectious bronchitis 
virus. Almeida coined the term “coronavirus,” from the Latin coro-
na (“crown”), because the glycoprotein spikes of these viruses cre-
ated an image similar to a solar corona. Strains that infect humans 
generally cause mild symptoms. However, more recently, animal 
coronaviruses have caused outbreaks of severe respiratory disease 
in humans, including severe acute respiratory syndrome (SARS), 
Middle East respiratory syndrome (MERS), and 2019 novel coro-
navirus disease (COVID-19).

Sources: 
  1.  Almeida JD, Tyrrell DA. The morphology of three previously  

uncharacterized human respiratory viruses that grow in organ culture. J 
Gen Virol. 1967;1:175–8. https://doi.org/10.1099/
0022-1317-1-2-175

  2.  Beaudette FR, Hudson CB. Cultivation of the virus of infectious bron-
chitis. J Am Vet Med Assoc. 1937;90:51–8.

  3.  Estola T. Coronaviruses, a new group of animal RNA viruses. Avian 
Dis. 1970;14:330–6. https://doi.org/10.2307/1588476

  4.  Groupe V. Demonstration of an interference phenomenon 
associated with infectious bronchitis virus of chickens. J Bacteriol. 
1949;58:23–32. https://doi.org/10.1128/JB.58.1.23-32.1949
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SYNOPSIS

Legionnaires’ disease (LD) is a severe pneumo-
nia caused by Legionella spp. bacteria. Approxi-

mately 95% of patients require hospitalization, and 
10% die (1). Risk factors include older age (>50 
years), smoking, a weakened immune system, and 
chronic lung conditions (2). Pontiac fever (a self-
limited, infl uenza-like illness) and extrapulmonary 
legionellosis (Legionella infection with a primary fo-
cus outside the lungs) are other less common legio-
nellosis syndromes (1).

Legionella is found in most freshwater environ-
ments in low numbers. The bacteria can proliferate 
in built environments, particularly when the water 
is warm (25°C–45°C), stagnant, and lacking residual 
disinfectant. Some devices, such as cooling towers, 
hot tubs, showers, and decorative fountains, can 
aerosolize water and have frequently been associat-
ed with LD outbreaks (3). LD can be acquired when 
aerosolized water containing Legionella bacteria is in-
haled. A properly designed and implemented water 
management program (WMP) can reduce the risk for 
Legionella growth and transmission in buildings with 
complex water systems (3–5). WMPs were fi rst rec-
ommended in 2015 (4).

L. pneumophila was discovered in 1977 and recog-
nized as the etiologic agent in an outbreak of severe 
pneumonia the previous year (6,7). LD cases reported 
to the Centers for Disease Control and Prevention 
(CDC) steadily increased from 235 in 1976 to 1,370 
in 1990 (8). Reported cases in the United States re-
mained relatively stable during 1990–2002 but began 
increasing steadily in 2003 (9–11); however, the rea-
sons are unclear. To explore factors that might have 

contributed to the increase, we compared epidemio-
logic patterns associated with the baseline years be-
fore the increase (1992–2002) and those associated 
with the years of increase (2003–2018).

Methods
US jurisdictions (the 50 states plus New York, NY, 
and Washington, DC) report cases of legionellosis (re-
ferred to as LD) (1) to CDC through the National No-
tifi able Diseases Surveillance System (NNDSS). We 
included data from 1992 (the earliest year of electron-
ically available data) through 2018. Although 2019 
data are available, completeness of the data reported 
by more than one third of US jurisdictions is uncertain 
because of the coronavirus disease pandemic (12). LD 
was not reportable in Connecticut during 1992–1996 
or in Oregon or West Virginia during 1992–2002; we 
excluded cases and populations from these jurisdic-
tions and years from analyses. 

During the study period, the LD case defi nition 
changed (in 1997 and 2006); we included cases meet-
ing the case classifi cation criteria for reportable con-
ditions in use at the time the cases occurred (13–15). 
All 3 case defi nitions defi ned a confi rmed case of LD 
as a clinically compatible illness with isolation of 
any Legionella organism from respiratory secretions, 
lung tissue, pleural fl uid, or other normally sterile 
fl uid; detection of L. pneumophila serogroup 1 anti-
gen in urine using validated reagents; or a >4-fold 
rise in specifi c serum antibody titer to L. pneumophila
serogroup 1 using validated reagents (13–15). The 
1996 case defi nition included the detection of L. 
pneumophila serogroup 1 in respiratory secretions, 
lung tissue, or pleural fl uid by direct fl uorescent 
antibody testing, and it required the >4-fold rise in 
antibody titer to reach >128. The 1990 case defi nition 
included probable cases, defi ned as a clinically com-
patible illness with demonstration of a reciprocal an-
tibody titer >256 from a single convalescent-phase 
serum specimen.

Available patient data included age, sex, race, 
ethnicity, jurisdiction of residence, and date of ear-
liest reported event in case history (event date). We 
did not analyze ethnicity because data were missing 
for 30.4% of cases. Cases were associated with the 
event date rather than the date reported to the health 
department or CDC. Event dates consisted of onset 
date (78%), diagnosis date (9%), laboratory result date 
(6%), date fi rst reported to any public health authority 
(3%), and date reported to the state health department 
or CDC (3%); 1% of cases were missing date type. 

Jurisdictions were grouped by US Census Bu-
reau regions and divisions (Figure 1). To quantify 
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Reported Legionnaires’ disease (LD) cases began in-
creasing in the United States in 2003 after relatively sta-
ble numbers for >10 years; reasons for the rise are un-
clear. We compared epidemiologic patterns associated 
with cases reported to the Centers for Disease Control 
and Prevention before and during the rise. The age-stan-
dardized average incidence was 0.48 cases/100,000 
population during 1992–2002 compared with 2.71 cas-
es/100,000 in 2018. Reported LD incidence increased 
in nearly every demographic, but increases tended to be 
larger in demographic groups with higher incidence. Dur-
ing both periods, the largest number of cases occurred 
among White persons, but the highest incidence was in 
Black or African American persons. Incidence and in-
creases in incidence were generally largest in the East 
North Central, Middle Atlantic, and New England divi-
sions. Seasonality was more pronounced during 2003–
2018, especially in the Northeast and Midwest. Rising 
incidence was most notably associated with increasing 
racial disparities, geographic focus, and seasonality.



 Rising Incidence of Legionnaires’ Disease, USA

seasonality, we calculated the annual maximum-to-
minimum monthly case ratio by dividing the maximum 
number of monthly cases by the minimum number of 
monthly cases within a calendar year. For most analy-
ses, we aggregated data within 2 time periods (baseline 
years [1992–2002] and increase years [2003–2018]) and 
then compared them. We selected 2002, the last year 
before annual cases numbered >2,000, as a breakpoint 
for our analyses to aid in comparisons with previously 
published work (9–11). To quantify the magnitude of 
increase, we compared the age-standardized incidence 
in 2018 with the age-standardized average incidence 
for 1992–2002 (Appendix). We used bridged-race post-
censal population estimates to calculate incidence (16). 
Incidence was age-standardized by using the 2005 US 
standard population as the reference population.

We performed statistical analyses by using SAS 
(version 9.4; SAS Institute, https://www.sas.com). 
We performed joinpoint regression analysis, also 
known as change point regression or segmented re-
gression (Joinpoint software version 4.8.0.1, https://
surveillance.cancer.gov/joinpoint) on the age-stan-
dardized incidence and mean and median age over 
time to identify the optimal year when population 
parameters changed (Appendix).

Results
During 1992–2002, an average of 1,221 (range 1,060–
1,547) LD cases were reported annually; during 
2003–2018, an average of 4,369 (range 2,082–9,999) 
cases were reported annually. Crude and age-stan-
dardized incidence increased from 0.52 and 0.55 
cases/100,000 population in 1992 to 3.06 and 2.71 
cases/100,000 population in 2018 (Figure 2). Over 
the study period, joinpoint analysis selected a model 
with 1 change point in the trend in age-standardized 
incidence as the best model (over models with zero 
or 2 change points). Although joinpoint analysis 
identified the single optimal change point in the 
trend in age-standardized incidence (p<0.05) as 1999 
(95% CI 1996–2002), we retained 2002 as the break-
point in our analyses to aid in comparisons with 
previous studies. In addition, the largest relative in-
crease (26%) in a 3-year moving average of age-stan-
dardized incidence over the study period occurred 
in 2003. From 1992 to 2002, no indication of a trend 
in age-standardized incidence was seen (−0.2%, 95% 
CI −5.1% to 5.0%); from 2002 to 2018, the average 
annual increase in age-standardized incidence was 
9.3% (95% CI 8.1%–10.4%), of which the largest in-
crease occurred during 2016–2018.
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Figure 1. US Census Bureau regions and divisions. Regions: Northeast: Connecticut, Maine, Massachusetts, New Hampshire, New 
Jersey, New York City, New York State, Pennsylvania, Rhode Island, Vermont; Midwest: Illinois, Indiana, Iowa, Kansas, Michigan, 
Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, Wisconsin; South: Alabama, Arkansas, Delaware, District of 
Columbia, Florida, Georgia, Kentucky, Louisiana, Maryland, Mississippi, North Carolina, Oklahoma, South Carolina, Tennessee, Texas, 
Virginia, West Virginia; West: Alaska, Arizona, California, Colorado, Hawaii, Idaho, Montana, Nevada, New Mexico, Oregon, Utah, 
Washington, Wyoming. Divisions: New England: Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island, Vermont; Middle 
Atlantic: New Jersey, New York City, New York State, Pennsylvania; East North Central: Illinois, Indiana, Michigan, Ohio, Wisconsin; 
West North Central: Iowa, Kansas, Minnesota, Missouri, Nebraska, North Dakota, South Dakota; South Atlantic: Delaware, District of 
Columbia, Florida, Georgia, Maryland, North Carolina, South Carolina, Virginia, West Virginia; East South Central: Alabama, Kentucky, 
Mississippi, Tennessee; West South Central: Arkansas, Louisiana, Oklahoma, Texas; Mountain: Arizona, Colorado, Idaho, Montana, 
Nevada, New Mexico, Utah, Wyoming; Pacific: Alaska, California, Hawaii, Oregon, Washington.
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Age
Age data were available for 82,649 (99.2%) of the 83,334 
cases in the study period. During the baseline years, 
the largest number of average annual cases (257) was 
reported in the 65–74-year age group; the average 
number of cases in the 2 older age groups (75–84 and 
>85 years) was lower than the 2 younger age groups 
(45–54 and 55–64 years) (Figure 3, panel A). Average 
age-specific incidence generally increased with age, 
rising from <0.1 cases/100,000 population in children 
and young adults (0–24 years) to peak in the 75–84-
year age group (1.57 cases/100,000 population) (Ap-
pendix Table). During the increase years, the largest 
number of average annual cases (1,112) was reported 
in the 55–64-year age group, and the distribution was 
more symmetric around this peak (Figure 3, panel B) 
than around the peak for the baseline years. Except 
for the 0–14-year group, in which incidence remained 

low (<0.1 cases/100,000 population), average age-
specific incidence increased with age through the >85 
years category (5.52 cases/100,000 population).

Joinpoint analysis identified 2002 as the change 
point in the trend of median patient age (Figure 4). Me-
dian patient age decreased from 62 years in 1992 to 58 
years in 2002, then increased to 62 years in 2018. We 
identified a model with no change points as the best 
model for the trend in mean patient age over the study 
period; mean age increased from 58.9 years to 61.7 years.

Sex
During 1992–2002, men accounted for 59.8% of the 
13,137 cases for whom sex was reported, compared with 
62.8% of 69,226 cases during 2003–2018. The age-stan-
dardized average incidence in men was 0.63/100,000 
men and in women was 0.35/100,000 women dur-
ing 1992–2002 (Appendix Table). During 2003–2018, 
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Figure 2. Reported cases of Legionnaires’ disease by month and incidence (cases/100,000 population) by year, United 
States,1992–2018. Monthly cases reported to the Centers for Disease Control and Prevention through the National Notifiable Diseases 
Surveillance System and the crude and age-standardized annual incidence for 1992–2018 are shown.

Figure 3. Average annual number of cases of Legionnaires’ disease and average incidence (cases/100,000 population), by age group, 
United States, 1992–2018. A) Reported average number of annual cases and average incidence by age group for 1992–2002. B) 
Reported average number of annual cases and average incidence by age group for 2003–2018.
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the age-standardized average incidence increased to 
1.80/100,000 in men and 0.91/100,000 in women.

Race
Race was missing for 18.2% of cases; thus, race-specif-
ic case counts and incidences might be slightly higher 
than measured in this study. During the baseline years, 
>6 times the number of average annual cases were re-
ported among White persons (813) than Black or Afri-
can American persons (128), but the age-standardized 
average incidence was >25% higher among Black or 
African American persons (0.47/100,000 population) 
than White persons (0.37/100,000 population) (Figure 
5, panel A; Appendix Table). This pattern continued, 
and racial disparities were more pronounced dur-
ing the years of increase, when the age-standardized 
average incidence was twice as high among Black or 
African American persons (2.15/100,000 population) 
than among White persons (0.99/100,000 population) 
(Figure 5, panel B).

Geographic Distribution
During both the baseline years and the years of in-
crease, the age-standardized average incidence was 
higher in the Northeast (0.68/100,000 population in 
baseline years; 2.34/100,000 population in years of 
increase) and Midwest (0.67; 1.67) regions than in 
the South (0.33; 1.01) and West (0.29; 0.66) regions 
(Appendix Table). Similarly, the contiguous East 
North Central (0.77; 2.01), Middle Atlantic (0.71; 
2.58), and New England (0.61; 1.64) divisions had 
the highest age-standardized average incidence 
during the baseline years and the years of increase. 
Among the 20 jurisdictions with the highest age-
standardized average incidence during 1992–2002, 
a total of 10 were located within the East North 
Central, Middle Atlantic, or New England divi-
sions, and 3 others bordered these divisions (Figure 
6, panel A). During 2003–2018, 14/20 jurisdictions 
with the highest age-standardized average inci-
dence were located within these same 3 divisions, 
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Figure 4. Trends in median and mean age of Legionnaires’ disease patients by year, United States, 1992–2018.

Figure 5. Average annual number of cases of Legionnaires’ disease and age-standardized average incidence (cases/100,000 
population) by race, United States, 1992–2018. A) Reported average number of annual cases and age-standardized average incidence 
by race for 1992–2002. B) Reported average number of annual cases and age-standardized average incidence by race for 2003–2018.
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and 4 additional jurisdictions (of the 20) bordered 
these divisions (Figure 6, panel B).

Seasonality
Most LD cases occurred during summer or fall 
months, and this pattern became more extreme af-
ter the baseline years (Figure 2). During 1992–2002, 
an average of 57.8% of annual cases occurred during 
June–November, increasing to 68.9% during 2003–
2018. The average annual maximum-to-minimum 
monthly cases ratio rose from 2.59 during the baseline 
years to 4.31 during the years of increase.

By geography, during the baseline years, moder-
ate seasonality was observed in the Northeast region 
and less so in the Midwest and South regions (Figure 
7, panel A). No seasonal pattern was discernible in 
the West. When cases increased during 2003–2018, 
seasonality became more prominent in all regions, 

particularly in the Northeast and Midwest (Figure 7, 
panel B). A less pronounced but identifiable seasonal 
pattern was also observed in the West. The LD season 
began first in the South and maintained a peak in this 
region from June through October. The LD season be-
gan later in the Midwest and Northeast, peaking in 
July in the Midwest and in August in the Northeast.

Magnitude of Increase
Overall, age-standardized average incidence in-
creased from 0.48/100,000 population during the 
baseline years (1992–2002) to 2.71/100,000 popula-
tion in 2018 (incidence risk ratio [RR] 5.67, 95% CI 
5.52–5.83) (Table). Relative changes in incidence in 
the 0–4-year and 5–14-year age groups were not sta-
tistically significant (RR 0.16, 95% CI 0.02–1.19 for 
0–4 years; RR 0.48, 95% CI 0.15–1.54 for 5–14 years). 
Incidence increased >5-fold for all age groups above 
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Figure 6. Age-standardized 
average incidence (cases/100,000 
population) of Legionnaires’ 
disease by jurisdiction, United 
States, 1992–2018. A) Age-
standardized average incidence 
by jurisdiction, 1992–2002. 
Legionnaires’ disease was not 
reportable in Connecticut during 
1992–1996 or in Oregon or West 
Virginia during 1992–2002. B) Age-
standardized average incidence by 
jurisdiction, 2003–2018.
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34 years; the largest relative increases occurred in the 
>85-year (RR 6.50, 95% CI 5.82–7.27), 55–64-year (RR 
6.39, 95% CI 6.05–6.75), and 45–54-year (RR 6.28, 95% 
CI 5.91–6.69) age groups. Age-standardized incidence 
increased slightly more in men (RR 5.86, 95% CI 5.67–
6.05) than in women (RR 5.29, 95% CI 5.06–5.53). The 
age-standardized incidence increased from 0.47 to 
5.21/100,000 population in Black or African Ameri-
can persons (RR 11.04, 95% CI 10.39–11.73) and from 
0.37 to 1.99/100,000 population in White persons (RR 
5.30, 95% CI 5.12–5.49).

By region, the relative increase in age-standard-
ized incidence was largest in the Northeast (RR 
7.04, 95% CI 6.70–7.40), similar in the Midwest (RR 
6.13, 95% CI 5.85–6.42) and South (RR 5.97, 95% CI 
5.67–6.29), and smallest in the West (RR 3.39, 95% CI 
3.11–3.68). By division, the largest relative increase 
in age-standardized incidence occurred in the West 
South Central division (RR 9.15, 95% CI 8.10–10.34). 
The next-largest relative increases were similar 
among the New England (RR 7.10, 95% CI 6.40–7.87), 
Middle Atlantic (RR 7.07, 95% CI 6.69–7.48), East 
North Central (RR 6.48, 95% CI 6.16–6.82), and East 
South Central (RR 6.40, 95% CI 5.63–7.27) divisions. 
The smallest relative increase in age-standardized  

incidence was in the Mountain division (RR 2.47, 95% 
CI 2.15–2.83). Although the largest relative increase 
in age-standardized incidence occurred in the West 
South Central division, the largest absolute increases 
occurred in the Middle Atlantic, East North Central, 
and New England divisions.

Discussion
Reported incidence of LD in the United States has 
been rising since 2003, and the increase appears to 
be accelerating in recent years. Joinpoint analysis 
confirmed that a change in trend in age-standard-
ized incidence occurred between 1996 and 2002, in-
clusively; no trend was identified before the change 
point, and an increasing trend was identified after. 
Although 1999 was indicated as the single optimal 
change point, and age-standardized incidence in-
creased slightly every year after 1999 until 2004, the 
first substantial increase beyond what was likely 
the baseline range occurred in 2003. However, the 
rising incidence was not uniform and affected some 
demographic groups disproportionately. Increases 
tended to be larger in demographics with higher 
incidence. This rise was most strikingly associat-
ed with increases in racial disparities, geographic  
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Figure 7. Seasonality of 
Legionnaires’ disease cases 
by Census Bureau region, 
United States, 1992–2018. 
A) Seasonality of cases by 
US Census Bureau region, 
1992–2002. The monthly 
percentage of each region’s 
cases is shown. If no seasonality 
existed, approximately the same 
number of cases would be 
expected to occur each month 
(i.e., 1/12 [8.3%] of annual cases 
would occur each month). B) 
Seasonality of cases by US 
Census Bureau region, 2003–
2018. The monthly percentage 
of each region’s cases is shown. 
If no seasonality existed, 
approximately the same number 
of cases would be expected to 
occur each month (i.e., 1/12 
[8.3%] of annual cases would 
occur each month). 
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focus, and seasonality. We also noted changes in 
age and sex distributions.

The US population is aging (16–18); because older 
age is a risk factor for LD (2) and incidence increased 
with age, the aging population might contribute to 
the rising national incidence of LD. In this analysis, 
age-standardized incidence increased less than crude 
incidence. However, this difference was minor (12% 
in 2018), and relative increases in incidence from the 
baseline years to 2018 for all age groups older than 
34 years were at least equal to the national average, 
suggesting that other factors played larger roles in the 
rising trend.

Although most LD cases occurred among White 
persons, Black or African American persons were dis-
proportionately affected. Certain underlying condi-
tions, including diabetes, end-stage renal disease, and 
some cancers, have been associated with an increased 
risk for LD (2), and these conditions are more com-
mon among Black or African American persons than 

White persons (19–22). Social determinants of health 
also likely contributed to disparities in incidence (23). 
Black or African American persons had the lowest 
median household income relative to other races (24), 
and areas of poverty were associated with a higher 
incidence of LD (25,26). Residence in areas with more 
vacant housing, more renter-occupied homes, more 
homes built before 1970, and lower education levels 
were also identified as risk factors for LD (26). Certain 
occupations (transportation, repair, protective servic-
es, cleaning services, and construction) were found to 
carry a higher risk for LD, but the associations with 
race and socioeconomic status were unclear (25). The 
relative increase in LD incidence from baseline years 
to 2018 was larger among Black or African American 
persons than any other demographic group, suggest-
ing that the conditions leading to this disparity have 
been worsening.

Geographically, LD incidence was generally fo-
cused around an area extending from Ohio into New 
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Table. Magnitude of increase in age-standardized incidence of Legionnaires’ disease, cases/100,000 population, from 1992–2002 
(average) through 2018, United States 

Demographic 

Age-standardized 
average incidence, 

1992–2002 

Age-
standardized 

incidence, 2018 

Absolute 
increase in age-

standardized 
incidence 

Age-standardized 
incidence risk ratio, 
2018 to 1992–2002 
baseline (95% CI) 

Increase  
in age-

standardized 
incidence, % 

Age group, y, not standardized 
     

 0–4  0.03 0.01 −0.03 0.16 (0.02–1.19) −83.52 
 5–14  0.02 0.01 −0.01 0.48 (0.15–1.54) −51.61 
 15–24 0.07 0.19 0.12 2.80 (2.19–3.57) 179.80 
 25–34 0.18 0.75 0.58 4.30 (3.79–4.88) 330.31 
 35–44 0.38 1.97 1.59 5.15 (4.74–5.59) 414.89 
 45–54 0.66 4.12 3.46 6.28 (5.91–6.69) 528.44 
 55–64 1.02 6.52 5.50 6.39 (6.05–6.75) 539.14 
 65–74 1.42 7.66 6.24 5.40 (5.11–5.70) 439.63 
 75–84 1.57 8.52 6.96 5.44 (5.07–5.84) 444.13 
 >85 1.49 9.69 8.20 6.50 (5.82–7.27) 550.35 
Sex 

     

 M 0.63 3.66 3.04 5.86 (5.67–6.05) 485.55 
 F 0.35 1.86 1.50 5.29 (5.06–5.53) 429.22 
Race* 

     

 Native American or Alaska Native 0.26 1.27 1.01 4.93 (3.51–6.93) 392.94 
 Asian or Pacific Islander 0.14 0.56 0.42 4.03 (3.19–5.10) 303.18 
 Black or African American 0.47 5.21 4.74 11.04 (10.39–11.73) 1003.95 
 White 0.37 1.99 1.61 5.30 (5.12–5.49) 430.15 
Region  

     

 Division 
     

Northeast 0.68 4.82 4.14 7.04 (6.70–7.40) 604.10 
 New England 0.61 4.33 3.72 7.10 (6.40–7.87) 610.04 
 Middle Atlantic 0.71 5.00 4.30 7.07 (6.69–7.48) 606.98 
South 0.33 1.97 1.64 5.97 (5.67–6.29) 497.23 
 South Atlantic 0.44 2.29 1.85 5.24 (4.91–5.59) 423.54 
 East South Central 0.32 2.05 1.73 6.40 (5.63–7.27) 539.66 
 West South Central 0.15 1.36 1.21 9.15 (8.10–10.34) 815.03 
Midwest 0.67 4.10 3.43 6.13 (5.85–6.42) 513.06 
 East North Central 0.77 5.01 4.24 6.48 (6.16–6.82) 548.02 
 West North Central 0.42 2.04 1.62 4.81 (4.29–5.40) 381.38 
West 0.29 0.99 0.70 3.39 (3.11–3.68) 238.50 
 Mountain 0.43 1.07 0.64 2.47 (2.15–2.83) 146.55 
 Pacific 0.23 0.95 0.72 4.13 (3.71–4.59) 312.91 
United States 0.48 2.71 2.23 5.67 (5.52–5.83) 467.30 
*Ethnicity was not analyzed because data were missing for 30.4% of cases. 

 



 Rising Incidence of Legionnaires’ Disease, USA

York state and Maryland and decreased with distance 
from this center. Although incidence rose nationwide, 
areas with higher incidence tended to have larger in-
creases. These findings indicate that factors shared by 
geographic areas might have contributed to the rise in 
cases. Several studies found temperature, precipita-
tion, and humidity to be associated with LD cases, al-
though the mechanics are not completely understood 
(27–31). Aging infrastructure might also have played 
a role, because residing in areas with older homes has 
been identified as a risk factor for LD (26). Median 
population age varied by jurisdiction; the Northeast 
region had the highest median population age, fol-
lowed by the Midwest, South, and West regions (17). 
However, standardizing age across jurisdictions for 
2018 did not dramatically alter the jurisdiction-specif-
ic incidence from the crude incidence, suggesting that 
geographic variations in population age did not ac-
count for the higher incidence observed in the Middle 
Atlantic, East North Central, and New England divi-
sions to a large extent.

LD exhibits a summer-through-early-fall season-
ality, and this pattern became more pronounced as in-
cidence increased, which could imply that the cyclical 
factors causing seasonal patterns are becoming more 
extreme. One likely candidate for a cyclical factor that 
could cause seasonal patterns in LD cases is weather. 
From 1990–2020, summer precipitation and the fall 
mean temperature have been increasing in high-inci-
dence divisions (32). Our results and previous find-
ings suggest that the peak of the LD season shifted 
from late summer to mid-summer, particularly in the 

Northeast and Midwest regions (11). Wetter summers 
might partly explain this shift, because precipitation 
and humidity have been associated with increased 
cases (27–31). Similarly, temperatures in the South 
reach Legionella-promoting temperatures, which also 
increase cooling tower use, earlier in the year than in 
the Northeast or Midwest, which might explain why 
the LD season begins first in the South (33). Further-
more, hurricane-produced rainfall increased during 
1998–2016 (34), and hurricanes have been associated 
with elevated concentrations of Legionella bacteria in 
cooling towers and surface water (35,36). Travel is 
also a cyclical risk factor for LD but does not appear 
to influence seasonality; seasonal patterns for travel-
associated cases were nearly identical to those for 
non–travel-associated cases during 2015–2016 (37). 
Furthermore, the percentage of travel-associated cas-
es remained relatively stable over time (37).

LD might occur worldwide because Legionella is a 
ubiquitous freshwater bacterium (38), but reporting 
and surveillance vary considerably. Patient demo-
graphics and a general rise in incidence were similar 
in the United States, Europe, Canada, and Austra-
lia, but the trajectory of the rising incidence trend 
was more similar in northern hemisphere locations 
than Australia (Figure 8) (39–42). This finding could 
suggest that factors common to northern regions, 
such as weather patterns, influenced the increase. 
In Ontario, Canada, just north of the high-incidence 
Middle Atlantic and East North Central divisions, 
LD incidence was generally highest in the southern 
part of the province, north of Lakes Erie and Ontario 
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Figure 8. International crude incidence (cases/100,000 population) trends of Legionnaires’ disease, United States (National Notifiable 
Diseases Surveillance System), Europe (39), Ontario, Canada (40,41), and Australia (42), 1991–2018.
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(41). Reasons for the worldwide increase in LD are 
unclear but might include an aging population, sur-
veillance and reporting improvements, building in-
frastructure design and maintenance, and weather 
patterns (39,40).

The first limitation of our study is that, when 
evaluating rising incidence, separating the effect of 
improved surveillance from a true increase in infec-
tions is difficult. NNDSS is a passive surveillance 
system, and incomplete case-reporting is a concern 
with passive systems; however, a comparison with 
an active reporting system suggested that nearly all 
diagnosed LD cases were reported (43). LD might be 
underdiagnosed; studies estimate that 20,000 cases 
might occur annually (2,44). Because of the severe 
acute respiratory syndrome pandemic during 2002–
2003 (45), practitioners might have increased the thor-
oughness of testing community-acquired pneumonia 
(CAP) patients to confirm an alternative diagnosis, 
thereby increasing the number of LD tests performed 
(29). Although this factor might explain the initial rise 
in reported LD cases in the United States, it does not 
explain the continued increase through 2018 or why 
increases did not occur simultaneously in other areas 
of the world, particularly Ontario, where severe acute 
respiratory syndrome cases occurred most outside of 
Asia (45). Although the case definition changed twice 
during our study period, the differences were small 
and unlikely to have substantially affected diagnosis 
or reporting. All case definitions included a positive 
urinary antigen test, isolation of Legionella spp., and 
a ≥4-fold rise in antibody titer to L. pneumophila sero-
group 1 as options for confirming a case (13–15); most 
cases were confirmed by 1 of these methods (1,46). 
Before 2006, the direct fluorescent antibody test was 
also included, but its use in diagnosis had been de-
clining since the mid-1990s (46). At the same time, the 
urinary antigen test came into widespread use and by 
1998 was used in the diagnosis of >70% of reported 
cases (46). Therefore, changes in the case definition or 
available diagnostic tests are unlikely to account for 
the rising incidence after 2002.

Despite these limitations, our findings indicate 
several instructive points. Although professional 
guidelines recommend testing for Legionella in CAP 
patients associated with certain factors, such as an 
LD outbreak or recent travel, or in adults with se-
vere CAP (47), clinicians might maintain a higher 
index of suspicion for LD in other CAP patients un-
der certain circumstances because LD cases are ris-
ing nationwide and cannot be diagnosed on clinical 
features alone. Our results showed LD incidence 
was highest in older persons (particularly >55 years 

of age) and Black or African American persons, but 
these demographic groups also tended to have the 
highest rates of pneumonia-associated hospitaliza-
tions (48). Because LD incidence was highest in the 
East North Central, Middle Atlantic, and New Eng-
land divisions, and pneumonia-associated hospital-
ization incidence was not similarly higher in these 
divisions (48), the likelihood that a CAP case is LD 
might be elevated in these locations. Similarly, more 
LD cases occurred during June–November, espe-
cially in the Northeast and Midwest, but most pneu-
monia-associated hospitalizations occurred during 
December–March (48); therefore, a larger percent-
age of CAP cases during the summer and early fall 
might be LD. Others have suggested increasing sus-
picion for LD in CAP patients during warm, humid,  
rainy weather (27).

In conclusion, LD incidence has risen steadily 
nationwide for >15 years, and the increase was asso-
ciated with wider racial disparities, intensifying geo-
graphic focus, and more pronounced seasonality. The 
geographic focus and seasonality suggest that deeper 
investigations into the effects of weather may further 
elucidate the rising incidence of LD. Although WMPs 
are recommended for buildings with complex water 
systems and certain devices (3–5), uptake might be 
slow (49), and additional prevention methods could 
be useful. Outbreaks can cause substantial illness and 
deaths (50), but ≈64% of reported LD cases have no 
known potential exposure and generally lack an iden-
tified source (1). Improved investigations of sporadic 
cases and their sources may lead to novel prevention 
strategies and the identification of previously unrec-
ognized outbreaks.
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Enterovirus D68 (EV-D68) rose to prominence be-
cause of its association with acute fl accid myelitis 

(AFM) (1,2) and the US outbreak of severe respiratory 
disease among children in 2014 (381 cases in Kansas 
City, Missouri, USA; 1,153 confi rmed cases national-
ly). Severe disease affected children with a history of 
atopic disease, asthma, or reactive airway disease (3–
6). Although the 2014 EV-D68 outbreak in the United 
States was caused predominantly by a clade B1 virus, 
2 less frequent viruses, clades B2 and D (previously 
A2), were also detected. In the United States, EV-D68 
activity varies year to year and regionally; some ar-
eas show a biennial pattern and others do not (7), yet 
EV-D68 seems to be seasonal (primarily late summer 
through fall).

Before 2014, sporadic small regional/local EV-
D68 outbreaks were reported in the United States (8) 
and globally. However, during 2014–2016, EV-D68 
was the most frequently reported enterovirus in the 
United States (9). Prevalence of nonoutbreak cases 
is unclear; however, new B clade viruses emerged 
in 2012 and 2013 (10–12), and new B subclade and 
D clade viruses emerged in 2016–2019 (12). In con-
trast to other US regions, activity in Kansas City was 
minimal in 2015 (7), 2016, and 2017 (R. Selvarangan, 
unpub. data).

Prospective EV-D68 surveillance has recently been 
undertaken by the New Vaccine Surveillance Network 
(NVSN, https://www.cdc.gov/surveillance/nvsn/
index.html), which includes Kansas City. NVSN re-
ported an uptick in activity in July and October 2018 
(13) in not only Missouri (54 detections in Kansas City, 
clade B3 [14]) but also Ohio, Tennessee, Pennsylvania, 
Texas, Washington, and New York. Clade B3 virus in 
Kansas City was similar to the virus that caused a 2016 

outbreak associated with AFM in nonmidwestern US 
areas. Nevertheless, increased worldwide attention 
has led to seroprevalence and genotyping reports from 
multiple countries (15–20).

EV-D68 community circulation remains under-
recognized because clinically used multiplex respi-
ratory PCR assays do not specifi cally identify EV-
D68. We previously evaluated EV-D68 neutralizing 
antibodies in serum collected in Kansas City during 
2012–2013 from persons 2–85 years of age (21). De-
spite no prior documented EV-D68 outbreaks or out-
breaks of EV-D68 compatible illnesses in Kansas City, 
all samples had neutralizing antibodies to the B1 vi-
rus, suggesting EV-D68 circulation before the major 
outbreak in 2014.

Our goals with this study were to use the same 
assay that we used previously to evaluate neutraliz-
ing EV-D68 antibodies to the 2014 clade B1, B2, and D 
viruses in serum collected during 2017 from children 
6 months to 18 years of age, including those born after 
2014, and to examine associations of antibody titers 
with demographic and medical history factors. This 
study was approved by the institutional review board 
at Children’s Mercy Hospital Kansas City.

Methods
We examined deidentifi ed serum from 300 nonim-
munocompromised children 6 months to 18 years of 
age in Kansas City for EV-D68 neutralizing antibodies. 
Samples were taken from excess serum after standard-
care phlebotomy during April–May 2017 (Appendix,  
https://wwwnc.cdc.gov/EID/article/28/3/21-1467-
App1.pdf). We matched age, sex, and race distribu-
tions with those from 2016 Kansas City pediatric cen-
sus data (10). We used the following age groups: 6–35 
months of age (n = 76) born after September 2014 (post-
outbreak), 36–71 months (n = 51), 72 months–10 years 
(n = 70), 11–15 years (n = 69), and >15 years (n = 34). We 
excluded serum from children younger than 6 months 
because of confounding transplacentally acquired ma-
ternal EV-D68 antibodies. We used electronic medical 
records to document patient age, sex, race, family size, 
underlying conditions, and number of both hospital-
izations and of chest radiographs in the prior 3 years.

The Centers for Disease Control and Prevention 
(CDC; Atlanta, Georgia, USA) performed serologic 
testing for this study, using the same microneutral-
ization assay as in our previous study, adapted from 
a standardized polio antibody assay (22,23). Three 
phylogenetically distinct EV-D68 viruses were used: 
2014 Missouri 14-18949 (clade B1, GenBank accession 
no. KM851227); and 2 non-Missouri 2014 strains 14-
18952 (clade B2, GenBank accession no. KM851230) 
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Enterovirus D68 (EV-D68) causes severe respiratory ill-
ness outbreaks among children, particularly those with 
asthma. We previously detected neutralizing antibodies 
against the predominant EV-D68 B1 clade in the 2014 
outbreak in serum collected before the outbreak (2012–
2013) from persons 24 months to 85 years of age. We 
recently detected neutralizing antibodies to the 2014 
B1, B2, and D clade viruses in serum collected after the 
2014 outbreak (April–May 2017) from 300 children 6 
months to 18 years of age. B1 virus neutralizing antibod-
ies were found in 100% of patients, even children born 
after 2014; B2 in 84.6%, and D in 99.6%. In 2017, titers 
increased with patient age and were higher than titers 
in 2012–2013 from comparably aged children. Rate of 
seronegativity was highest (15.3%) for B2 virus. Multi-
variate analysis revealed an association between asth-
ma and higher titers against B2 and D viruses. EV-D68 
seems to have circulated during 2014–2017.
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and 14-18953 (clade D, formerly A2, GenBank acces-
sion no. KM851231). The 2014 detection frequency 
among US patients was >91% for B1, 7.4% for B2, and 
<2% for D viruses (10).

This EV-D68 microneutralization assay per-
formed at CDC was previously published (21,24,25). 
In brief, 2-fold serum dilutions, 1:8 to 1:1,024, were 
combined with 100 cell culture 50% infectious doses 
of EV-D68 to enable antibody to bind to virus. Af-
ter 3 hours of incubation, each virus–serum mixture 
was inoculated onto rhabdomyosarcoma (CCL-136; 
American Type Culture Collection, https://www.
atcc.org) cell monolayers. CDC tested each serum 
dilution in triplicate against each virus. Each run 
had known positive control serum (horse antibodies 
against the Fermon prototype EV-D68 virus); mul-
tiple (>4) positive control replicates were distributed 
across each run. When >7 serum samples were tested 
in the same run, sample position was randomized via 
a balanced block randomization scheme. Each run in-
cluded 2 control plates with no serum or control an-
tibodies; rhabdomyosarcoma cells alone served as a 
no-virus control. A back-titration virus–control plate 
was used for each of the 3 EV-D68 strains to confirm 
the amount of antigen used in each run. A lumines-
cent cell viability kit (ATPlite; Perkin Elmer, http://
www.perkinelmer.com) was used to evaluate neu-
tralization, and samples with luminescent activity at 
a titer of >3 log2 (1:8 dilution) were considered to be 
positive for neutralizing antibodies (21,24,25).

We performed statistical analyses by using Sigma-
plot version 12.2 (http://www.sigmaplot.co.uk) for 
univariate and multivariate analyses; we considered 
p<0.05 to be significant. We assigned a value of log2 
2.5 to seronegative samples. We did not analyze eth-
nicity and daycare attendance because of incomplete 
data. Categorical values were analyzed by using the χ2 
test. We analyzed antibody titers by using the Kruskal-
Wallis rank-sum test to determine if overall distribu-
tions’ medians significantly differed among groups, 
and we performed subset comparisons by using the 
Kolmogorov-Smirnov test. We assessed differences 
between viruses in each age group by using nonpara-
metric analysis of variance and adjusted for multiple 
comparisons by using Tukey-Kramer comparisons. 
To determine whether responses differed between 
children born after the outbreak and in the year of the 
outbreak, we used a subset analysis of variance to com-
pare titers for children born in 2014, 2015, and 2016.

We presented comparisons of antibody titer dis-
tributions as reverse cumulative distributions (RCD; 
Appendix). We compared areas under the curve 
(AUCs) of the RCD curves for each age group among 

viruses and for each virus among age groups, to rep-
resent overall population neutralizing antibody re-
sponses by age group (Figure) and by virus (Appen-
dix Figure).

For univariate analysis of demographic and un-
derlying condition data, we used the Mann-Whitney 
rank sum or the Kruskal-Wallis test, as appropriate. 
We then used multivariable logistic regression based 
on binary outcome of high versus low titer to analyze 
factors significant by univariate analyses. 

Results
Samples were from 300 patients with a median age 
of 6.0 years (range 0.5–17.9 years), and 152 (51%) pa-
tients were male. Self-reported race/ethnicity from 
medical records indicated that 200 (66.6%) patients 
were White, 49 (16.3%) Black, 45 (15.0%) mixed/
other, 6 (2%) Asian, 6 (2.0%) Native American, and 
1 Micronesian. In total, 33 patients self-reported as 
Hispanic/Latino and 8 were listed as non-Hispanic/
Latino; ethnicity was not available in the medical re-
cords for 259 (86.3%) patients. Families can opt out 
of reporting ethnicity when registering at our institu-
tion. Family size averaged 4.4 ± 1.1 members. Over-
all, the mean number of hospital admissions in the 
previous 3 years was 1.4 ± 1.1 (range 0–6). Underlying 
conditions were reported for 130 (43.3%): asthma, 39 
(13.0%); neurologic disease, 25 (8.3%); diabetes mel-
litus, 16 (5.3%); cardiac disease, 15 (5%); renal disease, 
13 (4.3%); other lung conditions, 6 (2.0%); blood dis-
order not cancer, 6 (2.0%); and other disease (hepatic, 
metabolic, other endocrine), 10 (3.3%).

In all 300 samples, neutralizing antibodies against 
B1 virus were detected (i.e., >3 log2, 1:8 titer) (Table 1). 
Seropositive rates were lower for B2 (254/300, 84.7%) 
than for B1 (100%) or D virus 296/300 (98.7%; p<0.001 
for each).

More samples were seronegative for B2 (n = 76) 
than for D virus (n = 6). Male patients were over-
represented among those seronegative for B2 virus, 
65% (30/46) compared with the overall sample set, 
for which 48% (122/254) were male (odds ratio 2.029, 
95% CI 1.054–3.905; p = 0.03). For the B2 virus, the se-
ronegative rate was higher (25/76, 32.9%) among pa-
tients 6–35 months of age (all born after the 2014 out-
break) than among those >36 months of age (21/224, 
9.4%) and born before the 2014 outbreak. Two pa-
tients 6–35 months of age were seronegative for both 
B2 and D viruses. Seronegative rates did not differ by 
race (data not shown).

Median neutralizing titers rose with advancing 
age (p<0.001; Table 1), but titers among patients 11–15 
years of age were similar to those among patients >15 
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years of age. The overall median titer was highest for 
B1 viruses (9.17 log2, range 5.5–10.5 log2) and lowest 
for D viruses (7.5 log2, range 2.5–10.5 log2; p<0.001). 
We found no significant differences in median titers 
for any of the 3 viruses between children born in 2014, 
2015, or 2016 (data not shown). Overall, neutralizing 
titers did not differ by sex, race, or family size (data 
not shown).

Patients 8–13 years of age, whose samples were 
obtained in 2017, would have been 5–10 years of age 
(the age group previously documented to have had 

the most severe disease) in 2014 (21). The median B1 
virus titer for those 8–13 years of age in 2017 is higher 
(9.83, interquartile range [IQR] 9.5–10.5) than titers 
for those who were either 8–13 (8.17, IQR 5.83–9.83) 
or 5–10 (7.83, IQR 4.17–10.5) years of age in 2012–2013 
(21). Likewise, low titers were more frequent in se-
rum collected in 2012 than in 2017 (Table 2).

RCD curves show differences in the distribu-
tion of 5 age groups of patients (Figure); titers of 
neutralizing antibodies against the 3 viruses target-
ed in the neutralization assays are expressed along 
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Figure. Reverse cumulative distribution (RCD) curves of enterovirus D68 (EV-D68) representing the distribution of neutralizing antibody 
titers against 3 EV-D68 viruses (clades B1, B2, and D) in serum samples obtained in 2017 from children <18 years of age in Kansas 
City, Missouri, USA, by patient age group. A) 6–35 months of age; B) 36–71 months of age; C) 72 months–10 years of age; D) 11–15 
years of age; E) 16–18 years of age. A titer >3.0 log2 was considered positive for neutralizing antibodies. RCDs are curves for which 
each data point is the proportion of the population with a titer at least as high as the value on the x-axis. The calculated values for each 
area under curve (AUC) enable comparison of overall immune responses among age groups. Each panel shows 3 RCDs (1 for each 
virus). Panel A shows that the widest divergence of curves occurred among patients 6–35 months of age, who were born after the 2014 
outbreak, suggesting less cross-neutralization among the 3 related viruses in this age group. RCDs become more convergent with each 
increasing age group. The largest AUCs in each age group are for the B1 predominant 2014 outbreak virus.
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the x-axis. We calculated AUCs and used them for 
comparative analyses.

The RCDs for the 3 viruses became less diver-
gent with advancing age group. RCD curve AUCs 
for B1 were larger than those for B2 or for D virus-
es in the 3 younger age groups, (p<0.001 for each). 
Within the 2 older age groups, RCD profiles did not 
differ significantly.

When we evaluated the RCDs for each of the 3 
viruses (Appendix Figure) for the 5 age groups, over-
all RCDs were larger for B1 than for B2 or D viruses 
(p<0.01). RCD AUCs for each virus became larger 
with advancing age groups (i.e., smallest for those 
6–36 months of age and largest for those >15 years 
of age). For each virus, RCD differences were most 
notable for the 3 youngest age groups. Indeed, RCD 
curves for the 11-15–year age group and the >15 years 
age group were larger than curves for the 3 younger 
age groups (p<0.001 for each virus; Appendix Figure).

We performed univariate analysis for associa-
tions by using median titer differences. We noted sig-
nificant differences for patients with asthma (higher 
median titer 10.17 [IQR 9.17–10.5] vs. 9.17 [IQR 7.83–
10.17]; p = 0.001) by univariate analysis (Table 3). Me-
dian titers were higher for those who had been hospi-
talized during the previous 3 years (p = 0.036) but not 
for the subset admitted specifically for respiratory ill-
ness. Other associated factors, but with lower median 
titers, were chronic nonasthma lung disease (lower 
median titer 7.17 [IQR 6.75–8.83] vs. 9.5 [IQR 8.09–
10.17]; p = 0.01), congenital heart disease (lower me-
dian titer 8.17 [IQR 7.17–8.5] vs. 9.5 [IQR 8.17–10.5]; 

p = 0.02), and a chest radiograph performed in the 
previous 3 years (p<0.001). Two factors, daycare at-
tendance and ethnicity, were not analyzed because of 
insufficient patient numbers with data documented 
in the medical record. For analyzed underlying con-
ditions, no differences were associated with diabetes 
mellitus, other endocrine disorders, hematologic ill-
ness (immune-compromising conditions were ex-
cluded), neurologic, renal, hepatic, or metabolic dis-
eases (data not shown)

Multivariate analysis based on binary categoriza-
tion (high vs. low titer) and using variables that were 
significant in univariate analyses revealed persistent 
significance for a history of asthma (higher titers). 
However, when we excluded children <24 months of 
age from the analysis (given that titers are associated 
with age and no patient in the asthma group was <24 
months of age), significantly higher titers persisted 
for B2 and D viruses only (Appendix Table).

Discussion
All samples, even from children born after the 2014 
outbreak and as young as 6 months, contained EV-
D68 neutralizing antibodies to the 2014 outbreak B1 
virus. This finding indicates that the outbreak vi-
rus, or a closely related EV-D68 strain, circulated in 
Kansas City from 2014 through 2017. EV-D68 was 
not detected in the clinical or research laboratory 
at Children’s Mercy Hospital Kansas City during 
2015 or 2017 from research surveillance or clinical 
samples obtained from children receiving medical 
care at that hospital. Yet EV-D68 activity in Kansas 
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Table 1. Serum neutralizing antibody positivity and titers for enterovirus D68 clades B1, B2, and D, by patient age group, Kansas City, 
Missouri, USA, 2017 

Age group No. patients 
% Neutralizing antibody positive, median (range) neutralizing antibody titer* 
B1 clade virus B2 clade virus D clade virus 

6–35 mo 76 100, 7.83 (5.50–10.5) 76.9, 3.17 (2.5–10.5) 98.1, 5.5 (2.5–9.83) 
36–71 mo 51 100, 9.17 (6.17–10.5) 89.8, 6.00 (2.5–10.5) 100, 6.5 (3.5–10.5) 
72 mo−10 y 70 100, 9.50 (6.50–10.5) 96.7, 8.83 (2.5–10.5) 99.5, 8.17 (2.83–10.5) 
11–15 y 69 100, 10.17 (6.5–10.5) 99.3, 10.17 (2.5–10.5) 100, 10.17 (3.83–10.5) 
>15 y 34 100, 10.5 (5.83–10.5) 100, 10.50 (5.5–10.5) 100, 10.5 (4.5–10.5) 
Total 300 100, 9.17 (5.5–10.5) 84.6, 7.83 (2.5–10.5) 99.6, 7.50 (2.5–10.5) 
*Antibody titers were measured by using the cell viability kit ATPlite (Perkin Elmer, http://www.perkinelmer.com); the titers shown are the log2 inverse 
dilution of the lowest antibody concentration with luminescent activity. Seronegative patients are included. 
 

 
Table 2. Low versus high neutralizing antibody titers for enterovirus D68 clades B1, B2, and D in serum collected in 2017 compared 
with titers previously reported from 2012–2013, from patients <18 years of age, Kansas City, Missouri, USA* 

Group Total 
No. (%) patients 

B1 clade virus B2 clade virus D clade virus 
Serum obtained in 2017 300    
 Low titer†  0 110 (36.7) 66 (22.0) 
 High titer  300 (100) 190 (63.3) 234 (78.0) 
Serum obtained in 2012–2013 (18) 273    
 Low titer†  54 (19.8) 117 (42.9) 133 (48.7) 
 High titer  219 (80.2) 156 (57.1) 140 (51.3) 
*Antibody titers were measured by using the cell viability kit ATPlite (Perkin Elmer, http://www.perkinelmer.com). Seronegative patients are included. 
†Low neutralizing titer defined as <6 log2 (<1:64 titer). 
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City after, and presumably during, 2014 may have 
contributed to the higher titers in samples collect-
ed in spring 2017 compared with titers in samples 
collected in 2012 from children of comparable ages. 
EV-D68 was detected in 11 routine clinical samples 
in 2016 and in 255 NVSN research samples collected 
in 2018 (13), but the 2018 detections were all later 
than the April 2017 date of the samples in our study. 
Furthermore, excess hospital admissions for severe 
respiratory disease, particularly intensive care unit 
admissions, such as had been noted in 2014, were 
infrequent among children seeking care at our Kan-
sas City institution during 2015–2017 (C.J. Harrison, 
unpub. data). The only outbreak detected in Kansas 
City after the 2014 outbreak was caused by a B3 virus 
in 2018 (13) (a national EV-D68 outbreak occurred in 
2018 and was associated with increased reports of 
AFM and emergency department visits/hospitaliza-
tions for EV-D68 respiratory illnesses) (13).

Our data also confirm age-associated higher 
titers (e.g., generally increasing median titers and 
larger RCD curves for the B1 2014 outbreak virus 
with each increasing age group), the highest being 
from those in the 2 oldest age groups. Indeed, data 
for children >11 years of age were remarkably simi-
lar to our previously reported data for children of 
these same ages and to our previous data for adults 
and elderly persons (21). Titers increasing with pa-
tient age suggest EV-D68 exposures during non-
outbreak interval years without detected EV-D68 
illnesses. If there had been only a single exposure, 
one might expect antibody titers to peak within 6 
months and then decline unless re-exposure occurs 
(26). Nevertheless, higher titers with age could also 
result in part from increasing EV-D68 antibody spec-
ificity over time after initial infection.

Although overall B1 virus titers were lowest for 
those in the youngest age group (6–35 months), ti-
ters were universally >5.0 log2 (≈1:64) even in chil-
dren born since 2014, also suggesting B1 virus cir-
culation sometime during 2015–2017. Alternatively, 
antibodies elicited by exposure to undetected but 
related non-B1 viruses may cross-neutralize the tar-

geted viruses (e.g., B1, B2, and D). However cross-
neutralization activity may be variable, as suggested 
by overall differences in titers against B1 virus com-
pared with B2 and D and age-associated differences 
for each virus. Of note, B2 and D viruses were not 
detected in Kansas City in 2014 (8,10). Indeed, the 
low rates of seronegativity to both B2 and the 2014 
D virus in our current and prior studies suggest that 
antibodies induced by the 2014 B1 virus cross-neu-
tralize B2 and D viruses. Such cross-neutralization 
seems reasonable given the close relatedness of the 
B1 and B2 viruses and the less but still relatively 
close relatedness of the D virus (27).

Comparing our data with data from other sero-
surveys shows similarities and differences. We con-
firmed our prior data and those of others (i.e., higher 
overall titers in serosurveys performed soon after 
outbreak years). A 2011 study from China showed 
higher neutralizing titers to locally circulating Bei-
jing/2008/01 EV-D68 in postoutbreak 2011 samples 
compared with preoutbreak 2004 samples, despite 
few reported EV-D68 illnesses in the Beijing area 
during 2009–2011 (16). Likewise, more recent data 
from China, Taiwan, the Netherlands, and the United 
Kingdom show the same pattern of higher neutraliza-
tion titers in years soon after outbreaks (20,28).

Similarly, the age-dependent increases in neu-
tralizing titers in this and our previous study (21) 
parallel prior data (15,18–20,28,29) regardless of any 
temporal relation to outbreak years. Nevertheless, 
it was somewhat surprising that titers from 2017 in 
Kansas City, even in patients born after the 2014 out-
break, were uniformly >1:64 against the 2014 B1 vi-
rus outbreak strain. Furthermore, low neutralizing 
titers (defined as <5 log2 or <1:32) were less common 
in serum collected in 2017 than in our previously re-
ported samples collected from children during 2012–
2013 (21) against the 2014 major B1 virus (0/300 vs. 
54/273 [19.8%]), against B2 virus (110/300 [36.7%] vs. 
117/273 [42.9%]), and against D virus (66/300 [22.0%] 
vs. 133/273 [48.7%]).

Although differences in the assays used by oth-
er investigators (e.g., target virus) make comparing  
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Table 3. Neutralizing antibody titers for enterovirus D68 clades B1, B2 and D, in patients >24 months of age with and without a clinical 
diagnosis of asthma, Kansas City, Missouri, USA, 2017 

Group No. patients 
Neutralizing antibody, median (range)* 

B1 B2 D 
Asthma† 39 9.83 (5.50–10.50) 9.17 (2.50–10.50) 9.17 (3.17–10.50) 
No asthma 214 9.50 (5.83–10.50) 8.83 (2.50–10.50) 8.17 (2.50–10.50) 
Total 253 9.50 (5.50–10.50) 9.17 (2.50–10.50) 8.83 (2.50–10.50) 
*Antibody titers were measured by using the cell viability kit ATPlite (Perkin Elmer, http://www.perkinelmer.com); the titers shown are the log2 inverse 
dilution of the lowest antibody concentration with luminescent activity. Includes seronegative patients. 
†Asthma as noted by clinician diagnosis in electronic medical record. Because no patients had an asthma diagnosis at <24 mo of age, to balance the age 
distributions of the nonasthma group with the asthma age group, we excluded nonasthma patients <24 mo of age from this analysis.  
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absolute titers challenging, our seropositivity rates 
for patients 6–35 months of age were also higher than 
those found in other studies before and after the 2014 
outbreak (15,17,18,28,29). It is possible that the mod-
est EV-D68 activity detected in Kansas City in 2016 
led to mild or asymptomatic infections in younger 
children and boosted titers in older children.

We also detected higher titers associated with 
a history of asthma, but after excluding children 
too young to have an asthma diagnosis, we found 
significantly higher titers for only the B2 and D vi-
ruses. Nevertheless, asthma was the only underly-
ing condition associated with high titers in multi-
variate analysis. In 2014, severe EV-D68 respiratory 
disease occurred in children up to 10 years of age 
and in populations with atopic disease, asthma, or 
reactive airway disease, despite what seems to have 
been the universal presence of neutralizing antibod-
ies, at least in Kansas City children (8,21). This find-
ing suggests that the mere presence of neutralizing 
antibodies at a log2 titer >3.0 may not be protective 
against disease, at least in some populations. Pro-
tection may occur only if sufficient serum neutral-
izing antibodies are available. For example, severe 
respiratory tract disease or AFM is unusual or non-
existent among those in age groups with the highest 
overall neutralizing titers: adolescents, adults, or the 
elderly (most with titers >1:256 [i.e., log2 >8] in our 
current and prior studies [21]).

Of note, in our current study, neutralizing activ-
ity against the non-B1 viruses was higher in children 
who had asthma as an underlying condition, suggest-
ing an altered response to infection resulting from ge-
netic factors or perhaps to asthma itself (4). For exam-
ple, asthma is associated with enhanced tight junction 
injury from rhinovirus infection (30). Alternatively, 
immunopathologic responses may play a role, as can 
be seen in the influenza cotton rat model (31). Serum 
neutralizing antibodies also may not correlate best 
with protection. For example, T-cell activity or mu-
cosal antibodies may be more protective than serum 
antibodies (32), or perhaps antibodies to certain epi-
topes are crucial, as suggested in an EV-D68 mouse 
model in which monoclonal antibodies were more 
effective than convalescent polyclonal antibodies in 
intravenous immunoglobulin preparations (33).

Unlike one previous study (29), we did not find 
family size to be associated with seropositivity. We 
could not evaluate our prior observation of lower ti-
ters in Hispanic patients (21) because of low numbers 
of self-reports of ethnicity (41/300). Similarly, we 
could not analyze effects of daycare (data available 
for only 36/300).

Limitations of our study include a study design 
that used salvaged samples and a retrospective chart 
review. Because we tested for neutralizing antibodies 
against only 3 EV-D68 strains, patterns of neutraliz-
ing activity against other EV-D68 strains could dif-
fer. However, we did test for the 2014 B1 clade strain 
known to have circulated in Kansas City as well as B2 
and D viruses. EV-D68 activity in Kansas City during 
2016 and 2020 (D) was low but could have boosted 
titers. Indeed, we also noted EV-D68 activity in 2018 
(B3) and 2020 (clade unknown). Age ranges for our 
pediatric groups could be considered arbitrary; the 
age groups we used were similar to those used in 
our previous study, except we added children 6–35 
months of age, paralleling other reports (3). The ra-
cial and age distributions of our population matched 
those of Kansas City census data and, therefore, might 
not be generalizable to other geographic areas. That 
said, these distributions closely mirrored those of the 
United States as a whole during 2015–2017. Last, the 
numbers of patients with each underlying condition 
were relatively small, so we may not have had the 
power to detect associations (e.g., higher titers to B1 
virus in those with asthma).

In conclusion, we detected neutralizing antibod-
ies to the dominant 2014 B1 clade EV-D68 virus at 
titers >1:64 for all 300 serum samples from children 
in 2017, a time frame with little documented EV-D68 
activity since the 2014 outbreak. In the same samples, 
overall titers to the less frequently detected B2 and 
D viruses were lower. Titers increased with increas-
ing age. Titers against B2 and D virus were higher in 
those with asthma. Our findings support the concepts 
that an unusual host–virus interaction of EV-D68 oc-
curs in children with asthma and that EV-D68 can 
cause disease despite the presence of at least some 
neutralizing antibodies. 
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Clinical signs and symptoms of coronavirus disease 
(COVID-19) are pleomorphic, varying from none 

(asymptomatic) to life-threatening. Typical signs/
symptoms are fever, dry cough, dyspnea, fatigue, my-
algia, anosmia, and ageusia (1). Radiography or com-
puted tomography of the chest usually reveals bilat-
eral pulmonary ground-glass opacifi cations, mainly 
in posterior and peripheral areas of the lungs (2). The 
most common laboratory test alterations are lympho-
penia and elevated serum concentrations of infl am-
matory biomarkers and D-dimers (3). Risk factors for 
unfavorable outcomes are older age, concurrent condi-
tions, and perhaps but of lesser importance, blood type 
A (4,5). Thus far, there is no consensual agreement 
about specifi c therapy for this disease, despite several 
attempts to develop one (3,6). More recently, antiviral 
agents such as MK-4482/EIDD-2801 and PF-07321332 
seem to be promising (7,8).

In the past, passive antibody transfer by plasma 
or serum transfusion has been used clinically to treat 
other infectious diseases, including Ebola, infl uenza 
A, severe acute respiratory syndrome, and Middle 
East respiratory syndrome, as well as COVID-19 
(9–13). The presence of antiviral antibodies, in patient 
serum or in COVID-19 convalescent plasma (CCP), 
has been associated with more favorable clinical 
outcomes (14). Thus, CCP seems to be an attractive 
therapy because it is a potential source of neutralizing 
antibodies (15,16).

The fi rst case series reported from China suggest-
ed favorable outcomes for 5 patients receiving under-
going mechanical ventilation who received CCP on 
days 10–22 after hospital admission (17). Also in Chi-
na, 10 critically ill patients received 200 mL of CCP 
with a neutralizing antibody titer of >640, which re-
sulted in undetectable viral load and clinical improve-
ment for 7 of the 10 patients (18). In a nonrandomized 
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To assess whether high-dose coronavirus disease 
(COVID-19) convalescent plasma (CCP) transfusion 
may benefi t patients with severe COVID-19, we con-
ducted a multicenter randomized trial in Brazil. Patients 
with severe COVID-19 who were within 10 days of initial 
symptom onset were eligible. Patients in the CCP group 
received 3 daily doses of CCP (600 mL/d) in addition to 
standard treatment; control patients received standard 
treatment only. Primary outcomes were death rates at 
days 30 and 60 of study randomization. Secondary out-
comes were ventilator-free days and hospital-free days. 
We enrolled 107 patients: 36 CCP and 71 control. At 
day 30, death rates were 22% for CCP and 25% for the 
control group; at day 60, rates were 31% for CCP and 
35% for control. Needs for invasive mechanical ventila-
tion and durations of hospital stay were similar between 
groups. We conclude that high-dose CCP transfused 
within 10 days of symptom onset provided no benefi t for 
patients with severe COVID-19.
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observational study that evaluated 3,082 CCP recipi-
ents, transfusion was associated with reduced mortal-
ity rates among patients who received CCP that had 
a higher titer against severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). Mortality rates 
within 30 days after CCP transfusion were 22.3% 
for the high-titer group, 27.4% for the medium-titer 
group, and 29.6% for the low-titer group. The relative 
risk for death was lower among patients who were 
not undergoing mechanical ventilation before trans-
fusion (19). A prospective multicenter study in China 
that involved 103 patients with severe COVID-19 was 
stopped early, but initial findings suggested that CCP 
transfusion was associated with a higher percentage 
of patients being negative for SARS-CoV-2 by reverse 
transcription PCR (RT-PCR) at 72 hours (87.2%) than 
for controls (37.5%) (20).

Clinical improvement has been observed for 
Ebola patients with severe manifestations but not 
for those with life-threatening disease (9). Recently, 
a randomized trial in Argentina involving 228 pa-
tients who received CCP (median titer 3,200) and 
105 who received placebo found that CCP transfu-
sion did not reduce mortality rates at day 30 after 
randomization (10.96% for transfused and 11.43% 
for nontransfused groups) (21). A recent systematic 
review concluded that CCP transfusion makes little 
or no difference, at least for patients who needed 
mechanical ventilation (22).

To evaluate the efficacy and safety of high-dose 
CCP transfusion to treat severe COVID-19, we con-
ducted an open-label multicenter randomized con-
trolled trial. This study was approved by the national 
review board (Comissão Nacional de Ética em Pes-
quisa, CONEP; CAAE number 30509920.0.1001.0008). 
Written informed consent was obtained from all 
patients or legal representatives. The trial was per-
formed in accordance with the principles of the Dec-
laration of Helsinki and the International Conference 
on Harmonization–Good Clinical Practice guidelines. 
The trial was registered at the Brazilian Registry of 
Clinical Trials (http://www.ensaiosclinicos.gov.br, 
no. RBR-7f4mt9f).

Materials and Methods

Study Design
We conducted our investigator-initiated multicenter 
open-label randomized controlled trial in 5 hospitals: 
4 in the state of São Paulo (Hospital das Clínicas da 
Faculdade de Medicina de Ribeirão Preto da Univer-
sidade de São Paulo, Hospital Estadual de Améri-
co Brasiliense, Hospital São Camilo, and Hospital 

São Paulo); and 1 in Campo Grande, state of Mato 
Grosso do Sul (Hospital Regional de Mato Grosso 
do Sul). The 5 inclusion criteria were 1) diagnosis of 
COVID-19 based on RT-PCR results; 2) respiratory 
distress (oxygen saturation at room air <93%, or ar-
terial partial pressure of oxygen/fraction of inspired 
oxygen <300, or requiring mechanical ventilation) re-
sulting from pneumonia; 3) being within 10 days of 
initial symptoms; 4) age 18–80 years; and 5) signed 
written informed consent by the patient or legal rep-
resentative. The 7 exclusion criteria were 1) history 
of previous severe allergy to plasma transfusion, 2) 
severe congestive heart failure, 3) terminal renal fail-
ure, 4) hepatic cirrhosis, 5) any severe illness expected 
to confer a short life expectancy, 6) participation in 
any other clinical trial with therapeutic intervention, 
and 7) immunosuppression. All included participants 
most likely had COVID-19 caused by the parental vi-
rus lineages (during the first wave), before emergence 
of the Gamma and Delta variants.

We enrolled 120 patients (40 in the CCP group 
and 80 in the control group), considering predicted 
death rates of 30% for the CCP group and 50%–60% 
for the control group. Computer-generated random 
numbering randomly assigned patients to receive 
either standard treatment (control) or CCP transfu-
sion added to the standard treatment at a ratio of 
2(control):1(CCP). For most patients, CCP transfusion 
was performed the day of or the day after randomiza-
tion; only 2 patients received CCP 2 days after ran-
domization. Patients and physicians were not blinded 
to treatment assignments. Placebo was not adminis-
tered to control patients because we considered that 
the infused volume of saline or nonconvalescent plas-
ma could harm the patients, especially those less tol-
erant to intravenous volume overload (i.e., those who 
were elderly, had acute kidney injury, or had other 
concurrent conditions). In addition, we considered it 
would be impossible to blind infusion of such a large 
volume of plasma to CCP patients. At the time of ran-
domization, SARS-CoV-2 IgM/IgA was detected in 
all 65 patients who were tested and IgG was detected 
in 53 (81.5%).

Convalescent Plasma Procurement and Transfusion
To prevent transfusion-associated lung injury, we 
limited CCP donor candidates to adult men or nul-
liparous women (23). According to regulation in 
Brazil, convalescent candidates may donate plasma 
after 15 days have passed since symptom resolution. 
Donor screening was similar to that used for conven-
tional blood donation, including clinical evaluation 
for COVID-19 and access to peripheral veins. Plasma 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 549



RESEARCH

collection was performed by using a TRIMA ACCEL 
automated blood collection system (Terumo BCT, 
Inc., https://www.terumobct.com). We determined 
neutralizing antibody titers as described elsewhere 
(24). For both groups, transfused CCP median neu-
tralizing antibody titer against SARS-CoV-2 was 128 
(minimum titer of 64 in just 1 plasma unit). CCP units 
did not undergo pathogen reduction.

The total transfusion dose of CCP per patient was 
1,800 mL (minimum dose 1,200 mL), divided into 3 
daily doses of 600 mL for 3 days. The 600 mL volumes 
were divided into 2 subunits of 300 mL or 200 and 
400 mL. All patients were randomized during days 
7–10 after symptom onset, and the first CCP transfu-
sion was administered on day 9 (range 8–10) for both 
groups. The first CCP transfusion had to be given by 
day 10 of initial symptoms.

We performed neutralizing assays for serum 
samples obtained from each plasma unit. In brief, we 
conducted virus neutralization testing with SARS-
CoV-2 in 96-well plates containing 5 × 104 cells/mL 
of Vero cells (CCL-81). Serum samples were initially 
inactivated for 30 min at 56°C. We used 11 serial dilu-
tions (1:2 to 1:2,048). Subsequently, we mixed serum 
and virus (vol/vol) and preincubated the mixture at 
37°C for 2 h for neutralization. We transferred the se-
rum/virus mixture onto the confluent cell monolayer 
and incubated at 37°C at 5% CO2. After 3 days, we an-
alyzed the plates by using light microscopy to deter-
mine presence/absence of cytopathic effect. Neutral-
izing antibody titer is described as the highest serum 
dilution that impeded cytopathic effect.

The primary clinical outcome was death rate at 
days 30 and 60 from the day of randomization. Sec-
ondary outcomes were ventilator-free days and hos-
pital-free days on days 30 and 60 after randomization 
and adverse reactions to plasma transfusion. Adverse 
events were graded according to the Common Termi-
nology Criteria for Adverse Events version 5.0.

Patient Serologic Testing and Measurement of C-Reac-
tive Protein and Interleukin-6
Using ELISA, we tested serum samples at random-
ization for the presence of SARS-CoV-2 IgM plus IgA 
(Vircell, https://www.vircell.com) and IgG (Euroim-
mun, https://www.euroimmun.com). We measured 
C-reactive protein (CRP) and interleukin 6 (IL-6) on 
days 0 and day 7 after randomization.

Statistical Analyses
Results were expressed as mean ± SD or median 
(range) and proportions according to distribution 
characteristics. When comparing 2 groups, we used 

a 2-sided unpaired Student t-test (parametric data) 
or a Mann-Whitney test (nonparametric data). For 
statistical comparisons of categorical variables be-
tween groups, we used the χ2 test. We generated 
overall survival estimates by using the Kaplan-
Meier method and assessed differences between the 
groups by using the log-rank test. We considered 
results to be statistically different when the p value 
was <0.05 (by 2-tailed testing). We used GraphPAD 
Prism version 8.4.3 (https://www.graphpad.com) 
for statistical analyses.

Results
During April–November 2020, we enrolled 110 pa-
tients at 5 centers. Because recruiting became more 
difficult as the number of new cases substantially 
decreased, we halted recruitment early, before reach-
ing 120 participants. Of the 110, we excluded 3 par-
ticipants from analysis: 1 in the CCP group did not 
receive plasma transfusion; 1 in the control group 
withdrew consent; and 1 in the control group was 
intubated and underwent invasive mechanical venti-
lation for neurologic reasons, not pneumonia, a pre-
requisite for inclusion in this study (Figure 1). The 
median duration of symptoms before randomiza-
tion was 8 (range 7–10) days. The median age at ran-
domization was 60 (range 24–80) years; male:female 
ratio was 1.7:1.0 (Table 1). All patients had severe  
COVID-19 (>6 points according to the World Health 
Organization severity ordinal scale (https://www.
who.int/docs/default-source/documents/emergen-
cies/minimalcoreoutcomemeasure.pdf).

Because of low body weight (50 kg), 2 patients re-
ceived a total of 1,200 mL of CCP. For 2 other patients, 
CCP doses were divided over 4 days, as allowed by 
protocol. No participant was unable to be reached 
during follow-up.

Death Rates
A total of 36 (34%) of the 107 enrolled patients died 
during hospitalization, 10 after day 30 (median 45.5, 
range 31–50 days); 3 were in the CCP group and 7 
were in the control group (p = 1.00). At randomiza-
tion day 30, death rates were 22% for the CCP group 
and 25% for the control group (odds ratio [OR] 0.84, 
95% CI 0.32–2.25; p = 0.81). At day 60, death rates 
were 31% for the CCP group and 35% for the control 
group (OR 0.81, 95% CI, 0.35–1.86; p = 0.67) (Table 2). 
We performed a nonscheduled analysis of death rates 
on day 21 after randomization because at that point it 
seemed that there could be a difference between the 
groups, as suggested by the survival curve (Figure 2). 
We determined that on day 21, there had been a total 
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of 3/36 (8.33%) deaths in the CCP group and 14/71 
(19.7%) deaths in the control group (OR 0.37, 95% CI 
0.11–1.3; p = 0.17).

Duration of Mechanical Ventilation and Hospitalization
At randomization day 30, the number of days free of 
invasive mechanical ventilation was 12.5 (range 0–30) 
for the CCP group and 12 (range 0–30) for the control 
group (p = 0.82); at day 60, the number of days was 
42.5 (0–60) for the CCP group and 39 (0–60) for the 
control group (p = 0.80) (Table 2). We did not observe 
differences in hospital stay duration at days 30 and 
60. At day 30, hospital-free days were 3 (0–24) days 
for the CCP group and 0 (0–28) days for the control 
group (p = 0.27); at day 60, hospital-free days were 
30.5 (0–53) days for the CCP group and 21.0 (0–58) 
days for the control group (p = 0.43) (Table 2).

Inflammatory Biomarkers
CRP concentrations were elevated at the time of ran-
domization (day 0) and decreased significantly by 
day 7 in a similar fashion in both groups. The medi-
ans (interquartile ranges [IQRs]) on day 0 were 11.4 
(3.31–20.55) mg/dL for the CCP group and 12.82 
(5.05–24.40) mg/dL for the control group (p = 0.55). 
On day 7, medians (IQRs) were 2.53 (0.72–6.17) mg/
dL for the CCP group and 2.75 (1.19–6.15) mg/dL for 
the control group (p = 0.52) (Figure 3, panel A). IL-6 
concentrations were elevated on days 0 and 7 and, 
likewise, did not differ significantly between groups. 
IL-6 medians (IQRs) were 15.20 (6.99–26.00) pg/mL 
on day 0 and 13.80 (7.95–37.95) pg/mL on day 7 (p = 

0.88) for the CCP group and 16.00 (6.61–30.40) pg/mL 
on day 0 and 18.65 (6.40–54.85) pg/mL on day 7 (p = 
0.72) for the control group (Figure 3, panel B).

Safety
No serious adverse reactions attributable to CCP 
transfusion were observed during study follow-up. 
We considered severe reactions to be greater than 
grade 3 according to the Common Terminology Cri-
teria for Adverse Events version 5.0 (https://ctep.
cancer.gov).

Discussion
In this randomized clinical trial, transfusion of high-
dose CCP did not reduce death rates, hospitalization 
durations, or number of days receiving mechanical 
ventilation for patients with very severe COVID-19. 
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Figure 1. Enrollment and randomization process for study of high-
dose CCP for treatment of severe COVID-19, Brazil. COVID-19, 
coronavirus disease; CCP, COVID-19 convalescent plasma.

 
Table 1. Baseline demographics and clinical characteristics of participants in study of high-dose convalescent plasma for treatment of 
severe COVID-19, Brazil* 
Variable CCP, n = 36 Control, n = 71 p value 
Demographic    
 Age, mean ± SD, y 56.11 ± 15.15 59.25 ± 12.35 0.25 
 Sex, no. (%)    
  M, 23 (63.89) 44 (64.79) 1.0 
  F 13 (36.11) 27 (35.21)  
 Body mass index, median (range), kg/m2 29.75 (18.37–58.00) 29.41 (20.31–74.22) 0.88 
 Weight, median (range), kg 85 (50–156) 85 (50–190) 0.95 
Underlying conditions    
 Hypertension, no. (%) 19 (52.78) 41 (57.75) 0.68 
 Diabetes mellitus, no. (%) 12 (33.33) 29 (40.85) 0.53 
 Renal replacement therapy, no. (%) 13 (36.11) 27 (38.03) 1.0 
 SAPS-3 score, median (range)† 56 (37–94) 68 (39–100) 0.15 
 SOFA score, median (range) 7.5 (1.0–14.0) 9.0 (2.0–14.0) 0.17 
Clinical characteristic    
 Mechanical ventilation, no. (%) 32 (88.88) 58 (81.69) 0.41 
 D-dimer, median (range), μg/mL‡ 1.02 (0.27–10.00) 1.65 (0.39–20.00) 0.12 
 Blood type O/A§ 13/18 31/27 0.38 
 Blood type, rH positive/negative§ 33/3 67/3 0.41 
*CCP, COVID-19 convalescent plasma; COVID-19, coronavirus disease; CRP: C-reactive protein; SAPS-3 score, Simplified Acute Physiology Score 3 at 
admission to intensive care unit; SOFA score, Sequential Organ Failure Assessment (on day of randomization) for 20 CCP and 41 control patients. 
†31 CCP and 57 control patients. 
‡23 CCP and 39 control patients on day of randomization. 
§106 patients. 
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We detected a slightly reduced death rate, but it did 
not reach statistical significance. Serum inflammatory 
biomarkers were also reduced, but CCP transfusion 
did not influence the reduction. All enrolled patients 
experienced severe respiratory failure resulting from 
viral pneumonia, and most of them were undergoing 
invasive mechanical ventilation. Most patients had 
>1 concurrent condition, which increases mortality 
rates (25). More than one third of the enrolled patients 
needed kidney replacement therapy (hemodialysis). 
These characteristics emphasize the extreme severity 
of COVID-19 in the patients in our cohort. Participants 
received CCP as soon as possible, always within 10 
days of symptom onset. This transfusion window was 
considered adequate at the time of the study planning 
and execution, especially when compared with other 
studies, in which transfusion occurred as late as day 
39 (9). Of note, we observed that most trials evaluated 
the death rate at days 28 or 30 of randomization, but 
we observed that more than one fourth of the deaths 
in our study occurred during days 30–60.

Our results challenge those of nonrandomized 
studies previously conducted at the beginning of the 
pandemic (17), as well as those of a large nonrandom-
ized study involving >3,000 US patients, which sug-
gested that CCP could be an efficacious treatment 

for COVID-19 (19). In our study, mortality rate on 
day 30 was lower among patients who received CCP 
with higher titers of SARS-CoV-2 antibodies (22.3%) 
than among those who received CCP with medium 
(27.4%) or low (29.6%) titers. We observed a lower 
mortality rate for the high-titer group than for the 
low-titer group among patients who had not received 
mechanical ventilation before transfusion (relative 
risk 0.66, 95% CI 0.48–0.91) but not among patients 
who had received mechanical ventilation (relative 
risk 1.02, 95% CI 0.78–1.32) (19).

Our findings contrast with those of a previous 
multicenter randomized trial involving 103 partici-
pants (52 received CCP, 51 received standard treat-
ment alone), which showed clinical improvement 
within 28 days in the subgroup of patients with severe 
disease who received CCP but not in the subgroup 
with life-threatening disease (9). In that study, CCP 
transfusion resulted in a higher rate of conversion 
to negative viral PCR results at 72 hours, suggest-
ing potential benefit. In our study, most patients had 
life-threatening disease, which may explain, at least 
in part, the different outcomes. It is possible that pa-
tients with less severe disease may benefit from CCP. 
Nevertheless, in our study, an interim nonplanned 
analysis of death rates on day 21 suggested a pos-
sible benefit of CCP, similar to that observed by oth-
ers (26–28), which was not confirmed by subsequent 
analyses. This finding raises the questions whether 
CCP provided a temporary benefit that was lost dur-
ing the disease course and, if so, whether CCP should 
be transfused for a longer period during the disease.

Our study findings are in accordance with those 
of a randomized study in Argentina involving 228 
patients who received CCP and 105 who received 
placebo, which did not show any survival benefits 
among patients receiving CCP (21). Of note, patient 
profiles for that study indicated less severe disease 
than did profiles for patients in our study. In the 
Argentina study, patients receiving mechanical ven-
tilation were excluded, conflicting with the hypoth-
esis that patients with less severe disease may ben-
efit from CCP. The difference in disease severity also 
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Table 2. Clinical outcomes for participants in study of high-dose convalescent plasma for treatment of severe COVID-19, Brazil* 
Outcome CCP, n = 36 Control, n = 71 p value 
Death at HD 30, no. (%) 8 (22.22) 18 (25.35) 0.81 
Death at HD 60, no. (%) 11 (30.55) 25 (35.21) 0.67 
Ventilator-free days at HD 30† 12.5 (0–30) 12.0 (0–30) 0.82 
Ventilator-free days at HD 60‡ 42.5 (0–60) 39.0 (0–60) 0.80 
Hospital-free days at HD 30† 3 (0–24) 0 (0–28) 0.27 
Hospital-free days at HD 60§ 30.5 (0–53) 21.0 (0–58) 0.45 
*CCP, COVID-19 convalescent plasma; COVID-19, coronavirus disease; HD, hospitalization day. 
†35 CCP and 70 control samples. 
‡33 CCP and 67 control samples. 
§33 CCP and 69 control samples. 

 

Figure 2. Probability of survival after randomization for study of 
high-dose CCP for treatment of severe COVID-19. COVID-19, 
coronavirus disease; CCP, COVID-19 convalescent plasma.
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may explain the higher mortality rate observed in our 
study (33.64%) compared with that in the Argentina 
trial (10.96%). A study in Brazil also did not find clini-
cal improvement in the group that received CCP (29). 
Our results are in agreement with those obtained in 
another randomized study, in which 464 participants 
with moderate COVID-19 were assigned to receive 2 
doses of 200 mL CCP (n = 235) or standard treatment 
(n = 229) (30). The authors of that study evaluated the 
composite outcomes of progression to severe disease 
and observed that CCP transfusion was not associ-
ated with clinical benefit. A recent randomized clini-
cal trial with >16,000 enrolled patients showed that 
CCP transfusion did not improve survival rates (31). 
In that trial, the 28-day mortality rate was 24% for 
both groups (1,399 of 5,795 vs. 1,408 of 5,763; p = 0.95). 
Also, CCP transfusion had no significant effect on the 
proportion of patients discharged from the hospital. 
In that trial, only 5% of the patients in each group 
were receiving invasive mechanical ventilation; how-
ever, this percent value meant that administration of 
CCP to >550 patients did not influence outcomes in 
that subgroup of patients. Last, a recently published 
multicenter randomized trial (patients hospitalized 
with moderate disease up to day 12 from symptom 
onset) also found that CCP did not reduce the risk for 
intubation or death at day 30 in hospitalized patients 
with moderate disease (32).

The first strength of our study is the randomized 
design, which provided homogeneity and adequate 
comparison between groups with similar characteris-
tics and disease severity. Second, we used only CCP 
with adequate neutralizing antibody titers. Third, 
the transfused CCP volume was high, making it less 

likely that the lack of response could be attributable 
to a low dose of neutralizing antibodies. Fourth, the 
patients received CCP transfusion up to day 10 after 
symptom onset, which was relatively early in com-
parison with other studies (9,17). However, one may 
hypothesize that up to 10 days for CCP transfusion 
may be too late for those with the most severe dis-
ease. It is possible that by day 9–10 after symptom 
onset, most patients would have endogenous anti-
bodies, which was determined for patients in our 
study and has been shown by others (A. Gharbharan 
et al., unpub. data, http://medrxiv.org/lookup/doi
/10.1101/2020.07.01.20139857). Perhaps it would be 
more effective to administer CCP earlier in disease, 
especially for patients considered to be at higher 
risk for unfavorable outcome. Libster et al. recently 
demonstrated that early CCP transfusion (within 72 
hours of symptom onset) in older patients with mild  
COVID-19 reduced progression to severe respiratory 
disease by 48% (33). Another group also demonstrat-
ed reduced hospitalizations for those who received 
early CCP transfusion with high titers of neutraliz-
ing antibodies (D.J. Sullivan, unpub. data, https://
www.medrxiv.org/content/10.1101/2021.12.10.2126
7485v1). These results seem logical because a more ef-
fective clinical response with early CCP transfusion, 
before the spontaneous appearance of antibodies, 
would be expected.

Among the limitations of our study, the num-
ber of patients enrolled was relatively small. How-
ever, because we anticipated difficulties obtaining 
the necessary amount of CCP to be administered to 
each patient, we decided to assign the participants 
at a ratio of 2 control to 1 CCP. Another weakness 
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Figure 3. Scatter plots of inflammatory biomarker levels among participants in study of high-dose convalescent plasma for treatment 
of severe COVID-19, Brazil. A) C-reactive protein (CRP); total 80 patients (26 CCP, 54 control) on day 0 and 56 (20 CCP, 36 control) 
on day 7. B) Interleukin-6 (IL-6); total 39 patients (15 CCP, 24 control) on day 0 and 27 (11 CCP, 16 control) on day 7. Horizontal bars 
indicate medians. C0, control group day 0; C7, control group day 7; COVID-19, coronavirus disease; CCP, COVID-19 convalescent 
plasma; NS, not significant; P0, convalescent plasma group day 0; P7, convalescent plasma group day 7
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was that the study was not blinded. However, infu-
sion of a high volume of intravenous placebo could 
have been harmful to recipients. Patients in the con-
trol group should not be exposed to additional risk 
as a consequence of their participation in a clinical 
trial. Another limitation was that our patients already 
had SARS-CoV-2 antibodies when they received CCP 
transfusion, which could explain the absence of re-
sponse to this therapy.

In conclusion, our study found that high-dose con-
valescent plasma transfusion provided no benefits for 
patients with severe COVID-19. Transfusions did not 
reduce death rates at days 30 and 60 from randomiza-
tion, time receiving mechanical ventilation, or length 
of hospital stay for patients with severe COVID-19.
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In late 2019, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) emerged in China, ul-

timately leading to a global pandemic (1). Since Janu-
ary 2020, the United States has observed a dramatic 
rise in the incidence of SARS-CoV-2 infection, for 
which no endogenous immunity exists (2), leading 
to >70.6 million cases of SARS-CoV-2 and ≈860,000 

deaths in the United States (3). Although these data 
provide an estimate of the infection burden, chal-
lenges exist in estimating the actual extent of the 
pandemic. US public health data record the number 
of residents that test positive for SARS-CoV-2 RNA, 
rates of hospitalizations, and deaths from coronavi-
rus disease (COVID-19) among those who undergo 
viral testing. Missing is the proportion of the popula-
tion that was ever positive for SARS-CoV-2, including 
those who were symptomatic but did not undergo 
testing and those with no or mild symptoms, where 
the person did not recognize COVID-19 symptoms 
and therefore did not undergo testing (4–6). Compli-
cating the estimate of SARS-CoV-2 prevalence is the 
fact that early in the pandemic in the United States, 
the availability of test reagents varied on any given 
day at any location and recommendations for testing 
eligibility changed. Test positivity data likely under-
counted the actual number and proportion of persons 
who were infected with SARS-CoV-2 (7,8). As such, 
the period prevalence of SARS-CoV-2 remains un-
known for most communities.

Antibodies to SARS-CoV-2 begin to be detected 
7 days after symptom onset (9) and IgG antibodies 
are detectable within 2 weeks after onset of infec-
tion (10). SARS-CoV-2 seroprevalence is a marker of 
past SARS-CoV-2 infection regardless of presence or 
severity of symptoms and therefore is a robust bio-
marker of infection period prevalence.

As of June 1, 2021, Florida had the third-high-
est number of confi rmed SARS-CoV-2 cases in the 
United States, 2,283,315 cases (10.6% of residents), 
resulting in 95,210 hospitalizations and 36,869 deaths 
(11). Hillsborough County (≈1.47 million residents), 
where the city of Tampa is located, is one of the most 
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Estimating the actual extent of the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) pandemic 
is challenging because virus test positivity data under-
count the actual number and proportion of persons in-
fected. SARS-CoV-2 seroprevalence is a marker of past 
SARS-CoV-2 infection regardless of presence or sever-
ity of symptoms and therefore is a robust biomarker of 
infection period prevalence. We estimated SARS-CoV-2 
seroprevalence among residents of Hillsborough County, 
Florida, USA, to determine factors independently associ-
ated with SARS-CoV-2 antibody status overall and among 
asymptomatic antibody-positive persons. Among 867 par-
ticipants, SARS-CoV-2 period prevalence (October 2020–
March 2021) was 19.5% (asymptomatic seroprevalence 
was 8%). Seroprevalence was 2-fold higher than reported 
SARS-CoV-2 virus test positivity. Factors related to social 
distancing (e.g., essential worker status, not practicing so-
cial distancing, contact with a virus-positive person, and 
length of contact exposure time) were consistently associ-
ated with seroprevalence but did not diff er by time since 
suspected or known infection (<6 months vs. >6 months).
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populous counties in Florida. As of June 1, 2021, a 
total of 142,013 test-confirmed SARS-CoV-2 cases 
had occurred among Hillsborough County residents 
(9.7% of the population). The goals of this study were 
to estimate SARS-CoV-2 seroprevalence among Hill-
sborough County residents and to determine the 
demographic and behavioral factors independently 
associated with SARS-CoV-2 antibody status overall 
and among asymptomatic antibody-positive persons.

Study Design
We conducted a cross-sectional study of adults resid-
ing in Hillsborough County during October 2020–
March 2021. The study was approved by the Advarra 
Institutional Review Board and Moffitt Cancer Cen-
ter’s Scientific Review Committee. The University of 
Florida’s Bureau of Economic and Business Research 
drew the study population from the greater Hills-
borough County by using randomly selected mail-
ing addresses. Adults >18 years of age who were free 
of fever at the time of interview were eligible for the 
study. To ensure an adequate sample size of residents 
across the lifespan, we aimed to enroll relatively 
equal numbers of persons (balanced on sex) in each of 
4 age groups: 18–34, 35–54, 55–64, and >65 years. We 
contacted potential participants by mail and email 
to inform them of the study. If they agreed to par-
ticipate, they were scheduled for an in-person blood 
draw after completion of a web-based eligibility crite-
ria checklist and informed consent form and a short 
questionnaire that captured demographic informa-
tion, SARS-CoV-2 exposure history, underlying con-
ditions, immunosuppression status, and use of im-
munosuppressive medications. Participants received 
a $25 gift card after completing the blood draw.

Selection of Hillsborough County Residents for Study
The Bureau of Economic and Business Research cre-
ated a random representative sample of Hillsbor-
ough County residents by using the address-based 
sample method, a probability-based frame of street 
addresses that relies on the US Postal Service Com-
puterized Delivery Sequence File. Because this file 
contains >147 million residential addresses, the 
address-based sample frame covers nearly 100% of 
all households in the country. We sent letters and 
postcards to potential participants inviting them to 
go to the study website and complete a brief form 
to indicate their interest in participating. In addition, 
emails were sent to a randomly selected population 
by eTargetMedia (https://www.etargetmedia.com), 
a multichannel marketing company with a detailed 
database of email addresses. 

The study webpage described the study rationale 
and assessed eligibility criteria, which included resi-
dency in Hillsborough County and age of >18 years. 
At the time of the scheduled clinic visit, eligibility 
for the blood draw also included not currently expe-
riencing COVID-19 symptoms (e.g., being free of fe-
ver [body temperature <100.4°F, as assessed using a 
noncontact infrared thermometer], cough, and short-
ness of breath). Eligible potential participants were 
then directed to an online informed consent form to 
review and sign and a brief questionnaire to complete 
before scheduling a date and time for the blood draw.

Forty thousand letters or postcards and 10,000 
emails were sent to Hillsborough County addresses. 
A total of 1,621 residents completed the eligibility 
questionnaire, and 1,571 were eligible to participate. 
Of those eligible, 1,135 electronically signed a con-
sent form, 1,038 completed the online questionnaire, 
and 922 completed the study visit and blood draw. 
Fifty-five of the study participants had received >1 
COVID-19 vaccine doses and were excluded from the 
analyses, resulting in a final sample size of 867.

Study Procedures

Data Acquisition and Management
Persons who were contacted through postal mail were 
provided a link to a website that enabled authenti-
cation using a unique identifier they were assigned. 
After authenticating, persons were shown a webpage 
with a brief description of the study. Those who chose 
to proceed were asked to electronically sign the in-
formed consent form. Participants were then asked 
to complete a short questionnaire and contact the re-
search clinic to schedule an appointment for a blood 
draw. If participants did not contact the research 
clinic within 3 days of completing the online ques-
tionnaire, the research staff contacted the person to 
schedule an appointment. The questionnaire collect-
ed information related to sociodemographic informa-
tion, SARS-CoV-2 exposure history (self-reported in 
exposure hours per day), past COVID-19 symptoms, 
underlying conditions associated with increased in-
fection and disease risk, immunosuppression status, 
and use of immunosuppressive medications.

Clinic Procedures
After we verifying participants’ identities and their 
completion of the required forms, participants at-
tended an in-person clinic visit at Moffitt Cancer Cen-
ter’s Research Clinic. All staff and study participants 
were required to wear facemasks at all times, no-
touch temperature screening was used, and questions 
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regarding respiratory illness were asked. One tiger 
top tube of blood was drawn per participant. We pro-
cessed blood by letting it stand for 20–60 min to clot 
and then spun it for 20 min at 3,200 rpm, and placed 
it in a refrigerator until couriered to the laboratory. 
We aliquoted and then maintained serum samples at 
–80°C until antibody analysis. Before antibody test-
ing, we heat-inactivated all serum samples in a 56°C 
water bath for 1 h.

SARS-CoV-2 IgG Antibody Assay
To evaluate serostatus, we performed a 2-step ELISA 
adapted from the Krammer (Icahn School of Medi-
cine at Mount Sinai) protocol, which measured IgG 
responses against the receptor-binding domain and 
spike protein (12,13). In brief, a high-throughput 
screening of samples against receptor-binding do-
main was followed by a second step in which positive 
samples underwent a confirmatory ELISA against the 
full-length spike protein. We diluted presumptive 
positives 1:100, 1:300, 1:900, 1:2,700, and 1:8,100, and 
used goat anti–human    horseradish peroxidase–conju-
gated antibody (diluted 1:5,000) as the secondary an-
tibody. We designated as positive the samples having 
2 consecutive dilutions with optical density values >3 
× SD of the mean of the negative controls. Negative 
controls included serum pools collected before 2020. 
Positive controls included convalescent serum from 
SARS-CoV-2–positive patients or monoclonal anti-
bodies against SARS-CoV-2 proteins (L. Pinto, Fred-
erick Laboratories, National Institutes of Health, pers. 
comm., emails, April and October 2020). Assay sensi-
tivity was 96.8%, and specificity was 94.1% (Appen-
dix, https://wwwnc.cdc.gov/EID/article/28/3/21-
1495-App1.pdf).

Data Analyses
We summarized sociodemographic and behavioral 
characteristics by using descriptive statistics. We 
compared SARS-CoV-2 antibody positivity across 
participant sociodemographic and behavioral char-
acteristics by using bivariate analyses, specifically 
Fisher exact test or χ2 test as appropriate. We evalu-
ated associations between SARS-CoV-2 antibody pos-
itivity with potential predictors by using univariate 
logistic regression analyses. We developed the fully 
adjusted model by using a backward elimination ap-
proach; specifically, we removed variables with p 
values >0.25 from the final model. We included the 
following variables in the backward selection model: 
age, sex, race, ethnicity, marital status, smoking sta-
tus, living with chronic disease, lung problem, work 
environment during pandemic, practiced mask use 

since start of pandemic, practiced social distancing 
since start of pandemic, mean hours/week interact-
ing with virus-positive contact, traveled out of state 
after February 2020, relationship to virus-positive 
contact, avoid groups of people, only going outside 
the home for essential trips, and ever had COVID-19 
symptoms. We performed all analyses by using 
SAS 9.4 (https://www.sas.com) and RStudio 4.0.2 
(https://www.rstudio.com).

Results
Among 867 COVID vaccine-naive Hillsborough 
County residents, 19.5% (95% CI 16.9%–22.3%) tested 
antibody-positive (Appendix Table); adjusted preva-
lence of 15% did not differ significantly from the crude 
estimate. The median age of study participants was 
50 years (interquartile range 38–61 years), and 65.7% 
were women. Most participants were White (82.7%), 
non-Hispanic (83.2%), never smokers (74.2%), and 
immunocompetent (91.8%). Eighteen percent report-
ed essential worker status (i.e., employed in either a 
hospital, clinic, grocery store, or in a public services 
industry). Approximately 60% had either never been 
exposed to a SARS-CoV-2–positive person or were 
not sure if they had been exposed. Nearly all respon-
dents (99.5%) indicated they had changed their be-
havior since the pandemic started (data not shown); 
96.1% reported wearing a mask outside of the home 
fairly often or often, and 89% reported keeping >6 
feet away from other persons since the start of the 
pandemic. Approximately 30% (30.2%) reported ever 
having COVID-19 symptoms, although 14.5% report-
ed testing virus positive. Only 7 participants had been 
hospitalized because of COVID-19.

We observed no differences in SARS-CoV-2 
seroprevalence by sex, age group, race, or ethnic-
ity (Appendix Table). Seroprevalence was higher 
among those living with lung disease (27.2%), espe-
cially persons who reported having asthma (28.1%), 
and lower among those living with an autoimmune 
disease (9.9%). Reported exposure to virus-positive 
persons was significantly associated with higher se-
roprevalence; 35.8% of those reporting contact with 
a documented positive person and 36.7% reporting 
contact with a presumed positive person were anti-
body-positive. In addition, 44.9% seroprevalence oc-
curred among those whose virus-positive contact was 
a family member. More than 96% of those who tested 
positive for SARS-CoV-2 RNA (97% for those infected 
<6 months ago and 96.2% if positive >6 months ago) 
were antibody-positive. Forty-five percent of those 
who reported having COVID-19 symptoms were 
antibody-positive, and 8.3% of those who reported 
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never having COVID-19 symptoms were antibody-
positive, which we refer to as asymptomatic infec-
tion. Seroprevalence did not significantly differ by 
reported social-distancing or mask-wearing practices. 
We noted the relationship between hours per week 
exposed to a virus-positive person and antibody-
positivity (Figure). The percentage testing antibody-
positive increased with increasing exposure time but 
plateaued at ≈50% seroprevalence at >48 hours of ex-
posure per week.

We noted factors independently associated with 
testing positive for SARS-CoV-2 antibodies (Table 
1). Potential exposure to a virus-infected person in-
creased the odds of testing antibody-positive, includ-
ing essential workers employed in a hospital, clinic, 
grocery store or other public services industry (adjust-
ed odds ratio [aOR] 2.40 [95% CI 1.42–4.07]), contact 
with a virus-positive family member (aOR 4.62 [95% 
CI 2.49–8.58]) or friend (aOR 4.22 [95% CI 2.44–7.30]), 
not avoiding groups of people (aOR 1.71 [95% CI 
1.06–2.76]), and mean hours per week exposed to the 
virus-positive person (adjusted continuous odds ra-
tio 1.01 [95% CI 1.00–1.01]). Odds of testing antibody-
positive were high among those who reported ever 
experiencing COVID-19 symptoms (aOR 9.14 [95% CI 
5.93–14.08]). We observed significantly lower odds of 
testing antibody-positive among divorced, separated, 
or widowed persons (aOR 0.40 [95% CI 0.20–0.77]) 
and those living with a chronic illness (aOR 0.56 [95% 
CI 0.34–0.93]).

Among 605 participants who reported never hav-
ing COVID symptoms, 50 tested antibody-positive 
and are referred to as having asymptomatic infection 
(Appendix Table). Essential worker status (aOR 2.28 

[95% CI 1.13–4.60]), interacting with a virus-positive 
friend (aOR 3.72 [95% CI 1.71–8.11]), and not avoid-
ing groups of people (aOR 2.90 [95% CI 1.53–5.50]) 
were independently associated with having asymp-
tomatic infection (Table 2).

Discussion
Overall, ≈20% of study participants in this single Flor-
ida county had evidence of past infection with SARS-
CoV-2, approximately 2-fold higher than the period 
prevalence of confirmed SARS-CoV-2 infections re-
ported by the Florida Department of Health (10.6% 
through June 1, 2021) (11). This finding is not surpris-
ing given that molecular testing was not widely avail-
able early in the pandemic and, when it was available, 
not all persons with symptoms sought testing, and 
some never experienced symptoms; thus, many who 
were infected were undercounted in public health 
databases. A key finding of this study is that nearly 
100% of persons who had confirmed or suspected 
infection were antibody-positive and remained 
antibody-positive even if the infection occurred >6 
months before antibody testing. A question that re-
mains unanswered by our analysis and other studies 
is the duration of the antibody response among those 
who experienced infection with SARS-CoV-2.

The seroprevalence estimated in our study dem-
onstrates that, by March 2021, 1 in 5 adults residing in 
Hillsborough County may have been previously in-
fected with SARS-CoV-2. This seroprevalence is high-
er than that found in other studies conducted dur-
ing a similar timeframe of the COVID-19 pandemic; 
however, differences in SARS-CoV-2 seroprevalence 
are highly influenced by geographic location and the 
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Figure. Relationship between 
mean number of hours per week 
exposed to a SARS-CoV-2–
positive person and antibody 
positivity among residents, 
Hillsborough County, Florida, 
USA, October 2020–March 
2021. Error bars indicate 95% 
CIs. SARS-CoV-2, severe 
acute respiratory syndrome 
coronavirus 2.
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populations included in the study. For example, a 
seroprevalence study conducted in Virginia during 
June–August 2020 found that, although the overall 
prevalence estimated was low at 2.4%, the range by 
ZIP code varied from 0% to 20% (7). Similar to our 
study, the seroprevalence of 2.4% in Virginia was 2.8 
times higher than the confirmed case counts. This ra-
tio is relatively low compared with previous studies 
conducted in the United States, which have shown 
6–53 times more infections than those ascertained by 
confirmed case counts (8,14,15). Differences in under-
ascertainment across studies evaluating seropreva-
lence may be attributed to differences in the popula-
tion included, timing of the epidemic across regions, 
and differences in test characteristics of assays used.

A nationwide study conducted by the Centers 
for Disease Control and Prevention that examined 
residual clinical samples from inpatients and outpa-
tients found seroprevalence ranged from 0% in South 
Dakota (August 10–27, 2020) to 23% in New York 
State (July 27–August 13, 2020) (16). This analysis, 
which used commercial assays, found a seropreva-
lence of 8.5% for the state of Florida in September 
2020. A prior Florida seroprevalence study of >5,500 
healthcare workers and first responders tested in 

early summer of 2020 observed a seroprevalence of 
4.1% (range 2.6%–8.7%) (17). However, considerable 
heterogeneity in SARS-CoV-2 antibody prevalence 
among first responders and healthcare workers was 
observed; those residing in Miami–Dade County and 
adult members of racial and ethnic minority popula-
tions, including Haitian, Creole, non-Hispanic Black, 
and Hispanic or Latino, were more likely to be sero-
positive (17). Similarly, a nationwide study of adults 
who had never had COVID-19 diagnosed found a se-
roprevalence of 4.6%; higher prevalence was found 
among adults living in early outbreak locations, 
Black adults, Hispanic adults, and adults residing in 
urban areas (18). Although our study did not dem-
onstrate racial disparities, we observed that essential 
workers, including those working in grocery stores, 
had higher odds of SARS-CoV-2 antibody positivity. 
Because persons in minority communities are more 
likely to hold such occupations (19), our results con-
tribute to the literature demonstrating the dispro-
portionate burden of COVID-19 in the United States 
among vulnerable populations such as racial and 
ethnic minorities.

In our study, mask wearing was not associated 
with antibody status. This lack of an association is 
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Table 1. Factors associated with severe acute respiratory syndrome coronavirus 2 antibody prevalence among residents, univariate 
and multivariable models, Hillsborough County, Florida, USA, October 2020–March 2021* 
Characteristic Unadjusted OR (95% CI) Adjusted OR† (95% CI) 
Age group, y 

  

 18–44 Referent Referent 
 45–54 0.88 (0.56–1.37) 1.13 (0.64–1.98) 
 55–64 0.71 (0.46–1.12) 0.86 (0.48–1.55) 
 >65 0.71 (0.43–1.18) 1.64 (0.80–3.35) 
Sex 

 

 M Referent Referent 
 F 0.95 (0.67–1.35) 0.88 (0.57–1.38) 
Marital status 

 

 Married or living together Referent Referent 
 Single, never married 0.91 (0.60–1.37) 1.05 (0.61–1.80) 
 Divorced, separated , or widowed 0.49 (0.28–0.86) 0.40 (0.20–0.77) 
Living with chronic disease‡ 0.88 (0.61–1.28) 0.56 (0.34–0.93) 
Essential worker status 

  

 Not essential worker Referent Referent 
 Hospital, clinic, grocery store, public services 1.89 (1.26–2.84) 2.40 (1.42–4.07) 
 Financial services, banking, or other 0.91 (0.55–1.52) 0.70 (0.37–1.31) 
Mean hours/week interacting with virus-positive contact 1.02 (1.01–1.02) 1.01 (1.001–1.01) 
Relationship to virus-positive contact 

 

 No known contact with virus-positive person Referent Referent 
 Family member 8.79 (5.62–13.77) 4.62 (2.49–8.58) 
 Friend or other 5.52 (3.43–8.90) 4.22 (2.44–7.30) 
 Co-worker 2.89 (1.51–5.53) 2.04 (0.95–4.40) 
Does not avoid groups of people 1.65 (1.12–2.43) 1.71 (1.06–2.76) 
Ever had coronavirus disease symptoms 9.24 (6.33–13.48) 9.14 (5.93–14.08) 
*Based on a 863-person sample size. The following variables were included in the backward selection modeling approach: age, sex, race, ethnicity, 
marital status, smoking status, living with chronic disease, lung problem, work environment during pandemic, practiced mask use since start of pandemic, 
practiced social distancing since start of pandemic, mean hours/week interacting with virus-positive contact, traveled out of state after February 2020, 
relationship to virus-positive contact, avoid groups of people, only going outside the home for essential trips, and ever had coronavirus disease 
symptoms. OR, odds ratio. 
†Results from the full model, which included all variables, listed in Appendix Table (https://wwwnc.cdc.gov/EID/article/28/3/21-1495-App1.pdf). 
‡Including cancer, heart disease, diabetes, autoimmune disease, kidney disease, liver disease, and being immunosuppressed. 
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likely attributable to several factors. Nearly 100% of 
respondents reported mask usage, so social desir-
ability likely influenced responses to this question. 
In addition, we did not assess detailed information 
regarding mask use, such as type of mask, situations 
in which mask wearing occurred, and consistency of 
proper mask usage, so our study cannot adequately 
assess the protection conferred by mask usage. In 
contrast, social-distancing behaviors consistently 
emerged as a factor associated with risk for infection, 
despite 11% of participants reporting that they never, 
rarely, or almost never practiced social distancing. 
This behavior included not avoiding crowds and in-
teracting with a known or suspected virus-positive 
family member, co-worker, or friend. The percent-
age seropositive increased with increasing hours 
per week exposed to an infected person. We did not 
ask participants to report the physical distance they 
maintained, so we cannot assess what distance in feet 
was associated with protection.

Throughout the pandemic, much discussion has 
occurred about the dangers of infection for those with 
autoimmune disease and their greater susceptibility to 
illness. Study participants with autoimmune disease 
or on immunosuppressant medication had lower rates 
of antibody positivity, roughly half that of the overall 
study population. This finding is likely attributable to 
extra precautions taken to avoid infection as opposed 
to a reflection of actual susceptibility to illness.

Despite some study participants reporting a large 
number of hours per week exposed to a person with 

COVID-19 symptoms, only ≈50% became infected 
themselves. Infection rates among adults with high 
exposure to COVID-19 is likely multifactorial and 
varies from population to population on the basis 
of contextual factors, which can be demonstrated by 
seroprevalence studies conducted in large health-
care systems of healthcare workers with high expo-
sure to COVID-19. For example, the seroprevalence 
of healthcare personnel tested during June–August 
2020 throughout all Mayo Clinic facilities was only 
0.6%, and areas undergoing greater community dis-
ease transmission and burden were associated with 
higher seroprevalence among healthcare providers 
(20). Notably, the Mayo Clinic in Florida had a sero-
prevalence of 0.8%. In contrast, the seroprevalence 
of healthcare workers in New York City during the 
same period was 13.7% (21). The marked differ-
ence in seroprevalence among these highly exposed 
adults may be caused by differences in hotspots or 
outbreaks of SARS-CoV-2 infection in the regions 
each health system is located, as well as differences in 
access to personal protective equipment and adher-
ence to precautions including wearing masks. Simi-
larly, differences we observed in our study may be 
caused by variability in adherence to preventive be-
haviors, such as prompt isolation from persons with  
COVID-19, or the household setting and environment. 
We observed that the odds of SARS-CoV-2 seropreva-
lence was highest among those with a family member 
as a known virus-positive contact. In shared family 
spaces where social distancing may not be possible, 
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Table 2. Factors associated with severe acute respiratory syndrome coronavirus 2 antibody prevalence among asymptomatic 
participants, univariate and multivariable models, Hillsborough County, Florida, USA, October 2020–March 2021* 
Characteristic Unadjusted OR (95% CI) Adjusted OR (95% CI)† 
Age group, y 

  

 18–44 Referent Referent 
 45–54 0.95 (0.47–1.92) 1.04 (0.49–2.21) 
 55–64 0.48 (0.21–1.11) 0.57 (0.23–1.38) 
 >65 0.43 (0.16–1.18) 0.69 (0.24–2.03) 
Sex 

 

 M Referent Referent 
 F 1.11 (0.60–2.06) 0.91 (0.47–1.78) 
Essential worker status 

  

 Not essential worker Referent Referent 
 Hospital, clinic, grocery store, public services 2.44 (1.28–4.65) 2.28 (1.13–4.60) 
 Financial services, banking, or other 0.76 (0.28–2.02) 0.55 (0.19–1.58) 
Mean hours/week interacting with virus-positive contact 1.01 (1.01–1.02) 1.01 (1.00–1.02) 
Relationship to virus-positive contact 

 

 No known contact with virus-positive person Referent Referent 
 Family member 4.23 (1.95–9.16) 2.67 (0.94–7.59) 
 Co-worker 2.32 (0.83 −6.52) 1.89 (0.62–5.73) 
 Friend or other 4.40 (2.10–9.21) 3.72 (1.71–8.11) 
Does not avoid groups of people 3.03 (1.66–5.56) 2.90 (1.53–5.50) 
*Based on a 602-person sample size. The following variables were included in the backward selection modeling approach: age, sex, race, ethnicity, 
marital status, smoking status, living with chronic disease, lung problem, work environment during pandemic, practiced mask use since start of pandemic, 
practiced social distancing since start of pandemic, mean hours/week interacting with virus-positive contact, traveled out of state after February 2020, 
relationship to virus-positive contact, avoid groups of people, only going outside the home for essential trips, and ever had coronavirus disease 
symptoms. OR, odds ratio. 
†Results from the full model, which included all variables, listed in Appendix Table (https://wwwnc.cdc.gov/EID/article/28/3/21-1495-App1.pdf). 
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risk for household transmission is high (22). Asymp-
tomatic transmission before the onset of symptoms in 
a household is also highly probable.

A low percentage of antibody-positive persons 
never had COVID-19 symptoms, what we refer to 
as the asymptomatic infection prevalence. Surpris-
ingly, this percentage was relatively low (≈8%) and 
was not associated with age. The only factors signifi-
cantly associated with asymptomatic infection were 
those related to social distancing, whether that was 
not avoiding crowds, contact with a friend who was 
virus-positive, or repeated contact with community 
members as an essential worker.

A strength of this study is the relatively large 
sample size and inclusion of a broad range of ages. We 
captured participant information regarding factors 
that may be associated with susceptibility to infection, 
protective behaviors practiced, and exposure and 
length of exposure to SARS-COV-2–infected persons. 
Although invitations were sent at random to county 
residents, a small rate of participation resulted from 
this recruitment method. Some residents may have 
received multiple invitations (i.e., email and letter, or 
email and postcard). Because of the low rate of par-
ticipation, we were not able to obtain a representative 
sample of the underlying county population. How-
ever, the study enrolled persons from 53 (96%) of the 
55 ZIP codes associated with Hillsborough County. 
The final study sample included a higher proportion 
of women than men, and participants were predomi-
nantly non-Hispanic White. Many reported exposure 
to an infected person, so the seroprevalence we report 
may be an overestimate of the actual period preva-
lence. Hillsborough County includes the city of Tam-
pa as well as both rural and suburban communities. 
Although the area is relatively densely populated, 
few residents use public transportation; this county 
is less densely populated than other urban counties 
in Florida, such as Miami–Dade County. Therefore, 
the period seroprevalence we have reported may be 
lower than what would be observed in city centers.

The estimates of seroprevalence from our study 
demonstrate that the cumulative case numbers con-
firmed through molecular RNA–based testing likely 
underrepresent the actual number of cases of SARS-
CoV-2 infection in the United States and Florida. Fre-
quency of contact with family or friends with con-
firmed COVID-19 diagnoses was strongly associated 
with being SARS-CoV-2 antibody–positive, indicat-
ing the importance of social distancing, particularly 
from friends or family with confirmed COVID-19. 
The availability of vaccination should help alleviate 
disparities in SARS-CoV-2 positivity observed for 

higher risk groups because of structural and occupa-
tional factors, such as among essential workers and 
those with frequent contact with persons with con-
firmed COVID-19. This analysis should inform the 
broader ongoing policy in the United States regard-
ing the relative benefits of recommended mitigation 
strategies against the spread of SARS-CoV-2.
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During the initial stage of the coronavirus disease 
(COVID-19) pandemic, large variations in vi-

rus dissemination within countries often led to lack 
of suffi ciently specifi c information for local authori-
ties to make accurate decisions about health service 

adjustments (1,2). The situation was further worsened 
by heterogeneity in virus testing strategies, usually a 
result of local differences in laboratory capacities (3), 
leading to a need for local-scale COVID-19 forecast-
ing methods based on resources available in the exist-
ing healthcare infrastructure (4). In particular, experts 
called for short-term forecasts of incident hospitaliza-
tions to plan staff reallocation and creation of tempo-
rary facilities for intensive or subintensive care with 
ventilators (5).

We have previously developed a local infl uenza 
nowcasting (short-term forecasting) method whereby 
syndromic healthcare data are used to nowcast later 
diagnostic events (6). The method has shown satis-
factory performance in prospective evaluations (7,8). 
We used this experience during the initial stage of the 
pandemic in 2020 to nowcast local cases of patients 
hospitalized with COVID-19 by modeling associa-
tions with data from Swedish Healthcare Direct’s 24-
hour telenursing service (telephone number 1177) (9). 
Telenursing services are available in numerous coun-
tries for health counseling and evaluation of clinical 
service needs in the general population (10–12). In 
Sweden, the chief complaint for each call is recorded 
in an administrative database (13). During the 2009 
infl uenza pandemic, records of telenursing chief 
complaints were used to forecast variations in local 
healthcare load, although less accurately than during 
regular infl uenza seasons (14).

The purpose of our study was to examine the per-
formance of syndromic healthcare data in nowcast-
ing local hospital admissions during the initial stage 
of the COVID-19 pandemic, when resources for di-
agnostic laboratory testing were limited. The specifi c 
aim was to investigate the prospective performance 
of symptoms recorded during telenursing calls in 
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We report on local nowcasting (short-term forecast-
ing) of coronavirus disease (COVID-19) hospitaliza-
tions based on syndromic (symptom) data recorded 
in regular healthcare routines in Östergötland County 
(population ≈465,000), Sweden, early in the pandemic, 
when broad laboratory testing was unavailable. Daily 
nowcasts were supplied to the local healthcare man-
agement based on analyses of the time lag between 
telenursing calls with the chief complaints (cough by 
adult or fever by adult) and COVID-19 hospitalization. 
The complaint cough by adult showed satisfactory per-
formance (Pearson correlation coeffi  cient r>0.80; mean 
absolute percentage error <20%) in nowcasting the in-
cidence of daily COVID-19 hospitalizations 14 days in 
advance until the incidence decreased to <1.5/100,000 
population, whereas the corresponding performance 
for fever by adult was unsatisfactory. Our results sup-
port local nowcasting of hospitalizations on the basis of 
symptom data recorded in routine healthcare during the 
initial stage of a pandemic.
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nowcasting daily cases of patients hospitalized with 
COVID-19 during March–June 2020 in Östergötland 
County, Sweden (population ≈465,000). The Swedish 
Ethical Review Authority (dnr. 2020-03183) approved 
the study design. Because COVID-19 and influenza 
share characteristic symptoms, we interpreted the 
performance of the COVID-19 nowcasting using syn-
dromic symptom data, taking into consideration par-
allel winter influenza activity in the county. 

Methods
We used prospective evaluation design; that is, we 
defined the COVID-19 nowcasting procedure and 
the evaluation protocol before beginning to col-
lect evaluation data. The management of Region 
Östergötland, the public (tax-financed) healthcare 
provider serving Östergötland County, used the dai-
ly nowcasts we created for planning resource alloca-
tion. Nowcasting of COVID-19 hospitalizations was 
based on the time lag from telenursing calls with 
selected chief complaints (Appendix, https://ww-
wnc.cdc.gov/EID/article/28/3/21-0267-App1.pdf); 
we retrieved nowcasting data from the countywide 
health information system managed by the health-
care provider (15). Because the COVID-19 pandemic 
reached the study county during an ongoing influ-
enza season, we describe the progress of both local 
epidemics for comparison.

Data Sources
Syndromic data were recorded from telenursing calls 
made by county residents to Swedish Healthcare 
Direct. Daily numbers of calls with chief complaints 
possibly associated with COVID-19 were retrieved 
from Hälsoläge, the national database, using the 
fixed-field terminology register service (16). The di-
agnostic data were collected from patients hospital-
ized with the International Classification of Diseases, 
10th Revision (ICD-10), code U07.1 (COVID-19, virus 
identified). All patients hospitalized with suspected 
COVID-19 were given a PCR test for virus identifica-
tion and diagnosis.

We retrieved daily numbers of patients diag-
nosed with laboratory-confirmed influenza (inpatient 
and outpatient) for February 20–June 30, 2020. For 
comparison, we also retrieved corresponding influen-
za and telenursing chief complaint data for the same 
period for each year during 2015–2019.

Nowcasting Procedure
We began developing the local COVID-19 nowcast-
ing procedure on February 20, 2020. During March 
2–6, we examined peer-reviewed scientific reports 

on COVID-19 symptoms to select telenursing chief 
complaints for the nowcasting, (17–19). The larg-
est study retrieved, involving 1,099 patients from 30 
provinces in China, reported fever (89%) and cough 
(68%) to be the most common symptoms, followed 
by fatigue (38%), shortness of breath (19%), and sore 
throat (14%) (17). The study also reported that hos-
pitalized patients were almost exclusively adults. 
In the selection of corresponding telenursing chief 
complaints for use in nowcasting, we excluded un-
specific symptoms of upper respiratory tract infection 
(fatigue and sore throat) and complaints expected to 
lead to a recommendation for immediate physical ex-
amination (shortness of breath). We chose the remain-
ing telenursing chief complaints, cough by adult and 
fever by adult, as syndromic variables for use in the 
nowcasting of COVID-19 hospitalizations. We final-
ized the procedure on March 20.

Definition of Time Lag
After consultations with local healthcare managers, 
we found that we needed short-term forecasts in the 
interval of 14–21 days for implementing adjustments 
of hospital resources. To select the time lag in the 
interval with the highest correlation (i.e. the highest 
Pearson correlation coefficient, r) between syndromic 
and hospital admission data, we performed analyses 
of time series data from the previous 4 weeks for each 
of the 2 syndromic variables, leading to 16 possible 
outcomes: 8 time lags of 14–21 days for each variable. 
To eliminate weekday effects, we smoothed all series 
by calculating a 7-day moving average. If correla-
tions for time lags were equal, we chose the longest. 
To adjust for the higher daily numbers of telenursing 
calls compared with hospitalization cases, we multi-
plied the level for each of the 2 chief telenursing com-
plaints by a ratio calculated by dividing the sum of 
hospitalizations during a 14-day period by the sum 
of telenursing calls (separately for each syndromic 
variable) over a previous 14-day interval at a time 
distance, chosen depending on the resulting best time 
lag. The length of the interval should be a multiple of 
7 days to level out weekday effects and be about the 
same as the time lag. Therefore, we chose an interval 
of 14 days.

Hospital Admission Nowcasting
We created daily nowcasts and forwarded them to 
the healthcare management at Region Östergötland 
beginning March 22, 2020. We performed a new cal-
culation of the correlation coefficient each nowcasting 
day and chose the time lag with the highest correla-
tion for each of the 2 chief complaints for nowcasts. 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 565



RESEARCH

We performed daily nowcasts of forthcoming hos-
pitalizations for the period covered by the time lag 
between COVID-19 hospitalizations and telenursing 
calls for cough by adult and fever by adult through-
out the study period (Appendix).

Descriptive Analyses
Because COVID-19 and influenza share symptoms 
(telenursing chief complaints), we examined the dai-
ly numbers of COVID-19 hospitalizations and cases 
of laboratory-confirmed influenza in Östergötland 
County (primary and hospital care) for the period 
February 20–June 30, 2020. We also descriptively ana-
lyzed the annual trends for this period in 2015–2019 
for cases of laboratory-confirmed influenza and for 
the telenursing chief complaints cough by adult and 
fever by adult.

Evaluation Procedure was defined
We evaluated the nowcasting performance during 
March 22–June 30, 2020. We defined the evaluation 
protocol on March 20 and followed it without altera-
tion throughout the evaluation period. We evaluated 
performance by calculating the correlation between 
trends in the selected telenursing calls and trends 
in later hospitalizations, and by determining the 
accuracy of the nowcasted incidence of daily hos-
pitalizations. The outcome measures were the Pear-
son correlation coefficient between the telenursing 
and hospitalization data from the nowcasting date 
through the period covered by the time lag (denot-
ed as rFND) and the mean absolute percentage error 
(MAPE) of the nowcasted hospitalization incidence. 
rFND can vary between −1 and 1 (where −1 is perfect 
negative correlation and 1 is perfect positive correla-
tion). The lower limit for MAPE is 0; an upper limit 
does not exist. Before beginning data collection, we 
defined the limits for satisfactory nowcasting perfor-
mance as rFND >0.80 and MAPE <20%.We derived the 
limit for rFND from previous nowcasting studies (20) 
and determined the MAPE limit, following discus-
sions with health service managers, on the basis of 
hospital resources in Sweden, which were overex-
tended before the COVID-19 pandemic (on average, 
103 patients occupied 100 administrative hospital 
bed units [21]).

Results

COVID-19 Pandemic
Calls by Östergötland county residents to Swedish 
Healthcare Direct with the chief complaint of cough 
by adult peaked on March 21 (Figure 1, panel A). On 

the same day, calls for the complaint fever by adult 
reached a plateau that lasted for ≈2 weeks (until April 
3) (Figure 1, panel A).

The first hospitalization in Östergötland County 
for COVID-19 occurred on March 8, 2020. At the start 
of the evaluation period on March 22, the daily hospi-
talization incidence was 1.8 patients/100,000 popula-
tion; peak incidence (4.9 patients/day/100,000 popu-
lation) was reached on April 2 (Table; Figure 1, panel 
B). In mid-May, the daily incidence had declined to 
<1.5 hospitalizations/100,000 population; it was 0.6 
hospitalizations/100,000 population on June 30, the 
end of the study period.

Influenza Season
The daily incidence of patients with laboratory-con-
firmed influenza peaked on March 10 (Figure 1, pan-
el C). The recorded incidence decreased thereafter 
to a level that was notably below the 5-year histori-
cal trend. Calls to Swedish Healthcare Direct for the 
chief complaints cough by adult and fever by adult 
did not show a corresponding decrease in March 
2020 (Figure 1, panel A). The comparative display of 
the historical trends from the previous 5-year period 
for these chief complaints showed that the levels 
usually increased throughout the month of March 
(Figure 1, panels D, E).

Nowcasting Performance
The selected optimal time lag for both the cough 
by adult and fever by adult variables was 14 days 
throughout the study period, except for cough by 
adult during March 26–28, when the time lag was 15 
or 16 days (Video, https://wwwnc.cdc.gov/EID/
article/23/3/21-0267-V1.htm). During the ascending 
stage of the first wave of the pandemic (March 22–
April 4), as hospitalizations increased (Figure 2, panel 
A), rFND for the Swedish Healthcare Direct chief com-
plaint cough by adult was satisfactory (0.86–0.98), 
and MAPE decreased rapidly to a satisfactory level 
(from 28% to 3%) (Table; Figure 2, panels B, C; Video). 
rFND for the chief complaint fever by adult decreased 
during this period to −0.63, and MAPE was mostly 
unsatisfactory (14%–47%). At the peak of the wave, 
with a daily hospitalization incidence >2.5/100,000 
population (April 5–25), rFND (0.74–0.97) and MAPE 
(4%−9%) remained satisfactory for cough by adult. 
For fever by adult, rFND (−0.63 to 0.95) and MAPE 
(14%–52%) stayed at unsatisfactory levels. During 
the descending stage, rFND and MAPE for cough by 
adult remained satisfactory until hospitalizations de-
clined. When the daily hospitalizations decreased to 
<1.5/100,000 population in mid-May, rFND and MAPE 
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indicated unsatisfactory performances for both syn-
dromic indicators (Table; Figure 2).

Discussion
This study examined the performance of syndromic 
healthcare data (symptoms reported during telenurs-
ing calls) in nowcasting local hospital loads during 
the initial stage of the COVID-19 pandemic when re-
sources for diagnostic laboratory testing were limited. 
We found that the telenursing chief complaint cough 
by adult accurately (rFND 0.74–0.98; MAPE <10%) 
nowcasted local hospital loads >14 days in advance 
during periods with intense local dissemination of 
COVID-19 (corresponding to >2.5 hospitalizations/
day/100,000 population) and continued to provide 
reliable nowcasts until the intensity decreased to <1.5 
hospitalizations/day/100,000 population.

Although fever is a characteristic COVID-19 
symptom, the performance of the Swedish Health-
care Direct chief complaint fever by adult in nowcast-
ing was less satisfactory. This observation could be 
cause by the co-circulation of influenza virus strains 
and severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2); fever by adult was recorded as a 
chief complaint from telenursing calls resulting from 
both influenza infection and COVID-19 (22). Even 
though cough was also a representative symptom for 
influenza, it appeared to be more uniquely record-
ed as the chief complaint from telenursing calls for  
COVID-19. We also observed that the incidence of pa-
tients with a laboratory-confirmed diagnosis of influ-
enza peaked on March 10, just before the COVID-19 
pandemic reached Östergötland County, and there-
after decreased to a level notably below the 5-year 
historical trend. It is unclear whether this decrease in 
the recorded incidence of influenza represents a true 
decline in infections or due to changes in healthcare-
seeking behaviors (23). These observations suggest 
that COVID-19 nowcasting based on symptom data 
should be performed with caution during periods in 
which SARS-CoV-2 is co-circulating with influenza 
and other respiratory viruses.

Poor forecasting reliability during the first wave 
of the COVID-19 pandemic led to demands on invest-
ments in developing task-specific models and quality 
data collection (24,25). One explanation for the satisfac-
tory local nowcasting performance we observed is the 
rapid and stable access to syndromic and diagnostic 
data throughout the emerging first wave of the pan-
demic. Most methods for COVID-19 nowcasting have 
used diagnostic data to model the near-future progress 
(typically 2–6 days) of the corresponding events (26); 
A. Altmejd, et al., unpub. data, https://arxiv.org/

pdf/2006.06840.pdf). In contrast to such autoregres-
sive models, we used a separate syndromic data source 
to nowcast COVID-19 hospitalizations 14–21 days in 
advance. This time lag to hospitalizations was needed 
to rearrange the local healthcare organization to care 
for patients with COVID-19 while minimizing collat-
eral effects on other patient groups. We collected the 
syndromic and diagnostic data used for the nowcast-
ing from a regular health information system (15) and 
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Figure 1. Daily incidence of telenursing calls for 2 chief 
complaints, COVID-19 hospitalizations, and laboratory-confirmed 
influenza plus reference data from before the COVID-19 
pandemic, Östergötland County, Sweden. A) Telenursing calls per 
100,000 population for chief complaints of cough by adult (blue 
line) and fever by adult (red line), February 20–June 30, 2020. 
B) COVID-19 hospitalizations per 100,000 population, February 
20–June 30, 2020. C) Cases of laboratory-confirmed influenza 
per 100,000 population February 20–June 30, 2020 (black line). 
Light gray line indicates the average for cases of laboratory-
confirmed influenza in 2015–2019; dark gray shaded area is the 
corresponding range. D) Telenursing calls per 100,000 population 
for the chief complaint cough by adult in 2015–2019 (light grey 
line) with corresponding range (dark grey shaded area). E) 
Telenursing calls per 100,000 population for the chief complaint 
fever by adult in 2015–2019 (light grey line) with corresponding 
range (dark grey shaded area). 
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analyzed the data using experiences from nowcasting 
the 2009 influenza pandemic and subsequent winter 
influenza seasons (6,14,27). The syndromic data were 
recorded by telenurses specially trained in assessment 
of adults and children who experienced infectious-
disease symptoms (13). At the time of the outbreak of 
COVID-19 in Sweden (February 2020), telenursing had 
evolved from a triage practice within primary care (28–
31) into a key resource in healthcare provision staffed 
by experienced nursing professionals (9). The diagnos-
tic data we used for the nowcasting in this study were 

recorded using standardized coding routines (32) by 
physicians with clinical responsibility for patients hos-
pitalized with COVID-19.

Syndromic symptom data have been used for sev-
eral purposes in the early response to the COVID-19 
pandemic. Using web-based data collection from the 
general public, the EPICOVID19 study in Italy found a 
strong association between olfactory and taste symp-
toms and laboratory-confirmed COVID-19 (33). Loss 
of smell and taste have also been reported as a charac-
teristic COVID-19 symptom from similar research in 
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Table. Weekly nowcasting performance for 2 syndromic variables in the first wave of the coronavirus pandemic, Östergötland County, 
Sweden, 2020* 

Nowcasting dates 
Hospitalizations/day/
100,000 population 

Cough by adult  Fever by adult 
rFND MAPE rFND MAPE 

Week 1 (Mar 22–28) 1.8–3.4 0.86–0.97 9 –28  0.01–0.99 14–20 
Week 2 (Mar 29–Apr 4) 3.4–4.9 0.93–0.98 3–5  −0.63 to −0.32 17–47 
Week 3 (Apr 5–11)† 3.2–4.5 0.89–0.95 4–6  −0.20 to 0.79 39–52 
Week 4 (Apr 12–18) 2.6–3.2 0.92–0.97 4–6  0.87–0.95 16–45 
Week 5 (Apr 19–25) 2.1–2.6 0.74–0.94 6–9  0.70–0.93 15–21 
Week 6 (Apr 26–May 2) 1.4–2.1 0.46–0.73 10–13  0.58–0.73 9–13 
Week 7 (May 3–9) 1.4–1.6 0.64–0.91 7–13  0.65–0.82 8–11 
Week 8 (May 10–16) 1.1–1.5 0.53–0.74 8–17  0.45–0.65 9–11 
Week 9 (May 17–23) 0.9–1.1 −0.28 to 0.57 19–41  −0.08 to 0.44 9–14 
Week 10 (May 24–30) 0.9–1.1 −0.87 to −0.46 38–47  −0.57 to −0.16 14–18 
Week 11 (May 31–Jun 6) 0.8–1.1 −0.86 to −0.26 19–32  −0.90 to 0.63 17–28 
Week 12 (Jun 7–13) 0.8–1.0 −0.03 to 0.48 29–55  0.74–0.78 21–34 
Week 13 (Jun 14–20) 0.6–1.0 −0.41 to 0.36 17–48  −0.53 to 0.60 12–32 
Week 14 (Jun 21–27) 0.5–0.7 −0.20 to 0.58 15–28  0.13–0.78 10–23 
Week 15 (Jun 28–30)‡ 0.6–0.7 0.42 to 0.50 24 to 25  0.66 to 0.70 20–22 
*MAPE, mean absolute percentage error; rFND, Pearson correlation coefficient between the telenursing and hospitalization data from the nowcasting date 
through the period covered by the time lag. 
†Includes local peak of the first pandemic wave. 
‡Only 3 days because it is the end of the study period. 

 

Figure 2. Local nowcasting 
performance in Östergötland 
County, Sweden, during the first 
wave of coronavirus disease 
(COVID-19), March 22–June 
30, 2020. A) Weekly average of 
daily incidence of COVID-19, 
hospitalizations/week/100,000 
population. The horizontal line 
indicates lowest incidence 
for reliable predictions (1.5 
daily hospitalizations/100,000 
population). B) Weekly average 
of daily correlation between 
telenursing data and COVID-19 
hospitalizations from the 
nowcasting date through the 
period covered by the time lag 
for cough by adult (blue line) 
and fever by adult (red line). C) 
Weekly average of daily MAPE 
per week for cough by adult 
(blue line) and fever by adult 
(red line). MAPE, mean absolute 
percentage error.
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the United Kingdom and the United States (34), Italy 
(35), and France (36). These symptom-tracking studies 
have provided important insights into the spectrum 
of COVID-19 symptoms, the rate of these symptoms 
in nonhospitalized persons, and the natural history 
of the infection. Nonetheless, for local nowcasting 
of hospital admissions during the early stages of a 
pandemic, rapid initiation of data collection and rep-
resentative population coverage are required. Stud-
ies conducted in April and May 2020 showed that 
willingness to use a mobile application to support  
COVID-19 surveillance was 55%–70% in countries 
such as the United States, Switzerland, and Italy (37). 
However, by November 2020, the use of such mobile 
applications was still limited in nations where govern-
ments had promoted their development and dissemi-
nation; for example, 26% in Australia, 13% in Italy, 
and 2% in France (38). These proportions indicate that 
achievement of representative population coverage 
and continuity in data collection are challenging for 
COVID-19 forecasting using mobile applications. One 
reason for the low use of mobile applications is that le-
gal and confidentiality issues have not been resolved 
for data collection from personal Internet devices in 
public health practice (39). Our nowcasting approach 
used trends in routinely recorded healthcare data for 
short-term forecasts of hospitalization cases. The ap-
proach did not require data normally unavailable for 
local healthcare providers and did thereby allow early 
initiation of nowcasting to support the local health-
care managers in their decision making.

The aim of this study was to assess hospital ad-
mission nowcasting during the early pandemic stage 
when broad laboratory testing still was unavailable. 
The syndromic variables (telenursing chief com-
plaint codes) were thus determined in mid-March 
2020 based on the information available. A limita-
tion of the study is that it is possible that later selec-
tion of codes would have influenced the nowcasting 
outcomes. Also, use of individual-level telenursing 
data and sociodemographic data may have enabled 
detailed detection of municipality-level clusters dur-
ing the initial stage of a pandemic. However, reports 
of variations in telenursing outreach and use across 
geographic areas and population groups, for example, 
among immigrants and the elderly (12,40), imply that 
further studies are needed to establish whether a more 
detailed version of our nowcasting procedure would 
be suitable for more specific early detection. More-
over, the outcome measures used in the study may not 
cover all aspects of healthcare load during pandemics. 
The coefficient rFND shows correspondences between 
the nowcasted and observed series of hospitalization  

incidences over time, and MAPE displays how much 
the nowcasted incidences deviated as a percentage 
from the observed incidences. In future studies of CO-
VID-19 hospitalizations, nowcasting the prevalence 
of hospitalized patients can be considered, which will 
require considering the length of hospital stay for dif-
ferent categories of COVID-19 patients. Moreover, the 
study did not use accuracy metrics such as uncertainty 
bounds around the point predictions because the pub-
lic health practitioners did not request such bounds. 
It would have been possible to change the evaluation 
metrics afterwards, but doing so would have neutral-
ized the prospective evaluation design. In the future, 
the nowcasting method can be further developed by 
including uncertainty bounds or probability estimates 
(41). The current approach has at least 2 uncertainties 
that can be quantified; uncertainty about how many 
persons with symptoms call the telenursing service, 
and uncertainty about the proportion of calls for a spe-
cific chief complaint that is constituted by COVID-19 
cases. Finally, the nowcasting method was intended 
for use during the initial stage of a pandemic when 
broad laboratory testing is unavailable. The results 
are mainly generalizable to other early pandemic set-
tings in which comparable infrastructural resources 
are available. Generalization of our results and ap-
plication of the nowcasting method to later pandemic 
phases, when population-level laboratory testing is 
available, warrants more research.

We conclude that symptom data regularly re-
corded in healthcare can be used for local nowcasting 
of hospital loads during the initial stage of a pandem-
ic when broad laboratory testing still is unavailable. 
The telenursing chief complaint cough by adult dis-
played satisfactory nowcasting performance during 
initial pandemic periods with high community dis-
semination of COVID-19 (>1.5 hospitalization cases/
day/100,000 population). The study also indicates 
that symptom data should be used with caution for 
pandemic nowcasting when the novel virus is co-cir-
culating with competing viruses. Our results support 
local nowcasting of hospitalizations on the basis of 
regularly recorded syndromic data during the initial 
stage of a pandemic.
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Healthcare workers (HCWs) are exposed to se-
vere acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) in the private context, as well as pro-
fessionally with varying exposure risk depending 
on their workplace. Prevalence rates have been mea-
sured as high as 13.7% in the New York, NY, USA, 
area, 10.2% in a nationwide study in Spain, 7.5% for 
580 HCWs in a hospital in Spain, 6.4% for >3,000 
HCWs in a tertiary hospital in Belgium, 4.0% for 
>2,8790 HCWs in Denmark, and 0.4%–3.8% for hos-
pitals in China (1–6). Working in coronavirus disease 
(COVID-19)–designated units has been reported to 
carry an increased risk for infection (4,7).

The greater Munich area in Germany became 
the epicenter of a SARS-CoV-2 outbreak after a con-
fi rmed case was reported on January 27, 2020. A 
rapid and massive increase in SARS-CoV-2 infec-
tions occurred during March 2020, when infected 
persons returned from skiing resorts, such as Ischgl, 
Austria, where the spread of infection was dramatic 
(8). The University Hospital Munich rechts der Isar 
faced the challenge of rapidly increasing numbers 
of COVID-19 patients, combined with an increasing 
number of staff in quarantine. To reduce the spread 
of infections, guidelines for the use of personal pro-
tective equipment (PPE) for staff and patients were 
introduced, including the obligation to wear face 
masks in all areas of the hospital (Figure 1). In addi-
tion, a telephone hotline was established to provide 
staff with guidance for reverse transcription PCR 
(RT-PCR) testing and quarantine policies.
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Hospital staff  are at high risk for severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection 
during the coronavirus disease (COVID-19) pandem-
ic. This cross-sectional study aimed to determine the 
prevalence of SARS-CoV-2 infection in hospital staff  
at the University Hospital rechts der Isar in Munich, 
Germany, and identify modulating factors. Overall se-
roprevalence of SARS-CoV-2-IgG in 4,554 participants 
was 2.4%. Staff  engaged in direct patient care, including 
those working in COVID-19 units, had a similar prob-
ability of being seropositive as non–patient-facing staff . 
Increased probability of infection was observed in staff  
reporting interactions with SARS-CoV-2‒infected co-
workers or private contacts or exposure to COVID-19 
patients without appropriate personal protective equip-
ment. Analysis of spatiotemporal trajectories identifi ed 
that distinct hotspots for SARS-CoV-2‒positive staff  and 
patients only partially overlap. Patient-facing work in a 
healthcare facility during the SARS-CoV-2 pandemic 
might be safe as long as adequate personal protective 
equipment is used and infection prevention practices 
are followed inside and outside the hospital



 SARS-CoV-2 IgG among Hospital Employees, Germany

To determine the epidemiology and immune re-
sponse to SARS-CoV-2 and to identify best-practice 
approaches protecting staff and patients, we initiated a 
prospective, observational cohort study. The purpose 
of this study was to assess risk factors and evidence 
for infection, including clinical symptoms, and to de-
termine the seroprevalence of SARS-CoV-2 antibodies.

Materials and Methods

Study Design and Participants
During April 14–May 29, 2020, all clinical and non-
clinical Munich rechts der Isar staff >18 years of age 
(n = 6,305) and medical students at the Technical Uni-
versity of Munich (n = 1,699) were invited to partici-
pate in this prospective, monocentric, observational 
study (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/27/3/20-4436-App1.pdf). Previ-
ous positive SARS-CoV-2 antibody tests results was 
not an exclusion criterion. Upon receiving written 
informed consent, we obtained demographic data; 
chronic medical conditions; occupation; work loca-
tion; use of PPE; exposure to SARS-CoV-2–positive 
patients, co-workers, or private contacts; symptom 
history; previous PCR testing for SARS-CoV-2; and 
outcome by using a standardized electronic ques-
tionnaire (Appendix) before the blood test result 
was known. We defined endoscopy, bronchoscopy, 

tracheal intubation, noninvasive ventilation, and 
transesophageal echocardiography as aerosol-gen-
erating medical procedures (AGPs).

We collected serum samples and subjected them 
to SARS-CoV-2 IgG and IgM testing (primary out-
come). We tested for IgM in all persons until May 
4, 2020 (n = 1,620), and thereafter only if IgG was 
positive or typical symptoms of COVID-19 were re-
ported (n = 88) (Appendix Figure 2). Staff reporting 
symptoms or testing positive for IgM were recom-
mended to undergo testing of nasopharyngeal swab 
specimens for SARS-CoV-2 by RT-PCR to exclude 
persistent infection. We stored personal data in a 
pseudonymized manner by using the open-source 
electronic case form system m4 DIS (BitCare GmbH, 
https://www.bitcare.de) (9). The study was ap-
proved by the Ethics Committee of the Technical 
University of Munich School of Medicine (approval 
no. 216/20S).

Since March 2020, a continuous infection surveil-
lance program for all staff has been implemented at 
the University Hospital rechts der Isar in Munich, in-
cluding an employee testing center and staff counsel-
ling (Corona Hotline), which is available 7 days per 
week. Persons who have symptoms compatible with 
COVID-19 or previous risk contacts are scheduled for 
testing for SARS-CoV-2 by RT-PCR from combined 
oropharyngeal and nasopharyngeal swab specimens. 
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Figure 1. Prevalence and 
distribution of severe acute 
respiratory syndrome coronavirus 2 
(SARS-CoV-2) infections in patients 
and staff at a university hospital in 
Munich, Germany. Shown is the 
number of all COVID-19 patients 
admitted to the hospital; the first 
COVID-19 patient was admitted on 
March 6, 2020. Light gray shading 
indicates dates of carnival holidays 
(February 22‒March 1, 2020); dark 
gray shading indicates dates of 
seroprevalence study (April 14‒May 
29, 2020). Blue squares below 
graph indicate positive RT-PCR 
test results for SARS-CoV-2 RNA in 
university hospital staff. Bars below 
graph indicate densities of positive 
RT-PCR test results in staff (blue), 
new COVID-19 cases in patients 
(red), and limitations on number 
of visitors allowed and elective 
procedures and appointments 
(gray). COVID-19, coronavirus 
disease; Max., maximum; MRI, 
University Hospital Munich 
Rechts der Isar; RT-PCR, reverse 
transcription PCR.
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We included RT-PCR results of staff testing in the 
analysis if the study participants consented.

Laboratory Analysis
We detected serum IgM and IgG against SARS-
CoV-2 spike 1 protein or nucleocapsid protein by 
using a paramagnetic particle chemiluminescent 
immunoassay on an iFlash 1800 Immunoassay Ana-
lyzer (Shenzhen Yhlo Biotech Co., http://en.szyhlo.
com). We subjected all serum samples that were pos-
itive for IgM or IgG (>10 AU/mL), all serum samples 
that had 5–10 AU/mL of IgG, and all serum samples 
from SARS-CoV-2 RT-PCR–positive persons to con-
firmatory testing. For confirmation, we determined 
total antibodies against SARS-CoV-2 nucleocapsid 
by using an electrochemiluminescent immunoas-
say on a Cobas e411 Analyzer (Roche Diagnostics, 
https://www.roche.com). For all samples that had 
incongruent results, we determined IgG against 
SARS-CoV-2 spike 1 protein by using an ELISA (Eu-
roimmun, https://www.euroimmun.com) and used 
immunoblotting to differentiate antibodies against 
nucleocapsid protein, spike 1 protein 1, and the re-
ceptor-binding domain of SARS-CoV-2 from those 
against seasonal coronaviruses (Mikrogen, https://
www.mikrogen.de) (Appendix).

We extracted nucleic acids from nasopharyngeal 
swab specimens by using the mSample Preparation 
System DNA Kit identical to the Promega Maxwell 
Viral Total Nucleic Acid Extraction Kit (Promega, 
https://www.promega.com) according to a stan-
dard protocol on an m2000sp Device for RNA and 
DNA Extraction (Abbott, https://www.abbott.com). 
SARS-CoV-2 RT-PCR was performed by using SARS-
CoV-2_N1 and SARS-CoV-2_N2 primer and probe 
sets for amplification on an ABI 7500 Device (Ther-
mofisher Scientific, https://www.thermofisher.com) 
according to the protocol of the Centers for Disease 
Control and Prevention (Atlanta, GA, USA), as ap-
proved by the US Food and Drug Administration.

Analysis of Patient and Staff Trajectories
We extracted anonymized patient mobility trajec-
tory data from our hospital information system.  
COVID-19 was diagnosed when patients either 
showed typical clinical symptoms or had COVID-19–
typical findings in low-dose lung computed tomog-
raphy scans and tested positive for SARS-CoV-2 by 
RT-PCR or for SARS-CoV-2 IgM or IgG (10). For 
spatiotemporal analysis of patient data, we used all 
trajectories available during December 30, 2019–May 
29, 2020, for each admitted COVID-19 patient because 
we could not determine the exact interval when the 

patients were contagious. We obtained trajectories 
of SARS-CoV-2 IgG seropositive staff from our ques-
tionnaire data if available (February 1–May 29, 2020).

On the basis of the spatiotemporal trajectories of 
patients and staff, we created 2 types of representa-
tions: static representations over all timeframes and 
dynamically animated representations. The static 
representation is based on the relative proportion of 
patients or staff members at each hospital location 
normalized by all locations of the available trajectory 
time. For the dynamic representation, we illustrated 2 
different relative proportions normalized by all time 
frames: the relative proportion of individual patients 
in each hospital location and the relative proportion 
of staff members mapped to their past locations for 14 
days before they tested positive for SARS-CoV-2 IgG 
or were quarantined.

To analyze patient mobility within the hospital 
during the pandemic, we compared the spatial tra-
jectories of COVID-19 patients to all patients given 
a diagnosis of any non–COVID-19 pneumonia (viral 
or bacterial) during December 1, 2019–June 10, 2020 
(Appendix Figure 3). We performed all analyses by 
using R software version 3.6.0 (R Foundation for Sta-
tistical Computing, https://www.r-project.org) and 
made the source code available on GitHub (https://
github.com/AnaGalhoz37/SeCOMRI).

Statistical Analysis
Absolute and relative frequencies of positive test results 
for SARS-CoV-2 IgG and IgM (Chemiluminescence Im-
munoassay, Shenzhen Yhlo Biotech Co.) are given for 
all study participants and relevant subgroups, along 
with exact 95% CIs for the estimated seroprevalence. 
To evaluate the association with potential risk factors, 
we estimated odds ratios (ORs) and corresponding 
exact 95% CIs (mid-p intervals). The distributions of 
antibody titers are visualized by boxplots or dot plots 
and are described by medians and quartiles. We used 
the Spearman rank correlation coefficient to evaluate 
the association between the time of IgG testing and the 
IgG titer. We did not adjust the 95% CI widths for mul-
tiplicity. Missing data were not imputed, and the num-
ber of missing values is presented for each variable. 
We conducted statistical analyses by using R software 
version 4.0.2 (R Foundation for Statistical Computing).

Results

Seroprevalence of SARS-CoV-2 IgG for  
4,554 Hospital Employees
The study participation rate was 63.5% (4,001/6,305) 
for employees and 35.5% (603/1,699) for medical  
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students; complete data for 4,554 persons were avail-
able for primary analysis (Appendix Figure 1). The 
mean age of the study participants was 38.5 years; 
3,207 (70.4%) were women and 1,342 (29.5%) were 
men (Appendix Figure 4). Positive results for SARS-
CoV-2 IgG were found for 108/4,554 study partici-
pants. For 102 persons, additional assays confirmed 
the SARS-CoV-2 IgG screening result (Appendix 
Table 1). Two additional persons who had a positive 
PCR result seroconverted during follow-up. Four per-
sons who had IgG titers of 5–10 AU/mL in the screen-
ing assay, which is below the cutoff, were found to be 
positive in >2 other assays (Appendix Tables 1, 2). For 
5 persons, the screening result could not be confirmed 
by the other assays used; for 1 person, there was in-
sufficient material available to complete testing (Ap-
pendix Tables 3, 4). When we considered all 108 study 
participants who were positive for SARS-CoV-2 IgG 
in >2 different assays, we determined a seropreva-
lence of 2.4% (95% CI 1.9%–2.9%) (primary endpoint).

Individual and Occupational Risk Factors 
for SARS-CoV-2 Infection
The first patient who had PCR-confirmed COVID-19 
was admitted to our university hospital on March 6, 
2020, and 163 COVID-19 patients were hospitalized 
during March 6–May 29 (Figure 1). Infection preven-
tion measures, such as the obligation to wear surgical 
masks, physical distancing measures, visitor rules, or 
policies for nonurgent procedures, were dynamically 
adjusted according to the prevalent pandemic situa-
tion (Figure 1). Risk factors for infection of staff were 
identified through correlation of self-reported survey 

data with seropositivity for SARS-CoV-2 IgG (Table 
1). We found an association between seropositivity 
and male sex (OR 1.54, 95% CI 1.03–2.27) or age; the 
highest frequency was observed for persons 51–60 
years of age (OR 1.75, 95% CI 1.06–2.85, compared 
with persons <30 years of age) (Table 1; Appendix 
Figures 4, 5). We found a higher relative frequency 
of seropositivity for persons who had diabetes melli-
tus (OR 2.96, 95% CI 1.01–6.81) but observed no major 
differences in staff who had preexisting pulmonary or 
cardiovascular disease (Table 2; Appendix Figure 5). 
Seropositivity was decreased for smokers (OR 0.52, 
95% CI 0.26–0.94) (Table 2); relevant difference in se-
ropositivity was observed between HCWs involved 
in direct patient care, including care of COVID-19 
patients, and HCWs working in intensive care units 
or the emergency department compared with staff 
members not working in these units and not perform-
ing patient-associated tasks (Table 2; Figure 2, panel 
A; Appendix Figure 5).

Conversely, we found that seropositivity was 
particularly high for administrative staff who did not 
have any direct patient contact (OR 2.36, 95% CI 1.19–
4.80) (Table 1; Figure 2, panel B; Appendix Figure 5). 
Nonclinical staff were not obliged to wear masks at 
work at the beginning of the pandemic (Figure 1). Se-
ropositivity was also markedly increased in staff who 
reported exposure to co-workers (OR 1.74, 95% CI 
1.11–2.65) or private contacts with persons who had 
SARS-CoV-2 infections (OR 5.56, 95% CI 3.32–8.94) 
(Table 2; Figure 2, panel A; Appendix Figure 5). Self-
reported unprotected contact with COVID-19 patients 
(no surgical mask, <1.5-m distance, or AGP without  
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Table 1. Seroprevalence of SARS-CoV-2 infections in patients and staff, by general characteristics and occupation, at a university 
hospital, Munich, Germany* 

Characteristic 
SARS-CoV-2 IgG, no. (%) 

Odds ratio (95% CI) Negative Positive 
Age group, y 
 18–30, n = 1,622 1,585 (97.7) 37 (2.3) Referent 
 31–40, n = 1,134 1,115 (98.3) 19 (1.7) 0.73 (0.41–1.27) 
 41–50, n = 758 740 (97.6) 18 (2.4) 1.05 (0.58–1.83) 
 51–60, n = 766 736 (96.1) 30 (3.9) 1.75 (1.06–2.85) 
 >60, n = 274 270 (98.5) 4 (1.5) 0.66 (0.19–1.66) 
Sex 
 F, n = 3,207 3,141 (97.9) 66 (2.1) Referent 
 M, n = 1,342 1,300 (96.9) 42 (3.1) 1.54 (1.03–2.27) 
 Unreported, n = 5 5 (100) 0  
Profession 
 Nurses, n = 958 934 (97.5) 24 (2.5) 1.55 (0.80–3.10) 
 Physicians, n = 860 846 (98.4) 14 (1.6) Referent 
 Clinical ancillary staff, n = 383 374 (97.7) 9 (2.3) 1.46 (0.60–3.39) 
 Nonclinical ancillary staff, n = 120 118 (98.3) 2 (1.7) 1.09 (0.16–4.02) 
 Scientists/laboratory workers, n = 635 627 (98.7) 8 (1.3) 0.78 (0.31–1.84) 
 Administrative staff, n = 557 536 (96.2) 21 (3.8) 2.36 (1.19–4.80) 
 Other, n = 424 412 (97.2) 12 (2.8) 1.76 (0.79–3.88) 
 Students, n = 603 586 (97.2) 17 (2.8) 1.75 (0.85–3.65) 
*SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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filtering masks with either filtering face piece or N95 
standard or eye protection or face shields) was asso-
ciated with higher seroprevalence (OR 4.77, 95% CI 
3.09–7.22) (Table 2; Appendix Figure 5). For staff re-
porting to perform AGPs we observed an even lower 
rate of seropositivity (OR 0.50, 95% CI 0.23–0.94) (Ta-
ble 2; Figure 2, panel A; Appendix Figure 5).

Symptoms and SARS-CoV-2 IgG Titers  
for Hospital Staff
In our cohort, 1,272 (27.9%) persons reported current 
or recent (within 8 weeks before testing) presence 
of >1 symptom indicative of COVID-19 (Table 2;  

Appendix Figure 5), 79 (6.2%) of whom were se-
ropositive for SARS-CoV-2 IgG (Table 2; Appendix 
Figure 5). Loss of smell (36 [25.0%] seropositive of 
144 persons who had reported loss of smell) and 
loss of taste (39 [31.5%] of 124 persons) had the 
highest positive predictive value (Table 2; Appen-
dix Figure 5), and seropositivity was associated 
with a higher number of symptoms reported (Table 
3; Appendix Figure 5).

For seropositive persons, we found no major 
differences in SARS-CoV-2 IgG titers for different 
age groups, sex, comorbidities, or exposure pro-
files (Appendix Figure 6). However, SARS-CoV-2 
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Table 2. SARS-CoV-2 seroprevalence for healthcare workers, by self-reported risk factors and symptoms, at a university hospital, 
Munich, Germany* 

Characteristic 

No. SARS-CoV-2 IgG positive/no. with 
data available (%) 

Odds ratio (95%CI) 
No. SARS-CoV-2 
IgG positive/no. 

with data missing True False 
Individual risk factors     
 Pulmonary disease 8/317 (2.5) 99/4,212 (2.4) 1.1 (0.48–2.14) 1/25 
 Cardiovascular disease 5/329 (1.5) 102/4,200 (2.4) 0.64 (0.22–1.43) 1/25 
 Diabetes mellitus 5/79 (6.3) 102/4,451 (2.3) 2.96 (1.01–6.81) 1/24 
 Immunodeficiency 0/92 (0.0) 107/4,434 (2.4)  1/28 
 Immunosuppressive therapy 1/69 (1.4) 105/4,461 (2.4) 0.7 (0.03–3.15) 2/24 
 Smoking 11/817 (1.3) 96/3,718 (2.6) 0.52 (0.26–0.94) 1/19 
Exposure     
 Patient facing role 55/2559 (2.1) 50/1,934 (2.6) 0.83 (0.56–1.22) 3/61 
 AGPs 9/712 (1.3) 96/3,794 (2.5) 0.50 (0.23–0.94) 3/48 
 COVID-19 assigned unit 21/712 (2.9) 85/3,803 (2.2) 1.34 (0.80–2.13) 2/39 
 Emergency department 11/515 (2.1) 95/3,999 (2.4) 0.91 (0.46–1.64) 2/40 
 Ward 43/1633 (2.6) 63/2,882 (2.2) 1.21 (0.81–1.79) 2/39 
 Intensive care unit 16/690 (2.3) 89/3,824 (2.3) 1.00 (0.56–1.67) 3/40 
Contact with SARS-CoV-2‒positive person     
 Patient 31/1028 (3.0) 74/3436 (2.2) 1.42 (0.91–2.15) 3/90 
 Co-worker 29/816 (3.6) 76/3644 (2.1) 1.74 (1.11–2.65) 3/94 
 Private contact 22/220 (10.0) 83/4218 (2.0) 5.56 (3.32–8.94) 3/116 
 Unprotected contact 34/435 (7.8) 70/3997 (1.8) 4.77 (3.09–7.22) 4/122 
 Protected contact 32/1230 (2.6) 73/3237 (2.3) 1.16 (0.75–1.75) 3/87 
Personal protective equipment     
 Use of PPE 104/4458 (2.3) 2/75 (2.7) 0.81 (0.25–5.35) 2/21 
 Surgical mask 104/4437 (2.3) 2/95 (2.1) 1.04 (0.32–6.83) 2/22 
 FFP2/N95-mask 32/1497 (2.1) 74/3011 (2.5) 0.87 (0.56–1.31) 2/46 
 FFP3-mask 8/325 (2.5) 96/4163 (2.3) 1.09 (0.48–2.13) 4/66 
 Protective clothing 34/1677 (2.0) 72/2835 (2.5) 0.8 (0.52–1.19) 2/42 
 Eye protection or face shield 29/1580 (1.8) 77/2934 (2.6) 0.7 (0.45–1.06) 2/40 
Symptoms     
 Experienced symptoms 79/1272 (6.2) 28/3263 (0.9) 7.62 (4.98–12.00) 1/19 
 Exhaustion 54/771 (7.0) 53/3763 (1.4) 5.27 (3.57–7.78) 1/20 
 Fatigue 67/795 (8.4) 40/3738 (1.1) 8.49 (5.72–12.77) 1/21 
 Cough 50/668 (7.5) 57/3861 (1.5) 5.40 (3.65–7.97) 1/25 
 Shortness of breath 19/307 (6.2) 88/4222 (2.1) 3.12 (1.82–5.08) 1/25 
 Rhinitis 47/689 (6.8) 60/3843 (1.6) 4.62 (3.11–6.82) 1/22 
 Loss of smell 36/144 (25.0) 71/4384 (1.6) 20.23 (12.87–31.41) 1/26 
 Loss of taste 39/124 (31.5) 67/4402 (1.5) 29.62 (18.79–46.38) 2/28 
 Sore throat 30/740 (4.1) 77/3792 (2.0) 2.05 (1.31–3.11) 1/22 
 Headache 46/766 (6.0) 61/3766 (1.6) 3.88 (2.61–5.73) 1/22 
 Limb pain 36/403 (8.9) 71/4129 (1.7) 5.61 (3.67–8.45) 1/22 
 Shivering 36/442 (8.1) 71/4092 (1.7) 5.03 (3.29–7.56) 1/20 
 Diarrhea 20/316 (6.3) 87/4214 (2.1) 3.22 (1.90–5.21) 1/24 
 Increased temperature 46/491 (9.4) 61/4032 (1.5) 6.73 (4.51–9.98) 1/31 
 Fever, temperature >38°C 29/233 (12.4) 77/4288 (1.8) 7.79 (4.90–12.1) 2/33 
*AGP, aerosol-generating procedure, COVID-19, coronavirus disease; FFP, filtering face piece; PPE¸ personal protective equipment, SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2. 
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IgG levels were higher for staff who reported more  
COVID-19-related symptoms (Appendix Figure 7). 
We observed the highest titers for those persons 
who reported diarrhea, fever, increased tempera-
ture, shivering, limb pain, and headache (Appen-
dix Figure 7).

Value of Symptom-Based RT-PCR Testing
We initiated symptom-based RT-PCR testing of ma-
terial obtained from nasopharyngeal swab speci-
mens early during the pandemic through a dedicated  
COVID-19 telephone hotline. The first hospital em-
ployee with SARS-CoV-2 infection was identified on 

March 9, 2020, and 28 persons who had SARS-CoV-2 
infections detected by RT-PCR before participating 
in this study were positive for SARS-CoV-2 IgG (Fig-
ure 1; Appendix Figure 8). Ten seropositive persons 
had a positive PCR result; 1 positive antibody test-
ing result was obtained at another facility. However, 
68 (63%) of 108 SARS-CoV-2 infections had not been 
diagnosed previously; data on previous testing was 
missing for 1 person. Among these 68 seropositive 
persons, 28 did not report any COVID-19-typical 
symptoms in the initial survey (25.9% of all seroposi-
tive staff), indicating that symptom-based testing can 
miss SARS-CoV-2 infection.
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Figure 2. Prevalence of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) IgG by risk factor and occupational 
group among staff members at a university hospital, Munich, 
Germany. A) Risk factors by category. Vertical dashed line 
indicates overall seroprevalence of 2.4%. B) Occupational groups. 
COVID-19, coronavirus disease; FFP, filtering face piece.

 
Table 3. Seroprevalence of SARS-CoV-2 IgG in patients and staff, by symptom onset and frequency, at a university hospital, Munich, 
Germany* 

Characteristic 
SARS-CoV-2IgG, no. (%) 

Odds ratio (95% CI) Negative Positive 
Symptom onset 
 Not applicable, n = 3,373 3,336 (98.9) 37 (1.1) Referent 
 Past 14 days, n = 219 209 (95.4) 10 (4.6) 4.36 (2.02–8.59) 
 Past 3‒8 weeks, n = 943 883 (93.6) 60 (6.4) 6.11 (4.05–9.35) 
 Unknown, n = 19 18 1  
Symptom frequency, p<0.001 
 0, n = 3,273 3,245 (99.1) 28 (0.9) Referent 
 1–4, n = 548 529 (96.5) 19 (3.5) 4.17 (2.27–7.50) 
 5–8, n = 491 454 (92.5) 37 (7.5) 9.42 (5.72–15.70) 
 9–14, n = 223 200 (89.7) 23 (10.3) 13.32 (7.45–23.58) 
 Unknown, n = 19 18 1  
*SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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Analysis of Spatiotemporal Trajectories
To identify and localize potential hotspots of infec-
tion, we systematically analyzed contact between staff 
and COVID-19 patients by using the cumulative data 
for serologic analysis for staff and the patient regis-
try. Thus, we plotted available spatial and temporal 
information on the presence of COVID-19 patients 
and SARS-CoV-2 IgG–positive staff with daily reso-
lution on a hospital map. Visualization of these spa-
tiotemporal mobility trajectories showed only a slight 
overlap between the distinct spatial and temporal 
hotspots of COVID-19 patients and SARS-CoV-2 IgG–
positive staff (Figure 3; Videos 1–3, https://wwwnc.
cdc.gov/EID/article/28/3/20-4436-V1.htm, https://
wwwnc.cdc.gov/EID/article/28/3/20-4436-V2.htm,  
https://wwwnc.cdc.gov/EID/article/28/3/20-
4436-V3.htm).

Discussion
Despite the high overall number of patients in our 
hospital who had COVID-19 disease, the seropreva-
lence of 2.4% for SARS-CoV-2 IgG among university 
hospital staff after the first wave in Germany is lower 
than that reported in previous studies (11,12). This 

difference might be attributed to differences in cohort 
composition, fast implementation of protective mea-
sures, or frequency of exposure.

Hospital staff have an increased occupational 
risk for contact with SARS-CoV-2–infected patients, 
and a high level of SARS-CoV-2 infection among 
HCWs involved in the care of COVID-19 patients has 
been reported (7,13). Consistent with these findings, 
the seropositivity in a population-based prospec-
tive cohort study performed in Munich in parallel 
with our study was 1.8% and thus lower than for this 
HCW cohort study (14). We did not observe higher 
seroprevalences in staff who reported direct patient 
contact, including those working in COVID-19–
designated units. We also observed lower serop-
revalence in staff who reported performing AGPs, 
possibly reflecting increased awareness and use of 
particularly rigorous infection prevention practices 
at work and in private life in this subgroup. Further-
more, the type of PPE used was not associated with 
seroprevalence, but 98% of staff reported routinely 
using surgical masks, which was required by inter-
nal hospital policy for staff involved in patient care 
starting on March 16, 2020, and for all staff starting 
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Figure 3. Spatiotemporal trajectories of severe acute respiratory syndrome coronavirus 2‒infected patients and staff mobility in 
university hospital, Munich, Germany. A) Cumulative representation of proportions of seropositive staff. B) Cumulative representation of 
proportions of COVID-19-patients. C) Differences (∆) for staff and patients between different hospital areas. Difference are indicated by 
dot plots and assigned to distinct hospital areas. For purposes of discretion of data from study participants, the graphic representation of 
spatial information is partially distorted. Dashed lines indicate COVID-19‒designated areas in the hospital. 
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on March 27. The almost parallel increase in SARS-
CoV-2 infection cases in staff and patients is sugges-
tive of extrinsic infection causes in both groups, such 
as simultaneous return from high-risk holiday areas. 
Consistently, exposure to SARS-CoV-2-infected pri-
vate contacts or co-workers was the most critical risk 
factor for SARS-CoV-2 infection in our cohort. This 
finding underscores the need for adherence to pro-
tective measures during private, professional staff, 
and professional patient contacts.

Male staff in our study cohort showed a higher 
seroprevalence. A recent study reporting lower per-
ceived infection risk for men than for women found 
that adherence to hygiene guidelines and social dis-
tancing measures might have been lower in male staff 
(15,16). Smokers showed a lower seroprevalence, 
which is in contrast to that reported in previous stud-
ies (2,6,15,17). Because smokers are more susceptible 
to respiratory tract infections and smoking involves 
hand-to-mouth contact and frequent social interac-
tions, the lower seroprevalence is unexpected but 
consistent with those of other reports (18–21). Staff 
who had diabetes mellitus had a higher seropreva-
lence than staff who did not have this disease. Pre-
viously, diabetes mellitus reportedly correlated with 
severity of COVID-19 and associated deaths, but no 
increase in susceptibility to SARS-CoV-2 infection has 
been reported to date (22).

Serologic assessment confirmed infection in most 
persons who reported positive test results for SARS-
CoV-2 by PCR. However, repeated testing over >4 
weeks with >2 separate assays each did not detect 
antibodies in 6 persons (2 who had positive in-house 
and 4 who had reported positive external RT-PCR test 
results) (Appendix Figure 8). This finding might be 
explained by false-positive PCR results or by the fail-
ure to develop antibody responses after low-symptom 
infection, which might occur in <10% of convalescent-
phase patients after SARS-CoV-2 infection (25).

The IgG immunoassay used for screening had a 
specificity of 99.89% in our study; it uses 2 SARS-
CoV-2 antigens (nucleocapsid and spike 1) for de-
tection and has an estimated sensitivity of 96.30% 
(Appendix Table 5). We retested all IgM-positive or 
IgG-positive serum samples and all serum samples 
that had titers of 5–10 AU/mL, which is below the 
cutoff, by a second assay with particularly high spec-
ificity (99.90%) that uses recombinant nucleocapsid 
protein as antigen. If required, additional assays 
were performed: either an ELISA using recombinant 
spike 1 protein as capture antigen, or immunoblot-
ting that tested for antibodies against 3 different 
SARS-CoV-2 antigens. Serum was only considered 

positive if >2 antibody assay results were positive 
(Appendix). However, the requirement of such ex-
tensive confirmatory testing strengthens the notion 
that each test for SARS-CoV-2 antibodies requires 
critical evaluation.

Our study also showed that approximately two 
thirds of the seropositive staff had a previously un-
detected infection. These infections might have been 
oligosymptomatic or asymptomatic without even 
alarming medically trained personnel. Furthermore, 
25 SARS-CoV-2 IgG–positive persons had not been 
PCR tested, despite reporting >1 COVID-19–compat-
ible symptom. A total of 1,183 staff members tested 
seronegative despite reporting >1 symptom related to 
COVID-19. The focus on symptoms with the stron-
gest association with seropositivity, such as loss of 
smell, loss of taste, fatigue, fever, and cough, might 
therefore be helpful in developing more accurate and 
economical screening algorithms. Our results high-
light that symptom-based testing might miss infec-
tions in hospital staff. All 28 asymptomatic seroposi-
tive persons remained undiagnosed before the study, 
emphasizing the need for rigorous implementation 
of systematic infection prevention practices in pan-
demic situations. Transmission by asymptomatic and 
presymptomatic staff might occur at any time and 
will not be prevented by random testing. These re-
sults strongly support the continuous use of at least 
surgical masks as a simple and efficient measure for 
employee and patient protection.

To identify infection hotspots and putative pa-
tient/staff overlaps, we visualized the temporo-
spatial mobility trajectories of patients and staff to 
monitor the infection dynamics. Real-time use of 
such trajectory mapping at high resolution might 
yield additional information that enables the reac-
tion to procced more quickly and intuitively to in-
fection foci. Continuous evaluation of mobility tra-
jectory mappings might highlight areas of recurrent 
infections and thus identify previously unattended 
needs that should be addressed for future waves of 
the pandemic.

Our study’s first limitation is that because this 
was a voluntary assessment, participation was in-
complete and might have biased the results. We can-
not exclude the possibility that staff members with a 
higher perceived risk for infection were more likely 
to participate. Second, symptoms and exposures 
were retrospectively assessed and self-reported and 
thus subject to a recall bias in participants knowing of 
their SARS-CoV-2 infection. Third, we did not assess 
individual adherence of mask wearing in our ques-
tionnaire, especially regarding specific, potentially 
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hazardous situations (e.g., during breaks, in locker 
rooms). Consequently, this approach does not enable 
us to pinpoint risk for work-related infection to spe-
cific situations.

In addition, because it was not obligatory to in-
dicate in our questionnaire the periods during which 
masks were worn, the analysis reflects the protective 
effect of masks over the entire period. Furthermore, 
although we attempted a cross-sectional analysis, 
our data document average seroprevalence during 
the entire testing period. Thus, seroconversions oc-
curring during this period might have been missed. 
Finally, RT-PCR testing results were available only 
for persons who consented to their use (4,373/4,554), 
limiting the possibility of cross-validating PCR-test-
ing results with seroprevalence.

Our findings have several major implications. 
The infection rate for HCWs was not markedly in-
creased, and infections occurred in parallel to the 
general population. We did not observe a relevant 
increase in SARS-CoV-2 IgG seropositivity in HCWs 
(including those working with COVID-19 patients) 
compared with staff who were not directly involved 
in patient care, as long as PPE was used, suggest-
ing that PPE and other infection control practices 
successfully prevented transmission from SARS-
CoV-2–infected patients. Interaction with SARS-
CoV-2–infected co-workers or private contacts was 
a major risk factor for infection. The infection rate 
among HCWs seemed to decrease when wearing 
surgical face masks became obligatory in all areas 
of the hospital. Thus, obligatory wearing of certified 
surgical masks by all employees, no matter when in 
contact with patients, relatives, or colleagues, and, 
whenever tolerated, also by patients, might mini-
mize virus transmission risks. However, it was not 
possible to formally separate that effect from that 
of minimizing personal contacts imposed by the 
general lock-down and a concomitant decrease in  
COVID-19 incidence.

In summary, the value of SARS-CoV-2 antibod-
ies for protective immunity and their sustainability 
in infected persons remains unclear. Longitudinal 
studies with combined testing for virus-specific an-
tibodies and their infection-neutralizing ability, as 
well as virus-specific T-cell immunity, are needed to 
estimate the longevity and protective value of SARS-
CoV-2 IgG responses in hospital staff. However, our 
results show that patient-facing healthcare work 
during the SARS-CoV-2 pandemic might be safe as 
long as adequate PPE is used and infection preven-
tion practices are followed, both inside and outside 
the hospital.
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In 1989, the US Advisory Council on the Elimination 
of Tuberculosis declared a goal to eliminate tuber-

culosis (TB) in the United States by 2010 (1). TB elimi-
nation is defi ned as <1 case/1 million population; in 
2018, the United States reported 28 TB cases/1 million 

population (1). Although US TB incidence has been 
declining for the past 20 years, with an all-time low 
of ≈9,000 reported cases in 2018, TB elimination is still 
far from reality (2).

US TB epidemiology can be summarized as a 
dwindling overall incidence with an increasing pro-
portion of cases diagnosed among non–US-born 
persons. In 2018, 70.2% of TB cases were diagnosed 
among non–US-born persons (2). Molecular studies 
suggest most TB cases occurring among non–US-born 
persons are caused by reactivation of latent TB infec-
tion (LTBI), likely acquired before the person’s US ar-
rival because of higher risk for TB exposure overseas 
(3,4). LTBI treatment has been demonstrated to sub-
stantially reduce the risk for progression to TB disease 
(5). Modeling studies suggest progression toward TB 
elimination requires strengthening efforts for diag-
nosing and treating LTBI among non–US-born per-
sons (6,7). However, postarrival stateside strategies 
to address LTBI have had suboptimal results (8). A 
recent analysis of data on newly arriving immigrants 
and refugees at risk for TB found that 35.5% did not 
complete a US postarrival evaluation for TB and LTBI. 
Among those who did and were recommended for 
LTBI treatment, 69.0% initiated treatment and 40.0% 
completed treatment (8).

Immigrant visa applicants abroad are required 
to undergo a medical examination before US arrival, 
conducted by panel physicians who are under agree-
ment with the US Department of State. The purpose 
of the overseas medical examination is to screen for 
communicable diseases of public health importance 
as required by the US Immigration and Nationality 
Act (8 US Code 1182 and 1222) and the Public Health 
Service Act (US Code 252). Because TB is transmis-
sible, screening and treatment for TB disease are es-
sential components of the examination and are per-
formed in accordance with the Centers for Disease 

Overseas Treatment of 
Latent Tuberculosis Infection 

in US–Bound Immigrants
Amera Khan, Christina R. Phares, Hoang Lan Phuong, Dang Thi Kieu Trinh, Ha Phan, Cindy Merrifi eld, 

Phan Thi Hong Le, Quach Thi Kim Lien, Sooc Ngoc Lan, Phan Thi Kim Thoa, Le Tran Minh Thu, 
Tiff any Tran, Cuc Tran, Lucy Platt, Susan A. Maloney, Nguyen Viet Nhung, Payam Nahid, John E. Oeltmann

582 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 

RESEARCH

Author affi  liations: Stop TB Partnership, Geneva, Switzerland 
(A. Khan); London School of Hygiene and Tropical Medicine, 
London, UK (A. Khan, L. Platt); Centers for Disease Control 
and Prevention, Atlanta, Georgia, USA (C.R. Phares, C. Tran, 
S.A. Maloney, J.E. Oeltmann); Cho Ray Hospital Visa Medical 
Clinic, Ho Chi Minh City, Vietnam (H.L. Phuong, D.T.K. Trinh, 
P.T.H. Le, Q.T.K. Lien, S.N. Lan, P.T.K. Thoa, L.T.M. Thu); Vietnam 
National TB Program/University of California–San Francisco 
Research Collaboration, Hanoi, Vietnam (H. Phan, C. Merrifi eld, 
T. Tran, N.V. Nhung, P. Nahid); University of California–San 
Francisco, San Francisco, California, USA (H. Phan, C. Merrifi eld, 
P. Nahid); Vietnam National TB Program, Hanoi (N.V. Nhung)

DOI: https://doi.org/10.3201/eid2803.212131

Seventy percent of tuberculosis (TB) cases in the United 
States occur among non–US-born persons; cases usually 
result from reactivation of latent TB infection (LTBI) likely 
acquired before the person’s US arrival. We conducted a 
prospective study among US immigrant visa applicants 
undergoing the required overseas medical examination in 
Vietnam. Consenting applicants >15 years of age were of-
fered an interferon-γ release assay (IGRA); those 12–14 
years of age received an IGRA as part of the required 
examination. Eligible participants were off ered LTBI treat-
ment with 12 doses of weekly isoniazid and rifapentine. 
Of 5,311 immigrant visa applicants recruited, 2,438 (46%) 
consented to participate; 2,276 had an IGRA processed, 
and 484 (21%) tested positive. Among 452 participants 
eligible for treatment, 304 (67%) initiated treatment, and 
268 (88%) completed treatment. We demonstrated that 
using the overseas medical examination to provide volun-
tary LTBI testing and treatment should be considered to 
advance US TB elimination eff orts.
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Control and Prevention (CDC) Technical Instruc-
tions for Tuberculosis Screening and Treatment Us-
ing Cultures and Directly Observed Therapy 2019 (9). 
Improvements in TB screening and treatment in the 
overseas medical examination have been associated 
with a temporal decline in TB cases among non–US-
born persons in the United States since 2007 (10).

One potential strategy to improve the uptake 
and completion of LTBI treatment among non–US-
born persons is to expand the overseas medical ex-
amination to include the use of IGRAs to identify 
persons with TB infection, and to offer a voluntary 
3-month regimen of isoniazid and rifapentine given 
once weekly (3HP) treatment to applicants who had 
LTBI diagnosed before immigration (11). To date, 
empirical evidence on the feasibility, acceptability, 
and effectiveness of predeparture testing and treat-
ment approach is scarce. Therefore, we conducted 
a prospective study to assess voluntary uptake of 
LTBI testing and 3HP treatment initiation and com-
pletion among US-bound immigrant visa applicants 
in Vietnam while following them through the LTBI 
cascade of care.

Methods
Vietnam is in the top 5 countries of birth for non–US-
born persons with TB in the United States (2). Ac-
cording to the World Health Organization, Vietnam 
has a high TB burden, with an incidence of 182 cas-
es/100,000 population (95% CI 116–263 cases/100,000 
population) (12). Approximately one third of the 
adult population in Vietnam has LTBI (13). The Cho 
Ray Hospital Visa Medical Department (CRH VMD) 
in Ho Chi Minh City, the main panel physician site, 
screens ≈1,500 US-bound immigrant visa applicants 
per month and was selected as the study site.

During September 2018–October 2019, we con-
ducted a prospective study, the Preventing Tuber-
culosis Overseas Pilot Study (PTOPS), at CRH VMD. 
Our aim was to assess voluntary uptake of LTBI test-
ing and treatment initiation and completion by US-
bound immigrant visa applicants.

Study Eligibility Criteria
Study eligibility included US-bound immigrant visa 
applicants attending their required medical exami-
nation who were >12 years of age, not pregnant or 
breastfeeding, and living in the area of Ho Chi Minh 
City Province. If during the medical examination or 
study participants were found to have any of the fol-
lowing conditions, they were excluded from partici-
pation: signs or symptoms of TB disease, HIV infec-
tion, close-contact with someone with isoniazid- or 

rifampin-resistant TB; previous treatment for TB dis-
ease or LTBI; substance-related disorders or mental 
disorders; sensitivity to isoniazid or rifamycins; or 
hepatitis B or C. Participants were also excluded from 
the study if they had a baseline serum alanine ami-
notransferase (serum glutamic pyruvic transaminase) 
>5× the upper limit of normal. Those with known 
liver disease were excluded if they had a baseline ala-
nine aminotransferase >3× the upper limit of normal 
or total bilirubin >2× the upper limit of normal.

Study Process
Ethical approvals were obtained by CDC, London 
School of Hygiene and Tropical Medicine, Univer-
sity of California–San Francisco, and the Vietnam 
National Lung Hospital. During recruitment, eligi-
ble immigrant visa applicants were provided study 
information in Vietnamese and an opportunity to 
ask questions (Figure 1). Applicants were informed 
that participation was voluntary and accepting or 
declining to participate would not impact their visa 
application. They were also informed that LTBI test-
ing and treatment are available in the United States 
after arrival, if they preferred. For insight into loss-
es in the LTBI care cascade, those who declined to 
participate were asked if they would be willing to 
provide their reasons for nonparticipation. Immi-
grant visa applicants who consented to participate 
were enrolled (Table 1). Participants >15 years of 
age were administered an IGRA, the QuantiFERON 
Gold in Tube Test (QIAGEN, https://www.qiagen.
com) to test for TB infection free of charge as part 
of the study. Participants 12–14 years of age were 
already required to receive an IGRA as part of the 
medical examination. Additional laboratory tests 
for participants included liver function tests, hepa-
titis B and C serologic test, and pregnancy tests, if 
indicated. All laboratory tests were processed unless 
participants withdrew from the study or were deter-
mined to be ineligible because of an abnormal chest 
radiograph or any other signs or symptoms of TB 
disease discovered. 

For IGRA-negative participants and for IGRA-
positive participants who were also hepatitis B- or C-
positive, pregnant, or otherwise ineligible, no further 
participation in the study was requested. However, 
as part of the immigration process, these IGRA-posi-
tive participants were categorized with a class B2 TB, 
LTBI evaluation classification, which alerts US health 
departments through CDC’s Electronic Disease Noti-
fication (EDN) system of the arrival of persons with 
LTBI (14). The classification comes with the recom-
mendation for immigrants to complete a postarrival 
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follow-up evaluation at a US health department 
where LTBI treatment can be provided if indicated.

The remaining IGRA-positive participants were 
offered 3HP (12 weekly doses) by directly observed 
therapy (DOT) at CRH VMD free of charge as part of 
the study. For those emigrating to the United States 
before treatment completion, an option was provided 
for completing >8 doses of DOT at CRH VMD and 
taking the remaining <4 doses by self-administration 
therapy (SAT) in the United States. Thus, a minimum 
of 8 weeks’ stay in Vietnam before immigration was 
required for participation in the treatment portion of 
the study. IGRA-positive participants who declined 
treatment were asked to provide their reasons for 
declining and were educated about the signs and 
symptoms of TB. They received a B2 classification 
with the recommendation to complete a postarrival 
follow-up in the United States. Participants who ac-
cepted treatment were given 3HP weekly by DOT for 
at least the first 8 doses at CRH VMD. At these DOT 
visits, participants were assessed for treatment side 
effects. Those who took the last <4 doses by SAT in 

the United States received a weekly follow-up call by 
a US-based, Vietnamese-speaking study coordina-
tor to document whether treatment was taken and to 
assess for any adverse events. We defined treatment 
completion as taking >11 of the 12 doses of 3HP with-
in 16 weeks (15).

Results

Study Flow and LTBI Cascade of Care
Of 5,311 eligible US-bound immigrant visa applicants, 
2,438 (46%) consented to participate in the study and 
receive an IGRA to test for LTBI (including 143 ap-
plicants 12–14 years of age for whom an IGRA was a 
required component of their immigrant medical ex-
amination) (Figure 2). Among those who consented, 
2,276 (93%) received an IGRA and additional study 
laboratory tests; the remaining 7% who had consent-
ed either withdrew from the study or were found to 
be ineligible during the medical examination before 
the processing of the IGRA. Among participants who 
received an IGRA, 484 (21%) were positive and 452 
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Figure 1. Overseas TB medical examination pathway and TB classifications for US immigrant visa applicants and modifications for the 
Preventing Tuberculosis Overseas Pilot Study, Vietnam, 2018–2019. TB classifications for overseas medical examination outcomes: No 
TB classification, no TB disease or infection; class A, TB disease (treatment completion required); class B0, completed treatment for TB 
disease by directly observed therapy supervised by panel physician; class B1, clinical signs, symptoms, or chest radiograph suggestive 
of TB or known HIV infection but negative sputum smears and culture; class B2, LTBI evaluation. CDC, Centers for Disease Control and 
Prevention; IGRA, interferon-γ release assay; LFTs, liver function tests; LTBI, latent tuberculosis infection; TB, tuberculosis.
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were eligible for 3HP. Of those who were eligible, 304 
(67%) initiated treatment and 268 (88%) successfully 
completed treatment; 192 (72%) persons completed 
treatment in Vietnam and 76 (28%) by SAT within the 
United States.

Losses along the LTBI Cascade of Care
Each point along the LTBI cascade of care saw loss-
es in participation (Tables 2–4); 2,873 (54%) immi-
grant visa applicants approached for participation in 
PTOPS declined. Among eligible visa applicants who 
declined to participate, 881 (31%) noted they were too 
busy or stressed because of their impending move, 
723 (25%) noted that either the study or the IGRA (or 
both) were not requirements for the medical exami-
nation, 641 (22%) noted their belief that they were not 
infected with Mycobacterium tuberculosis, 407 (14%) 
reported that family advised against enrollment, 178 
(6%) reported concerns about blood draws, 37 (1%) 
noted concerns around delaying or otherwise affect-
ing the visa process, and 27 (1%) noted their belief 
that prior Bacille Calmette-Guérin (BCG) vaccination 
would protect them against TB disease.

Of those who consented, 162 (7%) did not have 
their IGRA processed for study exclusions identi-
fied during the medical examination: 119 (73%) had 
an abnormal chest radiograph or another condition 
requiring further TB disease screening, 25 (15%) re-
ported having hepatitis B, 3 (2%) had a prior history 
of extrapulmonary TB, 2 (<1%) were applying for a 
visa type that was not included in the study, 1 (<1%) 
previously completed LTBI treatment, 1 (<1%) was 
breastfeeding, and 1 (<1%) recently received a live-
virus vaccine. For 10 (6%) persons, consent was with-
drawn or the reason was not specified.

Of the 484 participants who were IGRA-positive, 
32 (7%) were excluded on the basis of additional 
screening or laboratory results. Eighteen (56%) had 

hepatitis B, 5 (16%) had hepatitis C, 3 (9%) previously 
received LTBI treatment, 1 (3%) had liver disease, 1 
(3%) had a substance addiction, 1 (3%) was planning 
to get pregnant in the next 4 months, 1 (3%) had an 
abnormal chest radiograph, and 2 (6%) participants 
did not specify the reason.

Of the 452 participants who were IGRA-positive 
and eligible for treatment, 148 (33%) declined treat-
ment. Of those, 99 (67%) reported not having enough 
time for treatment because they were immigrating 
within 2 months, 23 (16%) preferred taking treatment 
in the United States, 22 (15%) thought weekly DOT at 
CRH VMD was inconvenient because of time or dis-
tance, 7 (5%) were concerned about adverse events, 
and 3 (2%) did not feel sick and therefore believed 
they did not need treatment.

Thirty-six (12%) persons who initiated treatment 
did not complete treatment. Eighteen (50%) did not 
want to continue because of a grade 1 or 2 adverse 
event, 5 (14%) suffered a serious adverse event or a 
grade 3 event resulting in treatment discontinuation, 
5 (14%) were too busy to continue treatment or had to 
move earlier than anticipated, 5 (14%) were identified 
as contacts to persons with multidrug-resistant or 
isoniazid-resistant TB or were diagnosed with extra-
pulmonary TB after initiating LTBI treatment, and 3 
(8%) were not available for follow-up after US arrival.

Discussion
Our study suggests overseas (prearrival) LTBI test-
ing and voluntary 3HP treatment during the required 
visa medical examination should be considered as a 
strategy to further US TB elimination efforts. Approx-
imately 21% of all participants were IGRA-positive, 
and the proportion positive increased with age (24% 
of all adults); expanding IGRAs to adults could iden-
tify a high proportion of immigrants who have LTBI 
in Vietnam. We were able to achieve similar results 
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Table 1. Characteristics of study participants in the Preventing Tuberculosis Overseas Pilot Study of US immigrant visa applicants, 
Vietnam, 2018–2019* 

Characteristic 

No. (%) participants 

Recruited Enrolled 
IGRA 

processed 
IGRA-

positive 
3HP-

eligible 
Initiated 

3HP 
Completed 

3HP 
Total 5,311 2,438 2,276 484 452 304 268 
Sex 
 F 2,888 (54) 1,350 (55) 1,304 (57) 272 (56) 259 (57) 170 (56) 152 (57) 
 M 2,423 (46) 1,088 (45) 972 (43) 212 (44) 193 (43) 134 (44) 116 (43) 
Age group, y 
 12–14 298 (6) 143 (6) 142 (6)† 9 (2) 9 (2) 4 (1) 4 (1) 
 15–17 431 (8) 226 (9) 223 (10) 19 (4) 18 (4) 14 (5) 13 (5) 
 18–35 1,527 (29) 773 (32) 749 (33) 114 (24) 109 (24) 69 (23) 62 (23) 
 36–65 2,909 (55) 1,254 (51) 1,128 (50) 333 (69) 307 (68) 211 (69) 184 (69) 
 ≥66 146 (3) 42 (2) 34 (1) 9 (2) 9 (2) 6 (2) 5 (2) 
*IGRA, interferon- release assay; 3HP, 3-mo regimen of isoniazid and rifapentine. 
†IGRA required as part of medical examination for participants 12–14 y of age; 1 participant’s IGRA was not processed for the study because of recent 
measles, mumps, and rubella vaccination. 

 



RESEARCH

for the proportion initiating LTBI treatment and a 
higher proportion for completion compared with cur-
rent US postarrival efforts. In our study, 67% of eli-
gible IGRA-positive participants initiated treatment, 
and 88% of those completed treatment, resulting in 
59% of all eligible participants completing treatment. 
These results can be compared with a recent assess-
ment of the recommended US postarrival evaluation 
for immigrants at risk for TB (2013–2016), in which 
35.5% of immigrants and refugees at risk for TB did 
not complete a US postarrival evaluation for TB and 
LTBI; among those who did and were recommended 
for LTBI treatment, 69% initiated treatment and 40% 
completed treatment (8).

Currently, most low-incidence countries, similar 
to the United States, focus on postarrival strategies 
to address LTBI in immigrant populations (16,17). 
Although a few countries provide LTBI testing pre-
arrival (16), our study evaluates offering voluntary 
LTBI testing and treatment to immigrants prearriv-
al. A major challenge with postarrival screening for 
newly arriving immigrants and refugees is the lack 
of resources needed to follow up with recent arriv-
als to initiate and complete LTBI treatment (18). Pro-
portions of postarrival follow-up have ranged from 
60% to 75% over the years despite improvements, 
including the EDN system that alerts health depart-
ments to immigrants with a TB condition arriving in 
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Figure 2. Flowchart of US 
immigrant visa applicants 
who consented to participate, 
initiated treatment, and 
completed treatment along the 
latent TB infection cascade 
of care in the Preventing 
Tuberculosis Overseas Pilot 
Study, Vietnam, 2018–2019. 
Participants who completed 
≥8 doses of 3HP by DOT in 
Vietnam were given the option 
of taking the remaining ≤4 
doses by SAT after arrival in 
the United States. DOT, directly 
observed therapy; IGRA, 
interferon-γ release assay;  
LTBI, latent tuberculosis 
infection; SAT, self-administered 
therapy; TB, tuberculosis; 3HP, 
3-month regimen of isoniazid 
and rifapentine.
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their jurisdictions (14,19). Further, because immune 
response tests, such as an IGRA, are not routinely 
required during the overseas examination for immi-
grants >15 years of age, those with LTBI are currently 
missed, and health departments therefore receive no 
alert from the EDN system of their arrival. However, 
expansion of just IGRA testing overseas, without also 
offering treatment overseas, would result in addi-
tional workload for already challenged health depart-
ments to follow-up and care for arriving adolescent 
and adult immigrants with LTBI. Moreover, immi-
grants themselves may experience challenges seeking 
care postarrival because of language barriers, trans-
portation issues, and competing priorities with em-
ployment and educational commitments (20). These 
challenges and limitations underscore the need to 
maximize the use of the overseas process to improve 
LTBI testing and treatment among US-bound immi-
grants and refugees.

Our prearrival intervention demonstrated a high 
proportion of treatment completion, but for this ap-
proach to reach maximum effectiveness, 3 points 
along the cascade must be improved. First, partici-
pation and IGRA testing was low at 46%. Reported 
reasons for nonparticipation suggest that this low 
level was attributable to the perceived time com-
mitment to participate in a study during a stress-
ful time preparing for immigration to the United 
States (31%). Moreover, this project was conducted 
as a research study, coupled with a lengthy consent 
process, and whether this process itself deterred 
participation is unclear. Many visa applicants who 
declined to participate reported doing so because 
neither the study nor the IGRA was a requirement 
for immigration (25%). Thus, a decline for an IGRA 
was not necessarily caused by lack of interest in 

knowing one’s LTBI status. Currently, an IGRA is 
not a required element in the overseas medical ex-
amination for visa applicants >15 years of age and is 
not offered routinely to this age group. A prearrival 
IGRA would enhance the diagnostic workup for TB 
disease; routinely offering or requiring a prearrival 
IGRA for this group would have the added benefit 
of apprising immigrants of their TB infection status, 
giving them the opportunity to make an informed 
decision about LTBI treatment. Second, among those 
who learned they were IGRA-positive, treatment ac-
ceptance was 67%. Although this figure is similar to 
the proportion initiating treatment observed in the 
postarrival evaluation of immigrants and refugees 
with a B2 classification (mostly children) (8) in the 
United States and other studies evaluating 3HP (21), 
this proportion could be improved. Of participants 
who declined 3HP, 67% did so because they felt they 
did not have enough time to complete treatment 
before immigration. PTOPS participation required 
a minimum of 8 weekly DOT doses, meaning par-
ticipants needed to remain in Vietnam for at least 2 
months before immigrating to the United States. An 
additional 15% of participants declined treatment 
because of distance and time required to travel to 
CRH VMD for DOT. Third, although the proportion 
completing treatment was relatively high, 36 (12%) 
persons did discontinue treatment. Fifty percent of 
discontinuations were attributable to minor adverse 
events, and 28% were attributable to severe adverse 
events or other medical conditions resulting in treat-
ment suspension. Fourteen percent of participants 
who discontinued treatment did so because they 
were too busy with their move to continue DOT. 
These data underscore the need for a strategy for 
LTBI testing and treatment that is person-centered, 
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Table 2. Self-reported reasons for declining to participate in the Preventing Tuberculosis Overseas Pilot Study of US immigrant visa 
applicants, Vietnam, 2018–2019* 
Reason† No. (%) respondents 
Total 2,873 (100) 
Too busy or too much stress currently 881 (31) 
Study or IGRA not required for medical examination 723 (25) 
Did not believe infected 641 (22) 
Family advised against enrollment 407 (14) 
Worried about blood draw 178 (6) 
Worried that participation could delay immigration process 37 (1) 
Believed BCG vaccination would protect them from TB 27 (1) 
Worried about enrolling in research 11 (<1) 
Worried that IGRA results may affect immigration status 7 (<1) 
Concerned about taking medication 6 (<1) 
Worried about stigma 5 (<1) 
Inconvenient to return to CRH VMD 5 (<1) 
Did not understand study 1 (<1) 
Undecided 1 (<1) 
*BCG, Bacille Calmette-Guérin; CRH VMD, Cho Ray Hospital Visa Medical Department; IGRA, interferon- release assay; TB, tuberculosis. 
†A total of 2,940 reasons were given (>1 reason could be provided by respondents). 
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convenient, and not perceived by immigrants as in-
terfering with their immigration plans.

Reducing the number of required DOT visits 
could theoretically increase treatment initiation and 
completion. This study included a minimum require-
ment of 8 weekly doses for DOT because, at the time, 
CDC recommended administration of 3HP by DOT. 
Now the World Health Organization and CDC have 
revised recommendations to support SAT for 3HP 
(22,23), enabling a reduction in the number of DOT 
visits. In addition, this course may be the least bur-
densome option for both staff and participants in 
terms of time and financial costs. However, although 
a SAT-only approach may increase treatment accep-
tance and completion for some persons, it may also 
result in more early treatment discontinuations be-
cause of concerns over minor side effects without the 
benefit of further support and education from health-
care workers during DOT visits. Because high rates of 
LTBI treatment completion are needed to be effective 
toward elimination (24) and missed appointments 

early in the course of treatment have been associated 
with completion failure (25), an approach worth con-
sidering is providing the first month of doses as DOT, 
using of digital adherence tools, or both, to allow 
participants to take their medicine and be supported 
without having to visit the clinic (26).

Recommendations for expanding overseas LTBI 
testing and treatment have been suggested previ-
ously (11); however, empirical evidence of how this 
approach would work has not been available. Until 
recently, diagnosis of LTBI relied upon the tuberculin 
skin test, which cross-reacts with BCG antigens. Thus, 
concerns existed about testing for infection because 
of the potential for false-positives in BCG-vaccinated 
populations. In addition, until recently, the standard 
LTBI treatment regimen was 9 months of isoniazid, a 
lengthy regimen prone to adverse events. The PTOPS 
approach relies on an IGRA, which is more specific 
than the tuberculin skin test, for diagnosis, reduc-
ing the potential for false-positive results (27). More-
over, PTOPS relies on voluntary acceptance of 3HP  
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Table 3. Reasons IGRA not processed or 3HP not offered to participants in the Preventing Tuberculosis Overseas Pilot Study of US 
immigrant visa applicants, Vietnam, 2018–2019* 
Reason No. (%) participants 
IGRA not processed for participants who consented to be tested 162 (100) 
 Previous TB or abnormality on chest radiograph 119 (73) 
 Hepatitis B 25 (15) 
 History of extrapulmonary TB 3 (2) 
 Previous treatment 1 (1) 
 Breastfeeding 1 (1) 
 Applying for visa type not included in study 2 (1) 
 Recent receipt of live virus vaccine 1 (1) 
 Unknown; may have withdrawn consent 10 (7) 
3HP not offered to IGRA-positive participants 32 (100) 
 Hepatitis B 18 (56) 
 Hepatitis C 5 (16) 
 Previous TB or abnormality on chest radiograph 1 (3) 
 Liver disease 1 (3) 
 Planning to get pregnant in next 4 mo 1 (3) 
 Substance addiction 1 (3) 
 Previous LTBI treatment 3 (9) 
 Unknown 2 (6) 
*IGRA, interferon- release assay; LTBI, latent tuberculosis infection; TB, tuberculosis; 3HP, 3-mo regimen of isoniazid and rifapentine. 

 

 
Table 4. Reasons for declining to initiate 3HP and discontinuing treatment among participants in the Preventing Tuberculosis 
Overseas Pilot Study of US immigrant visa applicants, Vietnam, 2018–2019* 
Reason No. (%) participants 
Declined to initiate 3HP 148 (100) 
 Not enough time; planned to depart for United States immediately after receiving visa 99 (67) 
 Preferred to take medicine in United States 23 (16) 
 Inconvenient to go to hospital for treatment: distance, time, or both 22 (15) 
 Concerned about adverse events from medicine 7 (5) 
 Did not feel sick 3 (2) 
Treatment discontinued 36 (100) 
 Participant decided on own to stop because of grade 1 or 2 adverse events 18 (50) 
 Participant decided on own because too busy or moving to United States earlier 5 (14) 
 Identified as contact to a person with MDR or isoniazid-resistant TB or had extrapulmonary TB 
diagnosed after treatment initiation 

5 (14) 

 Serious adverse event: grade 3 event, elevated liver function test, or both 5 (14) 
 Lost to follow-up in United States 3 (8) 
*MDR, multidrug-resistant; TB, tuberculosis; 3HP, 3-mo regimen of isoniazid and rifapentine. 
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treatment. Although concerns exist that visa appli-
cants may feel the need to comply with testing and 
treatment for immigration purposes, our data suggest 
that visa applicants understood that testing (for those 
>15 years of age) and treatment were voluntary and 
that declining had no effect on immigration status 
(54% of applicants declined participation, and 33% of 
participants declined treatment). For the immigrant 
visa applicants, the PTOPS approach can be advan-
tageous because it enables testing and treatment in 
a familiar environment and language and does not 
require participants to navigate the unfamiliar US 
healthcare system upon arrival.

The overseas medical examination is an op-
portunity to prevent importation of TB and contrib-
ute to elimination. This process has proven to be a 
high-yield intervention for identifying and treating 
TB disease in US-bound immigrants and refugees. 
Moreover, the successful implementation of the TB 
technical instructions (which included the addition 
of mycobacterial cultures and DOT for TB diagnosis 
and treatment) at the overseas panel physician sites 
(10) suggests that panel site personnel can acquire the 
necessary expertise to provide testing for TB infection 
and voluntary LTBI treatment (28). A cost-benefit 
analysis modeling implementation of LTBI testing 
and treatment at overseas refugees panel sites hy-
pothesized that this approach could save millions of 
dollars compared with the current strategy of relying 
on post-arrival follow-up at health departments and 
could lead to a reduction of TB cases in the United 
States (29); however, a detailed evaluation of the ac-
tual costs and the benefits of this approach is needed. 
In addition, further studies should be conducted at 
other panel sites while also ensuring that visa appli-
cants do not experience delays in migration.

Our study demonstrated that using the over-
seas medical examination to provide voluntary test-
ing and treatment of LTBI in a high-burden country 
yields high initiation and completion of treatment 
and should be considered to address LTBI in US-
bound immigrants and to advance TB elimination 
efforts. This strategy should be further evaluated as 
an addition to or replacement for post-arrival test-
ing and treatment for LTBI and as a complement to 
other domestic strategies to address LTBI in immi-
grant populations.

More than 30 years have passed since the dec-
laration of the US TB elimination goal and 20 years 
since the Institutes of Medicine published its report 
Ending Neglect: The Elimination of Tuberculosis in 
the United States. However, the basic question put 
forth in the report still remains: “[Will] the renewed 

opportunity that now presents itself to move toward 
the elimination of tuberculosis be seized or [will] 
tuberculosis be subject to another period of neglect 
until the next resurgence?” (11).
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Since the beginning of the coronavirus disease (CO-
VID-19) pandemic, one of the main challenges 

countries have experienced is fi nding effective ways 
to reduce illness and death from the disease. Non-
pharmaceutical measures have been used extensive-
ly, and vaccines were added to the resources of the 
European Union beginning in December 2020. Re-

sults from phase 3 and phase 4 studies have found the 
vaccines to be highly effective (1–12). Studies assess-
ing the effectiveness of vaccines in real-world settings 
among elderly populations (13,14) have also shown a 
high effectiveness from a single dose.

Spain has had one of the world’s highest rates 
of illness and death from COVID-19 (15). The Ara-
gon region, in the northeast of the country, has one 
of Spain’s largest elderly populations; 22% of peo-
ple among a total population of 1.3 million people 
are >65 years of age (16). Through May 31, 2021, 
the region had reported 125,465 COVID-19 cases, 
3,522 deaths (17), and a fatality rate of 2.8%. Vacci-
nation programs have proven to be the most effec-
tive measure to control the pandemic (18) and have 
been used in conjunction with hygiene and social 
distancing measures.

The European Union vaccination program started 
on December 27, 2020. Pfi zer-BioNTech (BNT162b2; 
https://www.pfi zer.com), Moderna (mRNA-1273; 
https://www.modernatx.com), Oxford-AstraZeneca 
(hAdOx1-S-AZD1222; https://www.astrazeneca.com), 
and Janssen (https://www.janssen.com) COVID-19 
vaccines are currently authorized by the European 
Medicines Agency (EMA; https://www.ema.europa.
eu) for administration in the European Union (19). The 
Pfi zer-BioNTech, Moderna, and Oxford-AstraZeneca 
vaccines have been widely used in Spain and Aragon 
in accord with the vaccination strategy (20,21). The Jans-
sen vaccine was added to the vaccination plan later. As 
of May 31, 2021, 44% of the population of Aragon >18 
years of age had been vaccinated with >1 dose of vac-
cine, and 24.5% had been fully vaccinated (22).

The context of coexisting vaccinated and unvac-
cinated persons and periods of high infection rates 
among the general population lends urgency to 
performing vaccine effectiveness (VE) studies. We 
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Reducing severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) transmission is a worldwide challenge; 
widespread vaccination could be one strategy for control. 
We conducted a prospective, population-based cohort 
study of 964,258 residents of Aragon, Spain, during De-
cember 2020–May 2021. We used the Cox proportional-
hazards model with vaccination status as the exposure 
condition to estimate the eff ectiveness of 3 coronavirus dis-
ease vaccines in preventing SARS-CoV-2 infection. Pfi zer-
BioNTech had 20.8% (95% CI 11.6%–29.0%) vaccine ef-
fectiveness (VE) against infection after 1 dose and 70.0% 
(95% CI 65.3%–74.1%) after 2 doses, Moderna had 52.8% 
(95% CI 30.7%–67.8%) VE after 1 dose and 70.3% (95% 
CI 52.2%–81.5%) after 2 doses, and Oxford-AstraZeneca 
had 40.3% (95% CI 31.8%–47.7%) VE after 1 dose. All 
estimates were lower than those from previous studies. 
Results imply that, although high vaccination coverage 
remains critical to protect people from disease, it will be 
diffi  cult to eff ectively minimize transmission opportunities.
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carried out a cohort study to estimate the effective-
ness of vaccination in preventing severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection, in which we compared the Pfizer-BioN-
Tech, Moderna, and Oxford-AstraZeneca COV-
ID-19 vaccines.

Institutional Review Board Statement
The authors declare that they have complied with 
the provisions of Spanish Organic Law 3/2018 of 
December 5 on Personal Data Protection and Digital 
Rights Guarantee and with the provisions of Regula-
tion (EU) 2016/679 of the European Parliament and 
of the Council of 27 April 2016 on the protection of 
natural persons with regard to the processing of per-
sonal data and on the free movement of such data, 
and repealing Directive 95/46/EC (General Data 
Protection Regulation). Approval for this research 
was obtained from the Aragon Research Ethics Com-
mittee (no. 2021/141).

Methods
We conducted a prospective, population-based 
cohort study of residents in the region of Aragon, 
Spain. Participants were all of the users of the Aragon 
Health Service, >16 years old of age, who had no evi-
dence of previous SARS-CoV-2 infection, confirmed 
by reverse transcription PCR (RT-PCR), antigen test, 
or immunoglobulin G test for SARS-CoV-2 infec-
tion at any time before December 27, 2020. We in-
cluded all residents registered in the Aragon Health-
care System Users Registry (AHSUR) who met the 
eligibility criteria as of December 31, 2020. AHSUR 
consists of periodically updated basic demographic 
data from users of the Aragon Healthcare Service, 
the public healthcare provider in Aragon. AHSUR 
contains data from 89% of Aragon inhabitants. We 
based the study on data collected during December 
28, 2020–May 31, 2021.

Vaccination Program
The goal of COVID-19 vaccination strategy in Spain 
and Aragon (20,21) was to protect vulnerable and 
exposed populations and to achieve full vaccina-
tion in as much of the population as possible. Some 
priority groups were targeted for earlier vaccination 
during December 2020–February 2021: residents of 
care (nursing) or residential homes for elderly or 
disabled people, frontline healthcare workers, care-
givers and residential home workers, second-line 
healthcare workers, and disabled persons not re-
siding in a nursing or residential home. In Aragon, 
from February 2021 the rollout was expanded to all 

adults >80 years of age and essential workers—civil 
protection staff, firefighters, security forces, and ed-
ucational center staff. In April 2021, the rollout was 
extended to all adults 60–79 years of age; persons 
with high-risk conditions and younger age groups 
have been progressively incorporated into the roll-
out schedule (23).

Specific vaccines were incorporated into the 
vaccination plan at different times. In Aragon, the 
Pfizer-BioNTech vaccine was administered begin-
ning December 27, 2020, the Moderna vaccine begin-
ning January 13, 2021, and the Oxford-AstraZeneca 
vaccine beginning February 7, 2021 (21). Because of 
the stoppage in Oxford-AstraZeneca vaccination in 
people <60 years of age, those participants receiv-
ing that vaccine who we tracked in follow-up had 
received only 1 dose at the time of the analysis. Be-
cause only 8,727 doses of the single-dose Janssen 
vaccine had been administered since its initiation on 
April 21, 2021 (21), we excluded data on that vaccine 
from the analysis.

Exposure Definition (Vaccination Status)
The exposure condition was vaccination status. On 
each exposure condition, we followed participants, 
grouped by vaccination status, until that status 
changed because of SARS-CoV-2 infection, death, loss 
to follow-up, or end of the study period, whichever 
occurred first. For first dose vaccination, participants 
were defined as exposed from 12 days after 1 dose of 
the Pfizer-BioNTech vaccine, 14 days after 1 dose of 
the Moderna vaccine, and 21 days after 1 dose of the 
Oxford-AstraZeneca vaccine according to previous 
studies. For second dose vaccination, we defined par-
ticipants as exposed beginning 7 days after 2 doses 
of the Pfizer-BioNTech vaccine, and 14 days after 2 
doses of the Moderna vaccine (1–3). We defined un-
vaccinated participants as unexposed.

Outcome Definition
We considered a participant to be SARS-CoV-2 in-
fected if confirmed by RT-PCR or rapid antigen de-
tection test according to World Health Organization 
definitions (24). Following COVID-19 detection and 
surveillance guidelines in Spain and Aragon (25,26), 
criteria to test for SARS-CoV-2 were having symp-
toms compatible with COVID-19 or close contact with 
a person with a laboratory-confirmed SARS-CoV-2 
infection diagnosis. We extracted vaccination registry 
and laboratory testing data from the electronic medi-
cal record system of health-related information. The 
electronic medical record system was automatically 
updated with those data.
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Patient Characteristics and Confounders
We studied cohort population characteristics to de-
termine if they could potentially act as confound-
ers. These characteristics included age, sex, work or 
residence in nursing or residential homes, weekly 
cumulative incidence (WCI) of SARS-CoV-2 infec-
tion in each primary care service area, and number 
of SARS-CoV-2 tests administered in the previous 6 
months. We defined SARS-CoV-2 infection WCI as 
the total number of newly confirmed SARS-CoV-2 in-
fections per 100,000 inhabitants in each primary care 
service area within the previous 7 days.  We extracted 
data on age, sex, and the primary care service areas 
from AHSUR. We extracted specific information on 
nursing and residential homes residents and workers 
from the Aragon nursing and residential homes in-
formation system, an information system to manage 
care, prevention, and control measures for residents 
and workers at nursing and residential homes in the 
context of the COVID-19 pandemic. We used formal 
tests to compare data between participants lost to 
follow-up and the studied cohort: χ2 tests for all the 
variables except follow-up time, for which we used 
Student t-tests, resulting in statistically significant 
(p<0.01) differences for all the variables.

Statistical Analysis
We defined the incidence rate (IR) of SARS-CoV-2 in-
fection as the number of confirmed SARS-CoV-2 infec-
tions divided by the sum of exposure times for each 
participant. We computed unadjusted estimators us-
ing a Cox proportional-hazards model in which only 
vaccination status was included, and unadjusted VE 
against SARS-CoV-2 infection as 1 – hazard ratio. We 
computed adjusted estimators using a Cox proportion-
al-hazards model and included baseline data on age, 
sex, and being a resident or worker in a nursing or resi-
dential home as categorical covariates in the models. 
We included WCI from each primary care service area 
and the number of SARS-CoV-2 tests administered in 
the previous 6 months as time-variable terms. To intro-
duce the time-variable terms, we split individual fol-
low-up times into weekly intervals. Therefore, we as-
signed each interval the immediately previous week’s 
WCI and introduced all intervals into the model as 
individual observations. We split age and WCI into 
4 categories based on percentiles 0–10, 11–50, 51–90, 
and 91–100. We calculated adjusted VE against SARS-
CoV-2 infection as 1 – hazard ratio.

Results
We prospectively followed a cohort of 964,258 peo-
ple >16 years of age from the general population,  

corresponding to 72.5% of the population of Aragon; 
the size and exposure status of the cohort evolved 
across the study period (Figure 1). We stratified par-
ticipants’ vaccination exposure by their demographic 
characteristics (Table 1). As of May 31, 2021, among 
the participants, 242,142 had been vaccinated with >1 
dose of the Pfizer-BioNTech vaccine and 212,419 with 
2 doses; 32,522 participants had been vaccinated with 
at least 1 dose of the Moderna vaccine and 15,660 of 
them with 2 doses; and 97,492 participants had been 
vaccinated with 1 dose of the Oxford-AstraZeneca 
vaccine; 592,102 participants had not yet been vac-
cinated. We observed differences in the number of 
Pfizer-BioNTech, Moderna, and Oxford-AstraZeneca 
vaccines doses administered over the study period, 
which occurred because of different EMA approval 
times, vaccine doses available over time, and priori-
tizing of groups considered for earlier vaccination, 
specifically persons >75 years old and residents and 
workers in nursing and residential homes (Table 1). 
Over the study period, 11,557 (1.2%) participants 
dropped out of the study; we recorded lost partici-
pants by demographic characteristics and causes of 
withdrawal (Tables 1, 2).

The 592,102 unvaccinated participants had 25,767 
SARS-CoV-2 infections and an IR of 1.41/1,000 per-
son-weeks. The 242,142 participants vaccinated with 
1 dose of the Pfizer-BioNTech vaccine had 463 infec-
tions (IR 0.86) and the 212,419 with 2 doses had 280 
infections (IR 0.23). The 32,522 participants vaccinat-
ed with 1 dose of the Moderna vaccine had 28 infec-
tions (IR 0.31) and the 15,660 with 2 doses had 18 in-
fections (IR 0.21). The 97,492 participants vaccinated 
with 1 dose of the Oxford-AstraZeneca vaccine had 
230 infections (IR 0.55).

Unadjusted Vaccine Effectiveness against  
SARS-CoV-2 Infection
The Pfizer-BioNTech vaccine had 23.5% (95% CI 
16.0%–30.3%) unadjusted VE against SARS-CoV-2 in-
fection after 1 dose and 76.1% (95% CI 73.1%–78.8%) 
after 2 doses. The Moderna vaccine had 69.2% (95% CI 
55.4%–78.8%) unadjusted VE after 1 dose and 78.4% 
(95% CI 65.6%–86.4%) after 2 doses. The Oxford-As-
traZeneca vaccine had 43.7% (95% CI 35.7%–50.7%) 
unadjusted VE after 1 dose (Table 3).

Adjusted Vaccine Effectiveness against  
SARS-CoV-2 Infection
After adjusting for age, sex, work or residence in a 
nursing or residential home, WCI in each primary care 
service area, and number of SARS-CoV-2 tests admin-
istered in the previous 6 months, we found that the 
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Pfizer-BioNTech vaccine had 20.8% (95% CI 11.6%–
29.0%) adjusted VE after 1 dose and 70.0% (95% CI 
65.3%–74.1%) after 2 doses. The Moderna vaccine had 
52.8% (95% CI 30.7%–67.8%) adjusted VE after 1 dose 
and 70.3% (95% CI 52.2%–81.5%) after 2 doses; and 
the Oxford-AstraZeneca  vaccine had 40.3% (95% CI 
31.8%–47.7%) adjusted VE after 1 dose (Table 3).

SARS-CoV-2 Infection Cumulative Risk Curves
For unvaccinated participants, the risk for SARS-
CoV-2 infection rose to 2% at day 44 and to 4% 
at day 154 of follow-up. For participants who re-
ceived 1 dose of the Pfizer-BioNTech vaccine, the 
risk rose to 1% at day 40 of follow-up, but remained 
<1% during the entire follow-up period (120 days) 
for those with 2 doses (Figure 2, panel A). For par-
ticipants who received 1 dose of the Moderna vac-
cine, risk remained <0.5% during the entire follow-
up time (120 days) and for participants vaccinated 
with 2 doses, the risk rose from 0% to 0.5% during 
days 30–71, then remained at 0.5% until the end 
of follow-up (day 90; Figure 2, panel B). For par-
ticipants who received 1 dose of the Oxford-Astra-
Zeneca vaccine, risk rose to 0.9% after 80 days of 
follow-up (Figure 2, panel C).

Discussion
In the general population, our findings showed an 
effectiveness of 3 different vaccines against SARS-
CoV-2 infection, but with lower efficacy estimates 
than from clinical trials and other VE studies. We 
found 20.8% VE after 1 dose of the Pfizer-BioNTech 
vaccine and 70.0% after 2 doses; for the Moderna vac-
cine, these numbers were 52.8% VE after 1 dose and 
70.3% VE after 2 doses, and for the Oxford-AstraZen-
eca vaccine, 40.3% after 1 dose.

For the Pfizer-BioNTech and Moderna vaccines, 
these values were lower than those in other observa-
tional studies, which had ranges of 61.9%–80% VE 
after 1 dose and 90%–96% VE >7 days after 2 doses 
(8,9,27–29). These differences could possibly be ex-
plained by the population-wide design of our study, 
which included a higher percentage of elderly persons 
in the Pfizer-BioNTech–vaccinated group than in the 
other studies. In contrast, our results showed a higher 
VE after 2 doses of the Pfizer-BioNTech vaccine than 
the 65% VE found in another study (30), probably be-
cause they used a different approach for estimating 
VE that included only close contacts of positive cases 
and assigned every person in the cohort the same 
observation period and as a result vaccinated and  
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Figure 1. Flowchart of cohort evolution for study of coronavirus disease vaccines in preventing confirmed severe acute respiratory 
syndrome coronavirus 2 infection, Aragon, Spain, January–May 2021. *Participants vaccinated with the AZ vaccine had all received only 
1 dose as of May 31, 2021.
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unvaccinated participants most likely experienced 
similar exposure to SARS-CoV-2.

Our findings indicated a higher VE (52.8%) after 1 
dose of the Moderna vaccine than after 1 dose of either 
the Pfizer-BioNTech or Oxford-AstraZeneca vaccines 
and similar VEs after 2 doses of both the Moderna 
and Pfizer-BioNTech vaccines. However, our results 
did not reach the VE estimates of 83% after 1 dose and 
82% after 2 doses of Moderna vaccine found in another 
study (28). The small sample size in that study, which 
only included healthcare personnel and other essential 
workers, might explain these differences in VE. How-
ever, as in that study (28), VE after 1 and 2 doses of the 
Moderna vaccine were also very close.

Safety concerns resulted in the suspension of the 
Oxford-AstraZeneca vaccine before anyone in our 
cohort received a second dose, and therefore we es-
timated VE only after 1 dose (40.3%), similar to the 
44% VE after 1 dose of the Oxford-AstraZeneca vac-
cine in another article (30). In contrast, another study 
found a VE of 60% against symptomatic disease after 
a single dose of the Oxford-AstraZeneca vaccine in 
adults >70 years of age, as expected because of the 
study’s more severe outcome measures and exclu-
sively elderly population (14).

Cumulative risk curves of SARS-CoV-2 infection 
show that the cumulative risk of infection in unvacci-
nated participants rose to 4% at day 154 of follow-up 

whereas the risk remained <1% during the entire fol-
low-up period (120 days) in fully Pfizer-BioNTech–vac-
cinated participants, results consistent with those from 
a nationwide study (8). Risk remained <0.5% in partici-
pants vaccinated with 1 dose of the Moderna vaccine 
during the entire follow-up time (120 days) and <1% 
during the entire follow-up time (90 days) in fully vac-
cinated participants. In the participants with 2 doses of 
the Moderna vaccine, the slight increase in risk from 
day 30 onwards might be explained by the relatively 
small number of participants from our cohort who 
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Table 1. Characteristics of participants according to vaccination status at endpoint, Aragon, Spain, January–May 2021* 

Characteristic 
Initial cohort 
population 

PBNT 1st 
dose 

PBNT 2nd 
dose 

MOD 1st 
dose 

MOD 2nd 
dose 

AZ single 
dose Unvaccinated 

Lost to 
follow-up 

Age group, y 
        

 <25 92,287 (9.6) 1,745 (0.7) 1,489 (0.7) 338 (1.0) 155 (1.0) 3,440 (3.5) 86,764  
(14.7) 

1,392 
(12.0) 

 25–49 372,525 
(38.6) 

19,702  
(8.1) 

16,957  
(8.0) 

4,230 
(13.0) 

2,509 
(16.0) 

19,079 
(19.6) 

329,514  
(55.7) 

3,942 
(34.1) 

 50–74 364,754 
(37.8) 

110,824 
(45.8) 

86,764 
(40.8) 

15,541 
(47.8) 

2,480 
(15.8) 

74,939 
(76.9) 

163,45  
(27.6) 

2,497 
(21.6) 

 ≥75 134,692 
(14.0) 

109,871 
(45.4) 

107,209 
(50.5) 

12,413 
(38.2) 

10,516 
(67.2) 

34  
(0.0) 

12,374  
(2.1) 

3,726 
 (32.2) 

Sex 
        

 F 485,237 
(50.3) 

143,950 
(59.4) 

128,280 
(60.4) 

18,277 
(56.2) 

10,212 
(65.2) 

54,132 
(55.5) 

268,878  
(45.4) 

5,986 
(51.8) 

 M 479,021 
(49.7) 

98,192 
(40.6) 

84,139 
(39.6) 

14,245 
(43.8) 

5,448 
(34.8) 

43,360 
(44.5) 

323,224  
(54.6) 

5,571 
(48.2) 

Site 
        

 Rural 354,418 
(36.8) 

93,723 
(38.7) 

82,281 
(38.7) 

5,154 
(15.8) 

1,373  
(8.8) 

35,387 
(36.3) 

220,154  
(37.2) 

4,741 
(41.0) 

 Urban 609,840 
(63.2) 

148,419 
(61.3) 

130,138 
(61.3) 

27,368 
(84.2) 

14,287 
(91.2) 

62,105 
(63.7) 

371,948  
(62.8) 

6,816 
(59.0) 

Nursing and residential homes 
    

 Residents 11,447 (1.2) 10,847 (4.5) 10,431 (4.9) 11 (0.0) 10 (0.1) 7 (0.0) 582 (0.1) 507 (4.4) 
 Workers 10,174 (1.1) 8,734 (3.6) 8,570 (4.0) 46 (0.1) 6 (0.0) 155 (0.2) 1,239 (0.2) 33 (0.3) 
Follow-up, mean d 
(SD) 

133 (34.9) 15.5 (5.1) 41 (35.3) 19.5 (10.4) 37.9 (23.7) 30.1 (21.7) 148.1 (25.2) 60.1 (33.1) 

Total 964,258 
(100) 

242,142 
(100) 

212,419 
(100) 

32,522 
(100) 

15,660 
(100) 

97,492 
(100) 

592,102  
(100) 

11,557 
(100) 

*Values are no. (%) participants except as indicated. AZ, Oxford-Astra-Zeneca; MOD, Moderna; PBNT, Pfizer-BioNTech. 

 

 
Table 2. Causes of loss to follow-up during the study period, 
Aragon, Spain, January–May 2021 
Causes No. patients 
Expiration of service* 3,328 
Death 2,903 
Change of residence to another region of Spain 2,020 
Loss of entitlement† 250 
Change of residence to another country 15 
Duplicate user‡ 2 
Unknown 3,039 
*Aragon Health Service healthcare ended for administrative reasons. Most 
common were expiration of temporary service for persons who moved 
from another self-governing region of Spain for a specific period of time 
(maximum 6 months), subject to renewal; and for foreign citizens with no 
residence license who had not applied for renewal of Aragon Health 
Service–provided healthcare in 2 years. 
†Loss of entitlement to Aragon Health Service–provided healthcare when 
person begins working unless they renounce mutual insurance company–
provided healthcare (applies to a few public workers in Spain whose 
healthcare provider is a mutual insurance company). 
‡Health record of participant was duplicated in the Healthcare System 
Users Registry. 
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were vaccinated with the second dose and reached long 
follow-up times (>50 days), which can cause instabil-
ity of estimates for prolonged follow-up times. For the 
Oxford-AstraZeneca vaccine, the difference in risk be-
tween unvaccinated participants and those vaccinated 
with 1 dose (2.5% vs. 0.9% at day 80 of follow-up) high-
lights the VE after 1 dose of the Oxford-AstraZeneca 
vaccine.

One limitation of our study was losses to follow-
up because of administrative leaves from AHSUR. 
Participants lost to follow-up were statistically differ-
ent from the studied cohort. Nevertheless, they repre-
sent only 1.2% of the initial population, which limited 
the magnitude of this bias. Timing of vaccine rollout 
also varied between priority groups, targeted for 
earlier vaccination, and the general population. This  

difference may have affected the results by adding 
more variability, particularly because Pfizer-BioN-
Tech was mostly used in population ≥75 years of age, 
who were vaccinated earlier, whereas Oxford-Astra-
Zeneca was mostly used in general population, who 
were vaccinated at a later time.

Research has documented that the proportion 
of symptomatic infections in vaccinated persons is 
lower than in unvaccinated ones because vaccination 
prevents symptoms (28). Therefore, studies based on 
symptomatic persons (1–7,11,13,14) underestimate 
the total infection rate in vaccinated persons to a 
greater extent than in unvaccinated ones and conse-
quently overestimate VE. Our study included all con-
firmed symptomatic and asymptomatic SARS-CoV-2 
infections, and thus it would be expected that VE 
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Table 3. Effectiveness of Pfizer-BioNTech, Moderna, and Oxford-AstraZeneca coronavirus disease vaccines in preventing confirmed 
SARS-CoV-2 infection, Aragon, Spain, January–May 2021* 

Vaccination status 
Person-days,  

total (average) Population 
SARS-CoV-2 

infections IR† 
Unadj 
HR‡ 

Adj 
HR‡ 

Unadj VE,§ % 
(95% CI) 

Adj VE, § %  
(95% CI) 

Pfizer-BioNTech 
        

 1 dose 3,750,582 (15.5) 242,142 463 0.86 0.77 0.79 23.5 (16.0–30.3) 20.8 (11.6–29.0) 
 2 doses 8,705,040 (41.0) 212,419 280 0.23 0.24 0.30 76.1 (73.1–78.8) 70.0 (65.3–74.1) 
Moderna 

        

 1 dose 633,821 (19.5) 32,522 28 0.31 0.31 0.47 69.2 (55.4–78.8) 52.8 (30.7–67.8) 
 2 doses 592,877 (37.9) 15,660 18 0.21 0.22 0.30 78.4 (65.6–86.4) 70.3 (52.2–81.5) 
Oxford-AstraZeneca 

        

 1 dose 2,932,610 (30.1) 97,492 230 0.55 0.56 0.60 43.7 (35.7–50.7) 40.3 (31.8–47.7) 
Unvaccinated 128,261,888 (133.0) 592,102 25,767 1.41 1.00 1.00 NA NA 
*Adj, adjusted; HR, hazard ratio; IR, incidence rate; NA, not applicable; SARS-CoV-2, severe acute respiratory syndrome coronavirus; unadj, unadjusted; 
VE, vaccine effectiveness. 
†Incidence rate of SARS-CoV-2 infection was measured in 1,000 person-weeks (not person-days) to make it to read the table (estimates expressed with 
<2 decimals). 
‡HR was adjusted by age, sex, work, or residence in nursing or residential homes, weekly cumulative incidence in each primary care service area, and 
number of SARS-CoV-2 tests administered in the previous 6 months. 
§Vaccine effectiveness against SARS-CoV-2 infection was calculated as 1 – HR. 

 

Figure 2. Cumulative risk curves (1 minus the Kaplan-Meier risk) of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection for 3 coronavirus disease vaccines, Aragon, Spain, January–May 2021. A) BioNTech-Pfizer BNT162b2 mRNA, B) 
Moderna mRNA-1273, and C) Oxford-AstraZeneca ChAdOx1-S-AZD1222. Shadows across lines represent 95% CI. For unvaccinated 
participants, 95% CI at day 90 of follow-up was 2.6%–2.8%. For participants who went on to receive the BioNTech-Pfizer vaccine, 95% 
CI at day 90 of follow-up was 0.5%–1.4% (1 dose) and 0.3%–0.4% (2 doses). For the Moderna vaccine, 95% CI at day 90 of follow-up 
was 0.1%–0.2% (1 dose), and 0.2%–0.8% (2 doses). For Oxford-AstraZeneca, 95% CI at day 90 of follow-up was 0.7%–1.0% (1 dose). 
Cumulative risk curves of SARS-CoV-2 infection start from the day after vaccination when full protection against SARS-CoV-2 infection 
is thought to begin, according to previous studies (1–3). The hairs on both sides of the lines represent participants lost to follow-up; gaps 
represent periods of time between losses.
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would be lower than in studies only including symp-
tomatic disease and our VE estimates more relevant 
to transmission control, because in real-world condi-
tions, symptomatic and asymptomatic infections co-
exist and both contribute to transmission.

Similarly, according to COVID-19 detection and 
surveillance guidelines in Spain and Aragon (25,26), 
tests were administered less frequently to asymptom-
atic than to symptomatic persons, resulting in under-
detection of asymptomatic infections. This bias was 
reduced because underdetection occurred in both vac-
cinated and unvaccinated persons but could still lead 
to overestimating VE. On the other hand, also follow-
ing the detection program guidelines, tests were ad-
ministered to close contacts regardless of their vaccina-
tion status, which reduced the chance of detection bias 
in our study. However, routine screenings carried out 
in nursing and residential homes could have altered 
our findings if there were more screenings in vacci-
nated than in unvaccinated participants. The role of 
dominant variants of concern in the transmission was 
unknown at the time of our data analyses. The rapid 
circulation of these variants may have introduced con-
founding, but it was minimized by including weekly 
variability, and therefore calculated VE estimates rep-
resent a summarized measure against all variants, ad-
justed by incidence. Practical factors such as hygiene 
and social distance measures might also have affected 
the estimates of VE.

Our study shows great strength in statistical pow-
er because of the large population cohort and use of 
a refined methodology. Risk of infection differed be-
tween participants according not only to vaccination 
status but also to the evolution of the epidemic curve. 
For this reason, we used an approach of weekly re-
peated measures, adjusted by WCI in each primary 
care service area.

In conclusion, we found effectiveness against 
SARS-CoV-2 infection for Pfizer-BioNTech, Mod-
erna, and Oxford-AstraZeneca vaccines to be lower 
than efficacy estimates from clinical trials and other 
VE studies. Even if high vaccination coverages are 
reached in the general population (31,32), effectively 
minimizing transmission opportunities might be 
limited, because age groups of persons <12 years 
of age were not being immunized at the time of 
our data gathering. Even so, reaching high vaccina-
tion coverage is important to decrease SARS-CoV-2 
transmission in the general population.
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Clostridium species are obligate anaerobic, endo-
spore-forming bacilli that usually colonize in the 

gastrointestinal tracts of humans. Of the >200 spe-
cies of Clostridium, >30 are potential pathogens in 
humans, such as C. perfringens and Clostridioides diffi -
cile. However, C. innocuum has rarely been described 
as associated with human disease. 

C. innocuum was fi rst identifi ed in the 1960s 
among 8 patients in the United States; the name, in-
nocuum, described its lack of virulence (1,2). It was 
challenging to distinguish C. innocuum from other 
Clostridium species (especially C. ramosum and C. 
clostridioforme, together called the RIC group) be-
cause of their similar phenotypes of atypical clos-
tridial colonial morphology, rare spore-forming 
features, and fatty acid pattern (3–5). Identifying 

C. innocuum has become faster and more accurate 
after the introduction of molecular techniques such 
as 16S RNA sequencing and matrix-associated laser 
desorption/ionization time-of-fl ight (MALDI-TOF) 
mass spectrometry (6). 

In 1995, Cutrona et al. reported the fi rst case of 
endocarditis caused by C. innocuum (7). Although 
the bacterium was considered less pathogenic and 
seldom caused infections previously, more and 
more clinical evidence has emerged since 2000s, 
suggesting C. innocuum might be a potential cause 
of antibiotic-associated diarrhea and of extraintesti-
nal clostridial infection (EICI), such as bacteremia, 
intra-abdominal infection, and endocarditis (8–10). 
However, we are not aware of a study of C. innocu-
um infection with a large enough cohort of patients 
to describe its clinical characteristics.

Precise diagnosis of C. innocuum is necessary 
because of its unique intrinsic resistance to vanco-
mycin, presumably caused by the presence of 2 chro-
mosomal genes that enable the synthesis of a pepti-
doglycan precursor terminating in serine with low 
vancomycin affi nity (9,11). Although vancomycin 
is one of the recommended antimicrobial drugs to 
treat infections caused by Clostridium species, espe-
cially C. diffi cile, intrinsic resistance to vancomycin 
in C. innocuum poses the risk for inappropriate treat-
ment for patients who acquire C. innocuum infection 
(12). C. diffi cile is one of the most representative clos-
tridial species to cause human disease and has been 
well investigated. In the United States, ≈500,000 in-
fections were identifi ed annually, and 15,000–30,000 
deaths were associated with C. diffi cile infection 
(CDI) (12–14)

In previous studies, we demonstrated C. innocu-
um as a potential invasive pathogen causing severe 
colitis and EICI in a small case series and proved its 
cellular toxicity in vitro (8,9). Herein, we conducted 
a retrospective case–control study to describe and 
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Vancomycin-resistant Clostridium innocuum was recently 
identifi ed as an etiologic agent for antibiotic-associated 
diarrhea in humans. We conducted a case–control study 
involving 152 C. innocuum-infected patients during 2014–
2019 in Taiwan, using 304 cases of Clostridioides diffi  -
cile infection (CDI) matched by diagnosis year, age (+2 
years), and sex as controls. The baseline characteristics 
were similar between the 2 groups. C. innocuum–infected 
patients experienced more extraintestinal clostridial infec-
tion and gastrointestinal tract–related complications than 
did patients with CDI. The 30-day mortality rate among 
C. innocuum–infected patients was 14.5%, and the over-
all rate was 23.0%. Chronic kidney disease, solid tumor, 
intensive care unit admission, and shock status were 4 
independent risk factors for death. C. innocuum identifi ed 
from clinical specimens should be recognized as a patho-
gen requiring treatment, and because of its intrinsic van-
comycin resistance, precise identifi cation is necessary to 
guide appropriate and timely antimicrobial therapy.
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evaluate the clinical characteristics and outcomes of 
infections caused by C. innocuum. To this end, we se-
lected case-patients with CDI as the control group.

Institute Review Boards in Chang Gung Memo-
rial Hospital (CGMH; Taoyuan, Taiwan) approved 
the study, allowing review of the medical data of 
the patients (IRB#201900906B0). A waiver of con-
sent was granted given the retrospective nature of 
the project and anonymous analysis of the clinical 
information of patients.

Methods

Study Design, Clinical Setting, and Case Enrollment
We conducted a retrospective case–control study at 
CGMH during 2014–2019. CGMH is a tertiary medi-
cal center accommodating 3,700 patient beds. We 
selected C. difficile as the control to better illustrate 
the clinical features of C. innocuum infection. The 
case and control groups were assigned in a 1:2 ratio 
and matched in the diagnosed year, age +2 years,  
and sex.

We identified cases with C. innocuum and C. 
difficile infections using the rapid ID 32A system 
(bioMérieux, https://www.biomerieux.com) and 
MALDI-TOF mass spectrometry Biotyper (Bruker 
Daltonik GmbH, https://www.bruker.com) (15–
17). MALDI-TOF mass spectrometry was introduced 
in 2009 in the clinical microbiology laboratory of 
CGMH, but C. innocuum was not reported routinely 
because it was considered a clinically insignificant 
microorganism. To trace the cases infected with C. 
innocuum, we reviewed the original reporting data-
base from the MALDI-TOF mass spectrometry sys-
tem directly and identified the samples reporting 
C. innocuum. Our definition of a microbiologically 
confirmed C. innocuum infection was that the origi-
nal report from the MALDI-TOF mass spectrometry 
database revealed C. innocuum in the strongest 2 sig-
nals and had signal scores >2.00. We defined C. dif-
ficile infections by the same rationale.

We reviewed baseline information of each pa-
tient and enlisted all patients with C. innocuum in-
fection in the study. We defined C. difficile infection 
as a positive PCR-based toxin assay with presence 
of clinical symptoms compatible with the infection, 
or a positive culture of C. difficile with compatible 
clinical symptoms (e.g., documented diarrhea or 
radiologic features of toxic megacolon). We ex-
cluded cases with concomitant C. innocuum and C. 
difficile isolated from the same clinical sample from 
the study. For the case-control matching, 3 authors 
(Y.-C. Chen, Y.-C. Kuo, and M.-C. Chen) reviewed  

baseline information of all cases with C. innocuum 
and C. difficile infection. We randomly selected 2 
controls for each case, matched by diagnostic year, 
age (+2 years), and sex of the index case. If no con-
trols were eligible from these 3 matching variables, 
then we dropped the sex criterium, followed by the 
age criterium if necessary. After the matching pro-
cess, we further reviewed the clinical information of 
these patients.

Clinical Data Resources, Variables, and Definition
We collected demographic data, clinical manifes-
tations, laboratory testing results, images, and mi-
crobiology reports through an electronic medical 
record system (EMR). Demographic data were age, 
sex, race, underlying systemic diseases, and acquisi-
tion modality (community vs. hospital). We defined 
hospital-acquired infection as the symptoms that oc-
curred >48 hours after admission, or <4 weeks af-
ter discharge from a healthcare facility; otherwise, 
it was classified as a community-acquired infec-
tion (18). We calculated the Charlson Comorbidity 
Index score for each patient to represent the base-
line physiologic condition affected by underlying 
disease. The index is composed of 19 underlying  
conditions in 4 categories. Each category had a 
weighted score based on the risk for 1- and 10-year 
mortality rate (19).

We recorded clinical symptoms such as diar-
rhea, fever, bloody stool, abdominal pain, vomiting, 
and abdominal distension. We also reviewed dis-
ease-related complications, including toxic megaco-
lon, ileus, bowel perforation, and shock. Recurrent 
infection was defined if the patient had a repeated 
microbiological culture from the same specimen 
source within 8 weeks of initial documented symp-
toms resolution (20,21). Outcome assessment includ-
ed 30-day, 90-day, and overall deaths after the in-
fection. We reviewed previous antibiotic exposures 
according to each class: penicillins, cephalosporins, 
carbapenems, fluoroquinolones, aminoglycosides, 
macrolides, tetracyclines, glycopeptides, oxazolids, 
polymyxins, lincosamides, and metronidazole. We 
defined antibiotic exposure rates as the percentage 
of patients who received any drugs <30 days before 
C. innocuum or C. difficile infection and duration of 
antibiotic exposure as total days of any antimicro-
bial drug use in a patient <30 days before the event 
of C. innocuum or C. difficile infection.

Bacterial Isolation and Identification
We performed anaerobic bacterial cultures in  
the clinical microbiology laboratory, as described 
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previously (9). We streaked all the anaerobic samples 
onto the selective agar plate, including CDC-ANA-
BAP (anaerobic blood agar plate), CDC-ANA-PEA 
(anaerobic phenylethyl alcohol blood agar plate), 

and BBE/KVLB (Bacteroides bile esculin and laked 
kanamycin) bi-plate. We incubated agar plates in an-
aerobic conditions (90% N2/10% CO2) at 37°C for 5 
days. We grossly reviewed the growing colonies on 
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Table 1. Baseline characteristics and clinical diagnoses in 2 groups of patients by the infecting Clostridium species in case–control 
study of C. innocuum infection, Taiwan* 

Variable Total, N = 456 
C. innocuum, n 

= 152 
Clostridioides 

difficile, n = 304 OR (95% CI) p value 
Age, mean (SD)† 66.7 (18.2) 66.6 (18.3) 66.7 (18.1) NA 0.978 
Sex      
 M 266 (58.3) 97 (63.8) 169 (55.6) 1.41 (0.94‒2.10) 0.094 
 F 190 (41.7) 55 (36.2) 135 (44.4) 0.71 (0.48‒1.06) 0.094 
Hospitalization 439 (96.2) 142 (93.4) 297 (97.7) 0.34 (0.13‒0.90) 0.03 
 No. days, median (IQR, range)‡ 22 (36, 0‒492) 14 (33, 0‒492) 26 (36, 0‒409) NA <0.001 
 Charlson Comorbidity Index, mean (SD)† 6.1 (3.2) 5.7 (3.2) 6.2 (3.3) NA 0.100 
 Diabetes mellitus 135 (29.6) 52 (34.2) 83 (27.3) 1.39 (0.91‒2.11) 0.128 
 Chronic kidney disease 122 (26.8) 28 (18.4) 94 (30.9) 0.50 (0.31‒0.81) 0.005 
 Congestive heart failure 45 (9.9) 12 (7.9) 33 (10.9) 0.70 (0.35‒1.40) 0.315 
 AIDS 4 (0.9) 1 (0.7) 3 (1.0) 0.66 (0.07‒6.44) 0.724 
 Solid tumor 138 (30.3) 42 (27.6) 96 (31.6) 0.83 (0.54‒1.27) 0.387 
 Initial ICU admission 65 (14.3) 36 (23.7) 29 (9.5) 2.94 (1.72‒5.03) <0.001 
Acquisition of infection      
 Hospital acquired  354 (77.6) 101 (66.4) 253 (83.2) 0.40 (0.25‒0.63) <0.001 
 Community acquired 102 (22.4) 51 (33.6) 51 (16.8) 2.50 (1.60‒3.93) <0.001 
Clinical diagnosis      
 Clostridium-associated diarrhea 375 (82.2) 96 (63.2) 279 (91.8) 0.15 (0.09‒0.26) <0.001 
 Extraintestinal clostridial infection 81 (17.8) 56 (36.8) 25 (8.2) 6.51 (3.85‒11.01) <0.001 
 Bacteremia 8 (1.8) 7 (4.6) 1 (0.3) 14.63 (1.78‒120.00) 0.012 
 Intra-abdominal infection 31 (6.8) 21 (13.8) 10 (3.2) 4.71 (2.16‒10.23) <0.001 
 Biliary tract infection 4 (0.9) 3 (2.0) 1 (0.3) 6.10 (0.63‒59.15) 0.119 
 Recurrent infection 15 (3.3) 0 (0) 15 (4.9) NA NA 
 Skin and soft tissue infection 36 (7.9) 23 (15.1) 13 (4.3) 3.99 (1.96‒8.13) <0.001 
 Genital tract infection§ 2 (0.4) 2 (1.3) 0 (0) NA NA 
Complication      
 Ileus 34 (7.5) 17 (11.2) 17 (5.6) 2.12 (1.05‒4.29) 0.035 
 Bowel perforation 14 (3.0) 11 (7.2) 3 (1.0) 7.83 (2.15‒28.50) 0.002 
 Hypovolemic or septic shock 43 (9.4) 22 (14.5) 21 (6.9) 2.28 (1.21‒4.30) 0.011 
Mortality      
 30-day mortality  81 (17.7) 22 (14.5) 59 (19.4) 0.70 (0.41‒1.20) 0.195 
 90-day mortality 97 (21.3) 24 (15.8) 73 (24.0) 0.59 (0.36‒0.99) 0.045 
 Overall mortality 122 (26.7) 35 (23.0) 87 (28.6) 0.77 (0.49‒1.21) 0.264 
*Values are no (%) except as indicated. p value of ORs was analyzed by univariate logistic regression. ICU, intensive care unit; IQR, interquartile range; 
NA, not applicable for continuous variables or too few events (<5) to calculate a stable OR; OR, odds ratio.   
†By independent t test.  
‡By Mann-Whitney test. 
§Two cases were diagnosed as pyospermia and bacterial vaginitis. 

 

 
Table 2. Antibiotic exposure before Clostridium infection in case–control study of C. innocuum infection* 

Antibiotic exposure  C. innocuum, n = 152 
Clostridioides 

difficile, n = 304 Odds ratio (95% CI) p value 
Any antibiotic exposure 121 (79.6) 289 (95.1) 0.20 (0.11–0.39) <0.001 
Mean duration of antibiotic exposure, d (SD)† 13.7 (8.6) 15.6 (8.3) NA 0.039 
Antibiotic exposure rate by drug class 
 Penicillins 36 (23.7) 107 (35.2) 0.57 (0.37–0.89) 0.013 
 Cephalosporins 81 (53.3) 206 (67.8) 0.54 (0.36–0.81) 0.003 
 Carbapenems 36 (23.7) 102 (33.6) 0.62 (0.40–0.96) 0.031 
 Fluoroquinolones 31 (20.4) 108 (35.5) 0.47 (0.29–0.74) 0.001 
 Aminoglycosides 13 (8.6) 20 (6.6) 1.33 (0.64–2.75) 0.444 
 Macrolides 3 (2.0) 8 (2.6) 0.75 (0.20–2.85) 0.667 
 Tetracyclines 6 (3.9) 5 (1.6) 2.46 (0.74–8.19) 0.143 
 Glycopeptides 52 (34.2) 92 (30.3) 1.20 (0.79–1.81) 0.393 
 Oxazolids 0 (0) 2 (0.7) NA NA 
 Polymyxins 6 (3.9) 11 (3.6) 1.10 (0.40–3.02) 0.861 
 Lincosamides 6 (13.9) 21 (6.9) 0.55 (0.22–1.40) 0.213 
 Metronidazole 16 (10.5) 33 (10.9) 0.97 (0.51–1.81) 0.915 
*Data are presented as no (%) unless otherwise indicated. NA, not applicable for continuous variables or too few events (<5) to calculate a stable odds ratio.  
†By independent student t test. The p value of odds ratio was analyzed by univariate logistic regression.  
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plate and analyzed 1 representative colony for each 
agar plate by the rapid ID 32A system (bioMérieux) 
for identification of the microorganisms.

Antimicrobial Susceptibility Testing
We tested antimicrobial susceptibilities to clindamy-
cin, metronidazole, penicillin, piperacillin, and am-
picillin/sulbactam by the break-point agar dilution 
method according to Clinical and Laboratory Stan-
dards Institute criteria (document M11-A8) for an-
aerobic bacteria (22). We used interpretive criteria in 
document M100S to determine susceptibility (22).

Statistical Analysis
We performed statistical analysis by SPSS Statistics 
24.0 (SPSS Inc., https://www.ibm.com/products/
spss-statistics). For continuous variables, we deter-
mined significance by using the independent t test 
or Mann-Whitney U test as appropriate. If the con-
tinuous variable had outliers and did not fit the nor-
mal distribution, variables were shown as median 
(interquartile range, range). We analyzed the cat-
egorical variables by χ2 test and considered p<0.05  

statistically significant. We obtained odds ratios 
(ORs) from cross-tabulation and analyzed the p val-
ue of ORs by univariate logistic regression. We esti-
mated mortality rate at 30 days and 90 days after the 
positive culture and analyzed by Kaplan-Meier sur-
vival analysis using methods described previously 
(23). In addition, we examined risk factors associ-
ated with 30- and 90-day mortality in both groups 
by logistic regression.

Results

Participants and Demographic Information
By the MALDI-TOF mass spectrometry system, 180 
samples yielded the growth of C. innocuum. We ex-
cluded 22 of those from further analysis because of 
lack of access to clinical information and 6 because 
of concomitant isolation of C. innocuum and C. dif-
ficile from the same sample (CI group). We matched 
the control group with C. innocuum samples in ac-
cordance with the study criteria. From 1,134 C. dif-
ficile cases during the study period, we enrolled 304 
cases as controls (CD group). All control cases were 

602 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022

 
Table 3. Clinical and laboratory characteristics by the infecting Clostridium species in case–control study of C. innocuum infection, 
Taiwan* 
Characteristic C. innocuum, n = 152 Clostridioides difficile, n = 304 p value 
Clinical symptoms    
 Diarrhea 56 (36.8) 217 (71.4) <0.001 
 Fever 29 (19.1) 92 (30.3) 0.011 
 Abdominal pain 37 (24.3) 54 (17.8) 0.098 
 Vomiting 13 (8.6) 29 (9.5) 0.731 
 Abdominal distension 25 (16.4) 41 (13.5) 0.391 
Blood testing    
 Leukocytes, cells/μL† 10,454 (6,773) 11,005 (6,788) 0.783 
 Hemoglobin, g/dL† 10.7 (2.4) 9.8 (2.0) <0.001 
 Platelet count × 1,000/μL† 243 (110.4) 231 (135.0) 0.134 
 CRP, mg/L, median (IQR)‡  55.7 (104.7) 55.7 (97.2) 0.108 
Stool routine, no. positive/total (%)    
 Occult blood 53/73 (72.6) 175/216 (81.0) 0.128 
 Mucus 9/70 (12.8) 39/205 (19.0) 0.241 
 Pus cells 8/70 (11.4) 30/205 (14.6) 0.502 
Sample site    
 Stool 96 (63.2) 279 (91.8) <0.001 
 Blood 7 (4.6) 1 (0.3) 0.001 
 Ascites 13 (8.5) 8 (2.7) 0.002 
 Bile§ 2 (1.3) 1 (0.3) 0.219 
 Pus/abscess§ 16 (10.5) 3 (1.0) <0.001 
 Wound/deep tissue§ 16 (10.5) 12 (3.6) 0.006 
 Endocervix§ 1 (0.7) 0 0.592 
 Semen§ 1 (0.7) 0 0.592 
Antimicrobial susceptibility#    
 Metronidazole 20/20 (100) 53/53 (100) 1.000 
 Clindamycin§ 30/44 (68.2) 17/20 (85.0) 0.158 
  Penicillin§ 35/44 (79.5) 12/20 (60.0) 0.101 
 Ampicillin/sulbactam 21/21 (100) 44/44 (100) 1.000 
*Values are no. (%) patients except as indicated. Among patients with C. difficile (CD)–associated diarrhea, the CD toxin assay positive rate was 65%. χ2 

tests were used to compare all the categorical variables listed in the table except as noted. CRP, C-reactive protein; IQR, interquartile range.  
†By independent t test.  
‡By Mann-Whitney test.  
§By Fisher exact test.  

#Data are expressed as susceptible isolate number/total isolate number (%). 
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matched precisely on diagnostic year and age (+2 
years); 25 controls were not matched on sex. The 
mean patient age for the 456 cases was 66.7 years, and 
58.3% of patients were male (Table 1). Both groups 
were similar regarding age, sex, and Charlson Co-
morbidity Index score (5.7 + 3.2 for CI and 6.2 + 3.3 
for CD). Subgroup analysis of each age group (<50, 
50–60, 60–70, 70–80, and >80 years) also revealed no 
statistical difference. Overall, 8 pediatric patients 
were recruited, 3 in the CI group and 5 in the CD 
group. Regarding underlying systemic diseases, the 
CD group showed more patients with chronic kid-
ney disease (18.4% vs. 30.9%; p = 0.005) (Table 1). 
Of note, more patients acquired the infection in the 
community in the CI group (33.6% vs. 16.8%; odds 
ratio [OR] 2.5, 95% CI 1.6–3.9; p<0.001) (Table 1).

Disease Characteristics and Severity
We observed notable differences in disease charac-
teristics between the 2 groups. Those in the CI group 
had a 6.5 times higher risk of developing EICI, in-
cluding bacteremia, intra-abdominal infection, bili-
ary tract infection, skin and soft tissue infection, 
pyospermia, and bacterial vaginitis (36.8% for CI 
vs. 8.2% for CD; OR 6.5, 95% CI 3.9 –11.0; p<0.001) 
(Table 1). On the contrary, most disease manifesta-
tion in the CD group was confined to the intestine 
and colon, mainly C. difficile–associated diarrhea. 
Most patient had antibiotic exposure 30 days be-
fore the CI or CD infection event. CD group showed 
higher 30-day antibiotic exposure rate (95.1%) than 
CI group (79.6%; p<0.001) (Table 2) and longer dura-
tion (mean 15.6 days, SD 8.3) than CI group (mean 
13.7 days, SD 8.6; p<0.001). Patients in CD group re-
ceived more penicillins, cephalosporins, carbapen-
ems, and fluroquinolones (Table 2).

Regarding disease severity, most of the patients 
in both groups required hospitalization (93.4% in 
the CI group and 97.7% in the CD group; p = 0.03) 
(Table 1). Although most patients in CD group had 
intestinal infections, gastrointestinal tract–related 
complications of ileus, bowel perforation, clinical 
sepsis, and shock occurred more frequently in the 
CI group (26.3%) than CD group (11.2%; OR 2.8, 
95% CI 1.7–4.7; p<0.001). CI group also showed a 
higher rate of intensive care unit (ICU) admission 
(23.6% vs. 9.5%; OR 2.9, 95% CI 1.7–5.0; p<0.001) 
(Table 1). All the data indicated that the disease 
severity at the acute stage was more severe and 
invasive in the C. innocuum–infected patients. Fur-
thermore, we saw no recurrence of infection in CI 
group but recurrence of infection in 4.9% of CD 
group (p = 0.005).

We observed no statistically significant differ-
ences in clinical presentations, but patients with C. 
innocuum infection had fewer diarrheal symptoms 
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Figure. Kaplan-Meier curve of 30-day (A), 90-day (B), and overall 
(C) survival rates of patients with Clostridioides difficile and 
Clostridium innocuum, Taiwan. In the C. innocuum group, the 
30-day survival rate was 85.5%, 90-day survival rate 84.2%, and 
overall survival rate 77.0%. The 90-day survival rate was slightly 
higher than the C. difficile group (p value of log rank test = 0.05), 
whereas the 30-day and overall survival rates did not show a 
significant difference between the 2 groups.
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and less fever. In the laboratory testing results, 
patients experienced anemia more commonly in 
the CD group than CI group; hemoglobin counts 
were 9.8 (2.0) g/dL in CD and 10.7 (2.4) g/dL in 
CI (p<0.001) (Table 3). We observed no difference 
in other systemic inflammatory markers. A limited 
number of patients received colonoscopy examina-
tion, and we found no pseudomembranous colitis in 
the CI group.

Outcome and Risk Factor for Mortality Rate 
The 30-day mortality rate in the CI group was 14.5%; 
the 90-day rate, 15.8%, and the overall rate, 23.0%. 
Although the 90-day mortality rate was slightly 
higher in the CD group with a significant difference 
(p value of log rank test = 0.05) in Kaplan-Meier 
survival analysis, the overall mortality rate did not 
show a statistically significant difference between 
the 2 groups (Figure). Using logistic regression, 
we identified chronic kidney disease (OR 8.6, 95% 
CI 2.6–28.4; p<0.001), solid tumor (OR 3.5, 95% CI 
1.0–12.0; p = 0.051), ICU admission (OR 7.3, 95% CI 
2.4–21.9; p<0.001), and shock status (odds ratio 8.0, 
95% CI 2.4–27.2; p<0.001) as 4 independent risk fac-
tors for both 30-day and overall mortality rates in the 
patients with C. innocuum infection. We identified 
7 bacteremias caused by C. innocuum in this study. 
Two of those patients experienced septic shock, and 
1 needed ICU hospitalization. The 30-day mortality 
rate for the 7 patients was 42.9% (3/7) and 90-day 
was 57.1% (4/7).

Microbiologic Result and Antimicrobial Susceptibility
Among the 152 C. innocuum isolates, we recovered 
96 (63.2%) isolates from stool specimens; the rest 
were from the blood (7), ascites (13), pus/abscess 

(16), wound/deep tissue (16), bile juice (2), endo-
cervix (1), and semen (1). We detected 18 polymi-
crobial infections in the CI group, most of which 
were from ascites and pus/abscess samples. More 
C. innocuum isolates (36.8%) than C. difficile iso-
lates (8.2%) were from extraintestinal specimens 
(p<0.001) (Table 3), which is compatible with our 
clinical observation. We performed antimicrobial 
susceptibility testing on limited isolates. In the C. 
innocuum isolates, we observed the highest sus-
ceptibility rate for metronidazole (20/20, 100%) 
and ampicillin/sulbactam (21/21, 100%), followed 
by penicillin (35/44, 79.5%) and clindamycin  
30/44 (68.2%).

Discussion
Genus Clostridium is large and heterogeneous; it in-
cludes <200 species. Accurate species identification 
has been difficult. In recent years, several new spe-
cies have been recognized and others reclassified 
using newer molecular diagnostic methods, such as 
16S rRNA gene sequencing (24). Among the medi-
cally important Clostridium spp., C. perfringens is 
the predominant species isolated from cases of bac-
teremia. The severity of EICI varies; for bacteremia, 
the mortality rate was found to be 48%–52% by dif-
ferent studies (25–27). The risk factors for disease 
acquisition and death were related to an underly-
ing immunocompromised condition such as hemo-
dialysis, malignancy, immunosuppressant use, and 
Crohn’s disease (25). The main portal of entry is the 
hepatobiliary and gastrointestinal tract. We believe 
this is also the case in C. innocuum because stool was 
a common source for the C. innocuum isolates and 
gastrointestinal tract–related complications were 
not uncommon in C. innocuum–infected patients. 
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Table 4. Reported cases of extraintestinal Clostridium innocuum infection, 2000–2020, Taiwan* 

Characteristic Castiglioni et al. (10) 
Crum-Cianflone  

et al. (29) Hung et al. (30) Mutoh et al. (31) Aroca-Ferri et al. (32) 
Year and country 2003 United States 2009 United States 2014 Taiwan 2015 Japan 2019 Spain 
Age, y/sex 38/F 38/M 85/M 32/M 44/F 
Underlying conditions Chronic HCV, 

interstitial nephritis 
after renal transplant 

AIDS DM with CDAD 
and CMV colitis 

ALL Takayasu arteritis, 
ESRD under PD 

Isolation site Blood Blood Blood Blood, BM Peritoneal fluid 
Vancomycin MIC  16 μg/mL NA >32 μg/mL 8 μg/mL 8 μg/mL 
Diagnosis Bacteremia 

secondary to 
infectious hematoma 

Bacteremia Bacteremia Pelvic osteomyelitis 
complicated with iliac 

muscle abscess 

PD peritonitis 
complicated with 

sigmoid colon 
perforation 

Treatment IV TZP, IV CLI IV DAP, PO MTZ IV TZP IV TZP, IV MTZ, IV 
CLI 

IV CTX, IP AMP, IP 
CLI 

Duration 11 days and surgery NA 2 weeks 8 weeks 15 days 
Outcome Recovered Recovered Recovered Recovered Died 
*ALL, acute lymphoblastic leukemia; AMP, ampicillin; BM, bone marrow; CDAD, C. difficile–associated diarrhea; CLI, clindamycin; CMV, cytomegalovirus; 
CTX, cefotaxime; DAP, daptomycin; ERY, erythromycin; ESRD, end stage renal disease; HCV, hepatitis C virus; IP, intraperitoneal route; IV, intravenous 
route; MIC, minimum inhibitory concentration; MTZ, metronidazole; NA, not available; PD, peritoneal dialysis; PO, oral route; TZP, piperacillin/tazobactam. 
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A recent study by Ha et al. (28) also found that  
C. innocuum is one of the most common bacteria 
that could translocate from intestine to mesenteric 
tissue in patients with Crohn’s disease and further 
induce adipogenesis and local fibrosis, known to-
gether as creeping fat.

We found that among anaerobic clostridial spe-
cies, C. innocuum has long been overlooked as a hu-
man pathogen. Our study is to date the most com-
prehensive observational study to depict the clinical 
manifestations and outcome of C. innocuum infection; 
not only it is more invasive than most Clostridium spe-
cies, but it can cause more gastrointestinal tract com-
plications following intestinal infection. Case reports 
of EICI related to C. innocuum infection have been 
published from the United States, Spain, Japan, and 
Taiwan (10,29–32) (Table 4). Bacteremia and intra-
abdominal infection were the most common manifes-
tations, which is compatible with our observations. 
All the infections occurred in patients with underly-
ing conditions; prolonged antimicrobial therapy was 
required to treat these patients, whose mortality rate 
(20%) was similar to that observed in our study (23%). 
Compared to C. difficile, which is known to be a noso-
comial pathogen, nearly one third of the C. innocuum 
infections occurred in the community. This observa-
tion indicates that C. innocuum could be more virulent 
and competitive than C. difficile.

Among the EICI, bacteremia is the most severe 
form of infection. In a recent study by Morel et al. 
(33), non–C. difficile Clostridium bacteremia requiring 
ICU hospitalization showed an aggressive clinical 
course and was usually life-threatening. The 28-day 
mortality rate was 55% and the 90-day mortality rate 
was 71% (33). This report is compatible with our 
findings of 30-day (42.9%) and 90-day (57.1%) mor-
tality rates in the CI bacteremic patients.

Identifying C. innocuum infection is important 
because the microorganism expresses intrinsic re-
sistance to vancomycin, because of the synthesis of 
peptidoglycan precursors with low affinity for van-
comycin (MIC 4–16 mg/L) (8,26). Moreover, highly 
vancomycin-resistant strains (MIC >16 mg/L) could 
develop if the bacteria were previously exposed to 
vancomycin (34). Because oral vancomycin has been 
recommended as the first-line therapy for C. difficile 
infection, distinguishing C. innocuum from other 
clostridial species becomes essential to avoid treat-
ment failure caused by inappropriate antimicrobial 
use. Metronidazole and clindamycin appear to be 
appropriate choices for treating C. innocuum infec-
tion, according to our antimicrobial susceptibility 
testing results.

The main limitation of our study is the retro-
spective study design and the inevitable miss-
ing data. The lack of standardized medical record 
format prevented us from precisely defining ev-
ery case-patient’s diagnosis, especially antibiot-
ic-associated diarrhea and acute colitis, which 
have similar clinical descriptions in the medi-
cal records. Some objective data were not avail-
able, which may potentially compromise the ac-
curacy of the estimated rates of presentations and  
diagnoses among the patients. However, the pro-
portion of missing data appeared small and should 
not significantly affect the results of the study. 
Second, not all the C. innocuum isolates from the 
enrolled patients were tested for antimicrobial 
susceptibility, and that testing did not include van-
comycin. Third, the study does not advance our 
understanding on virulence mechanism of C. in-
nocuum. It is possible that C. innocuum possesses a 
unique virulence mechanism to cause gastrointesti-
nal as well as extraintestinal infections, such as the 
lipopolysaccharide-like structure we described in 
our previous study (9). C. difficile also contains sur-
face lipocarbohydrate, which has a similar biologic 
activity to the lipopolysaccharide in gram-negative 
bacteria (35); this hypothesis needs further experi-
mental verification.

In conclusion, C. innocuum should be consid-
ered an important Clostridium species causing EICI 
and gastrointestinal infection that has a risk for 
severe complications and a high mortality rate in 
immunocompromised patients; physicians should 
recognize it as a pathogen to treat clinically. More 
studies are needed to understand the virulence 
mechanism of C. innocuum. Precise identification 
of C. innocuum will guide appropriate and timely 
antimicrobial therapy for patients because of its in-
trinsic vancomycin resistance.
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The World Health Organization (WHO) estimates 
there were 228 million cases of malaria in 2019, 

which resulted in 409,000 deaths; >90% of these deaths 
occurred in sub-Saharan Africa (1). Although all 4 hu-
man malaria Plasmodium species are present in Africa, 
Plasmodium falciparum accounts for most symptomatic 
infections (1). After the WHO recommended confi rm-
ing Plasmodium infection before initiating treatment 
(2), malaria rapid diagnostic tests (RDTs) have been 
widely deployed because of their ease of use and 
high diagnostic sensitivity for symptomatic infection 
(3–5). The histidine-rich protein 2 (HRP2) antigen is 
produced exclusively by P. falciparum parasites, and 
RDTs detecting this antigen provide a practical tool 
for diagnosis in both healthcare and community set-
tings (1,3,6) and have revolutionized the diagnosis of 
malaria throughout Africa.

HRP2-based RDTs are an accurate diagnostic tool 
because HRP2 is abundantly expressed during the 
erythrocytic stage of P. falciparum infection (6). The pf-
hrp3 gene is paralogous to pfhrp2 and has a high level 
of similarity in both gene sequence and the expressed 
histidine-rich protein 3 (HRP3) antigen, although the 
HRP3 antigen is substantially shorter in length (7,8). 
However, because of common epitopes on both anti-
gens, they jointly contribute to an overall HRP2-based 
RDT positive result or laboratory assay signal (6,9). In 
many areas of the world, P. falciparum variants have 
been identifi ed with loss-of-function mutations or 
complete deletions of the pfhrp2 and pfhrp3 (pfhrp2/3) 
genes, which lead to false-negative RDT results (6,10). 
Multiple countries in sub-Saharan Africa have report-
ed the presence of P. falciparum with deletions in these 
genes (9,11–16), although only Eritrea and Djibouti 
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Histidine-rich protein 2 (HRP2)–based rapid diagnostic 
tests detect Plasmodium falciparum malaria and are 
used throughout sub-Saharan Africa. However, dele-
tions in the pfhrp2 and related pfhrp3 (pfhrp2/3) genes 
threaten use of these tests. Therapeutic effi  cacy stud-
ies (TESs) enroll persons with symptomatic P. falciparum
infection. We screened TES samples collected during 
2016–2018 in Ethiopia, Kenya, Rwanda, and Madagas-
car for HRP2/3, pan-Plasmodium lactate dehydroge-
nase, and pan-Plasmodium aldolase antigen levels and 
selected samples with low levels of HRP2/3 for pfhrp2/3
genotyping. We observed deletion of pfhrp3 in samples 
from all countries except Kenya. Single-gene deletions 
in pfhrp2 were observed in 1.4% (95% CI 0.2%–4.8%) 
of Ethiopia samples and in 0.6% (95% CI 0.2%–1.6%) of 
Madagascar samples, and dual pfhrp2/3 deletions were 
noted in 2.0% (95% CI 0.4%–5.9%) of Ethiopia samples. 
Although this study was not powered for precise preva-
lence estimates, evaluating TES samples revealed a low 
prevalence of pfhrp2/3 deletions in most sites.



Plasmodium falciparum pfhrp2/3 Gene Deletions

have reported a prevalence of >5% among isolates 
from symptomatic infections (17,18).

WHO recommends routine therapeutic efficacy 
studies (TESs) approximately every 2 years in ma-
laria-endemic countries to assess antimalarial drug 
efficacy, and US President’s Malaria Initiative fund-
ing ensures these studies routinely occur in many 
countries throughout sub-Saharan Africa (19). Ac-
cording to established WHO protocol (20), symptom-
atic patients with uncomplicated P. falciparum malaria 
are enrolled in healthcare facilities after infection is 
verified by light microscopy examination of a blood 
smear. In addition, on the day of enrollment and sub-
sequent follow-up days, a blood sample from a finger 
prick is dried on filter paper to form a dried blood 
spot (DBS) to monitor chemotherapeutic efficacy 
and test for putative drug resistance genetic markers 
(19). TESs are often implemented at multiple sites in 
a country because efficacy might vary depending on 
local endemicity, P. falciparum haplotypes, and anti-
malarial use.

We investigated deletions in pfhrp2/3 genes by 
using samples from TESs in Ethiopia (2017), Kenya 
(2016–2017), Madagascar (2018), and Rwanda (2018). 
DBS samples from day of enrollment were subjected 
to multiplex antigen detection and subsequent PCR 
assays if pfhrp2/3 genotyping was warranted on the 
basis of the antigen profile.

Materials and Methods

Therapeutic Efficacy Studies
This study focuses on TESs in 4 countries: Ethiopia 
(enrollment during September–December 2017) (21), 
Kenya (enrollment during June 2016–March 2017) 
(22), Madagascar (enrollment during May–Septem-
ber 2018) (23), and Rwanda (enrollment during May–
December 2018) (24). Specific site information and 
enrollment criteria are provided for each TES by the 
indicated reference. Of note, enrollment criteria in 
the Madagascar TES included a positive HRP2-based 
RDT result. CDC human subjects review for labora-
tory analyses for all TES samples were determined 
independently for each study: Ethiopia as engaged 
research (#6892.0), Rwanda as program evaluation 
(#2018-060), Madagascar as nonengaged research 
(#2018-435), and Kenya as engaged research (#6696.0).

Bead-Based Multiplex Assay for Malaria  
Antigen Detection
All DBS samples were processed and analyzed with-
in 1 year of creation. We performed elution of whole 
blood from DBS samples and the bead-based multiplex 

assay for malaria antigen detection as described previ-
ously (25) (Appendix, https://wwwnc.cdc.gov/EID/
article/28/3/21-1499-App1.pdf). Differences among 
parasite densities or antigen levels were assessed by 
Student t test for unequal variances using the log-
transformed data.

Selection of Samples for Further Genetic Assays
Using the strategy reported previously (26,27), we 
selected samples for further genetic assays on the 
basis of the relationship between the 2 pan-Plasmo-
dium antigens (aldolase and lactate dehydrogenase 
[LDH]) and the HRP2/3 signal. Samples were se-
lected if they completely lacked an assay signal for 
HRP2/3 or if the assay signal for HRP2/3 was atypi-
cally lower compared with the level of pAldolase or 
pLDH antigens.

We extracted total genomic DNA from 6-mm 
punches of selected DBS samples by using the QIA-
GEN DNA extraction kit (QIAGEN, https://www.
qiagen.com) following the manufacturer’s instruc-
tions for blood dried on filter paper. The DNA was 
eluted in 150 μL of elution buffer, aliquoted, and 
stored at −20°C until further use.

Photo-Induced Electron Transfer PCR and Genotyping 
for pfmsp1, pfmsp2, pfhrp2, and pfhrp3
After DNA extraction, we performed photo-induced 
electron transfer PCR as described previously (28) 
to ensure presence of P. falciparum DNA. We used 
nested PCR to genotype pfmsp1, pfmsp2, and pfhrp3 as 
described previously (29). For pfhrp2 genotyping, we 
performed PCR on these samples under conditions 
described previously (30). Results for pfhrp2/3 geno-
typing were only reported if both pfmsp1 and pfmsp2 
(both single-copy genes in the P. falciparum genome) 
were successfully amplified for a DNA sample (31).

Results
The Kenya 2016–2017 TES had the fewest number of 
sites at 1, followed by the Ethiopia 2017 TES at 2, the 
Rwanda 2018 TES at 3, and the Madagascar 2018 TES 
at 5 (Figure 1). The number of participants providing 
DBS samples from each site at enrollment varied for 
each of the 4 countries and ranged from a low of 15 
participants at the Arba Minch, Ethiopia, site to a high 
of 332 participants at the Siaya, Kenya, site (Table 1). 
Reflecting the different enrollment criteria for each 
TES, the median and range of participant ages were 
unique to each TES; median age was 18.0 years in 
Ethiopia, 2.7 years in Kenya, 7.0 years in Madagas-
car, and 3.3 years in Rwanda. Enrollment by sex was 
mostly equal for the Kenya, Madagascar, and Rwanda 
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TESs; 48.8% (Kenya), 47.1% (Madagascar), and 50.9% 
(Rwanda) of participants providing DBS samples in 
these studies were women. Enrollment of women in 
the Ethiopia TES was notably lower at 32.9%.

The antigen screening methodology provided 
phenotypic rationale for categorizing the infecting 
P. falciparum as a high producer of HRP2/3 antigens 
or a HRP2/3 low-producer requiring subsequent 
characterization though genetic assays (25,26). Cor-
relation of antigen assay signal with parasite density 
(as determined by microscopy during enrollment for 
each TES) (Appendix Figure 1) showed that the 2 pan-
Plasmodium antigens displayed a moderate correla-
tion with microscopy-estimated P. falciparum parasite 
density, whereas the HRP2 antigen showed higher 
variability, as seen previously (25). We compared the 
pAldolase and pLDH assay signal to the HRP2 as-
say signal for all samples from each of the 4 countries 
and chose select samples for DNA extraction (Table 2; 
Appendix Figures 2–5). Ethiopia had the highest per-
centage (n = 21, 14.3% of all DBS samples) of samples 

selected for DNA extraction and PCR genotyping, fol-
lowed by Rwanda (n = 16, 7.3%), Madagascar (n = 25, 
4.0%), and Kenya (n = 7, 2.1%).

After initial sample selection for genotyping, we 
evaluated DNA quantity and quality appropriate 
for genotyping by amplification of both pfmsp1 and 
pfmsp2 genes. Final pfhrp2/3 genotyping results were 
evaluated for amplification of (+) or failure to ampli-
fy (–) these 2 different gene targets (Figure 2). Only 
samples from which both the single-copy pfmsp1 and 
pfmsp2 genes were successfully amplified had pf-
hrp2/3 genotype reported (31); from all selected sam-
ples, only 1 sample from Ethiopia and 4 samples from 
Rwanda were unsuccessfully amplified for these con-
trol genes. Most selected samples (76.6%) showed a 
wild-type genotype of pfhrp2+/pfhrp3+. Single gene 
deletions were observed in samples from 3 countries: 
single gene pfhrp2 deletions from Ethiopia and Mada-
gascar, and single gene pfhrp3 deletions from Ethio-
pia, Madagascar, and Rwanda (Table 3). The pfhrp2–/
pfhrp3– double deletion genotype was observed only 
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Figure 1. Location of TES sites 
where Plasmodium falciparum 
malaria-infected participants 
were enrolled, Ethopia, Kenya, 
Madagascar, and Rwanda, 
2016–2018. A) Ethiopia, B) 
Kenya, C) Madagascar, D) 
Rwanda. Circles indciate study 
sites and diamonds the country 
capitals. Scale bars are unique 
to each map. TES, therapeutic 
efficacy study.
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in Ethiopia; 3 of the 20 samples selected, all from the 
Pawe site, showed this genotype. Because the pfhrp3 
nested PCR includes a reaction for an exon 1-to-2 
spanning primer and a separate reaction for an exon 
2 primer, a nested PCR reaction could have amplified 
one of these targets and not the other if the gene was 
not fully deleted from the genome. For 9 samples clas-
sified as negative for the pfhrp3 gene, both of these 
nested PCR targets failed to amplify in all, with the 
exception of a single sample from Ethiopia (exon 1–2 
target did not amplify and exon 2 target did; the sam-
ple was positive for the pfhrp2 gene).

In an exploratory analysis of the 64 samples that 
were successfully genotyped, different pfhrp2/3 geno-
type combinations showed significant differences in 
microscopy-estimated parasite densities (Figure 3, 
panel A). In comparison to wild-type parasites, sig-
nificantly lower parasite densities were observed in 
infections with P. falciparum lacking the pfhrp3 gene 
alone. Parasites lacking the pfhrp2 gene alone showed 
significantly higher mean parasite densities when 
compared with the pfhrp3 single-deleted infections. 
To link the phenotypic data of antigen expression 
with the pfhrp2/3 genotypic data, we plotted the anti-
gen detection assay signal by genotype for the 64 total 
samples that underwent successful genotyping. As-
say signals for pan-Plasmodium aldolase, pan-Plasmo-
dium LDH, and HRP2/3 by the 4 potential combina-
tions of pfhrp2/3 genotypes are given (Figure 3, panel 
B). With loss of either of the pfhrp2 or pfhrp3 genes 
and loss of both, no overall trend was observed for 
changes in pAldolase or pLDH signal, although the 
numbers of each of these genotypes were small. How-
ever, we observed a lower HRP2/3 assay signal with 
either the loss of the pfhrp3 gene or the pfhrp2 gene; 
the lowest mean HRP2/3 assay signal occurred when 
both genes were absent.

Discussion
Deletion of the pfhrp2 and pfhrp3 genes poses a threat 
to the accuracy of HRP2-based RDT diagnosis of P. 
falciparum malaria, and parasites with deletions in 
one or both these genes have now been found in nu-
merous countries (6,10). By far, most malaria cases in 
Africa are caused by P. falciparum, and the presence of 
these deletion genotypes in many countries through-
out the continent poses an additional challenge to 
malaria control because of false-negative diagnostic 
results (1). Most countries in Africa have adopted the 
HRP2-based RDT as a pragmatic and sensitive diag-
nostic tool and the only P. falciparum-specific diag-
nostic test available in many settings. Loss of this tool 
would be a substantial setback to accurate monitor-
ing of malaria case incidence within a country and to 
achieving the goal of universal confirmation of ma-
laria infection before administrating antimalarials (3).

In this study, we sought to identify the presence 
of deletions in either the pfhrp2 or pfhrp3 genes from 
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Table 1. Countries and study sites for each therapeutic efficacy 
study enrolling Plasmodium falciparum malaria–infected 
participants, 2016–2018 
Country and  
study site 

No. specimens 
at enrollment 

Median age 
(range), y 

Sex,  
% F 

Ethiopia 147 18.0 (1–65) 32.9 
 Arba Minch 15 19.5 (10–54) 50.0 
 Pawe 132 18.0 (1–65) 31.3 
Kenya 

   

 Siaya 332 2.7 (0.5–4.9) 48.8 
Madagascar 620 7.0 (0.2–15) 47.1 
 Ankazomborona 168 8.3 (1.5–15) 41.7 
 Antsenavolo 54 6.0 (0.2–14) 53.7 
 Kianjavato 116 9.0 (0.3–15) 46.6 
 Matanga 172 5.0 (0.3–15) 48.3 
 Vohitromby 110 7.0 (1–15) 50.9 
Rwanda 218 3.3 (0.7–4.8) 50.9 
 Bugarama 88 3.3 (0.8–4.8) 52.3 
 Masaka 42 3.3 (0.8–4.0) 54.8 
 Rukara 88 3.1 (0.7–4.8) 46.6 
 

 
Table 2. Plasmodium falciparum malaria–infected participant DBS samples with atypical HRP2 levels selected for further genomic 
assays, Ethiopia, Kenya, Madagascar, and Rwanda* 

Country and study site 
No. specimens 
at enrollment 

No. specimens selected 
for genetic assays (%) 

No. selected on 
pAldolase ratio only 

No. selected on 
pLDH ratio only 

No. selected on 
ratio to both 

Ethiopia 147 21 (14.3) 4 7 10 
 Arba Minch 15 2 (13.3) 1 1 0 
 Pawe 132 19 (14.4) 3 6 10 
Kenya 

     

 Siaya 332 7 (2.1) 1 1 5 
Madagascar 620 25 (4.0) 7 10 8 
 Ankazomborona 168 11 (6.5) 4 2 5 
 Antsenavolo 54 6 (11.1) 2 4 0 
 Kianjavato 116 1 (0.9) 0 1 0 
 Matanga 172 3 (1.7) 0 2 1 
 Vohitromby 110 4 (3.6) 1 1 2 
Rwanda 218 16 (7.3) 5 6 5 
 Bugarama 88 9 (10.2) 2 4 3 
 Masaka 42 2 (4.8) 0 1 1 
 Rukara 88 5 (5.6) 3 1 1 
*DBS, dried blood spot; HRP2, histidine-rich protein 2; pAldolase, pan-Plasmodium aldolase; pLDH, pan-Plasmodium lactate dehydrogenase. 
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samples collected during routine TESs that enroll 
participants with microscopically confirmed P. falci-
parum infection. The primary objective of a TES is 
to assess in vivo efficacy of antimalarials, and some 
studies have also investigated the presence of P. 
falciparum drug resistance genetic markers (19). Be-
cause DBS samples are collected for many of these 
TESs, residual patient samples represent a conve-
nience sampling of known P. falciparum infections 
with estimated parasite densities, and enrollment 
at healthcare facilities conforms to the WHO pfhrp2 
deletion guidance to sample symptomatic patients 
(32). Quantitative detection of malaria antigens in 
these DBS samples not only enables the confirma-
tion of the presence or absence of HRP2, HRP3, or 
both in the patient’s blood sample, it also enables 

the simultaneous detection of other Plasmodium an-
tigens for comparison. For these 4 TESs, a total of 
1,317 DBS samples were available, and performing 
genetic characterization for all these samples would 
have required a large time and financial commit-
ment. However, by initially employing a low-cost, 
high-throughput antigen screening step, fewer 
samples can be carefully selected for more defini-
tive investigation into production of these RDT tar-
gets (25–27). This strategy of phenotypic screening 
and genetic confirmation is not unique for the TES 
sampling design and has also been used for health-
care facility (25,27) and community (26) surveys. 
Further exploration of this strategy with large data-
sets is needed throughout global P. falciparum pop-
ulations to determine the overall accuracy of this  
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Figure 2. Results for pfhrp2 and 
pfhrp3 genotyping for DBSs from 
Plasmodium falciparum malaria-
infected participants, Ethopia, 
Kenya, Madagascar, and Rwanda, 
2016–2018. A) Ethiopia, B) Kenya, 
C) Madagascar, D) Rwanda. 
Each flowchart outlines how 
many specimens were selected 
for genotyping, how many were 
appropriate for genotyping (by 
amplification of both pfmsp1 and 
pfmsp2), and genotyping results 
for presence (+) or absence (–) of 
the pfhrp2 and pfhrp3 genes. DBS, 
dried blood sample.
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methodology and its ability to generalize antigen 
levels with deletions of pfhrp2 and pfhrp3.

Many TESs seek to enroll participants at multiple 
sites throughout a country to gain a more geographi-
cally representative sampling of P. falciparum for in 
vivo efficacy estimates. Of the data presented in this 
study, 3 of the 4 countries had multiple enrollment 
sites; only Kenya enrolled persons from just 1 site. 
Ultimately, high global variation has been observed 
in pfhrp2 gene sequences (7,33,34), and deletions in 
the pfhrp2 and pfhrp3 genes can arise de novo in a P. 
falciparum population (18,35). Therefore, presence (or 
absence) of these gene deletions could not be accu-
rately ascertained for an entire country by sampling 
a limited number of sites. Recent WHO guidance rec-
ommended enrolling from >10 health facilities per 
province to estimate whether pfhrp2 deletions exceed 
5% of all P. falciparum infections for a country (32). 
Because TESs do not enroll at many study sites, the 
data presented in this study do not provide country-
representative or even precise local estimates of gene 
deletion prevalence, but they generate a data signal 
to point toward the presence of deletions at a site of 
a previous TES. Troublesome data signals generated 
from TES samples could be followed up with a more 
thorough study, such as the WHO-recommended 
approach of enrolling from a minimum of 10 health 
facilities per province to estimate whether pfhrp2 de-
letions exceed 5% of all P. falciparum infections for a 
country. A benefit of this sampling design is that TESs 
are routinely performed in countries that receive sup-
port from the US President’s Malaria Initiativeevery 
2–3 years (19); consistently collecting quantitative an-
tigen data from these sample sets will provide a lon-
gitudinal approach to better identify emerging dele-
tion genotypes in a country.

Samples with an absence of both the pfhrp2 and 
pfhrp3 are of greatest concern because these 2 genes 
express the only antigen targets recognized by an 
HRP2-based RDT. For the 69 samples selected for ge-
notyping on the basis of antigen profile, only 3 dou-
ble-deletions were noted, all arising from the Pawe 
study site in the Benishangul-Gumuz region in north-
eastern Ethiopia. As an external evaluation activity, 
persons enrolling in the Ethiopia TES were also tested 
by HRP2-based RDTs, and of the 3 persons with dou-
ble-deleted P. falciparum infections, 2 tested negative 
by the HRP2 band on the RDT. These same 2 persons 
had a complete absence of HRP2/3 antigens by the 
bead-based assay, whereas the third double-deleted 
infection had an HRP2/3 antigen concentration in 
blood of 27.5 ng/mL. An additional 2 samples from 
Pawe were also found to be deleted for the pfhrp2 
gene alone (both of these persons were HRP2-RDT 
positive), meaning of the 132 total P. falciparum iso-
lates available from Pawe, 3.8% (95% CI 1.2%–8.6%) 
showed a deletion of the pfhrp2 gene. Multiple recent 
reports have uncovered the presence of pfhrp2/3 dele-
tions in central (36) and northern (37,38) Ethiopia at 
levels above the 5% WHO recommendation to reeval-
uate national RDT selection (32). The data presented 
in this study do not attempt to provide a prevalence 
estimate of single- or double-deletion P. falciparum 
genotypes in Ethiopia, but they add to the growing 
evidence of the pervasiveness of these parasites lack-
ing pfhrp2 in the country by demonstrating their pres-
ence in 2017.

Deletions in pfhrp2 were also observed in sam-
ples from Madagascar, a country with numerous 
haplotypes circulating according to previous studies 
(39,40). Even with the identification of pfhrp2 dele-
tions in Madagascar, these cases represent a very 
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Table 3. Deletion genotypes by individual therapeutic efficacy study sites, Ethiopia, Kenya, Madagascar, and Rwanda 

Country and study site 
No. specimens at 

enrollment* 

No. (%) specimens 
detected with 

pfhrp2–/pfhrp3–  

No. (%) specimens 
detected with 

pfhrp2–/pfhrp3+ 

No. (%) specimens 
detected with 

pfhrp2+/pfhrp3–  
Ethiopia 

    

 Arba Minch 15 0 0 2 (13.3) 
 Pawe 132 3 (2.3) 2 (1.5) 2 (1.5) 
Kenya 

    

 Siaya 332 0 0 0 
Madagascar 

    

 Ankazomborona 168 0 3 (1.8) 1 (0.6) 
 Antsenavolo 54 0 0 0 
 Kianjavato 116 0 0 0 
 Matanga 172 0 0 0 
 Vohitromby 110 0 1 (0.9) 0 
Rwanda 

    

 Bugarama 88 0 0 1 (1.1) 
 Masaka 42 0 0 0 
 Rukara 88 0 0 0 
*Percentages may underestimate the actual amount of deleted parasites because not all samples were genotyped, rather only those found to initially have 
depressed histidine-rich protein 2 levels. All samples with high histidine-rich protein 2 signal assumed to be from wild-type infections. 
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small proportion (4 of 620, 0.6%) of all P. falciparum–
infected children providing DBS samples for this 
study. Three of the 4 pfhrp2-deleted samples came 
from the Ankazomborona study site in the northern 
part of the country, which could provide rationale 
for further investigation of deletions in this part of 
Madagascar. Of note, the Madagascar TES had en-
rollment criteria of positivity to both microscopy 
and HRP2-based RDT. Because infections in persons 
with double-deleted parasites would likely have 
been excluded from enrollment, these data should 
be taken in that context. 

Separate investigations have (9) and have not (7) 
detected pfhrp2 and pfhrp3 deletions in Kenya. From 
the 332 DBS samples available from the 2016–2017 
Kenya TES, most P. falciparum infections produced 
high amounts of HRP2/3 antigens, and no pheno-
typic or genotypic evidence was seen for gene dele-
tions of these targets. A single report from Rwanda 
also identified nonamplification of the pfhrp2 gene 
from microscopically positive P. falciparum infections, 
although the primers were only targeting the exon 2 
of the gene (13), which is not crucial for antigen ex-
pression. In this study, no deletions of the pfhrp2 gene 
were identified in Rwanda, and only 1 P. falciparum 
isolate was found with a pfhrp3 deletion.

Existence of HRP2/3 antigens in a blood sam-
ple does not necessarily indicate that the currently 
infecting P. falciparum parasite possesses function-
ing pfhrp2/3 genes. The bead assay limit of detec-
tion is ≈10 pg/mL, and HRP2 antigen can remain 
in blood for months after successful treatment of a 
P. falciparum infection (6,41). A person could there-
fore be actively infected with a deleted strain but 
have HRP2 antigen in their blood from a previous 
infection (although the levels would be expected to 
be atypically low in this scenario). Because of the 
phenotypic selection criteria outlined in this study, 
infections with high levels of HRP2/3 would not be 
selected for genotyping but might still harbor para-
sites with deletions of the pfhrp2/3 genes and would 
not be captured, although this possibility is likely 
low. If deleted parasites were more likely to induce 
asymptomatic or less symptomatic infections, this 
enrollment criteria in healthcare facilities would 
lead to underestimating actual deletion prevalence 
in a population, although data have not demonstrat-
ed this effect. Simultaneous infection with multiple 
P. falciparum haplotypes was also not investigated 
in this study, so the presence of deleted parasites 
could be masked by the presence of wild-type para-
sites in the same host (42). These 2 scenarios would 
be more probable in a higher-transmission setting, 
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Figure 3. Plasmodium falciparum parasite density and antigen 
levels by pfhrp2/3 genotype in study of Plasmodium falciparum 
malaria-infected participants, Ethopia, Kenya, Madagascar, 
and Rwanda, 2016–2018. A) Peripheral blood parasite density 
as determined by light microscopy. B) Log-transformed assay 
signal to pAldolase, pLDH, and HRP2/3 antigens. Boxes display 
interquartile range, horizontal lines within boxes indicate medians, 
and whiskers indicate 1.5× interquartile range. Significant 
differences in means are indicated with corresponding p values. 
Within each plot, all other differences among genotypes did not 
reach statistical significance at α = 0.05. HRP2/3, histidine-rich 
protein 2/3; ln (MFI-bg), log-transformed median fluorescence 
intensity minus background value; pAldolase, pan-Plasmodium 
aldolase; pLDH, pan-Plasmodium lactate dehydrogenase.
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where the likelihood for residual HRP2/3, as well 
as higher multiplicity of infection and more frequent 
infections, would be more common. In addition, the 
genetic assays used in this study attempted to sim-
ply amplify a region of DNA and do not provide in-
formation regarding potential loss-of-function point 
mutations or other genetic scenarios which would 
cause these 2 antigens not to be expressed. Because 
antigen degradation might occur in DBS samples 
over time, quantitative antigen detection should oc-
cur as soon as possible.

In conclusion, with appropriate patient consent, 
screening samples that were previously collected for 
routine TESs for pfhrp2 and pfhrp3 deletions represent 
a useful convenience sampling of persons with symp-
tomatic and microscopically confirmed P. falciparum 
infection. These phenotypic and genotypic data pro-
vide information for a country to evaluate whether 
these genotypes exist and promote a basis for more 
targeted future surveys to obtain precise point esti-
mates of prevalence.
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There are an estimated 3–4 million cases of chol-
era globally each year, driving marked interest in 

understanding the genomic diversity and evolution 
of the causative pathogen (1,2). Of the >200 known 
Vibrio cholerae serogroups distinguished by unique 
O-antigen structures, only O1 and O139 have been 
recognized as being capable of causing sustained epi-
demics. The O139 serogroup, which caused large epi-
demics on the Indian subcontinent during 1992–1994, 
arose from V. cholerae O1 by exchange of the O139 
gene cluster encoding O-antigen biosynthesis for the 
O1 cluster (3). The 2 biotypes of V. cholerae serogroup 
O1 have been the causes of the previous 6 (classical) 
and ongoing seventh cholera pandemic (El Tor) (4,5). 
Decades of study of V. cholerae O1 have showed that 

cholera pathogenesis is largely driven by the activity 
of the secreted cholera toxin (Ctx), a potent AB5 toxin 
that targets intestinal epithelial cells and causes secre-
tory diarrhea in infected hosts. V. cholerae intestinal 
colonization depends on the toxin-coregulated pilus 
(Tcp), which is coordinately expressed with Ctx (6).

Compared with information available on V. chol-
erae O1, relatively little knowledge is available on the 
pathogenesis and genomic diversity of V. cholerae iso-
lates from other serogroups, such as O37, O75, and O141 
(collectively termed non–O1/O139). These serogroups 
have been isolated from patients who had diarrheal 
illness, as well as from aquatic environmental sources 
(7–10). In the United States, for instance, toxigenic V. 
cholerae O141 has occasionally been associated with diar-
rhea and bloodstream infections (11,12). Although non–
O1/O139 strains can encode Ctx and Tcp, they may be 
underreported as a cause of diarrheal illness because 
routine laboratory testing in cholera-endemic settings 
only includes testing for O1 and O139 serogroups (13). 
Surveillance of non–O1/O139 serogroups in the United 
States over the past 30 years has reported diarrheal ill-
ness associated with V. cholerae O75 and O141 infection 
from consumption of seafood or exposure to water in 
lakes and rivers (8,9).

Previous studies showed that V. cholerae O141 
isolates can encode Ctx and Tcp (10,14). In this study, 
we investigated the genomics and in vivo coloniza-
tion ability of V. cholerae O141 strains isolated from 
diarrheal cases from 4 different countries during 
1984–1994. The strains were isolated from sporadic 
cases of diarrhea without any documented epidemio-
logic association.

Materials and Methods

Strain Collection, DNA Extraction, and 
Whole-Genome Sequencing
We obtained V. cholerae O141 isolates sequenced in 
the present study from a strain collection initially re-
ported by Dalsgaard et al. (10,15). The strains were 
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O139	strains	isolated	from	patients	who	have	diarrheal	ill-
nesses.	We	performed	whole-genome	sequence	analysis	
and	 in	 vivo	 infections	 to	 investigate	 characteristics	 of	V. 
cholerae	O141	isolated	from	sporadic	diarrheal	cases	in	4	
countries.	The	strains	formed	a	distinct	phylogenetic	clade	
distinguishable	from	other	serogroups	and	a	unique	multi-
locus	sequence	type	42,	but	interstrain	variation	suggests	
that	O141	isolates	are	not	clonal.	These	isolates	encode	
virulence	factors	including	cholera	toxin	and	the	toxin-co-
regulated	pilus,	as	well	as	a	type	3	secretion	system.	They	
had	widely	variable	capacities	for	intestinal	colonization	in	
the	 infant	mouse	model.	We	propose	that	O141	 isolates	
comprise	 a	 distinct	 clade	 of	V. cholerae	 non‒O1/O139,	
and	their	continued	surveillance	is	warranted.
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isolated from sporadic cases of diarrhea, which did 
not appear to be epidemiologically related. Informa-
tion about whether stool samples were cultured for 
major enteric pathogens other than V. cholerae was not 
available for the strains studied.

We obtained strains from the Center for Disease 
Control and Prevention (Atlanta, GA, USA) and the 
Japanese National Institute of Infectious Diseases 
(Tokyo, Japan). We stored strains in 10% glycerol 
at −80°C, and revived them by streaking onto blood 
agar plates. We extracted genomic DNA from over-
night liquid cultures of the isolates by using the 
Maxwell RSC Cultured Cells DNA kit following the 
manufacturer’s protocol and the automated Max-
well RSC Machine (both from Promega, https://
www.promega.com). We sequenced genomic DNA 
samples by using the MiSeq System (Illumina, 
https://www.illumina.com) as described (16). The 
coverage of the sequenced genomes ranged from 
50× to 75× (Table). We submitted the sequence reads 
to the European Nucleotide Archive (accession no. 
PRJEB42289).

Read Processing and Genome Assembly
We trimmed raw sequence reads by using with 
bbduk2 (17) (from BBmap version 6.49) and a cut-
off score of 20. We evaluated read quality by using 
FastQC version 0.11.5 (https://guix.gnu.org) be-
fore and after trimming. We assembled trimmed 
reads by using Spades version 3.13.0 (18), error cor-
rection, a coverage cutoff of 2, and kmer sizes 21, 
33, 55, 77, 99 and 127. We discarded contigs <200 
bases and assessed the quality of the de novo as-
sembled contigs by using Quast version 4.5 (19). 
We then analyzed the assembled genomes for spe-
cies identification and V. cholerae–specific genome 
annotation (biotype, serogroup, and Vibrio patho-
genicity island conservation) by using the Chol-
eraeFinder tool (https://cge.cbs.dtu.dk/services/
CholeraeFinder). We identified resistance genes by 
using ResFinder (20) and plasmid replicons by us-
ing PlasmidFinder (21).

Phylogenetic Analysis
We used the generated V. cholerae O141 genomes 
for phylogenetic analysis with publicly available ge-
nomes representing the other Ctx-positive V. chol-
erae serogroups. Representative clinical nontoxigenic 
and non–O1/O139 genomes from strains isolated in 
Germany were also included in the analysis (22). We 
analyzed 23 additional ctxA-positive V. cholerae and 7 
ctxA-negative non–O1/0139 reference genomes and 
compared them with the 8 genomes we had (total = 
38). These genomes included the only whole genomes 
sequences of V. cholerae O141 available before this 
study (strain V51 and 234–93), all publicly available 
genomes of V. cholerae O75 and O37 (all ctxA+ non–
O1/O139 serogroups), the representative O139 strain 
MO10, and a variety of historical and contemporary 
O1 strains with differing ctxB alleles, which were se-
lected to capture the genomic variation of pandemic 
V. cholerae O1. These historical and contemporary O1 
strains included strains O395 (classical, ctxB1), N16961 
(El Tor, ctxB3), CTMA1422 (El Tor variant, ctxB1), 
L254 (El Tor variant, ctxB1) and ZB6 (El Tor variant, 
ctxB7). We provide details and accession numbers of 
these genomes, including the nontoxigenic non–O1/
O139 strains (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/28/3/21-0715-App1.xlsx).

We called single-nucleotide variants by using 
Snippy version 4.6.0 (https://github.com/tsee-
mann/snippy) under the following parameters: 
mapping quality of 60, a minimum base quality of 
13, a minimum read coverage of 4, and a 75% con-
cordance at a locus. We aligned core genome single-
nucleotide variants by using Snippy version 4.1.0 
for phylogeny inference. We detected masked pu-
tative recombinogenic regions by using Gubbins 
version 2.4.1 (23). We built a maximum-likelihood 
phylogenetic tree by using RAxML version/8.2.12 
and the generalized time-reversible model with 100 
bootstraps (24). We rooted the final tree on the V51 
genome and visualized it with iTOL version 3 (25). 
We provide pairwise single-nucleotide polymor-
phism (SNP) data for the 38 strains (Appendix Table 
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Table. Characteristics	of	whole-genome	sequences	of	Vibrio cholerae O141	strains* 

Strain GC,	% No.	contigs Length, bp N50	of	contigs 
Place	and	year	of	

isolation cgMLST† 
AD3_609–84 47.5 136 3,959,387 195,630 USA,	1984 479 
AD4_2454–85 47.44 145 4,110,364 104,771 USA,	1985 479 
AD5_2466–85 47.42 134 4,096,622 111,701 USA,	1985 479 
AD6_2527–87 47.52 140 4,073,408 111,688 USA,	1987 479 
AD7_2533–86 47.41 150 4,056,508 157,587 USA,	1986 479 
AD8_F2031 47.43 101 3,976,610 187,293 Spain,	1994 246 
AD9_234–93 47.5 130 4,046,144 185,481 India,	1993 479 
AD10_1178–96 47.41 118 4,082,579 101,628 Taiwan,	1993 479 
*cgMLST,	core	genome	multilocus	sequence	type;	N50,	shortest	contig	length	covering	50%	of the genome. 
†The	conventional	7-gene	MLST	profile	is	ST42	for	all. 
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2). The alignment length from all analyzed genomes 
was 3,464,958 and represented 82.3% of the reference 
V. cholerae strain V51 used.

Comparative Genomics
We annotated all genomes used for phylogenetic 
analysis by using Prokka version 1.14.5 (26), and used 
resulting general feature format 3 files as inputs to the 
Roary version 3.7.0 (27) pangenome analysis tool. We 
then used the binary presence/absence data of the 
accessory genome produced in Roary to calculate as-
sociations between all genes in the accessory genome 
and serogroups by using Scoary version 1.6.11 (28). 
We depicted a heatmap of the genes present or absent 
in the core genome, along with the accessory genome, 
in phandango (29) to enable the identification and ex-
traction of the unique coding sequence (CDS) blocks 
observed for the O141 serogroup by applying the 
query_pan_genome function of Roary. After a BLAST 
Atlas analysis from the GView server (https://server.
gview.ca), we mapped the multi-FASTA files of the 
O141-specific CDS block to the reference V51 to local-
ize the block in the genome.

To understand how O141-specific CDS could 
play a role in intestinal colonization, we analyzed 
the extracted multi-FASTA file by using the VRpro-
file pipeline (30), which detects virulence and colo-
nization determinants within bacterial genomes. We 
customized this analysis to focus on the gene clusters 
encoding Tcp, T3SS2 a Vibrio type III secretion sys-
tem that is found in clinical V. parahaemolyticus iso-
lates and in some V. cholerae non–O1/O139, and other 
accessory colonization factors known to promote V. 
cholerae intestinal colonization (31–34). In addition, 
we individually investigated genes/open reading 
frames located in these clusters by using local blastn 
and blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
searches against our query genomes with intention-
ally low 60% query cover and 30% identity thresholds 
to avoid false-negative gene, absence outcomes that 
might be caused by recombination.

Infant Mouse Intestinal Colonization Assay
We orally inoculated 5-day-old, infant CD-1 mice 
(Charles River Laboratories https://www.criver.
com) with V. cholerae as described (35). We used 
frozen stocks of each strain to inoculate lysogeny 
broth that did not contain antimicrobial dugs and 
incubated the broth overnight with shaking at 250 
rpm at 37°C. We diluted cultures 1:1,000 in lysog-
eny broth and mixed the cultures with 4 µL/mL of 
green food coloring to track the inoculum. We re-
moved pups from their dams 1 hour preinoculation 

and orally inoculated them with 50 µL of diluted cul-
ture (≈2–4 ×105 CFU/pup). We combined and ran-
domly assigned pups from multiple litters to inocu-
lation groups to reduce the effect of litter effects on 
V. cholerae colonization. We housed inoculated pups 
in a warmed box with nest material for 20 hours in 
the dark apart from their dams, at which point they 
were euthanized with isoflurane inhalation followed 
by decapitation. We dissected and mechanically ho-
mogenized small intestines by using a Tissue Tearor 
(BioSpec, https://biospec.com), followed by serial 
dilution and bead plating onto thiosulfate-citrate-
bile salt (TCBS) agar plates that did not contain 
antimicrobial drugs. We incubated plates at 37°C 
overnight for counting. No non-Vibrio (non-yellow) 
colonies were detected on the TCBS agar plates. Ani-
mal work in this study was approved by the Brigham 
and Women’s Hospital Institutional Animal Care 
and Use Committee under Protocol #2016N000416.

Results

Genomic Characterization and Phylogenetic Analysis
To investigate the genomic diversity of clinical iso-
lates of V. cholerae O141, we sequenced and annotated 
the genomes of 8 serotype-confirmed O141 strains col-
lected from stool samples of gastroenteritis patients 
in the United States, Spain, Taiwan, and India over 
a 10-year period during 1984–1994 (10) (Table). These 
strains had been characterized by using ribotyping, 
PCRs for ctxA and tcpA, and antimicrobial drug sus-
ceptibility testing, but little was known about their 
genomic characteristics (10,15). All 8 isolates had gene 
sequences in the O-antigen lipopolysaccharide region 
and gene rearrangements between gmhD and wbfY, 
consistent with known O141-specific lipopolysaccha-
ride changes (Appendix Table 3) (9,36). Sequence typ-
ing also placed all 8 isolates in the same multilocus 
sequence type (MLST), MLST42, as the known O141 
isolate V51 (Table). On the basis of concordance in 
the 7-gene MLST profile, these observations suggest 
that ST42 might be specific to the serogroup O14, and 
could serve as a serogroup-specific marker for ge-
nomic studies because no other V. cholerae serogroups 
have been associated with this MSLT (2,16,37).

The core genome MLST, which is based on the 
entire core genome rather than the 7 housekeeping 
genes used for conventional MLST, was cgST-479 for 
all except the strains AD8 (cgST-246) and V51 (cgST-
248). This variation was further reflected in the whole-
genome phylogenetic analysis, in which O141 strains, 
although distinct from other serogroups, were not in-
ternally clonal, differing in up to 261 SNPs (Figure 1).
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Despite their diverse sites and years of isola-
tion, all 8 O141 strains encoded a CTX prophage 
similar to the classical CTX prophage with the 
ctxB1 allele and the classical rstR as indicated (38). 
The presence of the classical CTX prophage in all 8 
strains suggests that the presence of this sequence 
along with the alleles that constitute MLST42 might 
be characteristic of serogroup O141. In addition to 
ctxAB, the genes encoding the signature virulence 
factor of V. cholerae, these strains also encoded 
cholix toxin, an accessory toxin that is found in V. 
cholerae non–O1/O139 (39). Although these strains 
harbored a classical CTX prophage, they all also 
contained an El Tor type tcpA, which encodes the 
major subunit of the Tcp pilus, the CTXϕ receptor, 
and a critical determinant of intestinal colonization 
V. cholerae O1 (40). Although  most strains also con-
tained genes in the tcp operon needed for Tcp bio-
genesis (encoded in the Vibrio pathogenicity island 
VPI-I), they generally lacked an intact tcpJ, which 
encodes a prepilin peptidase required for process-
ing of TcpA (41). All sequenced strains also ap-
peared to encode a type III secretion system (T3SS) 
known as T3SS2, that is a critical colonization and 
virulence determinant of V. parahaemolyticus and is 

also found in V51 (34,42). The co-occurrence of the 
TCP and T3SS2 pathogenicity islands in V. cholerae 
O141 strains suggests that V. cholerae O141 might 
rely on diverse mechanisms for pathogenicity, po-
tentially deploying these distinct virulence mecha-
nisms in different hosts.

The O141 strains did not contain detectable an-
timicrobial resistance genes, supporting prior phe-
notypic antimicrobial drug susceptibility findings 
in which all strains were susceptible to a panel of 12 
antimicrobial drugs, except for colistin (to which all 
non–O1 V. cholerae naturally show resistance) (10). In 
addition, none of the analyzed V. cholerae O141 ge-
nomes contained plasmid replicons, consistent with 
the absence of plasmids, as shown by previous plas-
mid extraction analysis of these isolates (10).

Despite the observed homogeneity in MLST pro-
file and conservation of major virulence genes in V. 
cholerae O141 strains, there were substantial varia-
tions in the O141 genomes (up to 261 SNPs), regard-
less of country of origin (Figure 1; Appendix Table 
2), most of which occurred in noncoding regions. 
This finding suggests that the strains are epidemio-
logically unrelated, consistent with the idea that in-
fections caused by V. cholerae O141 are sporadic. All 
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Figure 1.	Maximum-likelihood	phylogenetic	tree	for	Vibrio cholerae	O141	in	a	global	context	for	38	isolates	from	Ctx-positive	V. cholerae 
and	Ctx-negative	serogroups.	Numbers	along	branches	are	bootstrap	values.	Scale	bar	indicates	nucleotide	substitutions	per	site.	Ctx,	
cholera	toxin.
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the O141 serogroup strains, including V51, formed a 
separate clade distinguishable from the other sero-
groups, all strains from serogroup O75 also grouped 
into a distinct clade (Figure 1). The observed genetic 
variations between the serogroups indicates that V. 
cholerae O141 and O75 are not phylogenetically re-
lated, contrary to a previous proposal (8). The phy-
logeny also suggests that serogroup O37 is closely 
related to the classical O1 strain O395. As expected, 
serogroup O139 represented by the reference strain 
MO10 was localized to the O1 El Tor subclade, con-
sistent with the idea that this serogroup arose from 
an O1 El Tor seventh pandemic strain (3,21,37). 
Moreover, the nontoxigenic non–O1/O139 clinical 
strains formed a separate clade on the phylogenetic 
tree that is unrelated to the other known toxigenic, 
as well as nontoxigenic serogroups.

Intestinal Colonization of Infant Mice by  
V. cholerae Serogroup O141
The presence of canonical pandemic V. cholerae colo-
nization factors such as Tcp in their genomes led us to 
hypothesize that O141 strains, like their pandemic O1 
counterparts, might colonize the small intestine. To test 
this idea, we used the well-characterized infant mouse 
model of V. cholerae small intestinal colonization. In-
fant mice orally inoculated with 2–4 × 105 CFU of se-
lected O141 strains that grew well on TCBS agar plates 
(AD3, AD5, AD8, AD9, and AD10) showed marked 
variation in their colonization capacity (Figure 2). In 
comparison to a V. cholerae O1 isolate from the recent 
cholera epidemic in Haiti, which robustly colonizes the 
small intestine (43), strains AD8 and AD5 had similar 
numbers of CFU recovered in intestinal homogenates 
as the strain from Haiti (Figure 2). In contrast, the other 
3 strains had from ≈1,000-fold (AD9) to ≈10,000-fold 
(AD3 and AD10) lower numbers of recoverable bac-
teria, indicating that although they can all colonize the 
small intestine, there are considerable strain-specific 
differences in the capacities of these O141 isolates to 
colonize the mammalian small intestine.

Differential genomic conservation of virulence or 
colonization determinants could underlie the variable 
colonization phenotypes. To evaluate strain-level con-
servation of accessory genetic features, we next per-
formed pangenome analysis of genomes from only the 
toxigenic strains used in the phylogenetic analysis. This 
analysis identified an accessory genome made of shell 
and cloud genes of 2,598 coding sequences (CDS) in a 
total pangenome size of 5,627 CDS (Figure 3, https://
wwwnc.cdc.gov/EID/article/28/3/21-0715-F3.htm; 
Appendix Table 4). A targeted analysis of the accessory 
genome showed strain-specific gene absences in the in 

vivo–tested O141 strains (Figure 4, ). For example, AD3, 
which had the lowest intestinal colonization among the 
strains tested, lacked toxT, the master transcription acti-
vator of V. cholerae virulence genes (44) (Figure 4). The 
accessory genomes of AD3, AD9, and AD10, which did 
not colonize as well as the robustly colonizing strains 
AD5 and AD8, all lacked T3SS2 genes vcrS2 and vopB2 
(Figure 4, panel A). AD3 also lacked the known T3SS 
effectors vopF and sseJ (Figure 4, panel A). All analyzed 
strains, including V51, contained protein sequences 
corresponding to VopV and VopZ, 2 T3SS2-associated 
genes known to be critical for intestinal colonization by 
V. parahaemolyticus (34,42).

Discussion
Our findings show that V. cholerae O141 clinical 
isolates form a genetically distinct clade that is dis-
tinguishable from pandemic and nonpandemic V. 
cholerae serogroups. The observation that all tested 
isolates encoded known virulence factors and were 
capable of colonizing the infant mouse intestine, 
albeit in a highly variable manner, supports the 
idea that V. cholerae O141 could be an underesti-
mated source of cholera-like diarrhea. Currently, 
O141 cases would be grouped under the umbrella 
of non–O1/O139 cases because of a lack of widely 
available serogroup-specific antiserum for O141. 
Nevertheless, from this study, the ST42 that appears 
to be specific/unique to the serogroup O141 might 
be used for diagnostic purposes as an alternative to 
O141 antiserum, which is not widely available.
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Figure 2.	Intestinal	colonization	of	5-day-old	infant	mice	by	Vibrio 
cholerae	O141.	Pups	were	orally	inoculated	with	the	indicated	
amount	of	the	indicated	strain,	and	CFUs	in	the	small	intestine	
were	enumerated	at	20	hours	postinoculation.	Dots	indicate	
individual	animals,	and	horizontal	bars	indicate	geometric	means	
of	each	group.	HWT,	V. cholerae	O1	isolate	from	the	recent	
cholera	epidemic	in	Haiti	used	as	a	positive	control;	AD,	 
V. cholerae	O141	strains	analyzed	in	this	study.
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Our findings show that some O141 strains are 
capable of robust colonization. These strains encode 
at least 2 potential mechanisms, Tcp and T3SS2, 
that could enable intestinal colonization. Variable 
colonization among O141 strains could be explained 
by differential conservation of T3SS components/ 
effectors or other colonization factors. Deciphering 

the colonization requirements of different O141 iso-
lates will be a useful endeavor.

The factors that have limited V. cholerae O141 
from causing sustained cholera epidemics remain to 
be elucidated. It is possible that V. cholerae O141 is not 
as well adapted as V. cholerae O1 to the aquatic envi-
ronment, which is thought to be a key feature of the 
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Figure 4. Targeted analysis of the 
accessory	genome	of	in	vivo‒tested	
Vibrio	cholerae	O141	isolates.	A)	
Genes	encoding	colonization	factors.	
For	each	block	of	colonization	factor,	
the	absent	genes	are	represented	by	
the	light	color.	B)	Thin	gray	line	after	
the	reference	is	a	standard	circle	line	
from	the	GView	server	(https://server.
gview.ca)	delimiting	the	reference	
from	analyzed	samples.	EPS,	
exopolysaccharide;	VAS,	virulence-
associated	secretion.
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lifecycle of V. cholerae. Although we did not assess the 
aquatic fitness of the O141 serogroup, V. cholerae O141 
has been detected in environmental reservoirs, such 
as oysters, clams, and freshwater in lakes and rivers 
in the United States, suggesting an environmental 
defect is unlikely to fully explain the low frequency 
of these strains in the clinic (8,9). These discrepancies 
call for further genomic and experimental studies on 
environmental, as well as additional clinical V. choler-
ae O141 isolates. Additional techniques, such as mul-
tilocus sequence typing, could overcome challenges 
related to the identification of V. cholerae non–O1/
O139 serogroups.

Overall, V. cholerae O141 strains constitute a dis-
tinct phylogenetic clade that includes shared and 
unique genomic elements. In addition, we found that 
V. cholerae O141 clinical isolates showed marked vari-
ation in intestinal colonization capacity in the infant 
mouse model. These findings shed light on a little-
known V. cholerae serogroup associated with diar-
rheal illness.

This study was supported by the University of  
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Legionellosis, a bacterial disease caused by Legio-
nella, can manifest as either Legionnaires’ disease 

or Pontiac fever. Legionnaires’ disease causes severe 
pneumonia, often requiring hospitalization, and has 
a fatality rate of 10%–25%, whereas Pontiac fever is 
generally milder and resolves on its own. In extreme-
ly rare cases, Legionella can cause extrapulmonary in-
fections, such as endocarditis or wound infections. 

Legionella bacteria are found naturally in fresh-
water environments, such as lakes and streams, but 
if the bacteria enter human-made water systems with 
conditions favorable to growth, such as hot tubs, cool-
ing towers, and plumbing systems, Legionella can be-
come a health concern. People develop Legionnaires’ 
disease or Pontiac fever primarily by inhaling aero-
solized water droplets containing the bacteria. Any 

source of aerosolized water is a potential mode of 
transmission: shower heads, faucets, hot tub jets, dec-
orative fountains, medical devices. Less commonly, 
aspiration of contaminated drinking water can trans-
mit the bacteria. Extrapulmonary infections result 
from direct inoculation or secondary hematogenous 
spread from the lung. Since 2000, the incidence of Le-
gionnaires’ disease has been on the rise, particularly 
in the Mid-Atlantic states in the United States (1).

In accordance with communicable disease re-
porting regulations detailed in the New Jersey Ad-
ministrative Code, healthcare providers must report 
diagnosed cases of legionellosis within 24 hours of 
laboratory confi rmation to the health department lo-
cal to where the case-patient resides. Local health de-
partments are responsible for investigating all cases 
of legionellosis occurring within their jurisdictions 
that are reported to the New Jersey Communicable 
Disease Reporting and Surveillance System (CDRSS). 
Investigations include interviewing each case-patient 
using a standardized questionnaire to gather addi-
tional information about possible exposures to Legio-
nella during the incubation period, such as spending 
a night away from home, visiting a healthcare facility, 
or being near a hot tub. These data are used to identify 
epidemiologic links between cases and determine the 
need for outbreak investigations, which are critical 
for detecting transmission sources and implementing 
control measures. These outbreaks, or clusters, are 
easily identifi ed when ≥2 persons with diagnosed le-
gionellosis report the same exposure location during 
their incubation periods within a 12-month period. 
Since 2015, New Jersey has documented ≈250–350 
legionellosis cases per year. However, outbreaks 
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Incidence of Legionnaires’ disease is increasing, particu-
larly in the Mid-Atlantic states in the United States; since 
2015, New Jersey has documented ≈250–350 legionel-
losis cases per year. We used SaTScan software to de-
velop a semiautomated surveillance tool for prospectively 
detecting legionellosis clusters in New Jersey. We varied 
temporal window size and baseline period to evaluate 
optimal parameter selections. The surveillance system 
detected 3 community clusters of Legionnaires’ disease 
that were subsequently investigated. Other, smaller clus-
ters were detected, but standard epidemiologic data did 
not identify common sources or new cases. The semi-
automated processing is straightforward and replicable 
in other jurisdictions, likely by persons with even basic 
programming skills.
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account for <10% of reported legionellosis cases in 
New Jersey; remaining cases are classified as spo-
radic occurrences, defined as isolated events with no 
known epidemiologic link to other reported cases or 
confirmed outbreak sources.

Sporadic cases might share a common source 
of exposure in the community, such as cooling tow-
ers (2,3), underlying issues with a water utility (4,5), 
decorative fountains (6), or a wide variety of other 
sources (3). Despite exhaustively reviewing epide-
miologic, environmental, and microbiological infor-
mation collected during case investigations, identify-
ing common sources or even linking multiple cases 
with spatiotemporal associations can be difficult (7). 
Without a reported common source location, such as 
a specific building, or a sudden unexplained increase 
in reported cases, clusters might go undetected be-
cause cases manifested in an unusual geographic or 
temporal pattern that may be caused, for example, by 
an intermittently operated cooling tower or because 
disease baselines are very high (8,9). 

In addition to using standard surveillance prac-
tices, some jurisdictions have developed systems to 
enhance prospective detection of legionellosis clusters 
using SaTScan software (https://www.satscan.org). 
SaTScan is a free software program that can be used 
to identify disease clusters across both space and time 
by calculating a space-time scan statistic for every pos-
sible combination of geographic extent and length of 
time within specified ranges. The test statistics indicate 
an unusual disease cluster if the number of observed 
cases within each spatiotemporal window exceeds 
the number of expected cases (10,11). SaTScan users 
have to specify parameter settings to determine which 
clusters will be detected (12). Local health depart-
ments, such as the New York City (NYC) Department 
of Health and Mental Hygiene (DOHMH) (10,13) and 
the Allegheny County (Pennsylvania) Health Depart-
ment (9), have developed automated programs to run 
SaTScan to detect legionellosis clusters in real time. 
NYC DOHMH’s automated prospective cluster detec-
tion system detected a large outbreak of legionellosis 
associated with a cooling tower before it was identified 
using traditional methods (9,13).

Given the challenges in finding epidemiologic 
links and spatiotemporal associations among cases,  
we used SaTScan to develop and evaluate a semi-
automated system that was successful in prospec-
tively identifying active clusters. Here, we document 
the methods used to create the system and provide 
a technical guide and a description of the detected 
clusters (Tables 1, 2; Appendix, https://wwwnc.cdc.
gov/EID/article/28/3/21-1147-App1.pdf).

Methods

Data Sources
SaTScan scans require a case file and coordinate file. 
The case file includes 1 record for each case, including 
their geocoded census tracts and event dates (earliest 
among date of illness onset, specimen collection, or 
report). The coordinates file includes geographic coor-
dinates for the centroid of each census tract, identified 
by a unique location identification. Census blocks, 
counties, postal codes, or geographic units can alter-
natively be used as the geographic unit for coordinate 
files. The US Census Bureau provides geographic 
state census tract layers, which can be projected and 
displayed in ArcGIS (https://www.arcgis.com). 

SaTScan Parameter Selections
SaTScan requires users to select parameters for anal-
yses being conducted. The SaTScan user guide pro-
vides guidance on selecting parameter files (14). In 
brief, we created 4 parameter files using the SaTScan 
user interface and saved them in .prm format files to 
be used for weekly analyses. Parameter files locate 
the case and coordinates file names and file paths. 
We selected the prospective analysis and the space-
time permutation model options. Prospective analy-
sis is used to detect disease outbreaks early when 
analyses are conducted on a routine basis (e.g., 
daily, weekly). We searched only for alive clusters, 
defined as active clusters that must reach the study 
period end date.

For prospective analyses, SaTScan users can ad-
just analysis parameters, including the duration of 
study period baselines, temporal windows, time ag-
gregation, and maximum spatial cluster sizes to opti-
mize detecting clusters. Given the potential effects of 
parameter selections on results, we evaluated 4 dif-
ferent combinations of analysis parameters. Because 
of increasing legionellosis incidence in New Jersey, 
we conducted analyses using both 2- and 5-year 
study periods to establish a stable baseline. To adjust 
the length of baseline periods, users can define start 
dates. We further adjusted the temporal window size 
to account for clusters of varying time lengths. We 
conducted analyses using both 30-day (acute) and 90-
day (prolonged) window sizes. We used the default 
maximum spatial cluster size of 50% for all analyses, 
to enable detection of both small and large clusters.

Finally, spatiotemporal analyses can be very com-
puter intensive. To reduce computing time, case data 
can be aggregated into time intervals. For all 4 of our 
parameter files, we chose to aggregate data into 7-day 
windows to reduce data size and ease processing 
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time. Early test runs of the different parameter files 
found these settings resulted in both reasonable pro-
cessing times and sensitivity for detecting clusters. 

Automation Process
To automate the process (Appendix), we prepared case 
files in SAS version 9.4 (15). We exported legionellosis 
data from CDRSS using SAS/ACCESS Interface to Or-
acle and used the SAS GEOCODE procedure to assign 
each case to a census tract of residence using a street 
address. We then exported a case file and used it to re-
place the previous week’s case file of exactly the same 
file name. The SAS program calls open a command 
prompt window and points to the directory where 
SaTScan is located and launches it in batch mode with 
the 4 parameter files. Weekly analyses require that the 
start and end dates be changed each week relative to 
the current date. Although these dates can be adjusted 
manually in the SaTScan interface on a weekly basis, 
we automated this process by defining the new dates 
on the command prompt which overrides the start and 
end dates specified in the parameter file. After SaTScan 
completes scanning for clusters, it creates results files 
and saves them in standard text-based format to a file 
path defined within the parameter file. The SAS pro-
gram generates and sends emails to users with results 
files attached for review.

Signal Detection and Public Health Response
Results files contain information about the detected 
clusters, including the location and size of the cluster, 
number of cases, expected number of cases, p values, and 
recurrence intervals. We evaluated all clusters with a 
recurrence interval ≥100 days, the equivalent of 1  

expected false positive every 100 days, the value used 
by the NYC daily prospective cluster detection system 
(13). Recurrence intervals, a reciprocal of p values, are 
a measure of how often an observed cluster would be 
of that size or larger by chance (14). Public health de-
partments can use recurrence intervals to minimize 
the number of false signals generated during a selected 
time period (11).

When a cluster with a recurrence interval ≥100 
days was identified, disease investigators closely re-
viewed the cluster results (cluster radius, recurrence 
interval, and number of cases). Some clusters with 
short recurrence intervals (e.g., <365 days), small 
numbers of cases (e.g., 2 or 3), or large radii were 
closely monitored in subsequent weekly analyses to 
evaluate any changes to the cluster and other case 
details. Other cluster signals with longer recurrence 
intervals, larger numbers of cases, or smaller geo-
graphic radii spurred investigators to take immediate 
additional action, including reviewing details from 
each case investigation to determine any common 
exposures. If no common exposures were identified, 
case-patients associated with the suspected cluster 
were reinterviewed using the New Jersey cluster hy-
pothesis generating questionnaire. Based on informa-
tion gathered from these interviews, we considered 
whether further investigation and an environmental 
assessment were needed.

If the investigation confirmed a likely outbreak 
source, we removed the cases associated with the 
cluster from future analyses, at a time decided on a 
case-by-case basis; however, a general guideline was 
4 weeks, roughly 2 incubation periods, after the clus-
ter was no longer statistically significant. The cases 
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Table 1. Summary of results for different parameter file selections across 3 detected and investigated community clusters, New 
Jersey, USA, 2019* 
Cluster  County Duration of SaTScan signal Cluster radius size, km Cases, no. First RI/max RI 
1 Mercer 2 weeks 2.78 3 130 d/175 d 
2 Union† 6–13 weeks 6.77–6.96 8–22 184 d/8,130 y 
3 Morris 4 weeks 4.59 7 3.3 y 
*RI, recurrence interval. 
†Because this outbreak was prolonged and geographically large and results varied based on parameter files and timing of the scan, ranges are indicated. 
 

 
Table 2. Comparison of results based on parameter selection using performance measures for legionellosis clusters prospectively 
detected with recurrence intervals ≥100 d, New Jersey, USA, 2019* 

Cluster  County Performance measure 
5-y baseline 

 

2-y baseline 
90-d window, 
parameter 1 

30-d window, 
parameter 2 

90-d window, 
parameter 3 

30-d window, 
parameter 4 

1  Mercer Detected earliest  ✓†    
Longest RI  ✓    

2  Union Detected earliest ✓ ✓  ✓ ✓† 
Longest RI ✓     

3  Morris Detected earliest ✓     
Longest RI ✓     

*Check marks (✓) indicate parameter files that satisfied the performance measure; blank cells indicate parameter files that did not satisfy performance 
measure. RI, recurrence interval. 
†Smaller cluster of cases was detected 2 weeks before the other scans detected it with a RI of 184 d. RI was ≥100 d in the next weekly scan but was 
detected in the following weekly scan.  
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were removed from the case file to ensure future clus-
ters in the same location would not be missed.

Results
We ran the SAS/SaTScan program for each week of 
2018 starting January 1, and identified 3 clusters. We 
compared the 4 weekly results files created to assess 
how differences in the analysis parameters selected 
affected the detection of signals.

Cluster 1
The first analysis on January 1, 2019 detected a clus-
ter with 3 cases and a recurrence interval of 130 days 
in Mercer County. The following week, the cluster’s 
recurrence interval increased to 175 days (cluster 
1, Table 1). Public health officials interviewed case-
patients associated with the cluster but identified no 
common exposure among the case-patients or addi-
tional cases in the following weeks. Because of the 
short recurrence interval, this signal possibly repre-
sented a false positive.

Cluster 2
An analysis performed on April 17, 2019, detected a 
cluster of 10 cases in Union County with a recurrence 
interval as long as 15 years, depending on the param-
eter file. New Jersey Department of Health (NJDOH) 
requested that local health departments reinterview 
the case-patients using the New Jersey cluster hy-
pothesis generating questionnaire. The interviews 
identified no common sources of exposure, but ad-
ditional cases associated with the cluster continued 
to be reported. At its peak on May 15, 2019, the re-
currence interval increased to 8,130 years. Ongoing 
weekly SaTScan analyses identified additional clus-
ters, which were further investigated to determine 
whether they were part of the larger, primary cluster. 

Investigators at NJDOH were able to present the 
SaTScan results to public health management as evi-
dence that there was an ongoing, unexplained statisti-
cally significant increase in disease above the baseline 
that warranted additional public health resources. 
Subsequently, NJDOH requested Epi-Aid rapid epi-
demiologic assistance from the Centers for Disease 
Control and Prevention to help guide an epidemio-
logic and environmental investigation to determine 
the extent of disease and identify and mitigate any 
risks of continued exposure. 

We identified 21 cases with illness onset dates dur-
ing March 8–13, 2019; median patient age was 72 years 
(range 46–95 years). All patients were hospitalized, 
and 5 died. The investigative team identified several 
outdoor aerosol-generating devices determined to be 

conducive for Legionella growth. Devices identified as 
at-risk were required to undergo remediation to elimi-
nate the risk of Legionella growth and transmission. Al-
though we identified no definitive links, no additional 
cases were reported after the conclusion of the Epi-Aid.

This cluster investigation and its findings were 
unique. The cases occurred over a span of 11 weeks, 
with 0–3 cases occurring per week. The case-patients 
resided across 15 different municipalities, many with 
their own local health department. Local health de-
partments only have access to reports of disease oc-
curring in their jurisdiction and are therefore not 
aware of cases occurring in neighboring jurisdictions. 
SaTScan was useful for linking cases in space and 
time across several jurisdictions.

Cluster 3
An analysis performed on June 26, 2019, detected a 
cluster of 7 cases with a recurrence interval of 3.3 years 
in Morris County. The initial interview of the case-pa-
tients did not identify a common source of exposure. 
In response to the suspected cluster, case-patients were 
reinterviewed using the New Jersey cluster hypothesis 
generating questionnaire. The investigation identified 
6 case-patients with illness onset during April 28–June 
25, 2019, all of whom reported visiting the same hard-
ware store during their incubation periods.

Investigators visited the hardware store to identify 
any potential sources of aerosolized water and discov-
ered that a filled hot tub had been on display and op-
erating from January through June 22, 2019. Hot tubs 
not appropriately treated and maintained can become 
contaminated with Legionella and are a known source 
of outbreaks. During the visit, investigators identified 
notable concerns about the operation of the hot tub in-
cluding no written records to indicate what test param-
eters were being measured, no implementation of a 
draining or cleaning schedule, no written maintenance 
protocols, and no clear understanding by staff of the 
potential risk of Legionella growth. 

Signal Detection and Parameter Comparison
Different parameter selections produced different 
results. Two performance measures, early detection 
and length of recurrence intervals, were compared 
across the 4 analysis parameter combinations (Ta-
ble 2). Whereas shorter 30-day maximum temporal 
windows (which we used for parameter files 2 and 
4) detected clusters earlier, longer 90-day windows 
captured more cases with longer recurrence intervals. 
For prolonged clusters, using the longer maximum 
temporal windows maintained statistical significance 
in subsequent weekly scans. In the Union County and 
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Morris County clusters, cases occurred over 30-day 
periods, suggesting ongoing but intermittent sources 
of exposure, likely better detected using longer tem-
poral windows and longer baseline parameters.

Discussion
We identified 3 suspected community clusters of Le-
gionnaires’ disease in New Jersey using a semiauto-
mated prospective cluster detection surveillance tool 
developed using SaTScan software. Although public 
health departments would possibly have detected the 
3 community clusters using standard surveillance 
practices, they might not have been alerted to them as 
soon or been as promptly reactive without the strong 
recurrence interval signals from SaTScan. SaTScan 
also identified additional potential cases in clusters 
that were not associated by public health investiga-
tors alone. Cluster detection validated disease inves-
tigators’ suspicions of a possible increase in cases in 
space and time and provided additional statistical 
support for taking resource-intensive action.

Users should select parameters on the basis of their 
jurisdiction’s needs because those choices can mean-
ingfully vary results (16). No one model will be most 
effective for the surveillance needs of all urban or rural, 
or city, county, or state jurisdictions, so investigators 
would benefit from piloting and exploring a variety of 
different options and performing continued surveil-
lance using different parameters, baseline periods, and 
geographic units. NJDOH will continue to use the re-
sults from the 4 different sets of SaTScan parameters 
to identify possible disease clusters because they have 
different abilities in different contexts. It is notable that 
SaTScan does not adjust the recurrence interval when 
making multiple comparisons running different sets of 
SaTScan parameters simultaneously.

Allegheny County demonstrated the ability of 
the modified NYC program to detect simulated out-
breaks except when fewer cases occurred over a longer 
timeframe (9). The slowly occurring outbreak that Al-
legheny County simulated was based on information 
from a published description of a suspected outbreak 
in New Jersey associated with an area of a community 
water system, confirmed through retrospective clus-
ter surveillance using SaTScan (4). This outbreak was 
thought to occur over 5 years, not 163 days as simu-
lated. Allegheny County used 1- and 2-year baseline 
periods, possibly not long enough to detect the cluster. 
Results from New Jersey when using a 5-year baseline 
demonstrate the ability of scans with longer baselines 
to detect clusters with longer recurrence interval sig-
nals, suggesting that longer baselines should be con-
sidered more often. However, using baselines >1 year 

long increases the risk for population shift bias, which 
occurs when the background population increases or 
decreases faster in some areas than in others, which in 
turn can produce biased p values. 

A multistate analysis of data from SaTScan scans to 
detect prospective clusters missed certain cluster types, 
such as travel-associated clusters or those with pro-
longed times between cases (8). SaTScan is not likely to 
improve detection of small clusters (e.g., <2 cases associ-
ated with a single facility) (8); however, current public 
health surveillance methods sufficiently detect these 
most common types. Incorporating SaTScan-generated 
prospective cluster analyses as part of the New Jersey 
Legionnaires’ disease surveillance system has enabled 
us to identify geographically larger clusters crossing 
multiple local health jurisdictions that usually require 
additional public health surveillance tools to verify. 

Our outbreak case removal practice differed from 
the NYC cluster surveillance system, which removes all 
cases identified during the cluster period from the base-
line, regardless of evidence linking them to the cluster 
(13). Although the population of NYC is similar to that 
of the entire state of New Jersey, the geographic cover-
age area is much smaller. Removing all cases statewide, 
even those clearly not associated with a cluster during 
an outbreak period, might restrict our ability to detect 
future prolonged clusters in other locations. However, 
removing all cases in an outbreak area might inadver-
tently remove cases unrelated to the outbreak and arti-
ficially lower the true baseline of disease, which could 
lead to false cluster detection in future analyses.

Legionnaires’ disease diagnosis in the United 
States relies largely on the Legionella urinary antigen 
test (UAT), which provides rapid results for diagnos-
ing Legionnaires’ disease. However, UATs only iden-
tify infections caused by L. pneumophila serogroup 1, 
and because other Legionella spp. are also pathogenic, 
public health surveillance systems may be underdi-
agnosing and underreporting cases (17). Healthcare 
providers, concurrent with UAT testing of a patient, 
should consider collecting a respiratory specimen for 
Legionella culture or PCR tests that can identify other 
Legionella species and serogroups. 

Some jurisdictions may find it practical to adapt 
an existing system for their surveillance needs. NYC 
DOHMH created a SAS program to automate daily 
spatiotemporal cluster detection for reportable com-
municable diseases (13), which Allegheny County 
modified for use in its own jurisdiction (9). New Jersey 
has a population of just under 9 million and compris-
es 21 counties of varying population densities—most 
largely urban, but some rural. Our statewide setting 
could provide a template to assist other states, regions, 
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and countries in developing their own tools to pro-
spectively detect spatiotemporal legionellosis clusters 
across multiple jurisdictions. The semiautomated pro-
cess developed in New Jersey (Appendix) may simi-
larly be replicable for other jurisdictions, even by basic 
SAS users, without the need to include macros.

In conclusion, our prospective cluster detection 
system identified 3 community outbreaks of Legion-
naires’ disease that led to public health investigations. 
Prospective cluster detection can be used in conjunc-
tion with standard epidemiologic methods, which are 
successful at identifying environmental sources such 
as premise plumbing in a single facility. Using the 
strategies together has provided better public health 
response in New Jersey.
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The goal of the US coronavirus disease (COVID-19) 
vaccination campaign is to substantially reduce 

the overall burden of COVID-19 by preventing se-
vere acute respiratory syndrome coronavirus (SARS-
CoV-2) infections, reducing virus transmission, and 
reducing hospitalizations and deaths. Data from the 
Centers for Disease Control and Prevention (CDC) 
have demonstrated that the number of COVID-19 pa-
tients in intensive care units is higher in states with 
the lowest vaccination levels than in states with high-
est vaccination levels (1,2). However, as of September 
10, 2021, ≈15% of US adults were not vaccinated, and 
28% were not fully vaccinated (3).

Whereas reasons for nonvaccination or under-
vaccination are multifactorial (4–8), studies suggest 
that persons with a previous diagnosis of COVID-19 
are less likely to be vaccinated than are those who 
have not previously had COVID-19 (9). However, 
CDC recommends that persons previously infected 
with SARS-CoV-2 still get the vaccine (10). This rec-
ommendation refl ects the knowledge that although 
the rate of reinfection among persons with previous 
COVID-19 illness is very low (11–13), natural im-
munity from infection may not provide a suffi cient 
level of protection, particularly among the elderly 
(14). Persons who have had COVID-19 can still be-
come severely ill if reinfected, and even those who 
were initially asymptomatic can have ongoing health 
problems several weeks or even longer after getting 
reinfected (long haulers) (10). Moreover, those who 
were previously infected with SARS-CoV-2 and be-
came infected again can still transmit the infection 
to others (10). Vaccination not only protects persons 
who have not been previously infected but also pro-
vides a strong boost in protection for those who have 
recovered from COVID-19 (10); a growing body of 
evidence demonstrates added protection against re-
infection for persons who were previously infected 
with SARS-CoV-2 when they have a higher titer of an-
tibodies resulting from vaccination (15). It is vital that 
all persons be fully vaccinated, regardless of infection 
history. Without achieving this level of vaccination 
coverage, COVID-19 spikes and clusters will prob-
ably re-emerge in areas with low vaccination levels.

Vaccination coverage and intentions to be vacci-
nated among persons who had a previous diagnosis 
of COVID-19 is unknown. Our goals with this study 
were to 1) compare vaccination coverage (>1 dose and 
receipt of all recommended doses) and intention to be 
vaccinated, by previous COVID-19 status; 2) examine 
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To determine the extent of gaps in coronavirus disease 
(COVID-19) vaccine coverage among those in the United 
States with and without previous COVID-19 diagnoses, 
we used data from a large, nationally representative 
survey conducted during July 21–August 2, 2021. We 
analyzed vaccine receipt (≥1 dose and full vaccination) 
and intention to be vaccinated for 63,266 persons. Vac-
cination receipt was lower among those who had a prior 
diagnosis of COVID-19 compared to those without: >1 
dose: 73% and 85%, respectively, p<0.001; full vaccina-
tion: 69% and 82%, respectively, p<0.001). Reluctance 
to be vaccinated was higher among those with a previous 
COVID-19 diagnosis (14%) than among those without 
(9%). These fi ndings suggest the need to focus educa-
tional and confi dence-building interventions on adults 
who receive a COVID-19 diagnosis during clinic visits, 
or at the time of discharge if hospitalized, and to better 
educate the public about the value of being vaccinated, 
regardless of previous COVID-19 infection.
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factors associated with vaccination coverage and in-
tention to be vaccinated and reasons for nonvaccina-
tion, by previous COVID-19 status; and 3) assess the 
correlation between state-level prevalence of previ-
ous COVID-19 diagnoses and COVID-19 vaccination 
coverage, by using data from a large, nationally rep-
resentative household survey. Knowing the extent of 
gaps in vaccination coverage among those with and 
without a history of COVID-19, as well as reasons for 
these gaps, is necessary for designing and targeting 
effective interventions to improve vaccine uptake at 
the population level.

Methods

Survey Design
To help elucidate household experiences during 
the COVID-19 pandemic, we examined data from 
the Household Pulse Survey (HPS), a large, nation-
ally representative household survey that has been 
conducted by the US Census Bureau since April 
2020 (16). The study design of the HPS has been 
published (17). We examined data collected during 
July 21–August 2, 2021; a total of 63,266 persons re-
sponded (response rate 6.1%) (18). This study was 
reviewed by Tufts University Health Sciences In-
stitutional Review Board and was not considered 
human subjects research.

COVID-19 Questions
HPS questions cover COVID-19 diagnosis, vaccina-
tion coverage, vaccination intention, and reasons 
for not being vaccinated. COVID-19 diagnosis was 
assessed by the following question: “Has a doctor 
or other health care provider ever told you that you 
have COVID-19?” (yes/no/not sure). Because of the 
low numbers of responses in the not sure category 
(<1%), this study examined only responses for yes 
and no. COVID-19 vaccination receipt (>1 dose) was 
assessed with the following question: “Have you re-
ceived a COVID-19 vaccine?” (yes/no). Adults who 
reported having received >1 dose were asked: “Did 
you receive (or do you plan to receive) all required 
doses?” (Yes, received all required doses/Yes, plan to 
receive all required doses/No, don’t plan to receive 
all required doses). Full vaccination coverage was de-
fined as a response that all required doses have been 
received.

Among adults who did not receive any COVID-19 
vaccinations, we assessed future vaccination intentions 
by asking, “Once a vaccine to prevent COVID-19 is 
available to you, would you... definitely, probably, be 
unsure about, probably not, or definitely not get(ting) 

a vaccine.” Because the vaccination intention questions 
were asked only of those who were not vaccinated, as-
sessing intention over time would show bias as more 
persons got vaccinated (reducing the sample size of 
those who are asked about intention). To reduce this 
potential for bias, the denominator for vaccination in-
tention was everyone in the sample, including those 
who were vaccinated. We categorized unvaccinated 
respondents who did not definitely plan to be vacci-
nated as uncertain (those who probably will get vac-
cinated or are unsure about getting vaccinated) or re-
luctant (those who probably will not or definitely will 
not get vaccinated). Because of the low numbers of re-
spondents who definitely would get vaccinated (<5%) 
and their similarities to the vaccinated group, we did 
not include them in this study.

Unvaccinated persons who did not report that they 
would definitely get vaccinated were asked about their 
reasons for not getting vaccinated: “Which of the fol-
lowing, if any, are reasons that you [probably will/
are unsure about/probably won’t/definitely won’t] 
get a COVID-19 vaccine/did not receive all required 
doses.” Response options, for which they could select 
all that applied: 1) “I am concerned about possible side 
effects of a COVID-19 vaccine,” 2) “I don’t know if a 
COVID-19 vaccine will protect me,” 3) “I don’t believe 
I need a COVID-19 vaccine,” 4) “My doctor has not rec-
ommended it,” 5) “I plan to wait and see if it is safe and 
may get it later,” 6) “I am concerned about the cost of 
a COVID-19 vaccine,” 7) “I don’t trust COVID-19 vac-
cines,” 8)” I don’t trust the government,” 9) “I don’t 
think COVID-19 is that big of a threat,” 10) “It’s hard for 
me to get a COVID-19 vaccine,” and 11) “Other (speci-
fy).” Respondents who reported that they were not ful-
ly vaccinated, despite already having received 1 dose, 
were given additional options: 1) “I believe one dose is 
enough to protect me,” and 2) “I experienced side ef-
fects from the dose of COVID-19 vaccine received.”

Sociodemographic Characteristics
We assessed the following sociodemographic charac-
teristics: age group (18–49 years/50–64 years/>65 years, 
gender (male/female/transgender or other), race/
ethnicity (non-Hispanic White/non-Hispanic Black/
Hispanic/non-Hispanic Asian/non-Hispanic other 
or multiple races), educational attainment (less than 
high school/some college or college graduate/
above college graduate), annual household income 
(<$35,000/$35,000–$49,999/$50,000–$74,999/>$75,000/ 
not reported), health insurance coverage (yes/no), 
number of persons in the household (1–2/3–5/>6), 
and housing structure (single-family home/condomini-
um or townhouse/multi-unit housing/other).
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Analyses
We analyzed prevalence of previous COVID-19 in-
fection overall and by sociodemographic character-
istics. We determined the association between previ-
ous COVID-19 diagnosis and COVID-19 vaccination 
coverage (>1 dose and receipt of all required doses) 
by using multivariable regression analyses adjusted 
for sociodemographic variables (age group, gender, 
race/ethnicity, educational status, annual household 
income, insurance status, household size, and hous-
ing structure). We also examined factors associated 
with COVID-19 vaccination coverage (>1 dose and 
receipt of all required doses) stratified by previous 
COVID-19 disease status. Furthermore, intention to 
get vaccinated (uncertain/reluctant) was analyzed 
by previous COVID-19 disease status overall and by 
sociodemographic characteristics. We assessed fac-
tors associated with vaccination intention (uncertain/
reluctant) stratified by previous COVID-19 disease 
status in multivariable analyses by using adjusted 
prevalence ratio (aPR). Reasons for not getting vac-
cinated were assessed by previous COVID-19 disease 
status. Proportions and 95% CIs for reasons for not 
getting vaccinated were examined by intention cat-
egories (uncertain/reluctant). We created a scatter-
plot of state-level prevalence of previous COVID-19 
infection and vaccination coverage and determined 
R2 for the correlation between the 2 variables. We 
conducted contrast tests for the differences in pro-
portions, comparing each category to the referent 
category and comparing those who ever and never 
had a COVID-19 diagnosis with a 0.05 significance 
level (α = 0.05). We used Stata 16.1 (17) to account for 
the survey design and weights to ensure a nationally 
representative sample. Unless otherwise noted, all re-
sults presented in this report are significant at p<0.05.

Results

Sample Characteristics
More than one half of the sample participants were 
18–49 years of age, one quarter were 50–64 years, and 
22% were >65 years (Table 1). Most (62%) were non-
Hispanic White, 17% were Hispanic, 11% were non-
Hispanic Black, 6% were non-Hispanic Asian, and 4% 
were non-Hispanic other/multiple race. More than 
60% had at least some college education, 32% had an-
nual household incomes of >$75,000, and most (92%) 
had health insurance. Half (50%) of the households 
had 3–5 persons living in the household, 39% had 
1–2 persons, and 11% had >6 persons. Furthermore, 
69% lived in single-family homes, 19% in a multi-unit 
home, 8% in a townhouse/condominium, and 5% in 

other settings (e.g., mobile homes, boats, vans, recre-
ational vehicles).

COVID-19 Infection and Vaccine Receipt
Nationally, 15% of adults had a previous diagnosis of 
COVID-19 (Table 1). Prevalence of having a positive 
history of COVID-19 infection was highest among 
adults 18–49 years of age (17%), Hispanic adults (21%), 
and adults with high school education or less (16%) 
compared with their respective counterparts (Table 
1). Moreover, respondents living in larger households 
were more likely to report having been infected with 
COVID-19 (20% among households with >6 persons) 
compared with those living in smaller households 
(12% among households with <2 persons).

Vaccination coverage (>1 dose and full vaccina-
tion) was lower among those who ever had COVID-19 
than those who had no history of COVID-19 infection 
(Table 2). For example, those with a history of COV-
ID-19 were 0.88 (95% CI 0.86–0.91) times as likely to get 
>1 COVID-19 vaccination and 0.86 (95% CI 0.84–0.89) 
times as likely to be fully vaccinated. Across all so-
ciodemographic characteristics, vaccination coverage 
(>1 dose and full vaccination) was lower among those 
with a history of COVID-19 infection than among 
those who never had COVID-19 (Appendix Table 1, 
https://wwwnc.cdc.gov/EID/article/28/3/21-1561-
App1.pdf). Among those with a history of COVID-19, 
factors associated with lower vaccination coverage (>1 
dose) were being male (aPR 0.93, 95% CI 0.88–0.99) 
and living in larger households (>6 persons: aPR 0.87, 
95% CI 0.77–0.99) compared with their respective 
counterparts. Being Hispanic (aPR 1.11, 95% CI 1.01–
1.22), non-Hispanic Asian (aPR 1.21, 95% CI 1.10–
1.32), having a high education level (above college 
degree: aPR 1.18, 95% CI 1.11–1.26), and high income 
(>$75,000: aPR 1.14, 95% CI 1.05–1.25) were associated 
with higher vaccination coverage (>1 dose) compared 
with their respective counterparts.

Across all states, prevalence of previous COV-
ID-19 infection was inversely proportional to COV-
ID-19 vaccination coverage (R2 = 0.4074) (Figure). For 
example, in Mississippi, vaccination coverage was 
75% and prevalence of previous COVID-19 infection 
was 22%, whereas in Vermont, vaccination coverage 
was 90% and prevalence of previous COVID-19 in-
fection was 5%, and in Oregon, vaccination coverage 
was 88% and prevalence of previous COVID-19 infec-
tion was 7%.

Vaccination Intentions
Intention to get vaccinated and factors associated 
with vaccination also differed by previous COVID-19  
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status (Appendix Table 2). The proportion of adults 
who were uncertain about vaccination was higher 
among those with a previous COVID-19 diagnosis 
(10%) than among those without (5%), and the propor-
tion of adults who were reluctant about vaccination 
was higher among those with a previous COVID-19 di-
agnosis (14%) than among those without (9%). Across 
most socioeconomic characteristics, the proportion of 
uncertain and reluctant adults was also higher among 
those who ever had COVID-19 than among those who 
never had COVID-19. Furthermore, factors associated 
with being uncertain differed by COVID-19 case status. 

For example, being non-Hispanic Black was associated 
with being uncertain about getting vaccinated among 
those who never had COVID-19 (aPR 1.68, 95% CI 1.34–
2.12) but not among those who ever had COVID-19. 
Furthermore, having high educational levels (above 
college graduate: aPR 0.29, 95% CI 0.22–0.38) and high 
income levels (>$75,000: aPR 0.61, 95% CI 0.50–0.74) 
were associated with lower risk of being reluctant to 
get vaccinated, and living in larger households (>6 
persons: aPR 1.78, 95% CI 1.41–2.24) was associated 
with vaccination reluctance among those who never 
had COVID-19 but not among those who ever had 
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Table 1. Prevalence of previous COVID-19 diagnosis among adults, by socioeconomic characteristics, United States, July 21–August 
2, 2021* 

Characteristic 
Total, % (95% CI),  

N = 63,266 
Ever had COVID-19 % 

(95% CI), n = 7,716 
Never had COVID-19 % 

(95% CI), n = 55,186 
All adults, >18 y  14.6 (14.1,15.2) 84.3 (83.7–84.9) 
Age group, y    
 18–49 (referent) 52.0 (51.7–52.3) 16.5 (15.4–17.6) 82.3 (81.2–83.4) 
 50–64 25.9 (25.5–26.2) 15.2 (14.2–16.2) 84.3 (83.3–85.2) 
 >65 22.2 (21.9–22.4) 9.5 (8.5–10.6)† 89.1 (87.9–90.1) 
Sex     
 F (referent) 50.6 (50.3–50.8) 15.2 (14.5–15.9) 84.2 (83.5–84.9) 
 M 46.9 (46.6–47.3) 13.9 (13.0–14.9) 85.1 (84.0–86.0) 
 Transgender or other 2.5 (2.2–2.8) 15.3 (11.5–20.2) 73.9 (67.9–79.1) 
Race/ethnicity    
 Non-Hispanic White (referent) 62.4 (62,2–62.6) 13.1 (12.6–13.7) 86.4 (85.8–86.9) 
 Non-Hispanic Black 11.0 (10.8–11.2) 15.9 (14.2–17.8)† 82.8 (80.6–84.7) 
 Hispanic 17.2 (17.0–17.4) 20.8 (18.9–22.9)† 76.3 (74.1–78.4) 
 Non-Hispanic Asian 5.6 (5.4–5.9) 8.8 (7.2–10.6)† 90.5 (88.6–92.1) 
 Non-Hispanic other/multiple races 3.8 (3.5–4.0) 15.4 (12.7–18.5) 82.8 (79.6–85.6) 
Education    
 High school or less (referent) 38.5 (38.4–38.7) 15.9 (14.8–17.2) 82.3 (81.0–83.6) 
 Some college or college graduate 47.5 (47.2–47.8) 14.8 (14.1–15.4) 84.6 (83.9–85.3) 
 Above college graduate 14.0 (13.7–14.2) 10.3 (9.6–11.1)† 88.8 (88.0–89.5) 
Annual household income    
 <$35,000 (reference) 20.0 (19.3–20.7) 13.7 (12.4–15.1) 84.9 (83.4–86.2) 
 $35,000–$49,999 8.9 (8.5–9.3) 15.2 (13.6–16.9) 84.1 (82.4–85.7) 
 $50,000–$74,999 12.7 (12.2–13.2) 16.0 (14.3,18.0)† 83.1 (81.0–85.0) 
 >$75,000 32.2 (31.6–32.7) 12.7 (11.9–13.4) 86.9 (86.1–87.6) 
 Did not report 26.3 (25.6–27.0) 16.8 (15.5–18.2)† 81.5 (79.9–82.9) 
Insurance status    
 Insured (reference) 91.8 (91.2–92.4) 13.6 (13.0–14.3) 85.6 (85.0–86.2) 
 Not insured 8.2 (7.6–8.8) 17.1 (14.0–20.6)† 79.9 (76.4–83.1) 
No. persons in household    
 1–2 (referent) 39.5 (38.6–40.4) 12.4 (11.8–13.0) 87.2 (86.6–87.8) 
 3–5 50.0 (49.2–50.7) 15.3 (14.4–16.1)† 83.9 (82.9–84.8) 
 >6 10.6 (9.8–11.4) 19.8 (17.3–22.5)† 75.8 (72.9–78.5) 
Housing structure    
 Single-family home (referent) 68.8 (68.1–69.6) 14.0 (13.4–14.7) 85.3 (84.6–86.1) 
 Townhouse/condo 7.6 (7.1–8.1) 12.1 (9.6–15.1) 86.3 (83.1–89.0) 
 Multi-unit home 18.6 (18.0–19.3) 13.7 (12.1–15.5) 85.1 (83.2–86.8) 
 Other: e.g., mobile home, boat, van, RV 5.0 (4.6–5.4) 15.0 (12.8–17.4) 81.9 (79.5–84.1) 
*All percentages are weighted. COVID-19, coronavirus disease; RV, recreational vehicle. 
†Significant at p<0.05 comparing each group to the referent group for likelihood of having previously had COVID-19. 

 

 
Table 2. Association between previous COVID-19 diagnosis and vaccination coverage, United States, July 21–August 2, 2021* 

Prior COVID-19 diagnosis† 
Received >1 dose 

 
Received all required doses 

% (95% CI) aPR (95% CI) % (95% CI) aPR (95% CI) 
Yes 73.3 (71.4–75.2) 0.88 (0.86–0.91)  68.9 (67.0–70.7) 0.86 (0.84–0.89) 
No 84.6 (83.9–85.2) Referent  81.6 (80.9–82.4) Referent 
*All percentages are weighted. aPR, adjusted prevalence ratio; COVID-19, coronavirus disease. 
†Multivariable regression model adjusting for age group, gender, race/ethnicity, educational attainment, annual household income, insurance status, 
household size, and housing structure. 
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COVID-19. Insurance status was associated with lower 
risk of being reluctant but did not differ by COVID-19 
case history.

Reasons for not getting vaccinated differed 
among those with and without a previous COVID-19 
diagnosis (Table 3). Among uncertain and reluctant 
adults, a higher percentage of respondents who ever 
had COVID-19, compared with those who never had 
COVID-19, reported concerns about possible side ef-
fects (71% vs. 57%), lack of doctor recommendation 
(15% vs. 9%), and other reasons (30% vs. 22%).

Discussion
Despite the availability of COVID-19 vaccines in the 
United States, vaccination coverage has plateaued 
since May 2021, and uptake remains suboptimal (19). 
Although the exact proportion of the population that 
must be vaccinated to attain herd immunity is debat-
ed (20,21), the current full vaccination coverage esti-
mates found in this study (69% and 82% among those 
who ever or never had COVID-19, lower in some 
subpopulations) is probably insufficient to prevent 
ongoing community transmission (20,21). We found 
that those who have had COVID-19 were less likely 
to have been vaccinated with >1 dose or to be fully 
vaccinated and were more likely to be reluctant to 
get a future vaccination than were those who had not 
had the illness. This finding suggests a lack of under-
standing about the duration of immunity conferred 
by infection, as well as concerns about vaccine-associ-
ated side effects, general vaccine safety, and a lack of 
trust in the government. Addressing concerns about 

possible side effects as well as encouraging providers 
to have discussions about the safety and importance 
of vaccination may be critical for increasing coverage 
among this group. Regardless of sociodemographic 
characteristics, those who had a previous diagnosis of 
COVID-19 were also more likely to report uncertainty 
(probably/unsure) or reluctance (probably will not/
definitely will not) toward vaccination. These results 
highlight the value of increasing vaccine uptake and 
confidence among those who have had the infection, 
particularly as new variants of SARS-CoV-2 emerge.

We found that prevalence of COVID-19 diagno-
ses and vaccination levels vary widely across states. 
In states with lowest vaccination coverage, preva-
lence of cases was highest. Previous studies have 
shown that persons in the South and Midwest were 
less likely to be vaccinated than were those in other 
areas of the United States (9) and that disparities 
in COVID-19 vaccination and intentions to be vac-
cinated persist among racial/ethnic groups, adults 
with lower incomes, and those living in rural areas 
(22–24). It is likely that states with low vaccination 
coverage have a higher proportion of persons who 
are hesitant toward vaccination, have higher social 
vulnerability, or have more access barriers (22–24). 
These findings point to the value of reaching these 
pockets of vulnerability, where the likelihood of fu-
ture outbreaks is high (25), especially because new 
variants of SARS-CoV-2, such as the Delta variant, 
spread more easily and quickly than other variants, 
which may lead to increased cases, hospitalizations, 
and deaths from COVID-19 (26). CDC stated that 
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coverage estimates and 
prevalence of previous 
COVID-19 infection by state, 
United States, July 21–
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the 3 authorized vaccines (Pfizer-BioNTech, Mod-
erna, and J&J/Janssen) effectively protect against 
the circulating variants (10,27). The public should 
be informed about the need for vaccination despite 
a history of COVID-19 infection because it remains 
uncertain whether infection confers immunity and, 
if so, the duration of protection.

Adding to the literature, we found that reluctance 
to get vaccinated (i.e., those who probably will not or 
definitely will not get vaccinated) was higher among 
all adults who ever had COVID-19 and by most so-
cioeconomic characteristics. Reluctance to get vacci-
nated was highest among adults who were younger, 
identified as part of a non-Hispanic other racial/eth-
nic group, had lower educational attainment or lower 
household income, had no health insurance, lived in 
larger households, and lived in other transient set-
tings (e.g., mobile homes, boats, vans, or recreational 
vehicles). These results suggest the need to focus in-
terventions on groups already vulnerable to infec-
tion from COVID-19, including those living in larger 
households (which may be multigenerational) and 
adults living in transient homes.

The first limitation of our study involves rep-
resentativeness of the sample. Although sampling 
methods and data weighting were designed to pro-

duce nationally representative results, respondents 
might not be fully representative of the general US 
adult population (28). Second, vaccination status and 
COVID-19 diagnosis were self-reported and subject 
to misclassification. Although prevalence of previous 
COVID-19 diagnosis for this sample was 15%, stud-
ies have found that >1 in 3 Americans had COVID-19 
in 2020; this percentage is likely to be higher in Au-
gust 2021, when the survey was conducted, suggest-
ing that the survey responses may be underestimated 
(29). Third, because the HPS is a cross-sectional sur-
vey, temporal relationships between COVID-19 dis-
ease and vaccination cannot be assessed. Fourth, HPS 
data available to the public do not have information 
on county-level analyses, which would be useful for 
assessing vaccination coverage and intention at the 
local level. Fifth, the HPS response rate is low (<10%). 
However, nonresponse bias assessment conducted by 
the Census Bureau found that the survey weights ad-
justed for most of this bias. Although some bias may 
remain, we do not expect it to be sufficient to change 
the conclusions (28). Last, small sample sizes among 
adults who ever had COVID-19 may have contribut-
ed to lack of statistically significant results for some 
of the socioeconomic factors associated with being 
uncertain or reluctant.
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Table 3. Reasons for not getting vaccinated, by vaccination intention and stratified by previous COVID-19 diagnosis, United States, 
July 21–August 2, 2021* 

Reason 
Ever had COVID-19, %  

(95% CI) 
Never had COVID-19, %  

(95% CI), referent 
Probably/unsure   
 Concerned about possible side effects 70.6 (62.8–77.4)† 57.2 (52.1–62.2) 
 Don’t know if a vaccine will protect me 20.7 (14.3–29.0) 20.5 (17.2–24.2) 
 Don’t believe I need a vaccine 5.4 (3.0–9.5) 8.8 (6.6–11.5) 
 Doctor has not recommended it 5.1 (2.8–9.4) 5.9 (4.1–8.4) 
 Plan to wait and see if it is safe and may get it later 62.2 (54.0–69.8) 56.2 (51.3–60.9) 
 Concerned about the cost of the vaccine ‡ 3.7 (2.5–5.4) 
 Don’t trust COVID-19 vaccines 23.7 (17.5–31.2) 21.9 (18.9–25.2) 
 Don’t trust the government 19.0 (11.1–30.7) 18.4 (15.1–22.2) 
 Don’t think COVID-19 is that big of a threat ‡ 5.2 (3.6–7.6) 
 It's hard for me to get a COVID-19 vaccine ‡ 4.4 (2.7–7.1) 
 Other 12.5 (9.3–16.5) 11.8 (9.2–15.1) 
Probably not/definitely not   
 Concerned about possible side effects 51.2 (45.4–56.9) 54.9 (51.5–58.2) 
 Don’t know if a vaccine will protect me 21.3 (17.0–26.4) 24.4 (21.7–27.2) 
 Don’t believe I need a vaccine 36.6 (30.8–42.9) 31.0 (28.8–33.3) 
 Doctor has not recommended it 15.3 (11.2–20.4)† 9.4 (7.9–11.2) 
 Plan to wait and see if it is safe and may get it later 26.8 (22.6–31.5) 28.3 (25.7–31.0) 
 Concerned about the cost of the vaccine ‡ 3.6 (2.3–5.4) 
 Don’t trust COVID-19 vaccines 50.8 (45.1–56.5) 50.9 (48.0–53.7) 
 Don’t trust the government 39.4 (33.8–45.3) 43.1 (40.4–45.9) 
 Don’t think COVID-19 is that big of a threat 21.9 (17.4–27.2) 24.6 (22.6–26.7) 
 It's hard for me to get a COVID-19 vaccine ‡ 2.5 (1.4–4.2) 
 Other 30.1 (25.0–35.8)† 21.7 (19.2–24.4) 
Only received 1 of 2 doses   
 I believe one dose is enough to protect me ‡ ‡ 
 I experienced side effects from the dose of COVID-19 vaccine I received 51.2 (32.6–69.4) 34.2 (24.0–46.0) 
*All percentages are weighted. COVID-19, coronavirus disease. 
†Significant at p<0.05 comparing ever and never had previous COVID-19 diagnosis. 
‡Estimates suppressed if relative standard error >30%. 
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Despite COVID-19 vaccines being readily avail-
able to all Americans, many persons are still hesitant 
about getting vaccinated. Our finding that those with 
previous COVID-19 infection are less likely to be vac-
cinated or to complete all recommended doses sug-
gests a strong need for direct messaging that infection 
does not confer reliable immunity. Although current 
health campaigns to improve COVID-19 vaccine up-
take have successfully reached many Americans, ad-
ditional efforts are needed to ensure that those with 
a COVID-19 history are well informed of the CDC 
COVID-19 vaccine recommendations. Studies have 
found that confidence in vaccines, weaker compla-
cency, and collective responsibility were associated 
with higher likelihood of COVID-19 vaccination (30). 
The CDC strategy for reinforcing confidence in CO-
VID-19 vaccines is to build trust in the safety and ef-
ficacy of vaccines, empower healthcare personnel to 
recommend vaccination to their patients, and engage 
communities around vaccine confidence by tailoring 
culturally appropriate messages and materials (31). 
This information could be emphasized to patients at 
the time of diagnosis, during clinical visits, and rein-
forced at time of hospital discharge among those who 
have been hospitalized. Messages should include the 
potential for reinfection, the role that nonvaccinated 
persons may play in continuing community transmis-
sion, and the potential for the emergence of addition-
al variants of concern.

In summary, adults who have had COVID-19 
are less likely to have been vaccinated than those 
who had not had the illness, suggesting the need 
to better educate the public about the importance 
of being vaccinated, regardless of previous COV-
ID-19 diagnosis. Promising strategies to promote 
vaccination in localities with low vaccine uptake 
include door-to-door outreach, mobile vaccination 
units, vaccine offerings on public transportation 
and at public events, and incentives such as cash or 
other rewards (32,33). Studies have also shown that 
clear and consistent messages about the safety and 
effectiveness of vaccines; the protection they pro-
vide for families and communities; and the value of 
vaccines for returning to school, work, and social 
activities are needed to increase uptake and boost 
confidence (5,9). Building confidence in COVID-19 
vaccines is critical for ensuring that communities 
are fully vaccinated and protected from the harmful 
effects of COVID-19. Reinforcing the message that 
the COVID-19 vaccine is needed, despite previous 
infection, will help protect communities against 
further spread of the disease, particularly as new  
variants emerge.
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Highly pathogenic subtypes of avian infl uenza 
virus (AIV) can infect humans and cause fatal re-

spiratory failure (1–3). Since 2003, cases of avian infl u-
enza A(H5N1) and avian infl uenza A(H7N9) transmis-
sion from birds to humans have been confi rmed in the 
Middle East, West Africa, Europe, and Asia. In >50% 
of these cases, the outcome was fatal (4,5). Recently, 
subtype H5N6, H5N8, and H9N2 AIVs have been con-
fi rmed to infect humans (6,7). The H5N9 subtype has 
also been reported to be highly transmissible (8). Most 
of these cases of AIV infection have been caused by 
contact transmission from infected birds (9–14). There-
fore, preventing contact transmission is crucial for con-
trolling the spread of AIV infection.

Knowledge of viral stability is vital to under-
standing contact transmission (15,16), and several 
studies have assessed the stability of AIVs under vari-
ous conditions (17–25). Viral stability has been report-
ed to decrease under conditions of high temperature, 
high salinity, or low pH (17,19,21–25). However, be-
cause contact transmission occurs when the virus en-
ters the human body through the skin, evaluating the 
stability, or survival time, of AIV on human skin and 
the effectiveness of disinfectants against AIV on skin 
are essential to assess contact-transmission risks and 
develop more effective infection control methods (26–
29). However, clinical research in this regard is lim-
ited because of the risks involved in applying highly 
pathogenic AIV directly to the skin of human study 
participants. Therefore, the stability of AIVs and the 
effi cacy of related disinfectants remain unknown.

Moreover, although previous studies have sug-
gested that the stability of different AIV subtypes 
might vary, these differences were not clearly de-
fi ned (20–22,25). Current contact transmission control 
methods are based on the assumption that no great 
differences in stability among AIV subtypes or in the 
effectiveness of available disinfectants against them 
exist (30,31). If substantial differences exist in terms 
of stability and disinfectant effectiveness among sub-
types, then the optimal infection control methods 
might differ for each subtype. Therefore, developing 
optimal methods for controlling the transmission of 
each subtype requires an accurate analysis of the dif-
ferences among subtypes.

An ex vivo evaluation model using skin col-
lected from autopsy specimens has been developed 
that accurately and safely assesses the stability of 
highly pathogenic pathogens and the effectiveness 
of different disinfectants (26–28). In this study, we 
aimed to elucidate the differences in the stability 
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Evaluating the stability of highly pathogenic avian infl u-
enza viruses on human skin and measuring the eff ective-
ness of disinfectants are crucial for preventing contact 
disease transmission. We constructed an evaluation 
model using autopsy skin samples and evaluated factors 
that aff ect the stability and disinfectant eff ectiveness for 
various subtypes. The survival time of the avian infl u-
enza A(H5N1) virus on plastic surfaces was ≈26 hours 
and on skin surfaces ≈4.5 hours, >2.5-fold longer than 
other subtypes. The eff ectiveness of a relatively low eth-
anol concentration (32%–36% wt/wt) against the H5N1 
subtype was substantially reduced compared with other 
subtypes. Moreover, recombinant viruses with the neur-
aminidase gene of H5N1 survived longer on plastic and 
skin surfaces than other recombinant viruses and were 
resistant to ethanol. Our results imply that the H5N1 sub-
type poses a higher contact transmission risk because 
of its higher stability and ethanol resistance, which might 
depend on the neuraminidase protein.
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of AIV subtypes and disinfectant efficacy against 
AIV on the surface of human skin by using this 
constructed model. Furthermore, we aimed to elu-
cidate the genetic mechanisms responsible for sta-
bility differences among subtypes by using recom-
binant viruses.

Methods

Viruses
Recombinant H5N1 viruses with the neuraminidase 
(NA) or hemagglutinin (HA) gene of the H5N3 sub-
types (rH5N1-H5N3-NA and rH5N1-H5N3-HA), or 
recombinant H5N3 viruses with the NA, HA, nonstruc-
tural protein (NS), or matrix protein (M) gene of the 
H5N1 subtypes (rH5N3-H5N1-NA, rH5N3-H5N1-NS, 
rH5N3-H5N1-M, and rH5N3-H5N1-HA) were gener-
ated as target viruses by using a reverse-genetics sys-
tem. We evaluated the recombinant viruses A/crow/
Kyoto/53/04(H5N1) (H5N1-Ky), A/chicken/Egypt/
CL6/07(H5N1) (H5N1-Eg), A/Anhui/1/23(H7N9) 
(H7N9), A/duck/Hong Kong/820/80(H5N3) (H5N3), 
A/turkey/Ontario/7732/66(H5N9) (H5N9), a clinical 
H3N2 strain (H3N2), A/Puerto Rico/8/1934(H1N1) 
(H1N1-PR8), and A/Osaka/64/2009 (H1N1-Ok-pdm).

Constructing a Model to Evaluate Virus Stability  
and Disinfectant Effectiveness
Human skin was collected from forensic autopsy 
specimens obtained from the Department of Foren-
sic Medicine, Kyoto Prefectural University of Medi-
cine (Kyoto, Japan). Abdominal skin specimens 
from subjects from 20–70 years of age were cut into 
squares with approximate dimensions of 4 cm × 8 
cm. Autopsy specimens in which the skin was con-
siderably damaged by burning or drowning were ex-
cluded (26,32). Collected skin can reportedly be used 
for grafting even 24 hours after death, and within 
36 hours of excision, the skin retains its physiologic 
function relatively well with no change in cell vi-
ability after 14 days in culture (33–35). Therefore, in 
this study, skin specimens were obtained at ≈1 day 
after death to preserve the physiologic function of the 
epidermis. By using the skin autopsy specimens, we 
developed an ex vivo model to evaluate the stability 
of different viruses on the surface of human skin and 
the effectiveness of different disinfectants against vi-
ruses on skin. Skin from which the panniculus adipo-
sus had been removed was washed with phosphate-
buffered saline (PBS) and placed in a culture insert 
(Corning Inc., https://www.corning.com) on a mem-
brane with a pore size of 8.0 µm. The culture inserts 
were placed in six-well plates containing 1.0 mL of 

Dulbecco modified Eagle’s medium (DMEM) (Sigma-
Aldrich, https://www.sigmaaldrich.com) (26,27).

Evaluation of Viral Stability
We evaluated virus survival on plastic and human 
skin surfaces. Virus solutions (2.0 × 105 focus-forming 
units [FFUs] in 2 µL of PBS) were applied to the surface 
of plastic or human skin (the constructed evaluation 
model). Each sample was incubated in a controlled 
environment (25°C and 45%–55% relative humid-
ity) for 0–24 h. The virus remaining on the surface 
was then collected in 1.0 mL of DMEM and titrated 
(15,26,28,36,37). The detection limit for the titer of the 
virus remaining on the surface was 101 FFUs. For each 
condition, we performed 3 independent experiments, 
and the titer values are expressed as mean + SD of the 
mean. The elapsed time was used as the explanatory 
variable (x-axis) and the logarithmic virus titer was 
used as the explained variable (y-axis). Least-squares 
linear-regression analysis was performed by using a 
logarithmic link function to create regression curves 
for both viruses. Because the detection limit of each 
influenza virus titer was 101 FFUs, the X value (when 
the Y value of the regression curve was 1.0) was used 
as the survival time. The half-life of each virus was 
calculated from the slope of each regression curve 
when the amount of virus remaining on the surface 
was 2, 3, or 4 log10 FFUs (26,28).

Evaluation of Disinfectant Effectiveness
We evaluated the effectiveness of available disin-
fectants against influenza viruses. The disinfectants 
evaluated were 20%, 32%, 34%, 36%, 40%, 60%, and 
80% (wt/wt) ethyl alcohol (EA); 70% (wt/wt) iso-
propanol (IPA); 0.05% and 0.2% (wt/vol) benzalko-
nium chloride (BAC); and 0.2% and 1.0% (wt/vol) 
chlorhexidine gluconate (CHG).

In a 1.5-mL tube, we mixed 5 µL of PBS contain-
ing either avian or human influenza virus (4.0 × 105 
FFUs) with 95 µL of various disinfectants for 15 or 
60 s. Subsequently, we neutralized the resulting so-
lutions with 900 µL of Soybean–Casein Digest Broth 
prepared with Lecithin and Polysorbate 80 (SCLDP) 
medium. Thereafter, we added 3 mL of DMEM to the 
neutralized solution and measured the remaining vi-
ral titers (27,38–40). The detection limit for the virus 
titers was 101.6 FFUs.

We used the same disinfectants for in vitro evalu-
ations and ex vivo evaluations. We applied each virus 
solution (2 µL of PBS containing 2.0 × 105 FFUs of vi-
rus) to the skin specimens (the constructed evaluation 
model), then incubated each skin sample for 15 min at 
25°C under 45%–55% relative humidity to completely 
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dry the viral mixture on the skin. Subsequently, we 
immersed each skin sample surface in 1 mL of the dis-
infectant for 15 or 60 s and then air-dried for 5 min. 
After drying, we recovered the remaining viruses on 
the skin with 250 µL of SCDLP and 750 µL of DMEM 
and measured the remaining viral load (26,27). The 
detection limit for the virus titers was 101 FFUs.

To determine the effectiveness of the disinfectants 
under each condition, we calculated logarithmic reduc-
tions of the virus titers with normalization to the PBS con-
trol. We performed 3 independent experiments for each 
condition, and the results are expressed as mean + SD 
of the mean (Appendix, https://wwwnc.cdc.gov/EID/
article/28/3/21-1752-App1.pdf). The research protocol, 
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Figure 1. Decrease in titers of 
influenza virus on plastic (A, C) 
and the human skin (B, D) 
surfaces as a function of 
time. Various subtypes of 
influenza viruses (A, B) and 
recombinant viruses (C, D) 
were targeted. Each virus (2.0 
× 105 FFUs) was mixed with 
2 µL of phosphate-buffered 
saline and applied on each 
surface. Each surface was 
incubated in a controlled 
environment (temperature 
25°C, humidity 45%–55%) 
for 0–24 h. The virus on the 
surface was then recovered 
in 1 mL of medium and 
titrated to calculate the titer 
of virus remaining on the 
surface. For each condition, 
3 independent experiments 
were performed; results are 
expressed as mean + SD of 
the mean. Dotted horizontal 
lines represent detection 
limit titers; data below this 
limit were omitted. Data are 
shown for H5N1-Ky, A/crow/
Kyoto/53/04 (H5N1); H5N1-
Eg, A/chicken/Egypt/CL6/07 
(H5N1); H7N9, A/Anhui/1/23 
(H7N9); H5N3, A/duck/Hong 
Kong/820/80 (H5N3); H5N9, 
A/turkey/Ontario/7732/66 
(H5N9); H3N2, a clinical 
strain (H3N2); H1N1-PR8, 
A/Puerto Rico/8/1934 
(H1N1); and H1N1-Ok-
pdm, A/Osaka/64/2009 
(H1N1). A/crow/Kyoto/53/04 
(H5N1) was recombined 
with the neuraminidase 
or hemagglutinin gene of 
AdDuck/Hong Kong/820/80 
(H5N3), and the recombinant 
viruses were designated as 
rH5N1-H5N3-NA or rH5N1-
H5N3-HA, respectively. 
In addition, A/Duck/Hong 
Kong/820/80 (H5N3) was 
recombined with the neuraminidase, nonstructural protein, matrix protein, or hemagglutinin gene of A/crow/Kyoto/53/04 (H5N1), 
and the recombinant viruses were designated as rH5N3-H5N1-NA, rH5N3-H5N1-NS, rH5N3-H5N1-M, or rH5N3-H5N1-HA. FFU, 
focus-forming unit.
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including the sampling method, was reviewed and 
approved by the Institutional Review Board of Kyo-
to Prefectural University of Medicine (approval no.  
ERB-C-1593).

Results

Stability of Influenza Virus on Plastic
All influenza virus subtypes except for H5N1 were 
completely inactive within 10 hours. In contrast, the 
H5N1 subtype strains tested (H5N1-Ky and H5N1-
Eg) remained infectious on the plastic surface after 10 
hours but were completely inactive within 24 hours. 
In addition, the titers of H5N1-Ky and H5N1-Eg re-
maining on the plastic surface were significantly 
higher than those of other subtypes at most time 
points (Figure 1, panel A).

Next, we calculated the survival times and 
half-lives of the virus titers for the virus samples 
remaining on the surface. The survival times of all 
subtypes (except for the H5N1 subtype) were ≈8–10 
hours. For example, the survival time of the H5N3 
subtype was 10.01 (95% CI 8.35–11.91) hours. In 
contrast, the survival time of H5N1-Ky was 26.35 
(95% CI 23.84–29.01) hours and survival time of 
H5N1-Eg was 26.30 (95% CI 23.64–29.14) hours, 
both significantly longer than those for other sub-
types (Table 1; Figure 2, panel A). Moreover, the 
half-lives of the H5N1-Ky and H5N1-Eg strains 
were more than twice as long as those of other sub-
types (Table 1; Figure 2, panel B).

Stability of Influenza Virus on Human Skin Surface
All subtypes (except H5N1) were completely inactive 
within 1.5 hours. In contrast, the H5N1-Ky and H5N1-
Eg stains remained active on the skin even after 1.5 
hours but were completely inactive within 3 hours. 
In addition, the titers of H5N1-Ky and H5N1-Eg 

remaining on the skin were substantially higher than 
those of other subtypes (Figure 1, panel B).

The survival times of all subtypes (except H5N1) 
were ≈2 hours. For example, the survival time of the 
H5N3 subtype was 2.10 (95% CI 1.94–2.26) hours. In 
contrast, the survival time of H5N1-Ky was 4.66 (95% 
CI 4.21–5.13) hours and survival time of H5N1-Eg 
was 4.54 (95% CI 4.16–4.97) hours, both of which were 
significantly longer than those of the other subtypes 
studied (Table 2; Figure 2, panel C). Furthermore, the 
half-life showed the same tendency as the survival 
time, and the half-lives of H5N1-Ky and H5N1-Eg 
were more than twice as long as those of other sub-
types (Table 2; Figure 2, panel D).

Disinfectant Effectiveness against Influenza Virus  
(In Vitro Evaluations)
All influenza viruses were completely inactivated 
(below the detection limit) within 15 seconds by 
treatment with 40%, 60%, or 80% EA or 70% IPA 
(log reductions in titers were >4). However, all vi-
ruses were not inactivated by 20% EA (log reduc-
tion <1). Of note, although all subtypes except for 
H5N1 were completely inactivated within 15 sec-
onds by 36% EA (log reduction >4), the disinfec-
tant effectiveness of 36% EA against H5N1-Ky and 
H5N1-Eg was substantially low (log reduction <3) 
(Table 3; Appendix Table 1).

CHG and BAC were less effective than EA and 
IPA. The effectiveness of 0.2% GCH was low for all 
influenza viruses (log reduction <1), and 1.0% GCH 
was more effective than 0.2% GCH. BAC was more 
effective against all influenza viruses than CHG, and 
its effectiveness increased with increasing concentra-
tions and disinfection times. In particular, treatment 
with 0.2% BAC for 15 seconds showed a log reduction 
value of >2.5, whereas the log reduction was >3.5 af-
ter a 60-second treatment (Table 3; Appendix Table 1).
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Table 1. Survival times and half-lives of various subtypes of influenza viruses on a plastic surface* 

Subtype Median survival time (95% CI), h† 
Median half-life (95% CI), h‡ 

4 (log10 FFU) 3 (log10 FFU) 2 (log10 FFU) 
H5N1-Ky 26.35 (23.84–29.01) 1.28 (1.15–1.43) 1.71 (1.54–1.91) 2.56 (2.30–2.86) 
H5N1-Eg 26.30 (23.64–29.14) 1.27 (1.13–1.43) 1.69 (1.51–1.90) 2.54 (2.27–2.85) 
H7N9 7.97 (6.82–9.27) 0.40 (0.34–0.49) 0.54 (0.45–0.65) 0.81 (0.67–0.98) 
H5N3 10.01 (8.35–11.91) 0.52 (0.42–0.65) 0.70 (0.57–0.87) 1.05 (0.85–1.30) 
H5N9 8.88 (7.67–10.23) 0.46 (0.39–0.55) 0.61 (0.51–0.73) 0.92 (0.77–1.09) 
H3N2 9.28 (7.94–10.79) 0.48 (0.40–0.58) 0.64 (0.54–0.77) 0.96 (0.80–1.16) 
H1N1-PR8 9.70 (8.29–11.30) 0.51 (0.42–0.61) 0.68 (0.56–0.82) 1.01 (0.85–1.22) 
H1N1-Ok-pdm 8.78 (7.60–10.10) 0.45 (0.38–0.54) 0.60 (0.51–0.72) 0.91 (0.76–1.08) 
*FFU, focus-forming units; H5N1-Ky, A/crow/Kyoto/53/04 (H5N1); H5N1-Eg, A/chicken/Egypt/CL6/07 (H5N1); H7N9, A/Anhui/1/23 (H7N9); H5N3, 
A/Duck/Hong Kong/820/80 (H5N3); H5N9, A/Turkey/Ontario/7732/66 (H5N9); H3N2, Clinical strain (H3N2); H1N1-PR8, A/Puerto Rico /8/1934 (H1N1); 
H1N1-Ok-pdm, A/Osaka/64/2009 (H1N1).  
†The elapsed time was used as the explanatory variable (x-axis), and the logarithmic virus titer was used as the explained variable (y-axis). A linear 
regression analysis with logarithmic link function was performed for each virus to create a curve of regression (Appendix Figure 1, 
https://wwwnc.cdc.gov/EID/article/28/3/21-1752-App1.pdf). Because the detection limit of each influenza virus titer was 101 FFUs, the X value (when the Y 
value of the regression curve was 1.0) was used as the survival times. 
‡The half-life of each virus was calculated from the slope of each regression curve when the amount of virus remaining on the surface was 2, 3, or 4 log10 FFUs. 
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Effectiveness of Disinfectants against Influenza  
Virus on Human Skin (Ex Vivo Evaluations)
All viruses were completely inactivated on the skin sur-
face within 15 seconds after treatment with 40%, 60%, or 
80% EA or 70% IPA (log reduction >4). However, all vi-
ruses were barely inactivated by 20% EA (log reduction 
<1). Of note, although all subtypes except H5N1 were 
completely inactivated within 15 seconds by 36% EA 
(log reduction >4), the disinfectant effectiveness of 36% 
EA against H5N1-Ky and H5N1-Eg was substantially 
lower (log reduction <2) (Table 4; Appendix Table 2).

CHG and BAC were less effective than EA and 
IPA. The effectiveness of CHG against all influenza 

viruses on human skin was higher than the in vitro 
disinfection effectiveness, and it increased as the 
CHG concentration and disinfection time increased. 
In particular, treatment with 1.0% CPG for 15 sec-
onds showed log-reduction values of >2, and treat-
ment with 1.0% CPG for 60 seconds showed log-re-
duction values of >2.5. In addition, BAC was more 
effective against all influenza viruses than CHG, and 
its effectiveness increased with increasing concen-
trations and disinfection times. Specifically, the log-
reduction values after treatment with 0.2% BAC for 
15 seconds and 60 seconds were >2.5 and >3.0 (Table 
4; Appendix Table 2).
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Figure 2. Survival times and 
half-lives of influenza viruses 
on plastic and human skin. A, 
B) Survival times (A) and half-
lives (B) of various subtypes 
of influenza viruses on a 
plastic surface (Table 1). C, 
D) Survival times (C) and half-
lives (D) of various subtypes of 
influenza viruses on the surface 
of human skin (Table 2). E, F) 
Survival times (E) and half-
lives (F) of various recombinant 
viruses on plastic surfaces 
(Table 3). G, H) Survival times 
(G) and half-lives H) of various 
recombinant viruses on the 
surface of human skin (Table 
4). Survival time is defined 
as the time until virus on the 
surface is no longer detected. 
All half-lives in the graphs refer 
to the half-life when 103 focus-
forming units of virus remained 
on the skin surface. Data are 
expressed as median + 95% 
CI. Data are presented for 
H5N1-Ky, A/crow/Kyoto/53/04 
(H5N1); H5N1-Eg, A/chicken/
Egypt/CL6/07 (H5N1); H7N9, 
A/Anhui/1/23 (H7N9); H5N3, 
A/duck/Hong Kong/820/80 
(H5N3); H5N9, A/turkey/
Ontario/7732/66 (H5N9); H3N2, 
a clinical strain (H3N2); H1N1-
PR8, A/Puerto Rico/8/1934 
(H1N1); and H1N1-Ok-
pdm, A/Osaka/64/2009 
(H1N1). A/crow/Kyoto/53/04 
(H5N1) was recombined 
with the neuraminidase or 
hemagglutinin gene of A/Duck/
Hong Kong/820/80 (H5N3), and 
the recombinant viruses were designated as rH5N1-H5N3-NA or rH5N1-H5N3-HA. In addition, A/Duck/Hong Kong/820/80  
(H5N3) was recombined with the neuraminidase, nonstructural protein, matrix protein, or hemagglutinin gene of A/crow/
Kyoto/53/04 (H5N1), and the recombinant viruses were designated as rH5N3-H5N1-NA, rH5N3-H5N1-NS, rH5N3-H5N1-M, or 
rH5N3-H5N1-HA.
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Stability of Recombinant Viruses on Plastic and  
Human Skin Surfaces
Although all recombinant viruses (except rH5N3-
H5N1-NA) became inactive on the plastic surface 
within 10 hours, rH5N3-H5N1-NA survived con-
siderably longer than 10 hours. In addition, the titer 
of rH5N3-H5N1-NA remaining on the plastic sur-
face was significantly higher than that of the other 
recombinant viruses at most time points (Figure 1, 
panel C). The survival times of the recombinant vi-
ruses (except for rH5N3-H5N1-NA) were ≈8 hours. 
For example, the survival time of rH5N1-H5N3NA 
was 8.15 (95% CI 6.86–9.62) hours. In contrast, the 
survival time of rH5N3-H5N1-NA was 23.68 (95% CI 
21.68–26.25) hours, which was significantly longer 
than survival time of the other recombinant viruses 
tested (Table 5; Figure 2, panel E). Furthermore, half-
lives showed the same tendency as survival times, 
and the half-life of rH5N3-H5N1-NA was more than 
twice that of other recombinant viruses (Table 5;  
Figure 2, panel F).

Although all recombinant viruses (except rH5N3-
H5N1-NA) became inactive on the human skin within 
1.5 hours, rH5N3-H5N1-NA remained infective for con-
siderably longer. Moreover, the titer of rH5N3-H5N1-
NA remaining on the skin was significantly higher than 
that of other recombinant viruses at most time points 
(Figure 1, panel D). The survival times of recombinant 
viruses (except rH5N3-H5N1-NA) was ≈2.2 hours. For 
example, the survival time of rH5N1-H5N3NA was 2.04 
(95% CI 1.79–2.31) hours. In contrast, the survival time 
of rH5N3-H5N1-NA was 4.65 (95% CI 3.94–5.43) hours, 
which was significantly longer than other recombinant 
viruses (Table 6; Figure 2, panel G). In addition, half-lives 
showed the same tendency as survival times, and the 
half-life of rH5N3-H5N1-NA was more than twice that 
of other recombinant viruses (Table 6; Figure 2, panel H).

Disinfectant Effectiveness of a Relatively Low EA  
Concentration against Recombinant Viruses
Both in vitro and ex vivo evaluations demonstrated 
that all recombinant viruses were completely  
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Table 2. Survival times and half-lives of various subtypes of influenza viruses on the surface of human skin* 

Subtype Median survival time (95% CI), h† Median half-life (95% CI), h‡ 
4 (log10 FFU) 3 (log10 FFU) 2 (log10 FFU) 

H5N1-Ky 4.66 (4.21–5.13) 0.20 (0.18–0.23) 0.27 (0.24–0.30) 0.40 (0.36–0.45) 
H5N1-Eg 4.54 (4.14–4.97) 0.20 (0.18–0.22) 0.26 (0.24–0.29) 0.40 (0.36–0.44) 
H7N9 1.96 (1.84–2.08) 0.08 (0.08–0.09) 0.11 (0.11–0.12) 0.17 (0.16–0.18) 
H5N3 2.10 (1.94–2.26) 0.09 (0.08–0.10) 0.12 (0.11–0.13) 0.18 (0.17–0.20) 
H5N9 2.03 (1.89–2.17) 0.09 (0.08–0.09) 0.12 (0.11–0.13) 0.18 (0.16–0.19) 
H3N2 2.03 (1.89–2.17) 0.09 (0.08–0.10) 0.12 (0.11–0.13) 0.18 (0.16–0.19) 
H1N1-PR8 1.97 (1.83–2.12) 0.08 (0.08–0.09) 0.11 (0.10–0.12) 0.17 (0.15–0.18) 
H1N1-Ok-pdm 2.10 (1.93–2.27) 0.09 (0.08–0.10) 0.12 (0.11–0.13) 0.18 (0.17–0.20) 
*FFU, focus-forming unit; H5N1-Ky, A/crow/Kyoto/53/04 (H5N1); H5N1-Eg, A/chicken/Egypt/CL6/07 (H5N1); H7N9, A/Anhui/1/23 (H7N9); H5N3, 
A/Duck/Hong Kong/820/80 (H5N3); H5N9, A/Turkey/Ontario/7732/66 (H5N9); H3N2, Clinical strain (H3N2); H1N1-PR8, A/Puerto Rico /8/1934 (H1N1); 
H1N1-Ok-pdm, A/Osaka/64/2009 (H1N1).  
†The elapsed time was used as the explanatory variable (x-axis), and the logarithmic virus titer was used as the explained variable (y-axis). A linear 
regression analysis with logarithmic link function was performed for each virus to create a curve of regression (Appendix Figure 2, 
https://wwwnc.cdc.gov/EID/article/28/3/21-1752-App1.pdf). Because the detection limit of each influenza virus titer was 101 FFUs, the X value (when the Y 
value of the regression curve was 1.0) was used as the survival times. 
‡The half-life of each virus was calculated from the slope of each regression curve when the amount of virus remaining on the surface was 2, 3, or 4 log10 FFUs. 

 

 
Table 3. Results of in vitro evaluations of disinfectant effectiveness against various subtypes of influenza viruses* 

Disinfectant 
log reduction, mean 

H5N1-Ky H5N1-Eg H7N9 H5N3 H5N9 H3N2 H1N1-PR8 H1N1-Ok-pdm 
80% EA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
60% EA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
40% EA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
36% EA 2.57 1.77 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
34% EA 0.29 0.28 1.60 1.54 1.54 1.46 1.53 1.48 
32% EA 0.11 0.16 0.23 0.20 0.27 0.23 0.23 0.21 
20% EA 0.03 0.04 0.10 0.10 0.13 0.04 0.09 0.04 
70% IPA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
0.2% CHG 0.43 0.42 0.58 0.54 0.66 0.52 0.55 0.65 
1.0% CHG 1.05 1.35 1.17 1.54 1.59 1.47 1.52 1.53 
0.05% BAC 1.66 1.63 1.70 2.03 2.48 1.88 2.00 2.15 
0.2% BAC 3.13 3.11 2.97 3.35 3.50 3.27 2.95 3.42 
*Reaction time with disinfectant was 15 seconds. Detailed data are presented in Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/28/3/21-1752-
App1.pdf). Log reduction value was calculated to evaluate disinfectant effectiveness under each condition and was expressed as mean. In addition, log 
reduction value of the condition wherein the virus was inactivated below the measurement limit (101.6 FFUs) was 4 or more and was expressed as >4.00. 
BAC, benzalkonium chloride; CHG, chlorhexidine gluconate; EA, ethyl alcohol; H5N1-Ky, A/crow/Kyoto/53/04 (H5N1); H5N1-Eg, A/chicken/Egypt/CL6/07 
(H5N1); H7N9, A/Anhui/1/23 (H7N9); H5N3, A/Duck/Hong Kong/820/80 (H5N3); H5N9, A/Turkey/Ontario/7732/66 (H5N9); H3N2, Clinical strain (H3N2); 
H1N1-PR8, A/Puerto Rico /8/1934 (H1N1); H1N1-Ok-pdm, A/Osaka/64/2009 (H1N1); IPA, isopropanol. 
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inactivated within 15 seconds by treatment with 
>40% EA (log reduction >4). Furthermore, although 
all recombinant viruses (except rH5N3-H5N1-NA) 
were completely inactivated within 15 seconds by 
treatment with 36% EA (log reduction >4), 36% 
EA was substantially less effective against rH5N3-
H5N1-NA (log reduction <2). Thus, rH5N3-H5N1-
NA was resistant to relatively low EA concentra-
tions (Figure 3; Appendix Table 3).

Discussion
Previous studies have suggested that the stability 
of AIVs might vary among subtypes, but the details 
remain unknown (20–22,25). In this study, we first 
evaluated the stability (survival time and half-life) of 
several influenza subtypes on plastic and human skin 
surfaces and clarified the differences in their stability. 
No significant differences were observed in the sur-
vival times and half-lives of most subtypes. However, 
the survival times and half-lives of 2 different H5N1 
strains (H5N1-Ky and H5N1-Eg) on plastic and skin 

surfaces were approximately twice as long as those of 
the other subtypes tested, indicating that the H5N1 
subtype had significantly higher stability. These find-
ings suggest that the H5N1 subtype poses a higher 
risk for contact transmission than other subtypes. 
Specifically, the higher stability of the H5N1 subtype 
might be a reason that among AIVs, the H5N1 sub-
type is often transmitted from birds to humans. In ad-
dition, because the 4-hour survival time of the H5N1 
subtype on human skin increases the risk for viral in-
vasion into the body or for transmission from the skin 
to other surfaces, appropriate hand hygiene practices 
are especially vital (compared with other subtypes) 
for preventing contact transmission of this subtype. 
Furthermore, the survival times revealed in this study 
will help determine the interval during which contact 
transmission could occur and how contact transmis-
sion might be established.

Next, we evaluated the effectiveness of disinfec-
tants against influenza viruses on the skin surface by 
using our ex vivo evaluation model that reproduced 
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Table 4. Results of ex vivo evaluations of disinfectant effectiveness of disinfectants against various subtypes of influenza viruses on 
the surface of human skin* 

Disinfectant 
log reduction, mean 

H5N1-Ky H5N1-Eg H7N9 H5N3 H5N9 H3N2 H1N1-PR8 H1N1-Ok-pdm 
80% EA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
60% EA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
40% EA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
36% EA 1.71 1.61 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
34% EA 1.39 1.32 2.59 2.56 2.54 2.26 2.46 2.61 
32% EA 1.17 1.14 2.20 2.18 2.18 2.31 2.21 2.18 
20% EA 0.84 0.82 0.04 0.84 0.81 0.65 0.83 0.82 
70% IPA >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 >4.00 
0.2% CHG 1.16 1.12 0.88 1.16 0.95 0.89 1.05 0.94 
1.0% CHG 2.76 2.68 3.02 2.90 2.95 2.78 2.98 2.95 
0.05% BAC 1.81 1.74 1.78 1.80 1.78 1.66 1.86 1.84 
0.2% BAC 3.10 3.02 3.26 3.12 3.09 2.73 2.98 3.16 
*Reaction time with disinfectant was 15 seconds. Detailed data are presented in Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/28/3/21-1752-
App1.pdf). Log reduction value was calculated to evaluate disinfectant effectiveness under each condition and was expressed as mean. In addition, the 
log reduction value of the condition wherein the virus was inactivated below the measurement limit (101 FFUs) was 4 or more and was expressed as 
>4.00. BAC, benzalkonium chloride; CHG, chlorhexidine gluconate; EA, ethyl alcohol; H5N1-Ky, A/crow/Kyoto/53/04 (H5N1); H5N1-Eg, 
A/chicken/Egypt/CL6/07 (H5N1); H7N9, A/Anhui/1/23 (H7N9); H5N3, A/Duck/Hong Kong/820/80 (H5N3); H5N9, A/Turkey/Ontario/7732/66 (H5N9); 
H3N2, Clinical strain (H3N2); H1N1-PR8, A/Puerto Rico /8/1934 (H1N1); H1N1-Ok-pdm, A/Osaka/64/2009 (H1N1); IPA, isopropanol. 

 

 
Table 5. Survival times and half-lives of various recombinant viruses on a plastic surface* 

Subtype† Median survival time (95% CI), h‡ 
Median half-life (95% CI), h§ 

4 (log10 FFU) 3 (log10 FFU) 2 (log10 FFU) 
rH5N1-H5N3-NA 8.15 (6.86–9.62) 0.41 (0.34–0.51) 0.55 (0.45–0.68) 0.82 (0.67–1.02) 
rH5N1-H5N3-HA 8.17 (6.88–9.63) 0.41 (0.34–0.51) 0.55 (0.45–0.68) 0.83 (0.68–1.02) 
rH5N3-H5N1-NA 23.68 (21.26–26.25) 1.14 (1.02–1.28) 1.52 (1.36–1.71) 2.28 (2.04–2.57) 
rH5N3-H5N1-NS 7.74 (6.59–9.03) 0.39 (0.33–0.48) 0.53 (0.44–0.64) 0.79 (0.65–0.96) 
rH5N3-H5N1-M 8.75 (7.52–10.11) 0.45 (0.38–0.54) 0.60 (0.50–0.72) 0.90 (0.75–1.08) 
rH5N3-H5N1-HA 7.69 (6.59–8.93) 0.39 (0.33–0.47) 0.52 (0.44–0.63) 0.78 (0.65–0.95) 
*FFU, focus-forming unit.  
†A/crow/Kyoto/53/04 (H5N1) recombined with the NA and HA genes of A/Duck/Hong Kong/820/80 (H5N3) are defined as rH5N1-H5N3-NA and rH5N1-
H5N3-HA. In addition, A/Duck/Hong Kong/820/80 (H5N3) recombined into the NA, NS, M, and HA genes of A/crow/Kyoto/53/04 (H5N1) was defined as 
rH5N3-H5N1-NA, rH5N3-H5N1-NS, rH5N3-H5N1-M, rH5N3-H5N1-HA. 
‡The elapsed time was used as the explanatory variable (x-axis), and the logarithmic virus titer was used as the explained variable (y-axis). A linear 
regression analysis with logarithmic link function was performed for each virus to create a curve of regression (Appendix Figure 3, 
https://wwwnc.cdc.gov/EID/article/28/3/21-1752-App1.pdf). Because the detection limit of each influenza virus titer was 101 FFUs, the X value (when the Y 
value of the regression curve was 1.0) was used as the survival time. 
§The half-life of each virus was calculated from the slope of each regression curve when the amount of virus remaining on the surface was 2, 3, or 4 log10 FFUs. 
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actual hand hygiene condition and elucidated the 
differences in disinfectant efficacy against differ-
ent subtypes (26–28). All viruses on the skin surface 
were completely inactivated by exposure to alcohol-
based disinfectants (high concentrations of EA or 
IPA) for 15 seconds. In addition, most viruses on the 
skin surface were completely inactivated by expo-
sure to 36% EA for 15 seconds, but the H5N1 sub-
type was not. These findings reveal that the H5N1 
subtype was more resistant to EA than other sub-
types and that the effectiveness of relatively low EA 
concentrations (36% wt/wt or 43% vol/vol) against 

the H5N1 subtype was lower. Therefore, to control 
contact transmission of the H5N1 subtype, disinfec-
tants with appropriate EA concentrations, as pro-
posed by the World Health Organization (>52% wt/
wt or >60% vol/vol), should be used (41). Although 
low-level disinfectants such as BAC and CHG were 
much less effective than alcohol-based disinfectants, 
high concentrations of low-level disinfectants (i.e., 
0.2% BAC or 1.0% CHG) were relatively effective  
against all influenza viruses on the skin surface. 
These results suggest that high concentrations of 
BAC-based and CHG-based disinfectants might 
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Table 6. Survival time and half-lives of various recombinant viruses on the surface of human skin* 

Subtype† Median survival time (95% CI), h‡ 
Median half-life (95% CI), h‡ 

4 (log10 FFU) 3 (log10 FFU) 2 (log10 FFU) 
rH5N1-H5N3-NA 2.04 (1.79–2.31) 0.09 (0.08–0.10) 0.12 (0.10–0.14) 0.18 (0.15–0.21) 
rH5N1-H5N3-HA 2.06 (1.77–2.37) 0.09 (0.08–0.11) 0.12 (0.10–0.14) 0.18 (0.15–0.21) 
rH5N3-H5N1-NA 4.65 (3.94–5.43) 0.20 (0.17–0.25) 0.27 (0.23–0.33) 0.41 (0.35–0.49) 
rH5N3-H5N1-NS 2.18 (1.83–2.55) 0.10 (0.08–0.12) 0.13 (0.11–0.16) 0.19 (0.16–0.23) 
rH5N3-H5N1-M 2.22 (1.87–2.61) 0.10 (0.08–0.12) 0.13 (0.11–0.16) 0.19 (0.16–0.24) 
rH5N3-H5N1-HA 2.16 (1.83–2.52) 0.09 (0.07–0.11) 0.13 (0.11–0.15) 0.19 (0.16–0.23) 
*FFU, focus-forming unit. 
†A/crow/Kyoto/53/04 (H5N1) recombined with the NA and HA genes of A/Duck/Hong Kong/820/80 (H5N3) are defined as rH5N1-H5N3-NA and rH5N1-
H5N3-HA, respectively. In addition, A/Duck/Hong Kong/820/80 (H5N3) recombined into the NA, NS, M, and HA genes of A/crow/Kyoto/53/04 (H5N1) was 
defined as rH5N3-H5N1-NA, rH5N3-H5N1-NS, rH5N3-H5N1-M, rH5N3-H5N1-HA.  
‡The elapsed time was used as the explanatory variable (x-axis), and the logarithmic virus titer was used as the explained variable (y-axis). A linear 
regression analysis with logarithmic link function was performed for each virus to create a curve of regression (Appendix Figure 4, 
https://wwwnc.cdc.gov/EID/article/28/3/21-1752-App1.pdf). Since the detection limit of each influenza virus titer was 101 FFUs, the X value (when the Y 
value of the regression curve was 1.0) was used as the survival time. 
§The half-life of each virus was calculated from the slope of each regression curve when the amount of virus remaining on the surface was 2, 3, or 4 log10 FFUs. 

 

Figure 3. Effectiveness of 
disinfectants against various 
recombinant influenza viruses. 
A, B) In vitro (A) and ex vivo (B) 
evaluations were performed, 
and the residual viral titer 
after EA exposure is shown. 
The results are expressed as 
mean + SD. Dotted horizontal 
lines represent the detection 
limit titers. A/crow/Kyoto/53/04 
(H5N1) was recombined 
with the neuraminidase or 
hemagglutinin gene of A/
Duck/Hong Kong/820/80 
(H5N3), and the recombinant 
viruses were designated as 
rH5N1-H5N3-NA and rH5N1-
H5N3-HA. In addition, A/Duck/
Hong Kong/820/80 (H5N3) 
was recombined with the 
neuraminidase, nonstructural 
protein, matrix protein, or 
hemagglutinin gene of A/crow/
Kyoto/53/04 (H5N1), and the 
recombinant viruses were 
designated as rH5N3-H5N1-
NA, rH5N3-H5N1-NS, rH5N3-
H5N1-M, or rH5N3-H5N1-HA. 
log reductions were calculated to evaluate the effectiveness of disinfectants under different conditions (Appendix Table 3, https://wwwnc.
cdc.gov/EID/article/28/3/21-1752-App1.pdf). EA, ethyl alcohol.
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be applicable for hand hygiene targeting influenza 
viruses as an alternative to alcohol-based disinfec-
tants, although additional studies are needed to vali-
date this possibility.

Finally, we tried to elucidate the genetic mech-
anisms responsible for differences in stability and 
disinfectant effectiveness among subtypes by using 
different recombinant viruses. The stability of all 
recombinant viruses tested (except rH5N3-H5N1-
NA) on plastic and human skin surfaces was simi-
lar to that of all influenza viruses studied (except 
H5N1). Moreover, the survival time and half-life of 
rH5N3-H5N1-NA (a recombinant H5N3 virus with 
the NA gene of an H5N1 virus) on the plastic and 
human skin surfaces were approximately twice as 
long as other recombinant viruses, and it had the 
same stability as the H5N1 subtype (H5N1-Ky and 
H5N1-Eg). While evaluating the effectiveness of 
disinfectants, we found that although all recombi-
nant viruses tested (except rH5N3-H5N1-NA) were 
completely inactivated by exposure to 36% EA for 
15 seconds, only rH5N3-H5N1-NA was not signifi-
cantly inactivated by exposure to 36% EA, and it 
had the same EA resistance as the H5N1 subtype. 
Those results strongly suggest that the higher sta-
bility and EA resistance of the H5N1 subtype might 
depend on NA, a spike protein. Although several 
studies have focused on the relationship between 
the NA segment and virulence (42,43), to the best 
of our knowledge, no study has focused on the re-
lationship between the NA segment and stability. 
Future studies focusing on the NA segment are ex-
pected to elucidate factors that determine the sta-
bility and help identify subtypes with high stability 
and a high risk for contact transmission.

The first limitation of our study is that we used 
an ex vivo evaluation model in this study using hu-
man skin samples collected during forensic autop-
sies, because the application of highly pathogenic 
viruses (such as the H5N1 subtype) on the skin of 
humans is dangerous. At this stage, we tentatively 
conclude that virus survival time would not sub-
stantially differ between autopsy skin specimens 
and live human skin or between the different au-
topsy specimens. However, improving measure-
ment accuracy, increasing the number of cumula-
tive measurement samples, and more thorough 
evaluation of skin properties might elucidate the 
properties of skin samples and donor factors that 
affect virus survival. Second, we analyzed virus 
stability by mixing virus and PBS in this study. The 
use of solvents other than PBS (e.g., cell culture 
medium or human upper respiratory tract–derived 

mucus) might affect the residual virus titer on the 
surface and the analysis results. Furthermore, the 
evaluation was performed in a controlled environ-
ment (25°C and 45%–55% relative humidity); how-
ever, changes in temperature and humidity might 
have an effect on virus stability. Finally, this study 
revealed that the NA proteins in the influenza virus 
might contribute to the high stability of the H5N1 
subtype, but the properties of the NA proteins that 
affect virus stability were not elucidated. In the fu-
ture, preparing recombinant viruses with various 
NA proteins and clarifying the properties of NA 
that affect virus stability will be necessary.

In conclusion, we found that the H5N1 subtype 
had a higher risk for contact transmission because 
of its higher stability on plastic and skin surfaces 
and higher resistance to EA than other subtypes. 
Therefore, the optimal infection control methods 
may differ for each subtype. Our findings also sug-
gest that these characteristics might depend on the 
NA protein. 
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After infection with eastern equine encephalitis virus, 
the immune system races to clear the pathogen from 
the body. Because the immune response occurs so 
quickly, it is difficult to detect viral RNA in serum or 
cerebrospinal samples. 

In immunocompromised patients, the immune re-
sponse can be decreased or delayed, enabling the vi-
rus to continue replicating. This delay gave researchers 
the rare opportunity to study the genetic sequence of 
isolated viruses, with some surprising results.

In this EID podcast, Dr. Holly Hughes, a research micro-
biologist at CDC in Fort Collins, Colorado, describes a 
fatal case of mosquitoborne disease.



The emergence of a novel severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) variant 

B.1.1.7 (Alpha) in the United Kingdom in late 2020 
raised alarm worldwide and prompted major reas-
sessment of the management, surveillance, and pro-
jected future of coronavirus disease (COVID-19) (1,2). 
Evidence of increased transmissibility and potential 
immune evasion prompted the World Health Organi-
zation to designate B.1.1.7 a variant of concern (VOC) 
in December 2020 (3–5; W.A. Haynes et al., unpub. 
data, https://doi.org/10.1101/2021.01.06.20248960). 

The emergence of B.1.1.7 and additional novel SARS-
CoV-2 variants with competitive advantages has re-
sulted in the localized dominance of single variants 
(E. Volz et al., unpub. data, https://doi.org/10.1101/
2020.12.30.20249034) and raised concern for increases 
in COVID-19 incidence (6).

Novel variant B.1.526 (Iota) arose within New 
York State (NYS), USA, in late 2020 (E. Lasek-Nes-
selquist et al., unpub. data, https://doi.org/10.110
1/2021.02.26.21251868) (7) and quickly increased in 
proportion throughout the state, leading to a notice-
able shift in lineage distribution during early 2021 (E. 
Lasek-Nesselquist et al., unpub. data, https://doi.
org/10.1101/2021.02.26.21251868) (31). The World 
Health Organization designated B.1.526 as a variant 
of interest (VOI) because of its increase in prevalence 
coupled with mutations associated with immune 
evasion (8). Despite these concerns, an epidemiologic 
assessment of B.1.526 in NYC during January–April 
2021 found that the lineage did not cause more severe 
disease and was not associated with increased risk for 
reinfection or vaccine breakthrough (9). However, an 
epidemiologic study of NYS during late 2020–May 
2021 concluded that B.1.526 was 35% more transmis-
sible than non-VOC and non-VOI lineages circulating 
at the time (10).

Genomic surveillance of COVID-19 is a crucial tool 
to monitor and assess the physiologic and epidemio-
logic characteristics of SARS-CoV-2 variants as they 
emerge. The New York State Department of Health 
(NYSDOH) substantially expanded its genomic sur-
veillance program in December 2020, with the aim of 
sequencing a more representative subset of COVID-19 
cases across the state to track the spread and impact of 
novel variants. A robust genomic surveillance system 
enables assessment of changes in variant distribution 
over precise temporal and spatial scales.

Spatiotemporal Analyses of 2 
Co-Circulating SARS-CoV-2 
Variants, New York, USA
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The emergence of novel severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) variants in late 2020 
and early 2021 raised alarm worldwide because of their 
potential for increased transmissibility and immune eva-
sion. Elucidating the evolutionary and epidemiologic dy-
namics among novel SARS-CoV-2 variants is essential 
for understanding the trajectory of the coronavirus disease 
pandemic. We describe the interplay between B.1.1.7 
(Alpha) and B.1.526 (Iota) variants in New York State, 
USA, during December 2020–April 2021 through phylo-
geographic analyses, space-time scan statistics, and car-
tographic visualization. Our results indicate that B.1.526 
probably evolved in New York City, where it was displaced 
as the dominant lineage by B.1.1.7 months after its initial 
appearance. In contrast, B.1.1.7 became dominant ear-
lier in regions with fewer B.1.526 infections. These results 
suggest that B.1.526 might have delayed the initial spread 
of B.1.1.7 in New York City. Our combined spatiotemporal 
methodologies can help disentangle the complexities of 
shifting SARS-CoV-2 variant landscapes.

1These authors contributed equally to this article.



Spatiotemporal Analyses of SARS-CoV-2 Variants

This study employed spatial scan statistics paired 
with phylogeographic analyses to describe the shift-
ing SARS-CoV-2 variant landscape in NYS during 
December 2020–April 2021, specifically the interplay 
between co-circulating B.1.526 and B.1.1.7 lineages. 
Our findings elucidate the dynamics of competing 
SARS-CoV-2 variants at a time when the highly trans-
missible VOC Delta had overtaken B.1.1.7 worldwide 
and future variant displacements were likely to occur.

Methods

Sample Acquisition and RNA Extraction
This study was approved by the NYSDOH Institu-
tional Review Board, under study numbers 02-054 
and 07-022. The NYSDOH Wadsworth Center co-
ordinated with >30 clinical laboratories throughout 
NYS that routinely submitted respiratory swabs posi-
tive for SARS-CoV-2 for whole-genome sequencing 
(WGS). Specimens were required to have a real-time 
cycle threshold value <30. We performed nucleic acid 
extraction on a MagNAPure 96 with the Viral NA 
Small Volume Kit (Roche, https://www.roche.com) 
with 100 μL sample input and 100 μL eluate.

Sequencing and Bioinformatics Processing
We processed extracted RNA for WGS with a modi-
fied ARTIC V3 protocol (https://artic.network/
ncov-2019) in the Applied Genomics Technology 
Core at the Wadsworth Center as previously de-
scribed (11) (Appendix, https://wwwnc.cdc.gov/
EID/article/28/3/21-1972-App1.pdf). We processed 
Illumina libraries with the ARTIC nextflow pipeline 
(https://github.com/connor-lab/ncov2019-artic-nf) 
as previously described (14) (Appendix).

Sample Inclusion Criteria
We included specimens with collection dates during 
December 2020–April 2021 with ZIP codes of patient 
addresses. We removed specimens that were pre-
screened for specific mutations or for clinical or epide-
miologic criteria. For persons with multiple specimens 
collected, we included only the earliest specimen.

COVID Incidence Calculation
We obtained monthly COVID-19 case counts by ZIP 
code from online NYC COVID-19 data (https://
github.com/nychealth/coronavirus-data) and from 
the NYSDOH Communicable Disease Electronic Sur-
veillance System. We included reports with case sta-
tus of confirmed or probable in the case count and 
assigned a month on the basis of diagnosis date. We 
converted ZIP code data to ZIP code tabulation area 

(ZCTA) and calculated incidence using population 
data from the 2019 1-year American Community Sur-
vey estimates (https://data.census.gov/cedsci).

Retrospective Multinomial Space-Time Scan Statistic
We used the retrospective multinomial space-time 
scan statistic in SaTScan version 9.6 and applied the 
nonordinal method (12,13). We calculated estimated 
SARS-CoV-2 variant data for each ZCTA-month ag-
gregation by multiplying the proportion of either 
B.1.1.7, B.1.526, or other variants in our sample by the 
total number of COVID-19 cases.

We set the maximum cluster size parameter a 
priori to 10% of the population at risk (14) . Space-
time cluster detection in SaTScan has a noted limi-
tation where the size of clusters cannot change over 
time (15,16). Given that our data are aggregated to the 
temporal unit of months (December 2020–April 2021), 
we set the maximum temporal cluster size parameter 
to 1 month, to enable clusters to change their shape 
from month to month by being designated as new  
clusters (Appendix).

Inverse-Distance Weighted Interpolation and Spatial 
Average of SARS-CoV-2 Whole-Genome Sequencing
We used inverse-distance weighted (IDW) interpola-
tion to visualize the spatiotemporal variation in the 
proportion of COVID-19 cases attributable to each 
SARS-CoV-2 variant in NYS and to provide estimates 
for these proportions in areas where we were missing 
data (17). We assigned the percentage of COVID-19 
cases attributable to each variant per ZCTA to the 
ZCTA’s centroid for the IDW calculation. IDW in-
terpolation generated a continuous surface of values 
representing the percentage of total COVID-19 cases 
attributed to B.1.1.7 and B.1.526, which we then aver-
aged over each ZCTA geometry.

We then multiplied the estimated percentage of 
each SARS-CoV-2 variant generated from IDW inter-
polation by the total number of COVID-19 cases for 
each ZCTA and month to estimate the total number 
of COVID-19 cases attributable to each variant. Esti-
mated numbers of variant cases generated geograph-
ic mean centers for each month of the study period 
(18) (Appendix).

Phylogeographic Analyses
We incorporated into the analysis all NYS B.1.526 ge-
nomes generated by Wadsworth from the study pe-
riod, barring a small fraction that did not pass quality 
control and those removed as redundant (Appendix). 
We downloaded all B.1.526 genomes from the Unit-
ed States and associated metadata (excluding NYS 
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sequences) from GISAID (https://www.gisaid.org) 
and randomly subsampled them proportionally to 
their overall frequency in the United States. The fi-
nal dataset included B.1.526 genomes from domestic 
locations (Massachusetts, New Jersey, Pennsylvania, 
Connecticut, California, Florida, Maryland, Michi-
gan, Minnesota, and North Carolina), the 5 boroughs 
of NYC (Bronx, Brooklyn, Queens, Staten Island, and 
Manhattan), Long Island, the Hudson Valley and 
upstate New York (Western NYS, the Finger Lakes, 
the Capital District, and Central NYS regions). We 
aligned genomes in mafft 7.475 (19), masking prob-
lematic sites (https://github.com/W-L/Problemat-
icSites_SARS-CoV2). We generated a maximum-
likelihood phylogeny in IQTree 1.6.12 (20) with 1,000 
ultrafast bootstrap replicates (21) and time-calibrated 
it in TreeTime 0.7.6 (22). This tree served as the fixed 
tree for ancestral state reconstruction in Beast 2.6.2 
(23) to infer timing and source of B.1.526 introduc-
tions within NYS. We allowed the Bayesian analysis 
to run for >4 million generations and monitored it in 
Tracer 1.7.1 (24) until the effective sample size of all 
parameters >200 and the Markov chain Monte Carlo 
appeared to reach stationarity.

We conducted a B.1.1.7 phylogeographic analysis 
in the same manner with the states inferred for a fixed 
topology until all effective sample sizes reached >200. 
The final dataset included B.1.1.7 genomes from do-
mestic locations (Massachusetts, New Jersey, Penn-
sylvania, Connecticut, California, and Florida) NYC, 
Long Island, Mid-Hudson, Finger Lakes, southwest-
ern NYS (the Southern Tier and western regions of 
NYS) and Northern NYS (Capital District, Mohawk 
Valley, Central NYS, and the North Country).

We generated maximum clade credibility trees 
for B.1.526 and B.1.1.7 in TreeAnnotator 2.6.2 (23) with 
a 10% burn-in. We summarized the number of intro-
ductions between locations by using Baltic (https://
github.com/evogytis/baltic), adopting the exploded 
tree script for Python 3. We considered only introduc-
tions with a posterior probability >0.7. We visualized 
and annotated trees in FigTree 1.5.5 (http://tree.bio.
ed.ac.uk/software/figtree) and ggtree (25) for R 4.1.0 
(http://www.R-project.org) (Appendix).

Results

Summary Statistics
We included in the study a total of 8,517 SARS-CoV-2 
specimens sequenced by Wadsworth with collection 
dates during December 2020–April 2021. Among the 
included specimens, B.1.1.7 constituted 1,107 (13%) 
and B.1.526 constituted 904 (10.6%) of the samples.

The earliest B.1.1.7 samples sequenced by Wad-
sworth were collected on December 24, 2020, from a res-
ident of Manhattan (Metro or NYC region) and a person 
in Saratoga County (Capital Region). B.1.1.7 remained 
relatively rare among all samples through the end of 
January. The Metro and Capital regions experienced the 
earliest increases in B.1.1.7, although the proportion of 
B.1.1.7 did not exceed 15% through February. The pro-
portion of B.1.1.7 increased in March across all regions, 
most notably in the western region, where it constituted 
≈75% of all samples by the end of March and continued 
to rise through April. The Metro Region experienced the 
most gradual increase in B.1.1.7; the proportion did not 
exceed 40% until the end of April.

The earliest B.1.526 sample sequenced by Wads-
worth was collected on December 9, 2020, from a 
patient in the Bronx (Metro or NYC region). The 
proportion of B.1.526 increased in the Metro Region 
throughout December, reaching 10% of total samples 
by the end of the month. The proportion of B.1.526 in 
the Metro Region approached 40% by the end of Janu-
ary, peaked at ≈60% in mid-February to early March, 
and then plateaued at ≈50% through April. B.1.526 
was not consistently detected in the other regions 
until February and its proportion generally remained 
<40%. The combined proportion of all lineages other 
than B.1.1.7 and B.1.526 dropped to <20% in all NYS 
regions by the end of April.

Cartographic Visualization
Maps of interpolated proportion of B.1.1.7 relative to 
all other lineages by ZCTA (Appendix Figure 1, panel 
A) show a general trend of spread through the south-
ern portion of NYS in January, statewide distribution 
by February, diffuse increase in proportion in March, 
and a sustained high proportion throughout the state 
in April, with strong dominance in the western re-
gion. In contrast, maps of interpolated proportion of 
B.1.526 show more constricted initial spread focused 
around NYC and surrounding areas in January; state-
wide distribution was not achieved until March, and 
a moderate proportion was sustained mostly within 
the Metro Region (Appendix Figure 1, panel B).

Maps of geographic mean centers of estimated 
B.1.1.7 and B.1.526 cases (Figure 1) show that shifts in the 
SARS-CoV-2 variant landscape affected the spatial dis-
tribution of COVID-19 cases overall. In December 2020, 
the mean center of total COVID-19 cases and the mean 
center of the population of NYS were nearly spatially 
coincident, implying that COVID-19 cases were distrib-
uted in accordance with NYS’s population. At the same 
time, the mean center of B.1.526 cases occurred near the 
NYC area, then gradually moved slightly northwest as 
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B.1.526 expanded modestly into upstate regions. Simi-
larly, the mean center of B.1.1.7 cases was located near 
NYC in December 2020, then moved northwest dur-
ing March and April to a much greater degree than for 
B.1.526 cases, probably because of the B.1.1.7 cluster oc-
curring in the Finger Lakes region. Consequently, the 
spread of B.1.1.7 in upstate NYS, especially within the 
western region, resulted in a northwesterly shift of the 
mean center of total COVID-19 cases by April 2021. The 
spatial shift pushed the mean center of COVID-19 cases 
northwest of NYS’s population center, indicating that 
the April B.1.1.7 cluster had an outsized effect on the 
overall distribution of COVID-19 cases.

Retrospective Multinomial Space-Time Scan Statistic
Retrospective multinomial space-time scan analysis 
indicated 6 statistically significant clusters with el-
evated relative risk (RR) of COVID-19 attributable to 
specific variants (Figure 2; Appendix Table 1). Two 
clusters of elevated RR of other lineages were found 
in December, 2020 in the Metro and Capital regions as 
well as Long Island, reflecting the nearly nonexistent 
risk for B.1.1.7 and B.1.526 infection. Three clusters 
of elevated RR of multiple combinations of B.1.1.7, 
B.1.526, B.1.526.1, and B.1.526.2 were found in March 
2021 in the NYC and Long Island regions. The sixth 
cluster exhibited an elevated RR of >7.0 for B.1.1.7, 
with a radius of 114.38 km centered in the Finger 

Lakes area (western and central regions) during April. 
In addition, the presence of B.1.1.7 and B.1.526 clusters 
in March and April coincide with a general statewide 
decrease in incidence of COVID-19 (Figure 2).

Phylogeographic Analyses
The final B.1.526 dataset for phylogenetic reconstruc-
tion contained 980 genomes from all regions of NYS 
and various domestic locations (Bronx, 222; Hudson 
Valley, 128; Brooklyn, 39; Long Island, 78; Manhattan, 
49; Queens, 81; Staten Island, 12; upstate NYS, 81; do-
mestic, 290). The final B.1.1.7 dataset contained 1,195 
genomes from the NYC region (181), Finger Lakes 
(239), Hudson Valley (78), Long Island (130), West-
ern NYS and the Southern Tier (southwestern NYS, 
56), Capital District, Mohawk Valley, Central NYS, 
and the north country (Northern NYS, 149), as well 
as other states (domestic, 362). Results from the phy-
logeographic analysis indicated that B.1.526 emerged 
within the NYC area near the end of 2020 and that the 
Bronx was a major source of spread to other regions 
of NYS and the United States (domestic) (Figure 3). 
Although sampling biases could have influenced the 
number of introductions assigned to the Bronx, the 
domestic category had greater representation in the 
dataset but led to substantially fewer introductions 
(Appendix Table 2). Domestic genomes represented 
29.5% of the dataset but this location was responsible 
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Figure 1. Geographically 
weighted mean centers of total 
and estimated coronavirus 
disease cases attributable to 
B.1.526 and B.1.1.7 variants, 
New York State, USA, 
December 2020–April 2021. 
Cluster centroids refer to the 
results of the multinomial space-
time scan analysis (Figure 
2). New York’s centroid and 
geographic center of population 
are added as reference points. 
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for only 6.7% of all B.1.526 introductions, whereas 
the Bronx represented 22.7% of the dataset and led 
to 63.8% of all introductions (Appendix Table 2). 
Excluding the Bronx, B.1.526 transmission between 
boroughs and from these boroughs to other locations 
was relatively infrequent. We used subsampling 
strategies to investigate the strength of our results 
from the full B.1.526 phylogeographic analysis. These 
strategies included evenly sampling each region or 
borough, sampling evenly across time (except for De-
cember, which had very few B.1.526 cases compared 
with other months), sampling proportionally to the 
total incidence of SARS-CoV-2 per region or borough, 
and downsampling high-incidence regions or bor-
oughs to the mean of B.1.526 cases per month. We 
performed each subsampling analysis in triplicate. 
Despite the different subsampling strategies, the root 
of the tree consistently fell within NYC, and the Bronx 
continued to serve as a major source of B.1.526 (data 
not shown).

Multiple domestic introductions contributed to 
the initial presence of B.1.1.7 in NYS (11) (Figure 4), 
with transmission occurring most frequently in the 
Finger Lakes and Northern NYS (Figure 4). The Fin-
ger Lakes and Northern NYS were well-represented 
in the dataset (32% of genomes) but contributed 
substantially less to the distribution of B.1.1.7 (ac-
counting for 13% of the total number of introduc-
tions) than domestic sites, which represented 20% of 
the data and were responsible for the highest per-
centage of introductions (≈39%) (Appendix Table 
3). The Finger Lakes showed the lowest proportion 

of sequenced cases attributable to introductions but 
the largest sample size in NYS, suggesting more sus-
tained transmission of B.1.1.7 in this region.

Discussion
The repeated emergence of novel variants of SARS-
CoV-2 has largely defined the COVID-19 pandemic 
response in 2021. As vaccination rates, prior expo-
sure levels, and behavioral public health measures 
continuously change, so too will selective pressures 
(26). Given that selective pressures likely vary across 
regions, it follows that the emergence and spread of 
SARS-CoV-2 variants are also regionally dynamic. 
We combined spatial statistical, phylogeographic, 
and cartographic visualization techniques to exam-
ine the spatiotemporal dynamics of the VOC B.1.1.7 
(Alpha) and the VOI B.1.526 (Iota) in NYS during De-
cember 2020–April 2021.

The concurrent spread of B.1.1.7 and B.1.526 of-
fers a unique opportunity to compare the dynam-
ics of competing variants of SARS-CoV-2 within a 
population during a period of substantial fluctua-
tions in statewide COVID-19 incidence and the im-
plementation of a vaccination campaign in January 
2021. Shortly after its appearance in the Bronx in late 
2020, B.1.526 quickly became the most common lin-
eage in NYC and the surrounding region. The rap-
id dominance of B.1.526 in NYC is corroborated by 
our phylogeographic results (Figure 3), which depict 
widespread initial transmission within the Bronx, 
periodic introductions to neighboring boroughs, and 
later introductions to the greater Metro Region and 
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Figure 2. Severe acute respiratory syndrome coronavirus 2 variant clusters identified from retrospective multinomial space-time scan 
analysis and coronavirus disease incidence by ZIP code tabulation area, New York State, USA, December 2020–April 2021. Circles 
indicate clusters with relative risk >1. 1, variant includes B.1.526, B.1.526.1, and B.1.526.2; 2, variant includes B.1.526 and B.1.526.2.
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Figure 3. Time-calibrated phylogeny of severe acute respiratory syndrome coronavirus 2 variant B.1.526, New York and other states, 
USA, December 2020–April 2021. Left panel represents a maximum-likelihood phylogeny of 980 genomes from New York and other 
US states generated in IQTree 1.6.12 (20) with timescale inferred by TreeTime 0.7.6 (22) and ancestral state reconstruction performed 
in BEAST 2.6.2 (23). Faceted panels indicate the source of B.1.526 introductions into different regions of New York and other states 
(domestic). Only introductions supported by an ancestral state probability of >0.7 are shown. Bottom panel shows locations sampled 
and sample sizes. A, April; J, January; O, October.
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other states. The spread of B.1.526 appears to have 
been spatially limited by the repeated introduction 
and transmission of B.1.1.7 outside NYC. However, 
behaviors such as differences in travel rates in NYC 
and between NYC and other regions probably con-
tributed to the dynamics we observed. Similarly, the 
regional success of either variant may depend on the 
seroprevalence of the population. B.1.351 (Beta) was 
predicted to dominate in populations with a high de-
gree of naturally acquired immunity because of im-
mune evasion conferred by the E484K mutation in 
Spike (C.L. Althaus et al., unpub. data, https://doi.
org/10.1101/2021.06.10.21258468), a mutation also 
observed in most NYS B.1.526 genomes. The spike 
mutations of B.1.526 (including the E484K mutation) 
were shown to reduce neutralization activity of con-
valescent-phase plasma and several antibodies (10). 
Thus, founder effects in an area of high transmission 
combined with high levels of prior exposure to SARS-
CoV-2 might have provided B.1.526 its initial growth 
advantages in the NYC area, which was also the ini-
tial epicenter of the pandemic in the United States. 
Regions of NYS where B.1.526 had not yet established 
experienced rapid dominance of B.1.1.7 during March 
and April. This trend is most clearly seen in the near 
complete displacement of all other lineages by B.1.1.7 
in Western NYS (Appendix Figure 2, panel A), result-
ing in a large cluster of elevated RR for B.1.1.7 cases in 
the Finger Lakes region during April (Figure 2). This 
finding is consistent with the enhanced transmissibil-
ity of B.1.1.7 in comparison to non-VOCs and non-
VOIs and the conclusion that B.1.1.7 will dominate in 
populations with lower seroprevalence (C.L. Althaus 
et al., unpub. data, https://doi.org/10.1101/2021.06.
10.21258468), such as those outside the NYC area.

The multinomial spatial scan detected 3 unique 
clusters in March 2021, all with increased RR for 
B.1.1.7 and B.1.526. The values for RR in each NYC 
cluster detail a distinct pattern: clusters centered 
within the Bronx, Brooklyn, and Manhattan had 
higher RR for B.1.526, whereas the cluster centered 
in east Queens and Long Island had a higher RR for 
B.1.1.7 (Appendix Table 1). During the months af-
ter B.1.526’s initial advantage in NYC, B.1.1.7 trends 
toward becoming the major variant in the Metro 
Region. Given the elevated reproductive number 
of B.1.1.7 and B.1.526 in comparison to other non-
VOC/VOIs lineages (27) and the delayed dominance 
of B.1.1.7 in the Bronx compared with Long Island 
and Queens, we hypothesize that B.1.526 was more 
difficult to displace than other lineages circulating 
at the time. Almost no difference can be observed in 
the average global reproductive number of B.1.526 

compared with B.1.1.7, although differences exist on 
a country level (27). This finding supports the idea 
that B.1.526 was generally more competitive against 
B.1.1.7 than background lineages, but other factors, 
including the location examined, probably influence 
our results.

Similarly, maps of the geographic mean cen-
ters of the estimated number of COVID-19 cases at-
tributable to each variant capture the rapid spread 
of B.1.1.7 out of NYC and the relative inability of 
B.1.526 to claim a foothold outside of the Metro 
Region. The northwesterly shift in the trajectory of 
overall COVID-19 cases in April indicates that the 
expansion of B.1.1.7, in particular clustering in west-
ern NYS, had a measurable influence on the spatial 
spread of COVID-19 cases overall.

 There are some limitations to our study. A de-
gree of selection bias exists within the dataset, given 
that specimens were screened by cycle threshold 
value and were submitted by a selected group of 
clinical and commercial laboratories that cannot 
perfectly represent all COVID-19 cases in NYS. We 
were unable to assess the demographic and clini-
cal representativeness of our dataset because these 
data were not available to us. In addition, the num-
ber of specimens sequenced varied over the space 
and time of the study period, which created small 
sample sizes within many ZCTA-months. This limi-
tation extended to the multinomial scan statistic, 
which was run with estimated values for COVID-19 
cases attributable to B.1.1.7 and B.1.526, giving all 
ZCTAs with samples equal weight. However, the 
spatial scan assesses data according to their prox-
imity to each other. In this context, ZCTAs are 
analyzed together rather than individually, which 
has the potential to reduce bias. Another conse-
quence of our limited sampling was that our data 
exhibited zero samples from many ZCTAs for each 
month, which we addressed by using IDW inter-
polation of the proportion of B.1.1.7 and B.1.526 
sequenced samples at the ZCTA-month level to 
visualize general patterns of variant proportions 
over geography. Phylogeographic analyses were  
hampered by similar limitations; uneven sampling 
among regions and the lack of global representation 
in our datasets could lead to incorrect trait assign-
ments. Smaller sample sizes for some regions might 
have caused an underestimation of their contribu-
tions to variant transmission in NYS, whereas larger 
sample sizes might have inflated the number of in-
troductions assigned. However, we believe our re-
sults largely capture the transmission dynamics of 
B.1.526 and B.1.1.7 in NYS, given that larger sample 
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Figure 4. Time-calibrated phylogeny of severe acute respiratory syndrome coronavirus 2 variant B.1.1.7, New York and other states, 
USA, December 2020–April 2021. Left panel represents a maximum-likelihood phylogeny of 1,195 genomes from New York and other 
states generated in IQTree 1.6.12 (20) with timescale inferred by TreeTime 0.7.6 (22) and ancestral state reconstruction performed in 
BEAST 2.6.2 (23). The tree was rooted with a P.1 genome (not shown). Faceted panels indicate the source of B.1.1.7 introductions into 
different regions of New York and other states (domestic). Only introductions supported by an ancestral state probability of >0.7 are 
shown. Bottom panel shows locations sampled and sample sizes. A, April; J, January; O, October.
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sizes did not always correspond to regions with out-
sized contributions to the spread of either variant, and 
subsampling the B.1.526 dataset consistently showed 
NYC as the dominant source of introductions.

Our phylogeographic and spatiotemporal analy-
ses offer a method for evaluating the competitive ad-
vantages of co-circulating SARS-CoV-2 variants. We 
believe the emergence of VOI B.1.526 contributed to 
the slower rise of VOC B.1.1.7 as the dominant lineage 
in NYC compared with regions devoid of B.1.526. In 
this way, our study describes important dynamic in-
teractions between variants with unequal transmissi-
bility and is potentially generalizable to interactions 
between any known variants, including the highly 
transmissible Delta and Omicron variants and other 
variants to come.

Acknowledgments
The authors gratefully acknowledge the Advanced  
Genomic Technologies Core of the Wadsworth Center, 
where all next-generation sequencing was performed.  
We also graciously thank the New York State clinical  
laboratories that submitted SARS-CoV-2–positive  
specimens to Wadsworth for sequence analysis, all  
originating and submitting laboratories for their  
SARS-CoV-2 sequence contributions to the GISAID  
database, Wadsworth Center’s Virology Laboratory for  
initial processing of specimens, and the Bioinformatics 
Core for sequence processing and analysis.

Initial funding for sequencing was generously provided 
by the New York Community Trust. The work for this 
publication was also funded by the Centers for Disease 
Control and Prevention (cooperative agreement no. 
NU50CK000516). Its contents are solely the responsibility 
of the authors and do not necessarily represent the official 
views of the Centers for Disease Control and Prevention or 
the Department of Health and Human Services.

A.R., C.O., E.L.-N., J.P., J.P.K., and D.M.L. declare no con-
flicts of interest. K.S.G. receives research support  
from ThermoFisher for the evaluation of new assays for 
the diagnosis and characterization of viruses, and has  
a royalty-generating collaborative agreement with  
Zeptometrix.

Author contributions: A.R. and C.O. conceived of the  
manuscript. A.R., C.O., and E.L.-N. analyzed data,  
interpreted results, and wrote and revised the manuscript. 
A.R., J.P., D.M.L., and K.S.G. contributed to the acquisition 
and processing of specimens. J.K. generated sequence  
data. D.M.L. and K.S.G. contributed conceptual insight 
and revised the manuscript. All authors approved of the  
final version.

About the Author
Ms. Russell is a research scientist in the Special Projects 
Unit of the Laboratory of Viral Diseases at the  
Wadsworth Center, New York State Department of Health, 
Albany, New York. Her primary research interests are in 
infectious disease epidemiology, with a particular focus on  
innovative applications of molecular surveillance methods.

References
  1. Grubaugh ND, Hodcroft EB, Fauver JR, Phelan AL,  

Cevik M. Public health actions to control new SARS-CoV-2 
variants. Cell. 2021;184:1127–32. https://doi.org/10.1016/ 
j.cell.2021.01.044

  2. Lauring AS, Hodcroft EB. Genetic variants of  
SARS-CoV-2—what do they mean? JAMA. 2021;325:529–31. 
https://doi.org/10.1001/jama.2020.27124

  3. Frampton D, Rampling T, Cross A, Bailey H, Heaney J,  
Byott M, et al. Genomic characteristics and clinical effect of 
the emergent SARS-CoV-2 B.1.1.7 lineage in London, UK:  
a whole-genome sequencing and hospital-based cohort 
study. Lancet Infect Dis. 2021;21:1246–56. https://doi.org/ 
10.1016/S1473-3099(21)00170-5

  4. Kidd M, Richter A, Best A, Cumley N, Mirza J, Percival B,  
et al. S-variant SARS-CoV-2 lineage B1.1.7 is associated with 
significantly higher viral load in samples tested by TaqPath 
polymerase chain reaction. J Infect Dis. 2021;223:1666–70. 
https://doi.org/10.1093/infdis/jiab082

  5. Planas D, Bruel T, Grzelak L, Guivel-Benhassine F,  
Staropoli I, Porrot F, et al. Sensitivity of infectious SARS-
CoV-2 B.1.1.7 and B.1.351 variants to neutralizing antibodies. 
Nat Med. 2021;27:917–24. https://doi.org/10.1038/ 
s41591-021-01318-5

  6. Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A,  
Fonseca V, Giandhari J, et al. Detection of a SARS-CoV-2 
variant of concern in South Africa. Nature. 2021;592:438–43. 
https://doi.org/10.1038/s41586-021-03402-9

  7. West AP Jr, Wertheim JO, Wang JC, Vasylyeva TI,  
Havens JL, Chowdhury MA, et al. Detection and  
characterization of the SARS-CoV-2 lineage B.1.526 in New 
York. Nat Commun. 2021;12:4886. https://doi.org/10.1038/
s41467-021-25168-4

  8. World Health Organization. Epidemiological update:  
variants of SARS-CoV-2 in the Americas. 2021 Mar  
[cited 2021 Dec 9]. https://iris.paho.org/handle/ 
10665.2/53382

  9. Thompson CN, Hughes S, Ngai S, Baumgartner J,  
Wang JC, McGibbon E, et al.; PhD1. PhD1. Rapid emergence 
and epidemiologic characteristics of the SARS-CoV-2 B.1.526 
variant—New York City, New York, January 1–April 5,  
2021. MMWR Morb Mortal Wkly Rep. 2021;70:712–6. 
https://doi.org/10.15585/mmwr.mm7019e1

10. Annavajhala MK, Mohri H, Wang P, Nair M, Zucker JE, 
Sheng Z, et al. Emergence and expansion of SARS-
CoV-2 B.1.526 after identification in New York. Nature. 
2021;597:703–8. https://doi.org/10.1038/s41586-021-03908-2

11. Alpert T, Brito AF, Lasek-Nesselquist E, Rothman J,  
Valesano AL, MacKay MJ, et al. Early introductions and 
transmission of SARS-CoV-2 variant B.1.1.7 in the United 
States. Cell. 2021;184:2595–2604.e13. https://doi.org/ 
10.1016/j.cell.2021.03.061

12. Jung I, Kulldorff M, Richard OJ. A spatial scan statistic  
for multinomial data. Stat Med. 2010;29:1910–8.  
https://doi.org/10.1002/sim.3951

658 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022



Spatiotemporal Analyses of SARS-CoV-2 Variants

13. Kulldorff M. Software for the spatial and space-time  
scan statistics. 2018 [2021 Dec 9]. http://www.satscan.org

14. Desjardins MR, Hohl A, Delmelle EM. Rapid surveillance  
of COVID-19 in the United States using a prospective  
space-time scan statistic: Detecting and evaluating  
emerging clusters. Appl Geogr. 2020;118:102202.  
https://doi.org/10.1016/j.apgeog.2020.102202

15. Iyengar VS. Space-time clusters with flexible shapes.  
MMWR Suppl. 2005;54:71–6.

16. Takahashi K, Kulldorff M, Tango T, Yih K. A flexibly  
shaped space-time scan statistic for disease outbreak  
detection and monitoring. Int J Health Geogr. 2008;7:14. 
https://doi.org/10.1186/1476-072X-7-14

17. Shepard D. A two-dimensional interpolation function for 
irregularly-spaced data. 1968 Jan 1 [cited 2021 Jun 8].  
http://portal.acm.org/citation.cfm?doid=800186.810616

18. Rogerson PA, Plane DA. Geographical analysis of  
population: with applications to planning and business. 
International edition. Hoboken (New Jersey): John Wiley and 
Sons Ltd; 1994.

19. Katoh K, Standley DM. MAFFT multiple sequence  
alignment software version 7: improvements in performance 
and usability. Mol Biol Evol. 2013;30:772–80. https://doi.org/ 
10.1093/molbev/mst010

20. Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ.  
IQ-TREE: a fast and effective stochastic algorithm for  
estimating maximum-likelihood phylogenies. Mol Biol  
Evol. 2015;32:268–74. https://doi.org/10.1093/molbev/
msu300

21. Minh BQ, Nguyen MAT, von Haeseler A. Ultrafast  
approximation for phylogenetic bootstrap. Mol Biol Evol. 
2013;30:1188–95. https://doi.org/10.1093/molbev/ 
mst024

22. Sagulenko P, Puller V, Neher RA. TreeTime: Maximum-
likelihood phylodynamic analysis. Virus Evol. 2018;4:vex042. 
https://doi.org/10.1093/ve/vex042

23. Bouckaert R, Vaughan TG, Barido-Sottani J, Duchêne S, 
Fourment M, Gavryushkina A, et al. BEAST 2.5: an advanced 
software platform for Bayesian evolutionary analysis. PLOS 
Comput Biol. 2019;15:e1006650. https://doi.org/10.1371/
journal.pcbi.1006650

24. Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. 
Posterior summarization in Bayesian phylogenetics using 
Tracer 1.7. Syst Biol. 2018;67:901–4. https://doi.org/10.1093/
sysbio/syy032

25. Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y. ggtree: an r 
package for visualization and annotation of phylogenetic 
trees with their covariates and other associated data.  
Methods Ecol Evol. 2017;8:28–36. https://doi.
org/10.1111/2041-210X.12628

26. Neher R. The virus is under increasing selection pressure. 
Max-Planck-Gesellschaft. 2021 [cited 2021 Aug 10].  
https://www.mpg.de/16371358/coronavirus-variants

27. Campbell F, Archer B, Laurenson-Schafer H, Jinnai Y,  
Konings F, Batra N, et al. Increased transmissibility and 
global spread of SARS-CoV-2 variants of concern as at June 
2021. Euro Surveill. 2021;26:2100509. https://doi.org/ 
10.2807/1560-7917.ES.2021.26.24.2100509

Address for correspondence: Kirsten St. George, Laboratory  
of Viral Diseases, Wadsworth Center, New York State  
Department of Health, David Axelrod Institute, 120 New  
Scotland Ave, Albany, New York, NY 12208, USA; email:  
Kirsten.St.George@health.ny.gov

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022 659

EID Podcast
Livestock, Phages, 

MRSA, and  
People in Denmark 

Visit our website to listen: 
https://go.usa.gov/x74Jh 

Methicillin-resistant Staphylococcus aureus, bet-
ter known as MRSA, is often found on human skin. 
But MRSA can also cause dangerous infections that 
are resistant to common antimicrobial drugs. Epide-
miologists carefully monitor any new mutations or 
transmission modes that might lead to the spread of 
this infection.

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

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

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



Tuberculosis (TB) is a major global health problem, 
and an estimated 1.2 million new pediatric cases 

and 230,000 deaths occurred in children <15 years of 
age in 2019 (1). Tuberculous meningitis (TBM) is the 
most severe manifestation of TB, leading to high rates 
of childhood TBM mortality, at an average of 19%, 
and neurodisability in >50% of survivors, even when 

treatment is provided (2). After infection with My-
cobacterium tuberculosis, children <2 years of age are 
at the highest risk for progression to miliary TB and 
TBM, most likely because of their immature immune 
systems (3). Childhood and adolescent TB has histori-
cally been neglected (4,5); however, recently this con-
dition has begun to gain priority as a focus of global 
collaborative efforts toward ending TB in children 
and adolescents (6).

The most important predictors of favorable 
outcome in childhood TBM are early diagnosis and 
immediate initiation of treatment (2). However, 
incomplete understanding of the pathogenesis, 
nonspecifi c symptoms, suboptimal performance 
of diagnostic tests, and the paucibacillary nature 
of the disease often result in a lengthy process of 
obtaining a defi nite diagnosis (7–9). Moreover, 
antimicrobial therapy as currently recommended 
by the World Health Organization (WHO) for the 
management of childhood TBM remains subopti-
mal (9,10) and most likely contributes to poor out-
comes. Summary estimates of neurologic sequelae 
and death associated with childhood TBM have 
been described in a meta-analysis, but predictors 
of these poor outcomes other than diagnosis in the 
most advanced disease stage were reported to have 
high heterogeneities across studies (2). Data on 
clinical features and treatment outcomes of child-
hood TBM from large cohorts of children outside of 
South Africa are limited (11–13). In settings in In-
donesia, a few small studies have reported clinical 
outcomes of childhood TBM (14–16), but none have 
explored factors associated with the outcomes. This 
characterization is clinically relevant, enabling 
early and targeted interventions to optimize care 
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We retrospectively evaluated clinical features and out-
comes in children treated for tuberculous meningitis (TBM) 
at Hasan Sadikin Hospital, Bandung, Indonesia, during 
2011–2020. Among 283 patients, 153 (54.1%) were <5 
years of age, and 226 (79.9%) had stage II or III TBM. Pre-
dictors of in-hospital death (n = 44 [15.5%]) were stage III 
TBM, hydrocephalus, male sex, low-income parents, sei-
zures at admission, and lack of bacillus Calmette-Guérin 
vaccination. Predictors of postdischarge death (n = 18 
[6.4%]) were hydrocephalus, tuberculoma, and lack of bacil-
lus Calmette-Guérin vaccination. At treatment completion, 
91 (32.1%) patients were documented to have survived, 
of whom 33 (36.3%) had severe neurologic sequelae and 
118 (41.7%) had unknown outcomes. Predictors of severe 
neurologic sequelae were baseline temperature >38°C, 
stage III TBM, and baseline motor defi cit. Despite treat-
ment, childhood TBM in Indonesia causes substantial neu-
rologic sequelae and death, highlighting the importance of 
improved early diagnosis, better tuberculosis prevention, 
and optimized TBM management strategies.
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in this vulnerable population. In this context, our 
study aimed to assess clinical features of childhood 
TBM and to evaluate factors associated with poor 
outcomes, including in-hospital death, postdis-
charge death, and neurologic sequelae.

Methods

Patients and Setting
This real-world retrospective cohort study consecu-
tively included children <15 years of age treated for 
TBM at the Department of Child Health of Hasan Sa-
dikin Hospital, a national tertiary teaching hospital 
in Bandung, Indonesia, during January 2011–Decem-
ber 2020. The study was approved by the Indepen-
dent Ethics Committee of Hasan Sadikin Hospital 
(approval no. LB.02.01/X.6.5/91/2021). Because 
of the retrospective nature of the study design, the  
Ethics Committee waived the need for written in-
formed consent.

Diagnosis
We established TBM diagnosis on the basis of clinical, 
laboratory, and radiologic findings (17), combining 
medical history, physical and clinical examinations, 
tuberculin skin test, chest radiography, cerebrospinal 
fluid (CSF) analysis, and neuroimaging by using com-
puted tomography (CT) scan. We performed microbi-
ologic examination of CSF and non-CSF samples, in-
cluding smear microscopy for acid-fast bacilli (AFB), 
culture for M. tuberculosis, and Xpert MTB/RIF assay, 
depending on sample availability. We assessed diag-
nostic certainty of definite, probable, or possible TBM 
by using uniform case definition criteria for TBM re-
search (18) (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/28/3/21-2230-App1.pdf). We pre-
sumed that patients had drug-susceptible TBM un-
less drug resistance was proven in Xpert MTB/RIF 
or drug-susceptibility testing. We excluded TBM pa-
tients with drug-resistant TB from the study.

Treatment
We based treatment regimens on the 2010 WHO 
guidelines in accordance with the Indonesian Pae-
diatric Society guidelines for TBM treatment in chil-
dren, consisting of daily isoniazid at 10 mg/kg (range 
7–15 mg/kg), rifampin at 15 mg/kg (range 10–20 mg/
kg), pyrazinamide at 35 mg/kg (range 30–40 mg/kg), 
and ethambutol at 20 mg/kg (range 15–25 mg/kg) for 
a 2-month intensive phase, followed by a 10-month 
continuation phase with isoniazid and rifampin at 
the same doses (17,19). We administered all anti-TB 
drugs orally as fixed-dose combination or single-drug  

formulation tablets, where available. Patients re-
ceived facility-based directly observed therapy (DOT) 
during hospitalization. After discharge, patients re-
ceived home-based DOT under the supervision of 
parents or other family members. Most patients re-
ceived adjunctive oral prednisone (2–4 mg/kg/d) for 
the first 4–8 weeks, tapered according to the national 
guidelines (17). We treated patients with increased 
intracranial pressure with hypertonic saline or man-
nitol 20% (0.5–1 g/kg) every 8 hours. We performed 
ventriculoperitoneal shunt or extraventricular drain 
placements in patients with obstructive hydrocepha-
lus, at the discretion of the neurosurgical team.

Data Collection
We collected individual patient data from hospital 
registry in a predefined form and appropriately dei-
dentified the data before analysis. These data were 
demographic information (age, sex, parents’ educa-
tion and income, area of living, and length of hospital 
admission); medical history (HIV infection, bacillus 
Calmette-Guérin [BCG] vaccination, and TB contact 
history); clinical characteristics (symptoms of TBM, 
vital signs, nutritional status, physical and neuro-
logic examinations, tuberculin skin test, Glasgow 
coma scale [GCS], and TBM staging); laboratory 
findings (CSF analysis, AFB microscopy, mycobacte-
rial culture, and Xpert MTB/RIF test); radiographic 
findings (chest radiograph and neuroimaging); and 
other supporting data (corticosteroid therapy and 
in-hospital complications).

Definitions
We developed operational definitions for all vari-
ables (Appendix Table 2). We defined definite TBM 
as microbiologic confirmation of CSF and probable 
TBM as a total diagnostic score of >12 when neuro-
imaging was available or ≥10 when neuroimaging 
was unavailable. We defined possible TBM as a total 
score of 6–11 when neuroimaging was available or 
6–9 when neuroimaging was unavailable (18). We 
classified TBM staging according to the modified 
British Medical Research Council grading system 
(20), as follows: stage I, GCS 15 without focal neu-
rologic deficit; stage II, GCS 11–14, or 15 with focal 
neurologic deficit; and stage III, GCS <10. Patients 
with known BCG vaccination included those who 
had a documented vaccination history at hospital 
admission or had a BCG scar in the deltoid region 
of the upper arm. Motor deficits included hemipa-
resis, quadriparesis, and diplegia. Other neurologic 
deficits were signs of upper motor neuron lesion 
and cranial nerve palsies. We performed motor, 
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hearing, visual, and neurodevelopmental function 
assessments at treatment completion as indicated 
by the attending physicians (Appendix).

Outcomes
Outcomes of hospitalization were recovery (with 
or without disability), nonrecovery (persistent veg-
etative state and discharge against medical advice), 
and death. After 12 months of treatment, we report-
ed the following outcomes: treatment completion, 
death, and lost to follow-up (LTFU; i.e., patients who 
stopped treatment for >2 consecutive months). “Not 
evaluated” or “unknown treatment outcome” cat-
egories were patients who were transferred back to 
regional public hospitals or community health clinics 
for follow-up after discharge. We defined survival as 
being alive at treatment completion and neurologic 
sequelae as any motor, hearing, visual, or neurode-
velopmental impairment that appeared during the 
illness and persisted through treatment completion.

Data Analysis
We evaluated associations of patient characteristics 
with poor outcomes. First, we compared patients who 
died during hospitalization (in-hospital death) with 
those who had recovered at the time of discharge; 
this definition excluded persistent vegetative state 
and discharge against medical advice. Second, we 
compared patients who died after discharge (post-
discharge death) with those who completed treat-
ment, regardless of their sequelae status; this defini-
tion excluded LTFU and unknown outcomes. Third, 
we compared survivors with neurologic sequelae 
with those without sequelae; this definition excluded 
death, LTFU, and unknown outcomes.

We used Cox proportional-hazards regression 
analysis to assess predictors of in-hospital death. 
We calculated time to death on the basis of length 
of stay by subtracting day of admission from day 
of death. Most patients were discharged within 2 
months of hospitalization; in this case, we assumed 
that recovering patients (with or without disability) 
discharged before 2 months were alive until the end 
of 2 months, and thus we censored these patients in 
the Cox regression analysis. Because the time to death 
after discharge was not recorded, we assessed asso-
ciated factors with postdischarge death and neuro-
logic sequelae by using logistic regression analysis. 
We adjusted our multivariate models for age, sex, 
and TBM staging, and completed the models with 
variables showing a trend toward association in uni-
variate analysis. We selected these variables by using 
backward deletion, and the final models retained all  

additional variables with a p value <0.1. For logistic 
regression analysis, we evaluated the goodness-of-fit 
of the final models by using Hosmer-Lemeshow test 
and performance by the area under the receiver oper-
ating characteristic curve. For Cox regression analy-
sis, we checked proportional hazards assumption 
using Kaplan-Meier curve before fitting the model, 
and using log-minus-log survival curve after fitting 
the model. We used adjusted hazard ratios (aHRs) 
for Cox regression models and adjusted odds ratios 
(aORs) for logistic regression models, as well as 95% 
CIs, to estimate the association between explanatory 
variables and outcomes. We defined statistical signifi-
cance as p<0.05. We performed all analyses by using 
IBM SPSS Statistics 26.0 (https://www.ibm.com).

Results

Clinical Characteristics
During the study period (2011–2020), 286 children 
with TBM were treated at Hasan Sadikin Hospital; 
3 patients with rifampin-resistant TB were exclud-
ed. No patients had concurrent bacterial meningitis. 
Among 283 included patients, 150 (53.0%) were boys, 
153 (54.1%) were <5 years of age, 183 (64.7%) were 
malnourished, 226 (79.9%) had stage II or III TBM, 
and 51 (18.0%) had definite TBM. At admission, most 
patients had history of fever (88.3%), decreased con-
sciousness (74.6%), and seizures (55.0%); the next 
most common signs and symptoms were weight loss 
(37.6%), persistent cough (33.7%), muscle weakness 
(26.3%), and severe headache (21.9%). These signs 
and symptoms had existed for >5 days before admis-
sion in 87.0% of patients (Table 1). We stratified mani-
festations by disease staging (Appendix Table 3). 

In CSF analysis, most patients had pleocytosis 
(>10 cells/µL, 76.8%), and lymphocytic predomi-
nance (>50%, 81.8%), followed by a low CSF-to-
plasma glucose ratio (<0.5, 54.8%), elevated protein 
level (>100 mg/dL, 51.8%), and hypoglycorrhachia 
(<40 mg/dL, 41.6%). M. tuberculosis susceptible to ri-
fampin was identified by Xpert MTB/RIF assay in 48 
(34.3%) of 140 CSF samples and in 76 (33.9%) of 224 
non-CSF samples. In neuroimaging, most patients 
had basal meningeal enhancement (52.4%), followed 
by hydrocephalus (41.2%), tuberculoma (12.4%), and 
infarct (10.0%) (Table 2). Among 103 patients with 
hydrocephalus, 45 (43%) received neurosurgical in-
tervention: 44 (97.8%) ventriculoperitoneal shunt and 
1 (2.2%) extraventricular drain. 

For in-hospital complications, 106 (37.5%) of the 
283 patients had motor disorders, 37 (13.1%) had 
neurodevelopmental delay, 19 (6.7%) had epileptic 
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seizures, 17 (6.0%) had visual impairment, 12 (4.2%) 
had hearing impairment, and 27 (9.5%) had anti-TB 
drug-induced hepatotoxicity. Adjunctive oral cortico-
steroid was administered to 262 (92.6%) of patients. 
In addition, 1 of the patients (a 6-month-old boy with 
stage II TBM) had severe acute respiratory syndrome 
coronavirus 2 coinfection (Appendix).

In-Hospital Death
Upon discharge, 231 (81.6%) of 283 patients had re-
covered (with or without disability), 3 (1.1%) had a 

persistent vegetative state, and 5 (1.8%) were dis-
charged against medical advice. The remaining 44 
(15.5%) died; median time to death was 7 days (inter-
quartile range 3–13 days) after admission (Table 3). 

We performed univariate (Appendix Table 4) 
and multivariate (Table 4) analyses of risk for in-
hospital death. In multivariate analysis, factors 
associated with increased risk were stage III TBM 
(aHR 5.96 [95% CI 1.39–25.58]), hydrocephalus 
(aHR 2.32 [95% CI 1.13–4.79]), male sex (aHR 2.10 
[95% CI 1.09–4.05]), low-income parents (aHR 2.59 
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Table 1. Demographic and clinical characteristics at admission of children with TBM treated at Hasan Sadikin Hospital, Bandung, 
Indonesia, 2011–2020* 

Characteristic 
Total patients  <5 y  5–14 y 

No.† Value  No.† Value  No.† Value 
Age, y , median (IQR) 283 4.0 (1.0; 10.0)  153 1.0 (0.7–2.4)  130 10.2 (8.0–12.2) 
Sex         
 M  283 150 (53.0)  153 74 (48.4)  130 76 (58.5) 
 F  283 133 (47.0)  153 79 (51.6)  130 54 (41.5) 
Nutritional status‡         
 WFAZ, median (IQR) 227 −2.2 (−3.0 to −1.0)  153 −1.9 (−2.9 to −0.7)  74 −2.5 (−3.2 to −1.7) 
 HFAZ, median (IQR) 283 −1.6 (−2.6 to −0.3)  153 −1.6 (−2.8 to −0.7)  130 −1.6 (−2.5 to −0.4) 
 BFAZ, median (IQR) 283 −2.1 (−3.2 to −0.4)  153 −1.7 (−2.8 to −0.2)  130 −2.6 (−3.7 to −0.5) 
 Moderately malnourished  283 74 (26.1)  153 44 (28.8)  130 30 (23.1) 
 Severely malnourished  283 109 (38.5)  153 47 (30.7)  130 62 (47.7) 
Known BCG vaccination  283 223 (78.8)  153 120 (78.4)  130 103 (79.2) 
Known TB contact history  283 73 (25.8)  153 36 (23.5)  130 37 (28.5) 
Known HIV co-infection  283 4 (1.4)  153 0 (0.0)  130 4 (3.1) 
Baseline temperature, °C, median (IQR) 282 37.0 (36.8–37.9)  153 37.2 (36.9–38.0)  129 37.0 (36.8–37.8) 
Symptoms duration, d, median (IQR)§ 269 8 (7–11)  145 8 (7–10)  124 9 (7–12) 
Symptoms          
 Fever 283 250 (88.3)  153 136 (88.9)  130 114 (87.7) 
 Severe headache 278 61 (21.9)  150 13 (8.7)  128 48 (37.5) 
 Muscle weakness 278 73 (26.3)  151 40 (26.5)  127 33 (26.0) 
 Altered consciousness 283 211 (74.6)  153 111 (72.5)  130 100 (76.9) 
 Seizures 282 155 (55.0)  153 84 (54.9)  129 71 (55.0) 
 Persistent cough 282 95 (33.7)  152 53 (34.9)  130 42 (32.3) 
 Poor weight gain or weight loss 279 105 (37.6)  151 51 (33.3)  128 54 (41.5) 
Motor function          
 Hemiparesis 263 51 (19.4)  142 27 (19.0)  121 24 (19.8) 
 Quadriparesis 263 95 (36.1)  142 59 (41.5)  121 36 (29.8) 
Cranial nerve palsy  277 48 (17.3)  149 31 (20.8)  128 17 (13.3) 
Signs of upper motor neuron lesion 264 188 (71.2)  143 93 (65.0)  121 95 (78.5 
Signs of raised intracranial pressure  283 47 (16.6)  153 29 (19.0)  130 18 (13.8) 
TBM category¶         
 Definite 283 51 (18.0)  153 26 (17.0)  130 25 (19.2) 
 Probable 283 178 (62.9)  153 101 (66.0)  130 77 (59.2) 
 Possible 283 54 (19.1)  153 26 (17.0)  130 28 (21.5) 
GCS, median (IQR) 283 12 (10–14)  153 12 (10–15)  130 12 (10–14) 
TBM stage#         
 Stage I 283 57 (20.1)  153 35 (22.9)  130 22 (16.9) 
 Stage II 283 131 (46.3)  153 60 (39.2)  130 71 (54.6) 
 Stage III 283 95 (33.6)  153 58 (37.9)  130 37 (28.5) 
*Values are no. (%) or median (IQR) except as indicated. BCG, bacillus Calmette-Guérin; BFAZ, body mass index-for-age Z-score; GCS, Glasgow Coma 
Scale; HFAZ, height-for-age Z-score; IQR, interquartile rage; TB, tuberculosis; TBM, tuberculous meningitis; WFAZ, weight-for-age Z-score. 
†Number of total patients for whom data were available (denominator). 
‡In children <5 years of age, moderate malnutrition was defined as WFAZ or HFAZ ≥–3 but <–2 standard deviation (SD), and severe malnutrition as 
WFAZ or HFAZ <–3 SD. In children aged 5–14 y, moderate malnutrition was defined as HFAZ or BFAZ ≥–3 but <–2 SD, and severe malnutrition as HFAZ 
or BFAZ <–3 SD. 
§Duration of symptoms before admission. 
¶Diagnostic certainty was categorized as definite TBM (microbiologically proven from CSF examination), probable TBM (diagnostic score of ≥10 when 
neuroimaging was unavailable or ≥12 when neuroimaging was available), and possible TBM (diagnostic score of 6–9 when neuroimaging was 
unavailable or 6–11 when neuroimaging was available) (18). 
#TBM staging was classified according to the modified British Medical Research Council grading system as stage I (GCS of 15 with no focal neurologic 
signs), stage II (GCS 11–14 or 15 with focal neurologic signs), or stage III (GCS ≤10) (20). 
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[95% CI 1.06–6.31]), seizures on admission (aHR 
1.96 [95% CI 1.01–3.82]), and unknown BCG vac-
cination (aHR 1.97 [95% CI 1.03–3.76]). Among chil-
dren <5 years of age, known history of TB contact 
was associated with an increased risk for in-hospi-
tal death (aHR 2.42 [95% CI 1.06–5.50]), adjusted 
for age, sex, and TBM staging. We charted Kaplan-
Meier curves for several risk groups for in-hospital 
death (Figure).

Postdischarge Death
After the 12-month follow-up, 272 (96.1%) of 283 pa-
tients were evaluated for treatment outcomes, and 11 
(3.9%) in ongoing treatment who started taking an-
ti-TB drugs in late 2020 were excluded from further 
analysis. Among the 272 patients, 91 (33.5%) com-
pleted treatment, 1 (0.4%) was LTFU, and 62 (22.8%) 
died, including 18 (6.6%) who died after discharge; 
118 (43.4%) had unknown outcomes (Table 3). 

We performed univariate (Appendix Table 
5) and multivariate (Table 5) analyses of odds for  

postdischarge death. Multivariate analysis identified 
that patients with unknown BCG vaccination status 
(aOR 5.38 [95% CI 1.07–27.07]) and those with clinical 
findings during hospitalization such as hydrocepha-
lus (aOR 18.97 [95% CI 2.68–134.38]) and tuberculoma 
(aOR 8.78 [95% CI 1.10–70.39]) had increased odds of 
postdischarge death. Among patients with hydro-
cephalus, the absence of neurosurgical intervention 
was associated with increased odds of postdischarge 
death (aOR 11.06 [95% CI 1.61–76.12]), adjusted for 
age, sex, and TBM staging.

Neurologic Sequelae
Among 91 survivors who completed treatment, 58 
(63.7%) had good recovery without neurologic se-
quelae and 33 (36.3%) had severe neurologic sequelae 
(Table 3). Of patients with severe neurologic sequel-
ae, 22 (66.7%) had motor disorders, 9 (27.3%) had 
epileptic seizures, 7 (21.2%) had neurodevelopmental 
delay, 3 (9.1%) had visual impairment, and 3 (9.1%) 
had hearing impairment. Neurologic sequelae were 
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Table 2. Laboratory and radiographic findings at admission of children with tuberculous meningitis treated at Hasan Sadikin Hospital, 
Bandung, Indonesia, 2011–2020* 
 
Characteristic 

Total patients  Age <5 y  Age 5–14 y 
No.† Value  No.† Value  No.† Value 

CSF analysis, median (IQR)         
 Leukocytes, cells/µL 276 44 (11–109)  149 56 (14–117)  127 40 (8–95) 
 Protein, mg/dL 276 107 (60–239)  151 103 (68–234)  125 120 (46–248) 
 MN, % 275 83 (60–96)  151 81 (60–95)  124 86 (64–98) 
 PMN, % 275 15 (4–37)  151 18 (5–40)  124 12 (0.2–36) 
 Glucose, mg/dL 269 47 (25–66)  150 42 (20–67)  119 52 (34–66) 
   CSF-to-plasma glucose ratio, median (IQR) 241 0.4 (0.2–0.6)  140 0.4 (0.2–0.6)  101 0.5 (0.3–0.6) 
Cerebral imaging‡         
 Hydrocephalus 250 103 (41.2)  136 64 (47.1)  114 39 (34.2) 
 Basal meningeal enhancement 250 131 (52.4)  136 74 (54.4)  114 57 (50.0) 
 Infarct 250 25 (10.0)  136 12 (8.8)  114 13 (11.4) 
 Tuberculoma 250 31 (12.4)  136 17 (12.5)  114 14 (12.3) 
Chest radiography          
 Miliary TB 281 19 (6.8)  152 10 (6.6)  129 9 (7.0) 
 Other signs of active TB 281 128 (45.6)  152 66 (43.4)  129 62 (48.1) 
TST positive§ 283 64 (22.6)  153 37 (24.2)  130 27 (20.8) 
M. tuberculosis cultured from any source¶ 267 26 (9.7)  147 15 (10.2)  120 11 (9.2) 
AFB smear microscopy          
 Positive from CSF 272 6 (2.2)  149 4 (2.7)  123 2 (1.6) 
 Positive from any non-CSF sample# 282 49 (17.4)  152 23 (15.1)  130 26 (20.0) 
Xpert MTB/RIF testing**         
 Positive from CSF 140 48 (34.3)  77 24 (31.2)  63 24 (38.1) 
 Positive from gastric lavage 212 71 (33.5)  120 43 (35.8)  92 28 (30.4) 
 Positive from sputum 12 5 (41.7)  2 0  10 5 (50.0) 
*Values are no. (%) or median (IQR) except as indicated. AFB, acid-fast bacilli; CSF, cerebrospinal fluid; IQR, interquartile rage; MN, mononuclear cells; 
PMN, polymorphonuclear cells; TB, tuberculosis; TST, tuberculin skin test. 
†Number of total patients for whom data were available (denominator). 
‡Cerebral imaging results were obtained mostly from noncontrast brain computed tomography scan, or from magnetic resonance imaging, where 
available. 
§The median size of induration (minimum–maximum range) in patients with a positive TST result was 12 (10–30) mm and in patients with a negative TST 
result was 0 (0–8) mm. 
¶Culture of M. tuberculosis from CSF is rarely performed in our setting, mostly because of the limited CSF volume available from lumbar puncture. From 
our experience, most of the non-CSF specimens were obtained from gastric lavage, and some specimens were obtained from sputum, but our data could 
not further specify the type of specimens used. Mycobacterial culture were mostly performed on solid media; the use of liquid culture media (MGIT, 
BACTEC) has only begun in recent years. 
#We could not further specify the types of non-CSF specimens used for AFB smear microscopy.  
**Data on Xpert MTB/RIF testing results have only been available since 2013. 
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observed in 23% of patients diagnosed with TBM at 
stage I, 31% at stage II, and 58% at stage III. 

We performed univariate (Appendix Table 6) 
and multivariate (Table 6) analyses of odds for neu-
rologic sequelae. In multivariate analysis, factors as-
sociated with higher odds of severe neurologic se-
quelae were baseline temperature >38°C (aOR 6.68 
[95% CI 1.55–28.85]), stage III TBM (aOR 5.65 [95% 
CI 1.21–26.43]), and motor deficits at baseline (aOR 
3.64 [95% CI 1.19–11.16]). 

Discussion
We present important information from Indone-
sia about the high rates of neurologic sequelae and 
death in children with TBM, even when standard 
therapy has been provided. In TBM, treatment re-
sponse is often judged by early morbidity, mortal-
ity, and relapse rates (21). Our overall case-fatality 
rate for childhood TBM (22.8%) is within the global 
estimates reported in a recent meta-analysis (19.3% 
[95% CI 14.0%–26.1%]) (2) but is lower than that re-
ported in the same setting during 2007–2010 (34.4%) 
(14). The high proportion of unknown treatment 
outcomes in this study (43%) is unfortunate but com-
parable to a previous report in our hospital during 
2007–2010 (45%), even after phone calls and home 
visits had been made (14). Considering the increased 
likelihood of death in patients with unknown  

outcomes after hospital discharge, the case-fatality 
rate recorded is probably an underestimate.

A diagnosis of TBM alone has been associated 
with an increased risk for childhood death compared 
with other types of TB (22), and this risk may be ex-
acerbated by specific risk factors identified in this 
study. TBM diagnosis in stage II or III, hydrocepha-
lus, and seizures are not surprising risk factors for 
death because they reflect more advanced disease. 
Neurosurgical complications (e.g., shunt blockage or 
infections) may have contributed to poor outcomes, 
but we believe the effect was minimal because the 
postdischarge death rate was significantly reduced 
with neurosurgery. The association of tuberculoma 
on baseline CT with postdischarge death might be 
related to a paradoxical worsening of tuberculomas 
during treatment (23). For male sex and low-income 
parents, their associations with in-hospital death are 
unclear but could be related to biologic factors (par-
ticularly for sex differences) or largely attributed to 
socioeconomic and cultural determinants (24).

This study confirms that TBM mainly affects 
young children (8), illustrated by 54% of our patients 
being <5 years of age. The high proportions of al-
tered consciousness and seizures at admission sug-
gest that these symptoms are the main reasons for 
clinicians to suspect childhood TBM. This finding 
raises important issues about training of healthcare 
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Table 3. Hospitalization and end of treatment outcome, stratified by disease staging, in children with tuberculous meningitis treated at 
Hasan Sadikin Hospital, Bandung, Indonesia, 2011–2020* 
Variable Total Stage I† Stage II† Stage III† 
Outcome of hospitalization‡     
  Cases, no. 283 57 131 95 
   Recovered 231 (81.6) 54 (94.7) 111 (84.7) 66 (69.5) 
   Not recovered 8 (2.8) 1 (1.8) 5 (3.8) 2 (2.1) 
   Died 44 (15.5) 2 (3.5)§ 15 (11.5) 27 (28.4) 
Length of hospital stay, d, median (IQR) 10 (7–17) 9 (7–14) 10 (7–14) 15 (8–25) 
Time to death, d, median (IQR) 7 (3–13) (4–14)¶  6 (2–8) 8 (3–16) 
Outcome at treatment completion‡#     
 Cases, no. 272 56 122 94 
  Completed treatment 91 (33.5) 22 (39.3) 45 (36.9) 24 (25.5) 
   Without neurologic sequelae** 58 (63.7) 17 (77.3) 31 (68.9) 10 (41.7) 
   With neurologic sequelae** 33 (36.3) 5 (22.7) 14 (31.1) 14 (58.3) 
  Died 62 (22.8) 2 (3.6) 22 (18.0) 38 (40.4) 
   Died after hospital discharge 18 (6.6) 0 (0.0) 7 (5.7) 11 (11.7) 
  Lost to follow-up 1 (0.4) 0 (0.0) 1 (0.8) 0 (0.0) 
  Unknown treatment outcome 118 (43.4) 32 (57.1) 54 (44.3) 32 (34.0) 
*Values are no. (%) except as indicated. IQR, interquartile rage. 
†Stage I was defined as Glasgow Coma Scale (GCS) of 15 with no focal neurologic signs, stage II as GCS of 11–14 or 15 with focal neurologic signs, and 
stage III as GCS ≤10 (20). 
‡On hospital discharge, recovering patients were those who had clinical improvement (with or without disability), whereas non-recovering patients were 
those who had persistent vegetative state or discharged against medical advice. Treatment completion included patients who completed 12 mo of TBM 
therapy. Lost to follow-up included patients who stopped treatment for two consecutive months or more. Unknown treatment outcome included patients 
who were transferred back to regional public hospitals or community health clinics for follow-up after discharge. Neurologic sequelae were defined as any 
motor, hearing, visual, or neurodevelopmental impairment that appeared during the illness and persisted through treatment completion. 
§The causes of death in two patients with stage I TBM were hospital acquired pneumonia + thalassemia major (n = 1), and intracranial metastases of 
Burkitt lymphoma + increased intracranial pressure (n = 1). 
¶Minimum–maximum range. 
#Excluding 11 patients who were still in ongoing treatment.  
**Percentages were calculated only in patients who completed 12 mo of treatment. 
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providers to improve their ability to recognize and 
diagnose the disease (25). In addition, increasing 
community awareness of the signs and symptoms of 
TBM by including enhanced messaging in existing 
TB advocacy materials has the potential to improve 
early recognition of childhood TBM (25).

The difficulty of early diagnosis is confirmed 
by the fact that nearly 80% of our patients had stage 
II or III TBM at admission. This high proportion of 
patients with advanced disease at admission is sup-
ported by various studies from high TB incidence 
countries in Asia and Africa (11,14,26,27), and only 
slightly reduced in low TB incidence countries in Eu-
rope, where 66% of the patients have stage II or III 
TBM at admission (28). In many cases, nonspecific 
symptoms such as fever, headache, and vomiting are 
often wrongly interpreted, and other systemic symp-

toms such as cough, weight loss, and night sweats 
may be suggestive of TB but are also nonspecific (18).

The high risk for death in patients with unknown 
BCG vaccination status highlights the importance of 
better TB prevention. In young children, BCG vac-
cination has consistently shown protection against 
miliary TB and TBM (29–31) for >10 years after vacci-
nation (29). The global shortage of BCG vaccine since 
2013, particularly in countries where it was procured 
through UNICEF (32), has led to an alarming increase 
in the number of hospital admissions for childhood 
TBM (33). In Indonesia, where BCG vaccine is rec-
ommended at birth for all infants and annual cover-
age has been an estimated ≈90% since 2011 (34), this 
shortage has also been experienced, although the vac-
cine supply depends largely on domestic production 
by Biofarma, a state-owned vaccine manufacturer 

666 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022

 
Table 4. Multivariate Cox proportional-hazards regression model for factors associated with in-hospital death in children treated for 
TBM at Hasan Sadikin Hospital, Bandung, Indonesia, 2011–2020* 
Variable Died†‡ Alive† Crude HR (95% CI) p value aHR (95% CI) p value 
No. cases 44 231     
Age, y       
 <2 13 (29.5) 78 (33.8) 0.78 (0.37–1.67) 0.527 0.78 (0.36–1.68) 0.522 
 2–4 11 (25.0) 47 (20.3) 1.04 (0.47–2.29) 0.992 0.93 (0.41–2.12) 0.867 
 5–9 6 (13.6) 43 (18.6) 0.65 (0.25–1.70) 0.384 0.41 (0.15–1.11) 0.079 
 10–14 14 (31.8) 63 (27.3) Referent  Referent  
Sex       
 M 29 (65.9) 118 (51.1) 1.72 (0.92–3.20) 0.089 2.10 (1.09–4.05) 0.027 
 F 15 (34.1) 113 (48.9) Referent  Referent  
TBM stage§,¶       
 Stage I 2 (4.5) 54 (23.4) Referent  Referent  
 Stage II 15 (34.1) 111 (48.1) 3.53 (0.81–15.44) 0.094 2.57 (0.58–11.41) 0.214 
 Stage III 27 (61.4) 66 (28.6) 9.16 (2.18–38.51) 0.003 5.96 (1.39–25.58) 0.016 
Parents’ monthly income#       
 USD ≤140 33 (75.0) 136 (58.9) 2.79 (1.17–6.67) 0.021 2.59 (1.06–6.31) 0.036 
 USD >140 6 (13.6) 74 (32.0) Referent  Referent  
 Unknown 5 (11.4) 21 (9.1) 2.73 (0.83–8.95) 0.097 2.04 (0.59–7.02) 0.261 
Known BCG vaccination       
 No 15 (34.1) 44 (19.0) 2.01 (1.08–3.76) 0.028 1.97 (1.03–3.76) 0.040 
 Yes 29 (65.9) 187 (81.0) Referent  Referent  
Hydrocephalus on CT¶       
 No 12 (27.3) 133 (57.6) Referent  Referent  
 Yes** 22 (50.0) 76 (32.9) 3.00 (1.48–6.05) 0.002 2.32 (1.13–4.79) 0.022 
 Unknown 10 (22.7) 22 (9.5) 4.38 (1.89–10.13) 0.001 4.21 (1.77–10.01) 0.001 
Seizures on admission¶       
 No 13 (29.5) 112 (49.5) Referent  Referent  
 Yes 31 (70.5) 119 (51.5) 2.09 (1.09–3.99) 0.026 1.96 (1.01–3.82) 0.048 
*Values are no. (%) except as indicated. aHR, adjusted hazard ratio; BCG, bacillus Calmette-Guérin; CT, computed tomography; GCS, Glasgow Coma 
Scale; IDR, Indonesian Rupiah; TBM, tuberculous meningitis. 
†Including patients who died or had recovered (with or without disability) on hospital discharge, and excluding patients who had persistent vegetative 
state or discharged against medical advice. 
‡Signs of upper motor neuron lesion was associated with an increased risk of in-hospital death in univariate analysis, but did not remain significant in 
multivariate analysis. Signs of raised intracranial pressure with hydrocephalus as well as GCS score with TBM stage had the likelihood of collinearity; 
therefore, only hydrocephalus and TBM staging were included in the final multivariate model. For HIV coinfection, although it was significantly associated 
with in-hospital death in univariate analysis, we did not include this variable in multivariate analysis due to the selective HIV testing and a very low number 
of patients with HIV positive (n = 4). 
§Stage I TBM was defined as GCS of 15 with no focal neurologic signs, stage II TBM as GCS of 11–14 or 15 with focal neurologic signs, and stage III 
TBM as GCS ≤10 (20). 
¶TBM staging might interact with hydrocephalus and seizures on admission; however, due to the low number of patients with stage I TBM who died 
during hospitalization (n = 2), these potential interactions could not be assessed in the Cox regression model. 
#Parents’ monthly income was estimated based on the current provincial minimum wage for West Java (IDR 1.810.350,00, rounded up to IDR 
2.000.000,00, equal to approximately USD 140). 
**In-hospital death among children with hydrocephalus was not significantly different between those who received neurosurgical intervention and who did 
not receive neurosurgical intervention (p = 0.604). 
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(32). In addition, among children with prolonged ex-
posure to M. tuberculosis, protection with BCG vac-
cination alone is unlikely to be sufficient. Without 
early initiation of preventive therapy, the risk for TB 
disease development among exposed young children 
and infants is very high (35), but data on preventive 
treatment in our patients with known TB contact his-
tory were unavailable. Taken together, aside from 
improving BCG vaccination coverage, it is important 
to reduce TB transmission in children through con-
tact investigation, coupled with preventive therapy 
among exposed children.

Neurologic sequelae occurred mostly in our pa-
tients who had stage III TBM at admission (58%), a 
higher rate than for those in stage I (23%) and II (31%). 
A meta-analysis in children with TBM confirms this 
upward trend with pooled estimates of 27% in stage 
I, 41% in stage II, and 70% in stage III (2). Recent stud-
ies also reported an increase in neurologic sequelae 
among children with stage II or III TBM (36,37). In 

children in South Africa with TBM, severe neurologic 
sequelae and death were significantly associated with 
cerebral infarctions (11); we did not find this associa-
tion in our study. A high proportion of patients had 
hemiparesis or quadriparesis at admission in this 
study (55%), comparable to that reported in South 
Africa (62.1%) (11), but few patients had cerebral in-
farcts on brain CT (10%). This finding is difficult to 
explain but is likely attributable to the low sensitivity 
of early infarct detection with noncontrast CT as com-
monly used in the study.

Given the substantial levels of neurologic se-
quelae and death associated with childhood TBM, the 
current standard care for childhood TBM clearly re-
mains suboptimal. New diagnostic strategies should 
be tested in future clinical trials because of the poor 
sensitivity, specificity, or both of available labora-
tory and clinical diagnostic tools (38). For TBM treat-
ment, future research should explore the use of inten-
sified antimicrobial therapy that contains high-dose  
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Figure. Survival curves for in-hospital death in children treated for tuberculous meningitis at Hasan Sadikin Hospital, Bandung, 
Indonesia, 2011–2020. A) Known bacillus Calmette-Guérin (BCG) vaccination status (yes/no); B) tuberculous meningitis stage (I–III); C) 
radiographic evidence of hydrocephalus (yes/no); D) presence of seizures at hospital admission (yes/no).
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rifampin and other anti-TB drugs with better CSF pen-
etration and bactericidal activity (39). On the basis of 
observational data among children in South Africa, a 
6-month intensified TBM treatment regimen with iso-
niazid, rifampin, and ethionamide at 20 mg/kg/day 
and pyrazinamide at 40 mg/kg/day was reported to be 
safe and effective, with lower case-fatality rates ranging 
from 4%–14% (11,12,40). This short-course, high-dose 
therapy has recently been added by WHO as an alterna-
tive treatment option for childhood TBM (41). Subopti-
mal plasma and CSF concentrations with standard dos-
es of oral rifampin at 10–20 mg/kg/day in children with 
TBM have also been reported in recent pharmacokinetic 
studies (42,43), advocating the use of higher rifampin 
doses with further efficacy and safety evaluations.

Minimizing damaging immunologic responses 
leading to neurologic complications by using anti-
inflammatory drugs such as aspirin, thalidomide, 
and specific tumor necrosis factor α antibodies (e.g., 
infliximab) also warrants further investigations 

(10,44–46), particularly for paradoxical TBM reac-
tions and potentially also for TBM in general. There 
is no evidence that corticosteroids (the mainstay of 
host-directed therapy) reduce neurologic sequelae al-
though they do improve the TBM survival rate (47). 
Therefore, optimization of anti-TB drug dosing and 
consideration of immunomodulatory therapy beyond 
corticosteroids are required to improve childhood 
TBM treatment outcomes (9,46). Moreover, under-
standing the disease pathogenesis pathways of child-
hood TBM, particularly in the cerebral inflammatory 
response, is likely to offer valuable insights into po-
tential targets for new treatment interventions (48,49).

The main limitation of our study is that, although 
most of the essential information recommended for 
TBM research was available (50), the retrospective na-
ture of the study did not provide us with complete re-
cords on all key variables, especially longer-term out-
come. Our dataset did not contain information on the 
drug-susceptibility pattern of the source case and was 
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Table 5. Multivariate logistic regression model for predictors of postdischarge death, tracked until the end of treatment in children 
treated for TBM at Hasan Sadikin Hospital, Bandung, Indonesia, 2011–2020*† 
Variable Died‡§ Alive‡ Crude OR (95% CI) p value aOR (95% CI) p value 
No. cases 18 91     
Age group, y       
 <2 3 (16.7) 26 (28.6) 0.65 (0.15–2.86) 0.573 0.13 (0.01–1.12) 0.064 
 2–4 6 (33.3) 9 (9.9) 3.78 (0.98–14.56) 0.054 1.60 (0.26–9.86) 0.610 
 5–9 3 (16.7) 22 (24.2) 0.77 (0.17–3.41) 0.734 0.23 (0.03–1.75) 0.156 
 10–14 6 (33.3) 34 (37.4) Referent  Referent  
Sex       
 M 10 (55.6) 39 (42.9) 1.67 (0.60–4.61) 0.325 3.43 (0.76–15.45) 0.109 
 F 8 (44.4) 52 (57.1) Referent  Referent  
TBM stage¶       
 Stage I or II 7 (38.9) 67 (73.6) Referent  Referent  
 Stage III 11 (61.1) 24 (26.4) 4.39 (1.53–12.6) 0.006 2.31 (0.56–9.54) 0.247 
Known BCG vaccination       
 No 7 (38.9) 15 (16.5) 3.22 (1.08–9.66) 0.037 5.38 (1.07–27.07) 0.041 
 Yes 11 (61.1) 76 (83.5) Referent  Referent  
Hydrocephalus on CT       
 No 3 (16.7) 66 (72.5) Referent  Referent  
 Yes 13 (72.2) 23 (25.3) 12.43 (3.25–47.59) <0.001 18.97 (2.68–134.38) 0.003 
 Unknown 2 (11.1) 2 (2.2) 22.00 (2.26–214.23) 0.008 17.85 (1.30–245.49) 0.031 
Tuberculoma on CT#       
 No 12 (66.7) 85 (93.4) Referent  Referent  
 Yes 4 (22.2) 4 (4.4) 7.08 (1.56–32.13) 0.011 8.78 (1.10–70.39) 0.041 
Positive TST       
 No 10 (55.6) 76 (83.5) Referent  Referent  
 Yes 8 (44.4) 15 (16.5) 4.05 (1.37–11.96) 0.011 4.79 (0.96–24.05) 0.057 
*Data are no. (%) except as indicated. aOR, adjusted odds ratio; BCG, bacillus Calmette-Guérin; CT, computed tomography; GCS, Glasgow Coma Scale; 
TBM, tuberculous meningitis; TST, tuberculin skin test. 
†The goodness-of-fit of the model using Hosmer-Lemeshow test was p = 0.877. The performance of the model using the area under the receiver 
operating characteristic curve was 0.91 (95% CI 0.85–0.97).  
‡Including patients who were tracked until death or treatment completion, and excluding patients who were lost to follow-up and with unknown treatment 
outcomes. 
§Positive TST and motor disorders were associated with higher odds of postdischarge death in univariate analysis but did not remain significant in 
multivariate analysis. Signs of raised intracranial pressure with hydrocephalus as well as GCS score with TBM staging had the likelihood of collinearity; 
therefore, only hydrocephalus and TBM staging were included in the final multivariate model. In our subgroup analysis among children aged <5 y, no 
additional independent predictors of postdischarge death were observed. 
¶Stage I TBM was defined as GCS of 15 with no focal neurologic signs, stage II TBM as GCS of 11–14 or 15 with focal neurologic signs, and stage III 
TBM as GCS ≤10 (20). Patients with stages I and II TBM were combined in the analysis because there were no patients with TBM stage I died after 
hospital discharge. 
#Because of the redundancy with the variable “unknown status of hydrocephalus,” the degree of freedom for the variable “unknown status of 
tuberculoma” was reduced. 
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unable to reliably distinguish a contact history with an 
infectious drug-susceptible or drug-resistant TB case. 
This limitation may have led to underdiagnosis of drug-
resistant TB disease, resulting in inappropriate antimi-
crobial therapy that may have contributed to poor out-
comes. However, drug-resistance rates are not known 
to be high in the study population, an estimated 2.4% of 
multidrug-resistant TB among new cases in Indonesia 
(1), limiting the likely effect of inappropriate treatment 
of drug-resistant disease. In addition, the frequency of 
total neurologic sequelae at treatment completion might 
be underestimated in this study, given that mild to 
moderate sequelae were not tested or recorded in the 
database. Despite its limitations, this study provides one 
of the largest child TBM cohorts ever described globally 
outside of South Africa (11), and includes a wide range 
of variables in the analysis.

In conclusion, childhood TBM in Indonesia 
causes substantial neurologic sequelae and death, 
despite standard treatment. Several predictors of in-
hospital death, postdischarge death, and neurologic 
sequelae have been identified for further develop-
ment of early and tailored interventions to optimize 
care in this population. This study emphasizes the 
importance of improved early diagnosis, better TB 
prevention beyond BCG vaccination, and optimizing 

TBM management strategies, including antimicrobial 
and supportive therapy.
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Table 6. Multivariate logistic regression model for predictors of severe neurologic sequelae at treatment completion in children treated 
for TBM at Hasan Sadikin Hospital, Bandung, Indonesia, 2011–2020*† 

Variable 
Neurologic sequelae 

Crude OR (95% CI) p value aOR (95% CI) p value Yes‡§ No‡ 
Cases, no. 33 58     
Age group, y       
 <2 13 (39.4) 13 (22.4) 2.78 (0.94–8.20) 0.064 2.59 (0.67–10.00) 0.166 
 2–4 2 (6.1) 7 (12.1) 0.79 (0.14–4.55) 0.795 0.97 (0.13–7.28) 0.974 
 5–9 9 (27.3) 13 (22.4) 1.92 (0.61–6.02) 0.261 1.32 (0.34–5.07) 0.684 
 10–14 9 (27.3) 25 (43.1) Referent  Referent  
Sex       
 M 12 (36.4) 27 (46.6) 0.66 (0.27–1.58) 0.346 0.48 (0.16–1.45) 0.191 
 F 21 (63.6) 31 (53.4) Referent  Referent  
TBM stage¶       
 Stage I 5 (15.2) 17 (29.3) Referent  Referent  
 Stage II 14 (42.4) 31 (53.4) 1.53 (0.47–5.00) 0.476 1.83 (0.43–7.75) 0.410 
 Stage III 14 (42.4) 10 (17.2) 4.76 (1.32–17.22) 0.017 5.65 (1.21–26.43) 0.028 
Baseline temperature >38°C       
 No 23 (69.7) 53 (91.4) Referent  Referent  
 Yes 10 (30.3) 5 (8.6) 4.61 (1.42–14.99) 0.011 6.68 (1.55–28.85) 0.011 
Motor deficit at baseline       
 No 8 (24.2) 27 (46.6) Referent  Referent  
 Yes 24 (72.7) 23 (39.7) 3.52 (1.33–9.33) 0.011 3.64 (1.19–11.16) 0.024 
 Unknown 1 (3.0) 8 (13.8) 0.42 (0.05–3.90) 0.447 0.39 (0.03–4.58) 0.452 
*Values are no. (%) except as indicated. aOR, adjusted odds ratio; TB, tuberculosis; TBM, tuberculous meningitis. 
†The goodness-of-fit of the model using Hosmer-Lemeshow test was p = 0.473. The performance of the model using the area under the receiver 
operating characteristic curve was 0.80 (95% CI 0.70–0.90).  
‡Including patients who were tracked until treatment completion, and excluding those who died, who were lost to follow-up and with unknown treatment 
outcomes (which represents a large percentage of the cohort (n = 118, 43.3%). Neurologic sequelae were defined as any motor, hearing, visual or 
neurodevelopmental impairment that appeared during the illness and persisted through treatment completion. 
§Suggestive TB through chest radiography was associated with an increased odd of neurologic sequelae in univariate analysis but did not remain 
significant in multivariate analysis. In our subgroup analysis among children aged <5 y, no additional independent predictors for neurologic sequelae  
were found. 
¶Stage I TBM was defined as Glasgow Coma Scale (GCS) of 15 with no focal neurologic signs, stage II TBM as GCS of 11–14 or 15 with focal neurologic 
signs, and stage III TBM as GCS ≤10 (20). 
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Serosurveillance for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection is 

critical to monitor the course of the evolving pan-
demic and local outbreaks and can provide data on 
infection-fatality ratios, vaccine coverage, the effect 
of mitigation measures, and levels of population im-
munity. Serosurveillance should be conducted with 
representative population sampling using well-
characterized serologic assays selected on the basis 
of their performance characteristics and optimized 
algorithms. Using assays and algorithms that detect 
mild or asymptomatic infections is critical for accu-
rately estimating cumulative incidence, and case-to-
infection and death-to-infection ratios.

More than 85 SARS-CoV-2 antibody assays had re-
ceived US Food and Drug Administration Emergency 
Use Authorization as of August 19, 2021, ranging from 
point-of-care tests to fully automated high-throughput 
platforms (1). These assays target different immuno-
globulins (total or selective IgG, IgM, or IgA) against 
viral antigens (full-length spike protein [S1/S2], subunit 
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Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) serosurveys can estimate cumulative in-
cidence for monitoring epidemics, requiring assessment 
of serologic assays to inform testing algorithm develop-
ment and interpretation of results. We conducted a mul-
tilaboratory evaluation of 21 commercial high-throughput 
SARS-CoV-2 serologic assays using blinded panels of 
1,000 highly characterized specimens. Assays demon-
strated a range of sensitivities (96%–63%), specifi cities 
(99%–96%), and precision (intraclass correlation coef-
fi cient 0.55–0.99). Durability of antibody detection was 
dependent on antigen and immunoglobulin targets; an-
tispike and total Ig assays demonstrated more stable 
longitudinal reactivity than antinucleocapsid and IgG as-
says. Assays with high sensitivity, specifi city, and durable 
antibody detection are ideal for serosurveillance, but as-
says demonstrating waning reactivity are appropriate for 
other applications, including correlation with neutralizing 
activity and detection of anamnestic boosting by reinfec-
tions. Assay performance must be evaluated in context 
of intended use, particularly in the context of widespread 
vaccination and circulation of SARS-CoV-2 variants.
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1 [S1], subunit 2 [S2] of spike, the receptor binding do-
main [RBD] of spike, or the nucleocapsid protein [NC]) 
(1). Limited head-to-head evaluation data are available 
for high-throughput SARS-CoV-2 serologic assays, and 
few large-scale studies have focused on performance 
for serosurveillance applications. Comprehensive char-
acterization of assay performance must include sensitiv-
ity, specificity, and durability of antibody detection over 
time since infection.

To provide a comprehensive overview and direct 
comparison of assay characteristics and performance 
to inform assay selection and results interpretation 
for serosurveillance, we conducted a multilabora-
tory comparative assessment of 21 high-throughput, 
commercially available SARS-CoV-2 serologic as-
says by using blinded panels of 1,000 highly charac-
terized specimens, including longitudinal and cross 
sectional coronavirus disease (COVID-19) convales-
cent plasma (CCP) and prepandemic control plasma 
specimens. We distributed panels to experienced test-
ing laboratories that were deemed to be proficient by 
the manufacturers and selected assays to represent 
multiple formats and antigen targets. Data from this 
study can inform assay selection and development of 
testing algorithms to meet the optimal performance 
characteristics for primary screening and supplemen-
tal testing in US and global serosurveillance studies. 
The study also provides performance data relevant to 
other serologic testing contexts that will enable clini-
cians, public health organizations, laboratorians, and 
emergency response planners to develop optimal 
algorithms for infection detection and confirmation, 
including vaccine breakthrough and recurrent infec-
tions and correlations with neutralizing activity.

Methods

Assay Selection, Panel Development, and Testing
The study included assays from major manufactur-
ers that were commercially available, were high-
throughput, had received or were expected to receive 
Emergency Use Authorization, and were widely used 
for serosurveillance (2–8; S. Takahashi et al., unpub. 
data, https://doi.org/10.1101/2021.09.09.21263139
) or other purposes. In some cases, we included ad-
ditional assays from a manufacturer not necessarily 
ideal for serosurveillance applications but still infor-
mative to related applications. Key assay character-
istics included format and configuration, antigen 
composition, and immunoglobulin target (Table 1). 
We distributed uniquely blinded panels consisting of 
1,000 identical specimens to experienced testing labo-
ratories to determine performance characteristics.

We obtained plasma or serum specimens from 
CCP donors from March–November 2020. Speci-
mens were shipped, stored, and distributed frozen. 
All blood donors consented to use of deidentified, 
residual specimens for further research purposes. 
Consistent with the policies and guidance of the Uni-
versity of California–San Francisco Institutional Re-
view Board, Vitalant Research Institute self-certified 
that use of the deidentified CCP donations in this 
study does not meet the criteria for human subjects 
research. Centers for Disease Control and Prevention 
(CDC) investigators reviewed and relied on this de-
termination as consistent with applicable federal law 
and CDC policy (45 C.F.R. part 46, 21 C.F.R. part 56; 
42 U.S.C. § 241[d]; 5 U.S.C. § 552a; 44 U.S.C. § 3501). 
Qualification for CCP donation required documenta-
tion of positive SARS-CoV-2 molecular (e.g., reverse-
transcription PCR) or serologic test, complete reso-
lution of symptoms 14–28 days before donation (9), 
and standard allogeneic blood donor qualification 
criteria (10). Samples were selected from CCP donors 
independent of reactivity on the primary blood donor 
SARS-CoV-2 screening Ortho VITROS SARS-CoV-2 S 
Total Ig (Ortho Clinical Diagnostics, https://www.
orthoclinicaldiagnostics.com) assay.

To evaluate the waning of reactivity over time, 
we included longitudinal specimens from 24 CCP 
donors who continued to qualify for CCP donation 
at each of 4–14 donations (median 9 donation) over 
79–126 days (median 95 days). A COVID-19 serocon-
version panel consisted of 14 timepoints from a sin-
gle-source plasma donor during the progression of a 
SARS-CoV-2 infection over 87 days (11). Fifteen CCP 
specimens were represented in 6 blinded replicates 
to evaluate precision. The dilution panel consisted of 
six 4-fold serial dilutions of specimens with a range 
of neat antibody titers (12). The panel also included 
24 apparent serosilent specimens from donors who 
initially qualified for CCP donation as having a posi-
tive molecular test but without evidence of serocon-
version by the Ortho S Total Ig assay (https://www.
orthoclinicaldiagnostics.com).

Statistical Analysis
We performed all statistical analyses by using R 4.0.4 
(13). We used various packages, including the binom 
package for 95% CIs on proportions (14), the glm2 
package (15) for regression analysis, and the ggplot2 
package (16) for plotting.

Sensitivity and Specificity
We assessed sensitivity in cross-sectional CCP speci-
mens. Because data on symptoms, clinical severity,  
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hospitalization, and diagnostic test results (molecular 
or antigen) were not available, we defined true posi-
tivity according to 3 sets of criteria: qualification as a 
CCP donor according to blood center policies, which 
required donors to provide evidence of a SARS-CoV-2 
diagnosis, with resolved symptomatic infection (n = 
191) (https://www.fda.gov/media/141477/down-
load); confirmation of detectable neutralizing anti-
body by the Broad Institute plaque reduction neu-
tralization test (PRNT) (12) (n = 154); or reactive on 
>3 evaluated binding antibody (bAb) tests (n = 188). 
Substantial overlap exists between the 3 definitions; 
149 specimens were classified as positive by all 3  

definitions, 34 by the first and third definitions, 3 by 
the second and third definitions, and only 12 by only 1 
of the definitions. We excluded the 24 serosilent CCP 
specimens (Table 2) from the sensitivity analysis on 
the basis of the first criterion. We excluded longitu-
dinal CCP donor cohort specimens from all sensitiv-
ity analyses as their continued CCP qualification may 
bias sensitivity estimates given they were required to 
have bAb reactivity for continued donation of CCP.

We assessed primary specificity with prepandem-
ic blood donor specimens (n = 432) and included 27 se-
ronegative donations from early 2020 (12) in a second-
ary specificity analysis (n = 459) (Appendix Figure 1, 
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Table 1. Key characteristics of assays evaluated in study of commercially available high-throughput SARS-CoV-2 assays for 
serosurveillance* 

Manufacturer Assay† Ig target Antigen Assay format 
Reported 

units 
Testing 

laboratory 
Ortho VITROS Immunodiagnostic 

Products Anti-SARS-CoV-2 
Total Ig 

Total Ig S1 Double-antigen 
sandwich CLIA 

S/CO Vitalant 
Research 
Institute 

VITROS Immunodiagnostic 
Products Anti-SARS-CoV-2 IgG 

IgG S1 Double-antigen 
sandwich CLIA 

S/CO CTS 

EUROIMMUN Anti-SARS-CoV-2 NCP ELISA IgG N Indirect IgG EIA S/CO Advent Health 
Anti-SARS-CoV-2 ELISA IgG S1 Antigen sandwich 

ELISA 
S/CO 

Anti-SARS-CoV-2  
QuantiVac ELISA 

IgG S1 Antigen sandwich 
ELISA 

RU/mL 

Anti-SARS-CoV-2 ELISA IgA S1 Antigen sandwich 
ELISA 

S/CO 

Roche Elecsys Anti-SARS-CoV-2 N  
on cobas 

Total Ig N Double-antigen 
sandwich CLIA 

COI University of 
California–Davis 

Elecsys Anti-SARS-CoV-2 S  
on cobas 

Total Ig S1/S2/RBD Double-antigen 
sandwich CLIA 

U/mL 

DiaSorin LIAISON 28 SARS-CoV-2 
TrimericS IgG 

IgG TrimericS IgG magnetic  
particle CLIA 

AU/mL British Columbia 
Centers for 

Disease Control 
and Prevention 

Siemens ADVIA Centaur SARS-CoV-2 
Total Ig 

Total Ig S1/RBD Ag sandwich CLIA S/CO 

ADVIA Centaur SARS-CoV-2 
IgG 

IgG S1/RBD Ag sandwich CLIA Index 

Abbott SARS-CoV-2 IgG N on 
ARCHITECT 

IgG N CMIA AU/mL Duke Human 
Vaccine institute 

SARS-CoV-2 IgG S1 on 
ARCHITECT 

IgG S1 CMIA S/CO 

SARS-CoV-2 IgG N on Alinity IgG N CMIA S/CO Fred Hutchinson 
Cancer Research 

Center 
SARS-CoV-2 IgG S1 on Alinity IgG S1 CMIA AU/mL 

Bio-Rad Platelia SARS-CoV-2 Total Ab 
(Evolis) 

Total Ig N One-step antigen 
capture 

S/CO BloodWorks 
NorthWest 

BioPlex 2200 SARS-CoV-2  
IgG Panel 

IgG RBD, S1, 
S2, N 

Multiplexed 
microbeads  

two-step assay 

S/CO 

Quotient MosaiQ COVID-19 Antibody 
Microarray 

IgM/IgG S1/S2 Array Qualitative 
only 

Diazyme DZ-Lite SARS CoV-2 IgG N & S1/S2 IgG microbead CLIA S/CO 
 

Beckman 
Coulter 

Access SARS-CoV-2 IgG IgG S1 RBD IgG 2-step 
paramagnetic 
particle CLIA 

S/CO University of 
California–Irvine 

Wantai SARS-CoV-2 Total Ig Total Ig S1 RBD Total Ig sandwich 
ELISA 

S/CO Sanquin 

*Ab, antibody; Ag, antigen; AU, arbitrary units; CMIA, chemiluminescent microparticle immunoassay; CLIA, chemiluminescent immunoassay;.COVID-19, 
coronavirus disease; EIA, enzyme immunoassay; Ig, immunoglobulin; N, nucleocapsid; RBD, receptor binding domain; RU, relative units; S, spike protein; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; S/CO, signal to cutoff ratio;  
†Current US regulatory status available at https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-
medical-devices/in-vitro-diagnostics-euas-serology-and-other-adaptive-immune-response-tests-sars-cov-2. 
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https://wwwnc.cdc.gov/EID/article/28/3/21-1885-
App1.pdf). Sensitivity and specificity estimates were 
based on reported qualitative interpretations of assay 
results. We excluded results reported as equivocal 
from primary sensitivity and specificity estimates, and 
conducted secondary analysis that included equivocal 
results as nonreactive (Appendix Figures 2, 3). All 95% 
CIs reported are Wilson score intervals.

Repeatability and Assay Precision
We computed coefficients of variation (CVs), defined 
as the ratio of the SD to the mean across 6 replicate 
specimen measurements expressed as a percentage, 
for each of the replicate specimens (n = 90). A limi-
tation of this approach is that assays with narrower 
dynamic range produced very low or zero CVs at the 
upper limit of quantification. To adequately account 
for reactivity outside the measurement range, these 
results were excluded from the overall repeatabil-
ity assessment, and intraclass correlation coefficients 
(ICCs) were used. The ICC expresses between-sample 
variance as a proportion of total variance in the tested 
replicate specimen. In the case of the Bio-Rad Bio-
Plex assay (Bio-Rad, https://www.bio-rad.com), on-
board dilutions were conducted by the testing labora-
tory and used to estimate reactivity in specimens with 
initial results above the assay’s limit of quantitation.

Dilutional Performance
The dilution panel (n = 55 specimens) enables compar-
ative assessment of the linearity of observed versus ex-
pected reactivity measurements above and below as-
say cutoffs. Expected reactivity is defined as the mean 
signal intensity measured over 6 replicates of the neat 
specimen divided by the dilution factor (Appendix).

Durability of Antibody Detection
We assessed qualitative and quantitative durability 
of bAb detection in longitudinal CCP specimens (n 
= 209 specimens from 24 donors). Documented dates 
of symptom onset, symptom resolution, or nucleic 
acid test–based diagnosis are not available for these 
donors, so all analyses are anchored to the index 
donation. These CCP donors first donated early in 
the pandemic, typically within 1 month of symptom 
resolution (12).

We assessed qualitative detection by estimating 
the proportion of specimens with detectable bAbs 
grouped in 30-day bins of time since index donations. 
To account for within-donor correlation, if a donor 
contributed >1 specimen in a particular time bin, the 
proportion of the donor’s specimens that were reac-
tive was added to the numerator for the bin and only 
1 to the denominator, so that the proportion detected 
is the proportion of donors detected in each bin.

We assessed quantitative detection by fitting lin-
ear mixed effects regression models with time since 
index donation as the predictor. We estimated as-
say signal half-lives by transforming average (fixed) 
slopes obtained from these models (Appendix).

Results
When a true positive was defined by qualification as 
a CCP donor, the lowest assay sensitivity was 63.6% 
(95% CI 56.3%–70.4%) (EUROIMMUN IgA assay, 
https://www.euroimmun.com), and the highest was 
95.8% (95% CI 92.0%–97.9%) (Ortho VITROS Total Ig 
S assay and Roche Elecsys Total Ig S and N [https://
www.roche.com]) (Figure 1, panel A). When a true 
positive was defined by PRNT activity, the lowest 
assay sensitivity was 69.7% (95% CI 61.7%–76.7%) 
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Table 2. Composition of the assessment panel for evaluation of SARS-CoV-2 serologic assays in study of commercially available 
high-throughput SARS-CoV-2 assays for serosurveillance* 
Group Description No. specimens 
Sensitivity subpanels 

  

 Qualification as CCP 191 CCP 191 
 Broad neutralization activity 152 CCP + 2 serosilent 154 
 Reactive on >3 assays 186 CCP + 2 serosilent 188 
Specificity subpanel Prepandemic blood donor specimens collected before 2020 

and demonstrated to be anti–SARS-CoV-2 negative by RVP 
neutralization testing 

459 

Ab persistence subpanel Longitudinal specimens from 24 donors with at >4 CCP 
donations 84–150 d after index donation 

209 

Seroconversion subpanel Longitudinal specimens from a single-source plasma donor 
with acute SARS-CoV-2 infection 

14 

Dilutional performance subpanel Serial dilutions of 5 specimens from sensitivity subpanel; neat 
(6 replicates), 1:40, 1:80, 1:160, 1:320, and 1:640 analogous to 

neutralizing antibody testing 

55 

Serosilent cases Individual CCP donors nonreactive by S and N  
anti–SARS-CoV-2 total Ig 

24 

Repeatability subpanel Six blinded replicates each of 15 CCP specimens 90 
*CCP, coronavirus disease convalescent plasma; N, nucleocapsid; RBD, receptor binding domain; RVP, reporter viral particle; S, spike protein; SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2. 
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Figure 1. Sensitivity of severe 
acute respiratory syndrome 
coronavirus 2 serologic assays 
(descriptions in Table 1) using 
3 definitions of a true positive in 
study of commercially available 
high-throughput assays for 
serosurveillance. A) Positivity 
defined by qualification as 
CCP, coronavirus disease 
convalescent plasma donor 
(excluding purposely selected 
serosilent specimens). B) 
Positivity defined by neutralizing 
activity measured by Broad 
plaque reduction neutralization 
test. C) Positivity defined by 
operational standard (>3 binding 
antibody assays reactive). 
Dots indicate point estimates, 
and bars indicate Wilson score 
95% CIs. Ortho VITROS IgG S 
assay is included only in panel 
B because the assay required 
use of serum for testing; thus, 
only specimens with available 
serum and neutralizing data were 
tested. Ab, antibody; Ag, antigen; 
N, nucleocapsid; RBD, receptor 
binding domain; PRNT, plaque 
reduction neutralization test; S, 
spike protein. 
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(EUROIMMUN IgA assay), and the highest was 
98.7% (95% CI 95.4%–99.6%) (Ortho VITROS Total Ig 
S, Roche Elecsys Total Ig S and N, and Bio-Rad Bio-
Plex MPX IgG assays) (Figure 1, panel B). Most as-
says (17/20) had sensitivities >80%, 12/20 had sen-
sitivities >90%, and 7/20 had sensitivities >95%, by 
the first definition. None reached 96% by CCP quali-
fication criteria or 99% by detectable neutralizing 
antibody criteria. Assays with the lowest sensitivity 
were the Beckman Coulter Access SARS-CoV-2 IgG 
(https://www.beckmancoulter.com), Diazyme DZ-
Lite SARS-CoV-2 IgG (https://www.diazyme.com), 
and EUROIMMUN IgA assays, with estimates <80%. 
We observed similar patterns to the first and second 
definitions of true positivity when defined by bAb re-
activity on >3 assays (Figure 1, panel C).

Specificities, based on testing 432 prepandemic 
specimens, were high, with estimates ranging from 
96.1% (95% CI 93.8%–7.5%) (Diazyme DZ-Lite as-
say) to 100% (95% CI 99.1%–100%) (Abbott IgG N 
[https://www.abbott.com], Bio-Rad BioPlex IgG, 
Bio-Rad Platelia Total Ig N, and Ortho VITROS To-
tal Ig S assays). Most assays (13/20) had specificities 
>99%, and 5/20 assays had specificities of 100% in 
this panel (Figure 2). Assays with poorer specific-
ity tended to have poorer sensitivity, suggesting no 
tradeoff between sensitivity and specificity (Appen-
dix Table 1, Appendix Figure 4). Specificity estimates 
including 27 specimens from 2020 (Appendix Figure 
1) and secondary sensitivity and specificity analyses 
with equivocal results categorized as nonreactive 
(Appendix Figures 2, 3) had minimal impact on esti-
mates of sensitivity and specificity.

Durability of bAb detection was highly variable, 
with some assays reactive at all timepoints, whereas 

others showed substantial declines in the proportion 
of reactive specimens over time (Figure 3). IgG assays 
and anti-N assays generally demonstrated more rapid  
seroreversion proportions compared with total Ig and 
anti-S assays. For example, the Abbott and EUROIM-
MUN IgG anti-N assays detected antibodies in <70% 
of specimens collected >90 days after index donation, 
whereas total Ig assays like the Ortho Vitros S total Ig 
and Roche Elecsys N total Ig assays detected antibod-
ies in 100% of specimens at these timepoints. Given 
the relatively small number of donors in the cohort, 
the declining detection rates at later timepoints were 
generally not statistically distinguishable from sensi-
tivity at earlier timepoints for these qualitative assays 
(χ2 tests yielded large p values).

Regression models of quantitative signal inten-
sity over time showed statistically significant declin-
ing reactivity in some assays. All anti-S total Ig (direct 
antigen sandwich format) assays showed stable or 
increasing reactivity, whereas all IgG assays showed 
declining reactivity over time (Figure 4, panel A). An-
ti-N assays showed more rapid waning than anti-S 
assays, with multivariable regression confirming that 
assay format and antigen target are important predic-
tors of rate of waning. Among assays that showed 
statistically significant declining reactivity, estimated 
half-lives varied from 41 to 574 days (median 91 days) 
(Figure 4, panel B).

All assays included in the study showed good 
(ICCs >0.75) or excellent (ICCs >0.9) quantitative 
repeatability (17), with the exception of the Wantai 
assay (Wantai BioPharm, http://www.ystwt.cn), 
which had an ICC <0.6 (Figure 5; Appendix Table 2). 
CVs were generally <10% for low- and medium-titer 
blinded replicate specimens and somewhat higher for 
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Figure 2. Specificity of severe 
acute respiratory syndrome 
coronavirus 2 serologic 
assays (descriptions in Table 
1) in prepandemic negative 
control specimens in study 
of commercially available 
high-throughput assays for 
serosurveillance. Dots indicate 
point estimates and bars 
indicate Wilson score 95% CIs. 
Ab, antibody; Ag, antigen; N, 
nucleocapsid; RBD, receptor 
binding domain; S, spike protein. 
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high-titer specimens, ranging from ≈20% to >100% 
(Appendix Table 3). The Ortho VITROS anti-S and 
Roche Elecsys anti-N total Ig assays had notably low 
CVs on most replicate specimens (generally <10%).

Dilutional performance was generally good, with 
most assays demonstrating reasonable linearity in the 
relationship between expected and observed reactiv-
ity above the assay cutoffs (Appendix Figure 5). As-
says with greater dynamic ranges tended to show a 
linear dilutional response even below the cutoff. Most 
assays had a well-defined inflection point, represent-
ing a level of reactivity below which the dilutional re-
sponse was not linear.

For most assays all 24 serosilent specimens were 
nonreactive, whereas 7 assays had 1/24 reactive and 
2 assays had 2/24 reactive specimens (Appendix 
Figure 6). Two of these specimens were reactive on 
3 assays, 1 of which was reactive on the 3 EURIM-
MUN IgG assays; the other had no clear pattern of 
reactivity (i.e., it was reactive on both IgG and total 
Ig and S and NC assays). For the single seroconver-
sion series, most assays show seroconversion over the 
same 2-week timeframe, providing little evidence of  

variable sensitivity relative to time of infection (Ap-
pendix Figure 7). Reporter operator characteristic 
curve analysis indicated optimal thresholds and cor-
responding positive and negative percentage agree-
ment for predicting neutralization titers of 1:20, 1:250, 
and 1:1,000 (Appendix Table 4).

Discussion
Comprehensive comparison of serologic assays with 
a broad range of formats, Ig class, and antigen tar-
gets are valuable for understanding their relative per-
formance across a range of applications. We focused 
on application to cross-sectional serosurveillance, 
although our findings are also informative for other 
applications. The 3 most critical characteristics for as-
says used to conduct serosurveillance are sensitivity, 
including an assay’s ability to detect antibodies after 
asymptomatic and mildly symptomatic infections, 
potentially resulting in weak antibody responses 
(18–20); specificity, to minimize the effect of false-
positives on seroprevalence estimates; and the abil-
ity to durably detect antibody responses for accurate 
estimation of cumulative infections.
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Figure 3. Proportion of donors with detectable severe acute respiratory syndrome coronavirus 2 antibodies in study of commercially 
available high-throughput assays for serosurveillance. In the longitudinal coronavirus disease convalescent plasma donor cohort, donations 
were sorted into time bins relative to index donation. Time bin labels on x-axis are denoted with brackets to indicate inclusive boundaries 
and parentheses to indicate exclusive boundaries. Donors who contributed >1 donation in a time bin contributed the fractional proportion 
reactive to the numerator and 1 to the denominator for estimation of proportion reactive in the time bin. Symbols indicate point estimates 
of proportion reactive, and bars indicate 95% CIs (Wilson score). Assays are described in Table 1. Each of the 24 donors had an index 
sample available. For time bins 1–29 days post index, n = 22 donors, n = 56 specimens; day 30–59, n = 19 donors, n = 45 specimens; day 
60–89, n = 22 donors, n = 54 specimens; day 90+, n = 18 donors, n = 30 specimens. Ortho VITROS Total Ig anti-S reactivity was required 
for qualification of continued CCP donation and therefore shows 100% detection in all time bins by definition. Ab, antibody; Ag, antigen; N, 
nucleocapsid; PRNT, plaque reduction neutralization test; RBD, receptor binding domain; S, spike protein.
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For serosurveillance in the context of widespread 
spike-based vaccine implementation, algorithms that 
combine S and NC assays with these characteristics 
can differentiate natural infection from vaccine-in-
duced seroreactivity. In areas with high vaccine-in-
duced anti-S reactivity, single-platform parallel test-
ing is ideal, such as on the Ortho Vitros and Roche 
Elecsys platforms to maximize throughput and 
turnaround time. CDC’s Nationwide Blood Donor 
Seroprevalence Study (https://covid.cdc.gov/covid-
data-tracker/#nationwide-blood-donor-seroprev-
alence) initially screened for anti-S reactivity reflex-
ing reactives to anti-NC testing, and subsequently 
initiated single-platform simultaneous parallel S 
and NC testing once anti-S reactivity mainly attrib-
utable to vaccination reached high levels to reduce 
cost and increase efficiency and turnaround time. 

However, testing algorithms should be context de-
pendent; for example, in regions where whole-virus 
vaccines are used, alternative algorithms should be 
considered. The assay performance evaluation we  
describe informs algorithm development and imple-
mentation in different contexts.

Although not specifically applicable to serial 
cross-sectional serosurveys, the ability to detect break-
through infections of anti-S–based vaccines in longi-
tudinal datasets is important, requiring sensitive and 
specific assays to detect development of anti-N reactiv-
ity. Detection of reinfection by anamnestic Ab boost-
ing requires quantitative assays with wide dynamic 
ranges, including the ability to extend the dynamic 
range through dilution, and assays that demonstrate 
waning reactivity over time and good quantitative re-
peatability, such as anti-S and anti-NC IgG.
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Figure 4. Durability of severe 
acute respiratory syndrome 
coronavirus 2 antibody detection 
as assessed by mixed effects 
regression modeling in study 
of commercially available 
high-throughput assays for 
serosurveillance. A) Average 
(fixed) slopes from linear mixed-
effects regression models with 
donor random effects, fit to 
rescaled and log-transformed 
quantitative assay signal. B) 
Assay signal half-lives after 
index donation for assays 
demonstrating rapid waning of 
seroreactivity over time (upper 
bound on half-life <220 days), 
estimated on the basis of linear 
mixed-effects regression models. 
Assays are described in Table 
1. Ab, antibody; Ag, antigen; N, 
nucleocapsid; RBD, receptor 
binding domain; S, spike protein.
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Ideal assays for serosurveillance applications 
may not be a viable option in all contexts, and other 
factors such as cost, logistics, and regulatory approval 
status may influence assay availability and selection, 
particularly in resource-constrained settings. How-
ever, with robustly characterized assay performance, 
statistical adjustments can be made in estimating of 
seroprevalence, such as adjustments for the rate of 
waning reactivity.

Assay manufacturers commonly determine 
sensitivity on the basis of timing of seroconversion 
relative to diagnostic testing or clinical disease, but 
this criterion may not be the most relevant where 
high rates of mildly symptomatic or asymptomatic 
infections exist; alternate definitions of true positiv-
ity should be considered. Thus, we used multiple 
definitions to assess sensitivity in practical serosur-
veillance contexts. Of particular note, including all 
CCP donors results in lower sensitivity estimates 
consequent to inclusion of serosilent infection cas-
es, whereas the requirement for neutralization ac-
tivity excludes those cases resulting in higher sen-
sitivity estimates.

Detecting past infections long after symptom 
resolution is key to accurately estimating cumulative 
incidence of infections based on seroreactivity rates; 
otherwise, complex adjustments for seroreversion 
may be required (3,4,21; S. Takahashi et al., unpub. 
data). Rates of waning immunity are difficult to as-
sess using assays with narrow dynamic ranges that 
constrain detection of declining reactivity and may 
plateau at the upper limit of quantitation. Diluting 

specimens, which many platforms can perform au-
tomatically, extends dynamic ranges, enabling quan-
titation of high-titer specimens, as demonstrated 
by the Bio-Rad BioPlex assay. Although qualitative  
seroreversion was observed in some assays, including 
ones with narrow dynamic ranges (Figure 3), further 
studies over longer timescales are required. Quantita-
tion of very low-level reactivity is possible in assays 
demonstrating linearity of dilutional performance be-
low the manufacturer-defined thresholds for reactiv-
ity, which are generally set to maintain high specific-
ity. Stable detection of neutralizing activity up to 4 
months after index donation demonstrates that in the 
cross-sectional samples used for sensitivity analysis, 
waning of neutralizing Ab titers was very unlikely by 
the time samples were collected and would therefore 
not have biased sensitivity analyses based on neutral-
izing activity.

Evaluating apparent serosilent cases with evi-
dence of prior infection lacking detectable antibod-
ies is important to confirm that this phenomenon is 
not assay-dependent. Although sporadic reactivity 
occurred in a few specimens from serosilent cases, 
most tested nonreactive on all samples, corroborat-
ing the findings of other studies (18,22) indicating 
some infected persons do not develop a detectable 
systemic humoral immune response after SARS-
CoV-2 infection.

We observed that all anti-S total Ig (direct an-
tigen sandwich format) assays showed stable or 
increasing reactivity presumably because of con-
tinued maturation of antibody affinity, avidity, 
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Figure 5. Intraclass correlation 
coefficients based on blinded 
replicate sample testing, 
reflecting the proportion of 
total variance that is between-
sample rather than within-
sample variability of severe 
acute respiratory syndrome 
coronavirus 2 antibody detection 
in study of commercially 
available high-throughput assays 
for serosurveillance. Results 
falling outside the primary 
measurement range were 
excluded. On-board dilutions 
were used to estimate reactivity 
in specimens where initial 
results fell outside the primary 
measurement range. Horizontal 
dotted lines show conventional 
(although arbitrary) thresholds 
for moderate (0.5), good (0.75), 
and excellent (0.9) repeatability (17). Assays are described in Table 1. Ab, antibody; Ag, antigen; N, nucleocapsid; PRNT, plaque 
reduction neutralization test; RBD, receptor binding domain; S, spike protein.
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or both, resulting in increasing signal intensity in 
these assays (23–25), whereas all but 1 IgG assay 
showed declining reactivity over time. Anti-N as-
says showed more rapid waning than anti-S assays, 
with multivariable regression confirming that assay 
format and antigen target are important predictors 
of rate of waning, although assay format (i.e., Ig 
target) is a stronger predictor of antibody stability 
than antigen target. IgG assays demonstrating rap-
id waning are useful for longitudinal assessment 
of reactivity relative to neutralizing antibodies and 
for detecting anamnestic boosting of antibodies be-
cause of vaccination or reinfection. Among the IgG 
assays, the anti-NC assays demonstrated more rap-
id waning than anti-S assays, which is consistent 
with observed half-lives of these antibody classes 
(26). IgA assays are not suitable for primary sero-
surveillance screening; however, because IgA has 
different detection dynamics than total Ig or IgG 
assays included in the study, they are informative 
for detecting incident infections early in infection.

The best performing assays for serosurveillance 
applications in this evaluation were high-throughput 
total Ig antigen sandwich format assays, because they 
met the 3 key performance criteria of durable anti-
body detection, sensitivity, and specificity. The Ortho 
and Roche total Ig assays that target anti-S and anti-N 
antibodies performed well and are currently used in 
largescale serosurveillance studies including CDC’s 
Nationwide Blood Donor Seroprevalence Study. The 
Wantai assay has been widely used in serosurveil-
lance globally (2,5,27); although this assay demon-
strated lower specificity and reproducibility than the 
best performing assays, it performs adequately for se-
rosurveillance after accounting for those limitations. 
Several other assays, including the Abbott IgG anti-
N and EUROIMMUN IgG anti-S assays, have been 
used in largescale serosurveillance, but require ad-
justments for rapid waning and seroreversion to esti-
mate cumulative incidence or attack rates, especially 
over longer periods and multiple epidemic waves (S. 
Takahashi et al., unpub. data). Our study provides 
critical data that can be applied to adjust for waning 
in other studies.

Most assays showed strong correlations of signal 
intensity with neutralizing titers in cross-sectional 
specimens, although the IgG assays performed no-
tably better than the rest, and among the IgG assays 
the anti-S assays showed the highest area under the 
reporter operator characteristic curve. These assays 
demonstrated high positive percentage agreement 
and relatively high negative percentage agreement 
even at 50% inhibitory dose (ID50) >1:1,000. On the  

basis of these cross-sectional samples collected rela-
tively early after infection, assays with stable or in-
creasing antibody detection over time would show 
poorer correlation with neutralizing antibody titers, 
which wane at a similar rate to IgG anti-S assays (Fig-
ure 4) and may therefore be less appropriate for iden-
tifying correlates of protection.

Our study’s first limitation is that asymptomatic 
cases are underrepresented in the panel because CCP 
donors had to qualify on the basis of recovery from 
symptomatic infection, potentially overestimating 
sensitivity. The assessment of durability of bAb de-
tection is based on CCP donations from donors whose 
continued qualification required ongoing Ortho VIT-
ROS Total Ig anti-S1 reactivity. Although these CCP 
donors do not have documented dates of nucleic 
acid test positivity, symptom onset, or resolution, 
the first donations were generally within 1–2 months 
of symptom resolution (12). To address these limita-
tions, we developed approaches to adequately char-
acterize sensitivity and durability of reactivity. The 
study was executed at a time when available postvac-
cine samples were limited and before the emergence 
of variants of concern and is therefore constrained by 
the lack of these sample types (21,28–31). However, 
this evaluation provides an important foundation 
for understanding assay performance and their ap-
plication as the pandemic progresses. The number of 
specimens included in the dilutional series subpanels 
are not sufficient for robust assessment of endpoint 
dilutional sensitivity. The single seroconversion 
series did not allow for robust assessment of time  
to seroconversion.

In summary, this study provides a standard-
ized, comparative assessment of 21 SARS-CoV-2 
antibody assays from major commercial manu-
facturers and enables identification of optimal as-
says and testing algorithms for serosurveillance 
applications in various contexts. These results also 
provide performance data applicable to other sero-
logic testing use cases relevant to clinicians, public 
health organizations, laboratorians, and emergency 
response planners.
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Since January 2020, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has been 

causing a global coronavirus disease (COVID-19) 
pandemic that has had wide-reaching effects on de-
livery of care for many other health conditions, in-
cluding tuberculosis (TB). Each year, ≈10 million 
TB cases are diagnosed and ≈1.5 million TB deaths 
occur worldwide (1). The World Health Organiza-
tion (WHO) has identifi ed substantial effects of the 

COVID-19 pandemic on TB control efforts (1). By late 
2020, substantial reductions in TB case notifi cations 
were evident in both high- and middle-income coun-
tries (2–6), including countries where COVID-19 had 
been well-controlled (7). Decreased TB notifi cations 
led to fears that delays in case detection and reduced 
treatment completion resulting from the COVID-19 
pandemic might lead to increased Mycobacterium tu-
berculosis transmission and consequently higher mor-
tality rates (8). Indeed, evidence suggests that the 
COVID-19 pandemic has resulted in reduced patient 
adherence to treatment (9), decreased access to medi-
cations (10,11), delayed access to services (10,12), and 
higher rates of loss to follow-up for patients with TB 
(10). Some of this disruption has been attributed to 
diversion of resources and interruptions to drug sup-
ply and delivery resulting from the COVID-19 pan-
demic (13). Furthermore, some persons with TB have 
avoided seeking healthcare because of fear of acquir-
ing COVID-19 (14). In addition, evidence from South 
Africa suggests that outcomes for SARS-CoV-2 infec-
tion are worse for patients co-infected with TB (15).

Vietnam is a high-burden TB country and ranks 
among the top 30 high-burden countries for  multi-
drug-resistant/rifampin-resistant (MDR/RR) TB 
(16). However, by the end of 2020, Vietnam had 
one of the lowest rates of reported COVID-19 cases 
in the region. Vietnam had its fi rst confi rmed CO-
VID-19 case in January 2020; because of effective 
public health strategies, by the end of the year Viet-
nam had reported only ≈1,500 COVID-19 cases and 
35 deaths (17,18). Early in 2020, localized outbreaks 
of COVID-19 occurred in Vietnam’s 2 largest cities, 
Hanoi and Ho Chi Minh City; subsequent outbreaks 
occurred in central Vietnam. The effect of Vietnam’s 
robust public health response against COVID-19 
on TB case notifi cations is unknown. We aimed to 
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We evaluated the eff ects of the coronavirus disease 
pandemic on diagnosis of and treatment for tuberculosis 
(TB) in Vietnam. We obtained quarterly notifi cations for 
TB and multidrug-resistant/rifampin-resistant (MDR/RR) 
TB from 2015–2020 and evaluated changes in monthly 
TB case notifi cations. We used an interrupted time se-
ries to assess the change in notifi cations and treatment 
outcomes. Overall, TB case notifi cations were 8% lower 
in 2020 than in 2019; MDR/RR TB notifi cations were 1% 
lower. TB case notifi cations decreased by 364 (95% CI 
−1,236 to 508) notifi cations per quarter and MDR/RR 
TB by 1 (95% CI −129 to 132) notifi cation per quarter. 
The proportion of successful TB treatment outcomes de-
creased by 0.1% per quarter (95% CI −1.1% to 0.8%) 
in 2020 compared with previous years. Our study sug-
gests that Vietnam was able to maintain its TB response 
in 2020, despite the pandemic.



Effects of COVID-19 on TB Notifications, Vietnam

evaluate the effect of the COVID-19 pandemic on TB 
case notifications and treatment outcomes during 
the first year of the pandemic in Vietnam by com-
paring programmatic data from 2020 to data for the 
preceding 5 years.

Methods

Study Design and Setting
We conducted a retrospective cohort study to compare 
national case notification and treatment outcomes 
for patients with TB and MDR/RR TB in Vietnam in 
2020, the first year of the COVID-19 pandemic, with 
those from the preceding 5 years (2015–2019). Viet-
nam, located in Southeast Asia, has a population of 
96 million and reports ≈100,000 TB cases and >11,000 
TB deaths every year (19). Screening and treatment 
for TB are delivered by the National Tuberculosis 
Program (NTP) across all of Vietnam’s 63 provinces. 
Standardized TB treatment is delivered free of charge 
through district TB units and continuous treatment 
generally is supervised at home by family members. 
Patients routinely collect medication from health fa-
cilities at intervals between once a week and once a 
month. Changes to the delivery of care for TB patients 
during periods of physical distancing for COVID-19 
included longer intervals between medication dis-
pensing and increased intervals between microbio-
logical testing and clinical review.

Two primary COVID-19 outbreaks occurred in 
Vietnam during 2020. The first outbreak occurred 
in April, with epicenters in Hanoi and Ho Chi Minh 
City. The second outbreak occurred during July–
September 2020 in central Vietnam, primarily in Da 
Nang and Quang Nam provinces. In response to the 
pandemic, the government of Vietnam implemented 
strict public health policies, including mandatory 
quarantine for travelers and those with confirmed 

COVID-19 cases; facility-based isolation and testing 
of first-generation case-contacts and self-isolation for 
second-generation case-contacts; closing of schools 
and business; physical distancing policies; and pub-
lic health messaging (17). Between COVID-19 surges, 
the NTP provided mobile community screening clin-
ics to improve case detection and access to TB services 
for patients. These policies were enforced nationally 
in April 2020, and more localized policies targeting 
provinces with increased COVID-19 case numbers 
were implemented during July–September 2020. Be-
tween outbreaks, Vietnam had long periods in which 
no COVID-19 cases were reported, at times going sev-
eral months reporting zero SARS-CoV-2 community 
transmission (20). Furthermore, 17 provinces report-
ed no COVID-19 cases in 2020.

Patient Eligibility and Data

TB Patients
We included patients of all ages who began TB treat-
ment through the NTP during January 2015–De-
cember 2020. All persons with confirmed TB were 
recorded by district and by date of enrollment into 
TB treatment. Reported data include age, sex, prior 
treatment history, diagnostic test results, antimicro-
bial drug regimen, and treatment outcomes reported 
according to WHO standard definitions (21). We 
evaluated the number of quarterly TB notifications 
during 2015–2020 (Figure 1, panel A). WHO-defined 
treatment outcomes were reported for cases during 
2016–2020. Cases notified outside the NTP, for ex-
ample through private sector healthcare, comprised 
only a small portion (<10%) of all TB and MDR/RR 
TB cases and we did not include these cases in this 
study. However, cases reported outside NTP account 
for discrepancies between total notifications in this 
study compared with WHO reports.
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Figure 1. Quarterly tuberculosis notifications, Vietnam, 2015–2020. A) All tuberculosis notifications. B) Multidrug-resistant/rifampin-
resistant tuberculosis notifications. 
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MDR/RR TB Patients
We identified patients who began treatment for 
MDR/RR TB (defined as TB with resistance to iso-
niazid and rifampin) through a separate national da-
tabase. We included MDR/RR TB case notifications 
during January 2015–December 2020 (Figure 1, panel 
B). Reported data include underlying conditions, site 
of TB disease, smear and culture status at diagnosis, 
drug resistance, and adverse events. Patients with di-
agnosed MDR/RR TB underwent treatment accord-
ing to WHO guidelines, comprising either 9-month or 
20-month standardized antimicrobial drug regimens 
(22). NTP reported quarterly MDR/RR TB notifica-
tions during 2015–2020. 

Data Analysis
Patient-level data were only available for 2019 and 
2020. We summarized TB notifications by age, sex, 
history of previous treatment, and treatment outcome 
and reported proportions of missing data (Table 1), 
as well as monthly TB notifications for 2019 and 
2020 (Figure 2), including the percentage change in 
monthly and yearly notifications (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/28/3/21-
1919-app1.pdf). We also calculated the monthly noti-
fications and percentage change in notifications from 
cities and provinces where COVID-19 outbreaks oc-
curred, Ho Chi Minh City and Hanoi in April 2020 
and Da Nang and Quang Nam in July–August 2020 

(Figure 2; Appendix Table 1). For comparison, we 
chose 2 provinces in South and Central Vietnam 
where no COVID-19 cases were detected during the 
study period, Can Tho and Nghe An (Appendix Fig-
ure).

For quarterly TB notifications during 2015–2020, 
we used an interrupted time series (23) to determine 
whether quarterly TB notifications decreased during 
January–June 2020, compared with quarterly notifi-
cations during 2015–2019. We used an interrupted 
time series because it enables a comparison of the 
change in the trend of an event before and after an 
interruption, in this case COVD-19. We also used an 
interrupted time series to determine whether the pro-
portion of patients with treatment success changed 
for patients beginning treatment during July 2019–
January 2020 compared with patients commencing 
treatment during January 2016–June 2019 (Table 2). 
Patients beginning first-line treatment for TB during 
July–December 2019 were scheduled to finish treat-
ment during January–June 2020, after the onset of 
the COVID-19 pandemic.

For 2019 and 2020 data, we summarized MDR/
RR TB notifications by age, sex, history of previous 
treatment, smear and culture results, and treatment 
outcome (Table 3). We noted proportions of missing 
data. We summarized monthly MDR/RR TB notifica-
tions made during 2019 and 2020, including the per-
centage change in monthly and yearly notifications, 
and separately calculated the difference in notifica-
tions for Ho Chi Minh City and Hanoi (Appendix 
Table 2). We used an interrupted time series to de-
termine whether quarterly MDR/RR TB notifications 
decreased during 2020 compared with 2015–2019.

For MDR/RR TB, we calculated the relative risk 
for cases to have a positive smear diagnosis in 2020 
compared with 2019. Similarly, we calculated the 
relative risk for a positive culture diagnosis in 2020 
compared with 2019.

We calculated CIs and performed analyses by 
using SAS version 9.4 (SAS Institute, Inc., https://
www.sas.com). The University of Sydney provided 
ethics approval for this study (approval no. HREC 
2020/353). The study also was approved by the Viet-
nam National Lung Hospital.

Results

TB Notifications
NTP reported 105,680 TB cases in 2019 and 96,998 in 
2020 (Table 1). Most cases were diagnosed among 
male persons, and most cases were notified in the 
south of the country.
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Table 1. Characteristics of persons with diagnosed tuberculosis, 
Vietnam, 2019 and 2020* 
Characteristics 2019 2020 
Total no. cases notified 105,680 96,998 
Age group, y   
 <20 5,371 (5.1) 4,378 (4.5) 
 20–39 32,962 (31.2) 29,303 (30.2) 
 40–59 39,177 (37.1) 36,094 (37.2) 
 60–79 23,942 (22.7) 23,121 (23.8) 
 >80 4,228 (4.0) 4,102 (4.2) 
Sex†   
 M 74,331 (70.3) 68,737 (70.9) 
 F 30,248 (28.6) 27,482 (28.3) 
Region‡   
 North 26,352 (24.9) 23,862 (24.6) 
 Central 18,969 (18.0) 16,329 (16.8) 
 South 59,256 (56.1) 56,027 (57.8) 
Registration group§   
 New diagnosis 96,445 (91.3) 89,048 (91.8) 
 Relapse 6,575 (6.2) 5,895 (6.1) 
 Retreatment 1941 (1.8) 1,812 (1.9) 
*Values represent no. (%) except as indicated. Definitions for classification 
according to World Health Organization guidelines 
(https://www.who.int/tb/publications/definitions/en). 
†Sex was not reported for 1,101 (1.0%) cases in 2019 and 779 (0.8%) 
cases in 2020. 
‡District and region were not reported for 1,103 (1.0%) cases in 2019 and 
780 (0.8%) cases in 2020. 
§Registration group was not reported for 719 (0.7%) cases in 2019 and 
243 (0.3%) cases in 2020. 

 



Effects of COVID-19 on TB Notifications, Vietnam

Overall, national TB case notifications dropped 
by 8% during 2020 compared with 2019 (Appendix 
Table 1). In April 2020, during the first COVID-19 
outbreak in Vietnam, we observed a 29% decrease 
in national TB notifications compared with April 
2019 (Appendix Table 1). We also noted a decrease 
in case notifications during January 2020 compared 
with January 2019. This difference likely reflects the 
difference in the date of the Lunar New Year, which 
was earlier in 2020 than 2019, rather than an effect of 
the pandemic. In Hanoi and Ho Chi Minh City, areas 
most affected during this outbreak, the difference in 
TB notifications was 27% (Appendix Table 1). During 

the second major COVID-19 outbreak in August 2020, 
TB notifications declined by 19% nationally and 71% 
in the provinces most affected, Da Nang and Quang 
Nam, compared with August 2019 (Appendix Table 
1). Although a pronounced decrease in TB notifica-
tions was not observed in the 2 provinces with no CO-
VID-19 cases, Can Tho and Nghe An, we did note a 
7%–16% decrease in annual TB notifications in these 
provinces for 2020 compared with 2019 (Appendix 
Table 1).

TB notifications decreased by 364 notifications 
per quarter (95% CI −1,236 to 508) during the year 
after the onset of the COVID-19 compared with the 
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Figure 2. Change in number of monthly tuberculosis notifications during the COVID-19 pandemic, Vietnam, 2019–2020. A) Vietnam; 
B) Hanoi and Ho Chi Minh City; C) Da Nang and Quang Nam Provinces. Asterisks indicate timing of COVID-19 outbreaks. COVID-19, 
coronavirus disease. 

 
Table 2. Tuberculosis treatment outcomes for patients receiving first-line therapy, stratified by date treatment began, Vietnam* 

Treatment start date 
Favorable 
outcome† Failure 

Lost to 
follow-up Death 

Transfer to 
MDR‡ 

Not 
evaluated 

Total unfavorable 
outcome§ 

2016        
 Q1 18,405 (92.9) 146 (0.7) 434 (2.2) 545 (2.8) 31 (0.2) 252 (1.3) 1,156 (5.8) 
 Q2 20,943 (93.3) 129 (0.6) 567 (2.5) 531 (2.4) 47 (0.2) 235 (1.0) 1,274 (5.7) 
 Q3 22,656 (93.5) 139 (0.6) 580 (2.4) 535 (2.2) 56 (0.2) 258 (1.1) 1,310 (5.4) 
 Q4 24,106 (91.6) 192 (0.7) 700 (2.7) 667 (2.5) 103 (0.4) 562 (2.1) 1,662 (6.3) 
 Total 2016 86,110 (92.8) 606 (0.7) 2,281 (2.5) 2,278 (2.5) 237 (0.3) 1,307 (1.4) 5,402 (5.8) 
2017        
 Q1 22,453 (91.0) 193 (0.8) 676 (2.7) 557 (2.3) 103 (0.4) 694 (2.8) 1,529 (6.2) 
 Q2 24,863 (91.5) 188 (0.7) 686 (2.5) 632 (2.3) 102 (0.4) 715 (2.6) 1,608 (5.9) 
 Q3 25,813 (92.3) 170 (0.6) 712 (2.5) 615 (2.2) 107 (0.4) 549 (2.0) 1,604 (5.7) 
 Q4 23,171 (91.6) 119 (0.5) 652 (2.6) 613 (2.4) 120 (0.5) 615 (2.4) 1,504 (5.9) 
 Total 2017 96,300 (91.6) 670 (0.6) 2,726 (2.6) 2,417 (2.3) 432 (0.4) 2,573 (2.4) 6,245 (5.9) 
2018        
 Q1 21,514 (90.9) 164 (0.7) 624 (2.6) 669 (2.8) 114 (0.5) 573 (2.4) 1,571 (6.6) 
 Q2 23,942 (91.4) 129 (0.5) 691 (2.6) 648 (2.5) 159 (0.6) 623 (2.4) 1,627 (6.2) 
 Q3 24,221 (91.6) 135 (0.5) 668 (2.5) 640 (2.4) 127 (0.5) 657 (2.5) 1,570 (5.9) 
 Q4 23,575 (91.1) 122 (0.5) 691 (2.7) 615 (2.4) 108 (0.4) 758 (2.9) 1,536 (5.9) 
 Total 2018 93,252 (91.3) 550 (0.5) 2,674 (2.6) 2,572 (2.5) 508 (0.5) 2,611 (2.6) 6,304 (6.2) 
2019        
 Q1 21,842 (90.4) 144 (0.6) 748 (3.1) 624 (2.6) 110 (0.5) 701 (2.9) 1,626 (6.7) 
 Q2 24,122 (90.7) 155 (0.6) 777 (2.9) 701 (2.6) 150 (0.6) 680 (2.6) 1,783 (6.7) 
 Q3 25,525 (91.3) 123 (0.4) 784 (2.8) 632 (2.3) 183 (0.7) 724 (2.6) 1,722 (6.2) 
 Q4 23,501 (91.0) 124 (0.5) 681 (2.6) 614 (2.4) 166 (0.6) 729 (2.8) 1,585 (6.1) 
 Total 2019 73,148 (91.0) 402 (0.5) 2,242 (2.8) 1,947 (2.4) 499 (0.6) 2,133 (2.7) 5,090 (6.3) 
2020¶        
 Q1 21,613 (91.2) 144 (0.6) 516 (2.2) 643 (2.7) 156 (0.7) 623 (2.6) 1,459 (6.2) 
*Values are no. (%). MDR, multidrug-resistant; Q, quarter. 
†Favorable outcomes include cure and treatment complete. 
‡Cases were transferred to MDR status when resistance testing revealed MDR TB or treatment with first-line antimicrobial drugs failed. 
§Unfavorable outcomes include failure, loss to follow-up, death, and transfer to MDR. 
¶For 2020, only outcomes for Q1 were available. 
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previous 5 years. Successful TB treatment outcomes 
decreased by 0.1% per quarter (95% CI −1.1% to 0.8%) 
for patients completing treatment in 2020, compared 
with rates for 2016–2019 (Appendix Table 3).

MDR/RR TB Notifications
We noted all known MDR/RR TB cases reported in 
Vietnam during 2015–2020 (Appendix Table 4). In 
2019, 2,889 MDR/RR TB cases were notified to the 
electronic TB manager; 2,851 cases were notified in 
2020. We noted patient demographics, treatment his-
tory, and treatment outcomes between the 2 years 
(Table 3). 

In April 2020, during the first major COVID-19 
outbreak and the first nationally implemented so-
cial distancing efforts, MDR/RR TB notifications de-
creased by 27% compared with notifications during 
April 2019 (Figure 3; Appendix Table 3). Hanoi and 
Ho Chi Minh City, which were most affected during 
this outbreak, contributed >40% of national TB case 
notifications, but the combined number of notified 
MDR/RR TB cases in these 2 cities decreased by 47% 
(Appendix Table 3). However, overall MDR/RR TB 
notifications decreased by just 1% in 2020 compared 
with 2019. We observed no difference in the propor-
tion of notified patients with smear-positive TB com-
pared with smear-negative TB (risk ratio 1.00, 95% 
CI 0.96–1.05), or culture-positive TB compared with 
culture-negative TB (risk ratio 1.03, 95% CI 0.99–1.08) 
between 2020 and 2019 (Table 3). The difference in 
MDR/RR TB notifications decreased by 1 notification 
per quarter (95% CI −129 to 132) after the start of the 
COVID-19 pandemic compared with before the pan-
demic (Appendix Table 2). 

Discussion
This retrospective cohort study compared the number 
of notified TB cases and treatment outcomes in Vietnam 
during the first year of the COVID-19 pandemic with 
those during the preceding 5 years. We found an 8% 
decrease in overall TB notifications and a 1% decrease 
in MDR/RR TB notifications in 2020 compared with 
the preceding year. We did not observe any difference 
in TB treatment outcomes in 2020 compared with the 
period 2016–2019. However, we did see noticeable de-
creases in TB and MDR/RR TB case notifications in the 
provinces affected most by COVID-19 in the months in 
which social distancing measures were enforced. This 
observation suggests a possible delay in the diagnosis 
of TB and MDR/RR TB cases. NTP and provincial TB 
programs in areas most affected by COVID-19 should 
develop strategies to reduce the delay in diagnosis and 
prevent community transmission.
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Table 3. Characteristics of patients diagnosed with MDR/RR TB 
by the Vietnam National Tuberculosis Program, 2019 and 2020* 

Characteristics 
No. (%) cases notified  
2019 2020 

Total MDR/RR TB cases 2,889 2,851 
Age group, y   
 <20 124 (4.3) 71 (2.5) 
 20–39 1,083 (37.5) 1,072 (37.6) 
 40–59 1,237 (42.8) 1,221 (42.8) 
 60–79 414 (14.3) 455 (16.0) 
 ≥80 31 (1.1) 32 (1.1) 
Sex   
 M 2,206 (76.4) 2,185 (76.6) 
 F 683 (23.6) 666 (23.4) 
Registration group†   
 New 1,059 (36.7) 1,258 (44.1) 
 Relapse 1,012 (35.0) 976 (34.2) 
 Failure 328 (11.4) 210 (7.4) 
 Transfer in 4 (0.1) 2 (0.0) 
 Transfer after default 154 (5.3) 125 (4.4) 
 Other 227 (7.9) 177 (6.2) 
No. previous treatment episodes  
 1 1,011 (35.0) 855 (30.0) 
 2 199 (6.9) 169 (5.9) 
 3 34 (1.1) 34 (1.2) 
 4 4 (0.1) 6 (0.2) 
 5 1 (0.0) 2 (0.0) 
Smear status at diagnosis‡   
 Negative 568 (19.7) 532 (18.7) 
 Scanty 289 (10.0) 244 (8.6) 
 1+ 415 (14.4) 428 (15.0) 
 2+ 308 (10.7) 261 (9.2) 
 3+ 275 (9.5) 262 (9.2) 
Culture status at diagnosis§   
 Negative 132 (4.6) 91 (3.2) 
 Positive 675 (23.4) 564 (19.8) 
 Contaminated 14 (0.5) 12 (0.4) 
Underlying conditions   
 HIV 119 (4.1) 82 (2.9) 
 Diabetes 47 (1.6) 54 (1.9) 
 COPD 7 (0.2) 7 (0.2) 
 Chronic kidney disease 11 (0.4) 7 (0.2) 
 Cardiac disease 11 (0.4) 24 (0.8) 
Baseline antimicrobial drug resistance¶  
 Monoresistance# 301 (10.4) 260 (9.1) 
 Polydrug resistance 122 (4.2) 94 (3.3) 
 MDR TB 1,545 (53.5) 1,666 (58.4) 
 Pre-XDR TB 47 (1.6) 47 (1.6) 
 XDR TB 12 (0.4) 10 (0.4) 
Site of disease**   
 Extrapulmonary 119 (4.1) 131 (4.6) 
 Pulmonary†† 2,619 (90.7) 2,592 (90.9) 
*COPD, chronic obstructive pulmonary disease; MDR, multidrug-resistant; 
MDR/RR, multidrug-resistant/rifampin-resistant; TB, tuberculosis; XDR, 
extensively drug resistant. 
†Registration group was not reported for 105 (3.6%) cases in 2019 and 
103 (3.6%) cases in 2020. 
‡Smear status was not reported for 1,034 (35.8%) cases in 2019 and 
1,124(39.4%) cases in 2020.  
§Culture status was not reported for 2,068 (71.6%) cases in 2019 and 
2,184 (76.6%) cases in 2020. 
¶Baseline resistance was not reported for 862 (29.8%) cases in 2019 and 
774 (27.1%) cases in 2020. 
#Site of disease was not reported for 151 (5.2%) cases in 2019 and 128 
(4.5%) cases in 2020. 
**Definitions for classification according to World Health Organization 
guidelines (https://www.who.int/tb/publications/definitions/en). 
††Pulmonary TB includes patients with pulmonary TB alone and patients 
with pulmonary and extra-pulmonary TB. 

 



Effects of COVID-19 on TB Notifications, Vietnam

Our study starkly contrasts findings from other 
settings during the COVID-19 pandemic. Several coun-
tries reported ≤30% fewer TB notifications during the 
first half of 2020 than before COVID-19 (2,4,7,9,24,25). 
In Malawi, one province noted a 36% decrease in noti-
fications, after which a subsequent rebound in notifi-
cations occurred by the end of the year, culminating in 
a 24% overall decrease in TB notifications in 2020 (26). 
Similarly, the United States reported an overall 20% 
decrease in TB notifications for 2020 compared with 
those for the previous year (4), although some of the 
reduction in low-prevalence settings might be due to 
reduced immigration from high-prevalence settings 
(4). The 8% decrease in TB notifications we observed 
in Vietnam was modest compared to these other set-
tings. Effective control of the COVID-19 pandemic 
likely enabled health services to operate and com-
pensate during non-lockdown periods. Although we 
found a decrease in TB notifications for most months 
in 2020 compared with those for 2019, the decrease in 
TB notifications was modest during months without 
surges in COVID-19 case numbers, including June, 
November, and December (Figure 2).

In 2020, during the first COVID-19 outbreak, Viet-
nam implemented nationwide physical distancing 
and public health policies. These restrictions lasted 
<2 months, after which daily life returned to normal 
for most of the population (27). Our study confirms 
that the largest decrease in case notifications for both 
TB and MDR/RR TB nationally was noted during 
this period. However, case notifications rebounded 
in subsequent months, resulting in the limited reduc-
tion observed in overall case notifications for the year. 
Nevertheless, substantial transient downturns in case 
notification were observed during these short periods 

of physical restrictions in hotspot areas, and we noted 
a 70% decrease in TB notifications in the 2 provinces 
most affected by the second outbreak. The findings 
overall confirm that TB notifications were adversely 
affected during COVID-19 outbreaks and periods in 
which lockdown was enforced to control the pan-
demic, even in the absence of COVID-19 cases. Fac-
tors contributing to the reduced TB notifications like-
ly include difficulty accessing healthcare (10,12) and 
fear of catching COVID-19 at healthcare facilities (14).

Our findings mirror findings in neighboring 
China, where the incidence of COVID-19 remained 
low amidst a moderately high incidence of TB. Data 
from the first half of 2020 in China showed that TB 
notifications also rebounded in the months after 
the easing of initial COVID-19 restrictions (28). Our 
findings and those from China suggest that when 
COVID-19 outbreaks are relatively brief, losses in 
TB notifications can be compensated for in subse-
quent months. However, increased TB surveillance 
is required after periods of strict lockdown to iden-
tify transmission that can occur during delayed case 
finding. Delays in TB case finding also are suggested 
by observational studies that demonstrated fewer 
sputum samples submitted for TB smear and culture 
during 2020 than 2019 (29,30).

Furthermore, delayed case finding could result 
in more advanced TB disease before diagnosis. We 
found no difference in the proportion of patients be-
ing seen with more advanced TB disease in health 
facilities, measured by culture and smear status, af-
ter a period of social restrictions. Another study in 
South Korea also found no difference in smear sta-
tus, culture results, or treatment adherence for TB pa-
tients between the first 6 months of 2020 and the year  
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Figure 3. Change in number of monthly notifications for multidrug-resistant/rifampin-resistant tuberculosis during the COVID-19 
pandemic, Vietnam, 2019–2020. A) Vietnam; B) Hanoi and Ho Chi Minh City. Asterisks indicate timing of COVID-19 outbreaks. 
COVID-19, coronavirus disease.



RESEARCH

preceding the pandemic (31). Both Vietnam and South 
Korea had smaller COVID-19 outbreaks, measured 
as total cases and per capita, in 2020 compared with 
other settings globally (18). However, a much smaller 
study in Spain, a country with a high COVID-19 bur-
den, reported more advanced radiologic findings for 
TB notifications in 2020 (32). Further global data from 
settings with high COVID-19 burdens will be needed 
to appreciate the effects of the COVID-19 pandemic 
on delayed TB case finding.

We found no difference in treatment outcomes 
for TB patients who started treatment in the 6 months 
before the pandemic (July–December 2019) and com-
pleted treatment during the pandemic compared 
with TB patients beginning treatment during 2016–
July 2019. In contrast, Italy, a country with low TB 
incidence, reported a substantial increase in the pro-
portion of patients experiencing poor TB treatment 
outcomes during the pandemic, including loss to 
follow-up and death (33).

A strength of our study is that we used a compre-
hensive national database that can be generalizable at 
a national level for Vietnam. We evaluated TB noti-
fications during the COVID-19 pandemic compared 
with TB notification data over a prolonged period 
(2016–2019) before the pandemic, which enabled us 
to account for trends over time; single comparisons 
might miss previously existing trends, including sea-
sonal variation (34).

Our study is limited by using routinely collected 
programmatic data, which is limited to key informa-
tion about patients and only includes the 2020 cal-
endar year. Collection of smear status was missing 
for ≈30% of cases, and culture status at baseline was 
missing in ≈70%, limiting the ability to fully appre-
ciate any change in smear or culture status between 
2019 and 2020. Furthermore, because the duration of 
MDR/RR TB treatment is 9 or 20 months, we could 
only compare treatment outcomes for patients on 
standard first-line therapy. Finally, the effects on 
treatment outcomes can only be fully appreciated 
when all patients who commenced treatment in 2019 
and 2020 receive an outcome.

Several policy implications arise from this study. 
Evidence suggests that countries with prolonged con-
trol of community transmission of SARS-CoV-2, such 
as China, Vietnam, and South Korea, have seen only 
modest impacts on overall TB notifications. Further-
more, evidence also suggests that TB notifications 
can rebound after COVID-19 has been controlled. 
Thus, involvement of national and international or-
ganizations in the care of TB patients is critical for 
monitoring and evaluating the interactions between 

COVID-19 and health priorities, preparing the health-
care sector, and limiting service disruptions. The CO-
VID-19 pandemic is far from over and must be con-
trolled before care to other infectious diseases such as 
TB can be restored.

Future studies could address the effect of a pro-
longed COVID-19 pandemic on delayed TB diagno-
sis, especially in settings with a high burden of COV-
ID-19. The COVID-19 pandemic has taken a markedly 
different course from mid-2021, and Vietnam has ex-
perienced major outbreaks nationwide because of the 
Delta variant. Further research evaluating this period 
will enable us to contrast the effects of COVID-19 
outbreaks on TB notifications over the course of the 
pandemic. Further evaluation also is needed to as-
sess effects of COVID-19 on TB treatment outcomes, 
including changes in adverse TB outcomes, such as 
loss to follow-up due to decreased access to health-
care systems. Ultimately, the extent of the effects of 
the COVID-19 pandemic on TB care will take many 
years to fully appreciate, both in Vietnam and glob-
ally. Operational research is required to continue to 
identify these effects and to maintain resources for 
TB programs despite competing healthcare priorities. 
Finally, COVID-19–related restrictions, such as social 
distancing and the use of facemasks, might limit TB 
transmission; however, the adverse consequences of 
the COVID-19 pandemic likely are not adequately 
offset by these beneficial effects, and this requires fur-
ther exploration.

In conclusion, our study demonstrated a very 
limited decrease in TB notifications in Vietnam dur-
ing the first year of the COVID-19 pandemic, despite 
national physical distancing measures. Settings with 
high rates of community transmission of SARS-CoV-2 
are likely to experience a surge in TB notifications 
when COVID-19 restrictions are eased. These settings 
should increase healthcare capacity to detect and 
treat TB cases missed during COVID-19 restrictions.
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Highly pathogenic zoonotic Hendra virus (HeV) 
and Nipah virus (NiV) are prototypic members 

of the genus Henipavirus, family Paramyxoviridae, that 
have natural reservoirs in pteropodid fl ying foxes (1). 
These viruses exhibit wide mammalian host tropism, 

cause severe acute respiratory and encephalitic disease 
mediated by endothelial vasculitis, have high case-fa-
tality rates, and cause chronic encephalitis among sur-
vivors (2–4). By March 2021, a total of 63 natural HeV 
spillovers had been recognized in horses in Australia, 
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We identifi ed and isolated a novel Hendra virus (HeV) 
variant not detected by routine testing from a horse in 
Queensland, Australia, that died from acute illness with 
signs consistent with HeV infection. Using whole-genome 
sequencing and phylogenetic analysis, we determined the 
variant had ≈83% nt identity with prototypic HeV. In silico 
and in vitro comparisons of the receptor-binding protein 
with prototypic HeV support that the human monoclonal 
antibody m102.4 used for postexposure prophylaxis and 
current equine vaccine will be eff ective against this variant. 

An updated quantitative PCR developed for routine sur-
veillance resulted in subsequent case detection. Genetic 
sequence consistency with virus detected in grey-headed 
fl ying foxes suggests the variant circulates at least among 
this species. Studies are needed to determine infection 
kinetics, pathogenicity, reservoir-species associations, vi-
ral-host coevolution, and spillover dynamics for this virus. 
Surveillance and biosecurity practices should be updated 
to acknowledge HeV spillover risk across all regions fre-
quented by fl ying foxes. 
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resulting in 105 horse deaths (5,6) and 4 deaths among 
7 confirmed human cases (7). In southern Asia, NiV 
has caused zoonotic outbreaks with 70%–91% case-
fatality rates, resulting in >700 human deaths (8–10). 
In response to the fatal disease threat posed by henipa-
viruses to humans and domestic animals, vaccines and 
postexposure prophylaxis (PEP) have been developed 
(11). A subunit vaccine, Equivac HeV (Zoetis, https://
www.zoetis.com.au), based on the soluble recombi-
nant G-attachment glycoprotein (receptor-binding 
protein [RBP]) of HeV (HeV-sG), that has been used for 
horses in Australia since 2012 (12). The human mono-
clonal antibody (mAb) m102.4 has been administered 
as emergency PEP in 16 human cases and has demon-
strated safety, tolerability, intended pharmacokinetics, 
and no immunogenicity in a phase 1 trial (13). Combi-
nations of cross-reactive humanized fusion (F) protein 
and RBP mABS have also been described for clinical 
development as PEP (14–16), and a human vaccine us-
ing HeV-sG is now in phase 1 clinical trials (17).

Horses are the predominant species known to be 
infected with HeV by natural spillover from flying 
foxes; 2 canine (18) and all known human infections 
having resulted from close contact with infected hors-
es. HeV transmission from Pteropus spp. (flying foxes) 
to horses is thought to occur primarily through con-
taminated urine (19). The spatial distribution of previ-
ously detected spillovers to horses and molecular HeV 
testing of flying fox urine suggested that transmission 
was predominantly from black flying foxes (BFF; P. 
alecto) and spectacled flying foxes (SFF; P. conspicilla-
tus) (19,20). However, serologic testing has detected 
antibodies to HeV or related henipaviruses among all 
4 flying fox species in Australia (20–23). Of note, se-
roprevalence of IgG targeting the HeV RBP has been 
reported in 43% of grey-headed flying foxes (GHFF; 
P. poliocephalus) in South Australia and Victoria (22) 
and 60% (169/284) in southeastern Queensland (21).

Australia hosts >1 million horses. Their grazing 
behavior, large respiratory tidal volume, and exten-
sive highly vascularized upper respiratory epithe-
lium may contribute to their vulnerability for HeV 
spillover (23). Detecting spillover to horses relies on 
attending veterinarians recognizing clinical mani-
festations consistent with HeV disease, sampling ap-
propriately, and submitting samples for priority state 
laboratory testing (24). Passive surveillance using 
suspected disease testing is affected by a strong re-
gional bias for areas where HeV has previously been 
detected and where domestic horse populations over-
lap with BFF distribution ranges, from eastern coast-
al Queensland to northern New South Wales (25).  
Testing for HeV is less commonly performed on horses 

with similar disease manifestations farther south in 
Australia because of a perception that spillover infec-
tion is less likely to occur in regions without BFF (26). 
Among >1,000 horses with manifestations consistent 
with HeV disease tested annually across regions of es-
tablished risk, <1% are found to be positive (25,27). 

Routine testing for equine HeV infection as part 
of priority disease investigation is specific for the 
matrix (M) gene (28). Additional nucleoprotein (N) 
gene–specific testing (29) is limited to HeV-positive 
samples that undergo confirmatory testing (30) or in 
the minority (<7% nationally) of suspected equine 
HeV cases submitted directly to the national refer-
ence laboratory from states where spillover is consid-
ered less likely (25) and state testing is unavailable. 
This distinction is notable because it means that most 
horse-disease cases found negative for HeV are not 
investigated further, despite evidence that other vi-
ruses with potential spillover risk to horses, includ-
ing novel related batborne paramyxoviruses, circu-
late in Australia (27,31–35). Likewise, animal health 
surveillance worldwide prioritizes targeted testing 
to exclude pathogens of established importance over 
open-ended diagnostic approaches, which are inher-
ently more challenging to put in place and interpret.

Employing a transdisciplinary, interagency ap-
proach combining clinical-syndromic analysis and mo-
lecular and serologic testing, we explored the hypoth-
esis that some severe viral disease–like manifestations 
in horses that are consistent with HeV, despite the 
horse testing negative, could be caused by  undetected 
spillover of novel paramyxoviruses from flying foxes 
that potentially pose similar zoonotic risk. Here we 
report the identification of a previously unrecognized 
variant of HeV (HeV-var), circulating as a second gen-
otype lineage (HeV-g2), clinically indistinguishable 
from prototypic HeV infection, that resulted in severe 
neurologic and respiratory disease in a horse. 

Materials and Methods

Study Cohort
A biobank of diagnostic specimens collected in 
Queensland during 2015–2018 was developed from 
horses that underwent quantitative reverse transcrip-
tion PCR (RT-PCR) testing but were negative for 
HeV (28). We recorded clinical, epidemiologic, and 
sample-related data, including vaccination status and 
perceived exposure to flying foxes (inconsistently 
reported by submitting veterinarians). All samples 
were archived at –80°C. We applied a decision algo-
rithm based on systematic interpretation of patho-
logic basis and syndromic analysis of clinical disease 
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descriptions to categorize each case by likelihood of 
infectious viral cause (Appendix Table, https://ww-
wnc.cdc.gov/EID/article/28/3/21-1245-App1.pdf). 
We plated samples (EDTA blood, serum, nasal swab, 
rectal swab) from cases assigned priority category 1 
or 2 status, considered as having the highest likeli-
hood of infectious cause, for serologic screening and 
high-throughput nucleic acid extraction using the 
MagMAX mirVANA and CORE pathogen kits (Ther-
moFisher, https://www.thermofisher.com).

Pan-paramyxovirus RT-PCR Screening
We prepared cDNA from extracted RNA using Invit-
rogen SuperScript IV VILO Master Mix with ezDNase 
(ThermoFisher). A nested RT-PCR assay targeting the 
paramyxovirus L protein gene was adapted using prim-
ers developed elsewhere (36) and an AllTaq PCR Core 
kit (QIAGEN, https://www.qiagen.com). We identi-
fied amplicons corresponding to the expected size (584 
bp) by gel electrophoresis before purification with AM-
Pure XP (Beckman Coulter, https://www.beckman-
coulter.com). To capture any weak detections, we also 
prepared pools by equal-volume mixing all PCR prod-
ucts across plated rows. We performed next-generation 
sequencing using an Illumina iSeq with the Nextera XT 
DNA library preparation kit (Illumina, https://www.
illumina.com). For analysis, we assembled reads with 
MEGAHIT (37) before identifying them by comparison 
to GenBank entries using BLAST (38).

HeV-var Whole-Genome Sequencing 
We subjected samples positive for HeV-var by para-
myxovirus RT-PCR to meta-transcriptomic sequenc-
ing to determine the complete genome sequence and 
identify any co-infecting agents. RNA was reverse 
transcribed with Invitrogen SSIV VILO Master Mix 
(ThermoFisher) and FastSelect reagent (QIAGEN). 
We performed second-strand synthesis with Seque-
nase 2.0 (ThermoFisher) before DNA library prepa-
ration with Nextera XT (Illumina) and unique dual 
indexes. We performed sequencing on an Illumina 
NextSeq system to generate 100 million paired reads 
(75 bp) per library. 

Assembly and Comparative Genomic and  
Phylogenetic Analyses
For genome assembly, we trimmed RNA sequencing 
reads and mapped them to a horse reference genome 
(GenBank GCA_002863925.1) using STAR aligner to 
remove host sequences. We assembled nonhost reads 
de novo with MEGAHIT (37) and compared them 
with the GenBank nucleotide and protein databases 
using blastn and blastx (38). We extracted the puta-
tive virus contig and remapped reads to this draft 
genome using bbmap version 37.98 (https://source-
forge.net/projects/bbmap) to examine sequence cov-
erage and identify misaligned reads. We extracted, 
aligned, and annotated the majority consensus se-
quence by reference to the prototype HeV strain us-
ing Geneious Prime version 2021.1.1 (https://www.
geneious.com) and submitted it to GenBank (acces-
sion no. MZ318101).

For classification, we aligned the paramyxovirus 
polymerase (L) protein sequence according to Inter-
national Committee on Taxonomy of Viruses (ICTV) 
guidelines (39). We prepared alignments of partial 
nucleocapsid (N) and phosphoprotein (P) nucleotide 
sequences with known HeV strains from the Gen-
Bank database. Phylogenies were prepared using a 
maximum likelihood approach in MEGA X (https://
www.megasoftware.net) according to the best-fit 
substitution model and 500 bootstrap replicates.

Quantitative RT-PCR Development
We adapted quantitative RT-PCR targeting the HeV 
M gene (28) to target HeV-var. The duplex assay used 
the Applied Biosystems AgPath-ID One-Step RT-PCR 
kit (ThermoFisher), and distinguishes prototype and 
variant HeV strains. In brief, we combined 4 μL RNA 
with 10 μL 2× RT-PCR buffer, 0.8 μL 25× RT-PCR en-
zyme mix, 2 μL nuclease-free water, and 3.2 μL primer/
probe mix (0.6 μL each primer, 0.3 μL each probe from 
10 μmol stock; Table 1). We generated the reaction using 
10 min at 50°C for cDNA synthesis, 10 min at 95°C for 
RT inactivation, and 50 cycles of 95°C for 15 s and 60°C 
for 30 s with FAM and HEX channels captured at the 
end of each cycle. As positive control, we synthesized 
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Table 1. Oligonucleotides used for duplex quantitative reverse transcription PCR targeting the matrix gene of novel Hendra virus variant 
from horse in Australia 
Virus Name Sequence, 5′ → 3′* Reference 
Prototype Mr_fwd_1 CTTCGACAAAGACGGAACCAA (34) 

Mr_rev_1 CCAGCTCGTCGGACAAAATT 
Mr_prb_1 FAM-TGGCATCTT-ZEN-TCATGCTCCATCTCGG-IABk 

Variant Mv_fwd_1 TCTCGACAAGGACGGAGCTAA Referent 
Mv_rev_1 CCGGCTCGTCGAACAAAATT 
Mv_prb_1 HEX-TGGCATCCT-ZEN-TCATGCTTCACCTTGG-IABk 

*FAM and HEX 5′ reporter dyes were combined with ZEN Internal Quencher and the 3′ quencher Iowa Black, and supplied by Integrated DNA 
Technologies (https://www.idtdna.com). 

 



RESEARCH

gene fragments encoding a T7 promoter upstream of 
the partial M gene for both prototypic and variant HeV 
(Appendix Figure 1). We expressed RNA transcripts us-
ing the NEB HiScribe T7 High Yield RNA Synthesis kit 
(New England Biolabs, https://www.neb.com).

Virus Isolation, Confirmation, and  
Neutralization Studies
We attempted isolations in Vero cells (ATCC CCL-81) 
and primary kidney cells derived from black flying 
foxes (40). We confirmed them by cytopathogenic effect 
formation, quantitative RT-PCR, RNA sequencing, elec-
tron microscopy, and viral neutralization studies using 
HeV and isolated HeV-var mAb m102.4 (Appendix). 

Serologic Analysis
We performed serologic analysis using multiplex mi-
crosphere immunoassays with a Luminex MAGPIX 
system (https://www.luminexcorp.com). We per-
formed initial screening for IgG using an extensive 
panel of bacterial (Leptospira, Brucella) and viral anti-
gens (paramyxovirus, filovirus, coronavirus, flavivi-
rus, alphavirus) coupled to MagPlex beads (Bio-Rad,  
https://www.bio-rad.com) for multiplex screening. 
We added blood or serum diluted 1:100 to the beads, 
with binding detected following the addition of a com-
bination of biotinylated-protein-G and -A and strepta-
vidin-R-phycoerythrin. We read median fluorescence 
intensity on the MAGPIX system (Luminex) targeting 
100 beads per antigen and used a Bayesian latent class 
model to assess test performance and determine appro-
priate cutoffs for positive test classification (32). We also 
applied an IgM assay in which biotinylated equine IgM 
was used in place of biotinylated proteins A and G.

In Silico Analysis of the RBP Homology  
and mAb Binding
We compared the translated protein sequence of 
the HeV-var RBP sequence with established x-ray 
crystallography-derived structures of the HeV RBP 
protein bound to mAb m102.4 (41) and to ephrin-
B2 using SWISS-MODEL (https://swissmodel. 
expasy.org). We used the results to assess the abil-
ity of m102.4 to neutralize this variant and further 
establish the likelihood of antibodies produced by 
immunization with the HeV vaccine being protec-
tive against this variant.

Results

Case Report
In September 2015, veterinary care was sought 
for a 12-year-old Arabian gelding in southeastern 

Queensland for severe disease consistent with HeV 
infection. The horse had always resided on the same 
property. Disease onset was acute; rapid deteriora-
tion occurred over 24 hours. Clinical assessment de-
termined depressed (obtunded) demeanor, darkened 
red-to-purple change of the gingival mucous mem-
branes with darker periapical line and prolonged 
capillary refill time, tachycardia (heart rate 75 beats/
min), tachypnoea (60 breaths/min), normal rectal 
temperature (38.0°C), muscle fasciculations, head 
pressing, and collapse. 

HeV infection was suspected by the attending 
veterinarian, who had previously managed a con-
firmed case, on the basis of consistency with clini-
cal disease manifestations and perception of plausi-
ble flying fox exposure. A nearby roost was known 
to host BFFs, GHFFs, and little red flying foxes 
(LRFF) of population sizes that varied seasonally 
and annually (42). Because of its moribund condi-
tion, the horse was humanely killed. We obtained 
postmortem nasal, oral, and rectal swab samples 
and combined them in 50 mL of sterile saline; we 
collected blood in an EDTA tube. Pooled swabs and 
blood samples were submitted to the Queensland 
Biosecurity Sciences Laboratory (Coopers Plains, 
Queensland, Australia) for priority HeV testing. 
Quantitative RT-PCR testing targeting the M gene 
did not detect viral RNA and ELISA testing did not 
detect HeV RBP IgG (28,43).

Identification of Novel HeV-var
Given the high assigned likelihood of a zoonotic infec-
tious cause (Appendix Table), we screened both the 
EDTA blood and pooled swab samples using pan-
paramyxovirus RT-PCR (36). This identified the partial 
polymerase sequence of a novel paramyxovirus, most 
closely related to HeV (≈89% nt identity). Deep se-
quencing (mean coverage depth: 46.9×) of blood RNA 
generated the near–full-length genome of a novel HeV 
(Figure 1, panel A). The virus was less abundant in the 
pooled swab sample; mean coverage depth was 0.6× 
reads, spanning only 9.9% of the genome (Figure 1, 
panel B). No other viruses were present in either sam-
ple, and other microbial reads assembled were from 
common microflora, including Staphylococcus aureus 
and Aeromonas, Veillonella, Pseudarthrobacter, Streptococ-
cus, Acinetobacter, and Psychrobacter spp.

Confirmation of HeV Infection
A comparison of the primer and probe sequences 
used for the routine diagnostic PCR (28,29) re-
vealed multiple mismatches in the binding sites, 
explaining the failure of routine surveillance to  
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detect this variant (Figure 2). A quantitative RT-
PCR assay was designed to detect both prototype 
and variant HeV strains in duplex (Table 1; Ap-
pendix Figures 1, 2), which amplified the templates 
of each virus with similarly high efficiency (>94%) 
and sensitivity, capable of detecting <100 copies of 
target RNA (Appendix Figure 2). The assay quan-
tified results from the EDTA blood and pooled 
swabs samples, confirming RNA sequencing; 
the virus was more abundant in the EDTA blood 
(quantification cycle 26.87) than in the pooled swab 
samples (quantification cycle 30.67). We rescreened 
the priority cohort (864 samples from 350 cases in 
Queensland) using this novel assay but identified 
no additional cases. We successfully isolated virus 
from the EDTA blood sample of the case-animal in 
Vero cells. Electron microscopy of infected cells re-
vealed cytoplasmic inclusion bodies (nucleocapsid 
aggregations; Figure 3, panel A) and enveloped vi-
ral-particle budding (Figure 3, panel B), consistent 
with HeV (Figure 3, panels A–D) (44).

Blood was tested for IgM and IgG against a panel 
of 33 antigens representative of bacterial and viral 
zoonoses (32,45), including RBPs of paramyxovirus-
es: HeV, NiV, Cedar henipavirus (CedV), Mojiang 
henipavirus (MojV), Ghana bat henipavirus (GhV), 
Menangle, Grove, and Yeppoon and pararubula vi-
ruses. We observed no notable reactions for this ani-
mal-case blood in either the IgG or IgM assays, indi-
cating a lack of detectable antibodies consistent with 
acute viremia. 

Genomic Analysis of Novel HeV-var
We performed phylogenetic analyses of the novel 
HeV-var with other known paramyxoviruses (Fig-
ure 4, panels A–C). Comparison of the nucleotide 
similarity of the novel HeV-var to the HeV prototype 
strain (GenBank accession no. NC_001906) revealed 
an 83.5% pairwise identity across the genome (Fig-
ure 4, panel D). The L protein phylogeny revealed 
that the branch lengths of prototype and variant 
HeV to their common node did not exceed 0.03 sub-
stitutions/site (Figure 4, panels A, B). Therefore, the 
viruses were considered to be of the same species ac-
cording to ICTV criteria (39). However, this HeV-var 
is clearly well outside known HeV diversity (Figure 
4, panel C).

After this finding, comparison with a partial 
novel henipavirus M gene sequence derived from a 
GHFF from South Australia in 2013 (46) revealed 99% 
similarity to this HeV-var. This, along with additional 
subsequent flying fox detections (47), suggests that 
this HeV-var represents a previously undescribed 

lineage (HeV-g2), with reservoir-host infection across 
at least the range of this flying fox species.

Analysis of the RBP
Genomic sequencing showed greatest variability in 
the noncoding regions with mean pairwise genome 
identity higher (86.9%) across coding regions (Figure 
4, panel D). At the protein level, this HeV-var shared 
82.3%–95.7% (mean 92.5%) aa identity to the HeV 
prototype (Table 2). Of note, the HeV-var RBP shared 
92.7% aa identity with prototypic HeV. Modeling of 
the novel HeV-var RBP structure based on the trans-
lated protein sequence using the x-ray crystal struc-
ture of the prototypic HeV RBP published elsewhere 
(40) supports that the epitopes for binding ephrin-B2 
receptor and mAb m102.4 remain functionally un-
changed because of consistency between key residues 
(Figure 5). Indeed, mAb m102.4 neutralization assays 
revealed equivalent neutralization potency of m102.4 
(2.3 μg/mL of m102.4 neutralized 30 median tissue 
culture infectious dose of HeV-var and 4.6 μg/mL of 
m102.4 neutralized 300 median tissue culture infec-
tious dose of HeV).

Discussion 
We describe use of an innovative, syndromic risk-
based targeted active sentinel surveillance activ-
ity for diagnostic investigation, extending from 
routine priority disease investigations, to identify 
a consequential virus. Based on ICTV criteria (39), 
this HeV-var is a novel genotypic variant of HeV, 
not a new Henipavirus species, but it evaded detec-
tion by routine diagnostic testing for HeV because 
of genomic divergence. Our findings highlight 
the potential of sentinel surveillance through One 
Health interagency and transdisciplinary syndrom-
ic infectious disease research to improve detection 
of emerging pathogens. We also describe a new 
assay for laboratory diagnosis and surveillance of 
this virus among humans and animals.

Comparing the translated amino acid sequences 
of this HeV-var and prototypic HeV RBP in silico re-
vealed no change in the mAb m102.4 or ephrin-B2 
entry receptor binding sites. Similarly, we confirmed 
equivalent m102.4 neutralization in vitro for this HeV-
var and HeV. As such, it is expected that current PEP 
using mAb m102.4 will also be effective against this 
HeV-var. We emphasize that although the HeV RBP 
shares only 79% aa identity with NiV RBP, the HeV-sG 
subunit vaccine provided 100% protection against le-
thal challenge with both HeV and NiV in animal mod-
els (11). The high similarity between this HeV-var and 
HeV RBP (92.5% aa identity), structural consistency of 
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critical epitopes, and equivalent in vivo viral neutral-
ization assays also support that current vaccination 
using the HEV RBP will elicit similarly protective anti-
bodies against HeV-var.

The 99% similarity between HeV-var and a par-
tial M-gene sequence detected in a GHFF from Ade-
laide in 2013 highlights that a greater diversity of HeV 
strains than previously recognized circulates among 
flying fox species in Australia and that this novel vari-
ant likely circulates as a relatively consistent sublin-
eage (HeV-g2), at least across the range of GHFF. Sub-
sequent identification of HeV-g2 in GHFF and LRFF 
from regions without previous molecular HeV detec-
tion further support this understanding (47). 

Our findings indicate the urgent need for prompt 
reassessment of HeV spillover risk for horses and han-
dlers living in southern New South Wales, Victoria, 
and South Australia, where risk for HeV infection has 
been perceived as  substantially lower than that in re-
gions within the range of BFF distribution. Our findings  

indicate a need to update current molecular assays, 
which are not expected to distinguish between HeV and 
HeV-var (HeV-g2), and increase surveillance testing in 
horses and screening of flying foxes for HeV-g2 in these 
areas. These might further resolve the previously report-
ed anomaly of high seropositivity despite low HeV de-
tection within these species reported elsewhere (20–22).

Despite relatively high genetic divergence, the 
phenotypic similarity of this variant to prototypic 
HeV, combined with the observed consistency of 
disease manifestations in horses, suggests that the 2 
strains have equivalent pathogenicity and spillover 
potential. Further characterization of HeV genomic 
diversity and any host-species associations will in-
crease our understanding of transmission dynam-
ics as well as virus-host coevolution features, such 
as possible codivergence or founder effects. Indeed, 
as climate change and anthropogenic habitat loss 
alter the extent and nature of interspecies inter-
actions, BFFs have rapidly expanded their range 
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Figure 1. Sequence coverage of novel HeV variant from horse in Australia. The RNA sequencing reads were mapped to the novel HeV 
variant genome to examine coverage across the genome and depth for EDTA blood (A) and pooled swab samples (B). The x-axis shows 
the genome position with genes annotated and the y-axis shows the sequence read coverage (depth). Mean coverage depths were 46.9 for 
EDTA blood and 0.6 for pooled swab samples. V, W, and C indicate variably transcribed nonstructural proteins. F, fusion; G, glycoprotein; HeV, 
Hendra virus; M, matrix protein; N, nucleoprotein; P, phosphoprotein.

Figure 2. Genomic variation in the Hendra virus (HeV) matrix gene assay primer/probe binding sites for novel HeV variant from horse 
in Australia. The genomic region targeted by the commonly used HeV matrix gene quantitative RT-PCR assay (28) was aligned and 
compared for the prototype and variant HeV strains. The genomic positions relative to the prototype strain (GenBank accession no. 
NC_001906) are shown at the top. Primers (forward and reverse) and probe binding sites are indicated by the colored bars. Mismatches 
between the sequences are highlighted with red shading; dots indicate identical bases.
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southward, increasing their overlap with GHFFs 
(48). Sampling multiple species across time and 
space should inform how this variant strain circu-
lates within and among flying fox species. Clear-
ly, biosecurity practices should be updated to ac-
knowledge spillover risk in all regions frequented 
by any species of flying fox.

Passive disease surveillance and biosecurity risk 
management for emerging diseases relies on recog-
nition of suspected disease cases by clinical veteri-
narians, who play crucial roles relevant to animal 
and human health (24). Sporadic incidence of HeV 
and rare occurrence of Australian bat lyssavirus, 
yet high zoonotic consequence of both and lack of 
pathognomonic disease signs, inherently challenge 
surveillance of horses in Australia for these viruses. 
Critical and timely human postexposure manage-
ment relies on confirmed animal-case diagnosis yet 
missed cases are inevitable, resulting in unman-
aged risk of fatal zoonotic disease. Veterinarians 
are challenged in performing disease recognition by 
simultaneous obligations to serve both animals and 

animal owners, manage biosecurity risks, and meet 
Workplace Health and Safety Act and Biosecurity 
Act requirements (24,49,50). Veterinary description 
of disease manifestations most consistent with HeV 
led us to prioritize this case in our research testing 
pathway. This research detection of HeV-var high-
lights potential for improving emerging infectious 
disease surveillance through extending veterinari-
an-initiated risk-based suspect significant disease in-
vestigation, by selecting cases of highest likelihood 
of related viral cause and employing parallel serol-
ogy and molecular testing pathways constructed to 
suit the available sample types and target diseases of 
highest clinical, species, and geographic relevance. 
These strategies build on the existing strength of 
systematic interpretation of clinical and field ob-
servations made by clinical veterinarians as part of 
existing submission and biosecurity protocols. This 
example serves as proof-of-concept for other dis-
ease contexts, highlighting the benefit of integrated 
transdisciplinary inquiry-based research approach-
es with routine biosecurity operations. Indeed, in  
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Figure 3. Transmission 
electron micrographs of Vero 
cells inoculated with the EDTA 
blood sample in study of novel 
Hendra virus variant from horse 
in Australia. A) Thin section 
showing inclusion body (IB) 
within the cytoplasm (C) of 
multinucleated (N1 and N2) 
syncytial cell. The nonmembrane 
bound IB consists of hollow 
nucleocapsids. B) Thin section 
showing virion (red arrow) with 
egress occurring at the plasma 
membrane. C) Negative contrast 
analysis shows a double-fringed 
envelope of the virion (red 
arrow). D) Negative contrast 
analysis shows strands of 
ribonucleic protein characteristic 
of the family Paramyxoviridae. 
Scale bars represent 100 nm. 
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October 2021, a fatal horse-case of HeV-g2 infection 
near Newcastle, New South Wales, was detected 
through an updated quantitative RT-PCR incorpo-
rated into routine priority disease testing.

Acknowledging the limitations of this single case, 
which lacked tissue for histopathology and immuno-
histochemistry, it is nonetheless appropriate that this 

HeV-var (Hev-g2) be considered equally pathogenic 
to prototype HeV based on coherent and consistent 
clinical signs of disease and pathology, evidence of 
viraemia, the phylogenetic analysis indicating that 
the variant belongs to the HeV species, and the mod-
eling of the interactions of the functional RBP domain 
to the virus entry ephrin-B2 receptor. Moreover, this 
case fits the case definition for HeV infection in Aus-
tralia’s AUSVETPLAN, which is that an animal tests 
positive to HeV using >1 of PCR, virus isolation, or 
immunohistochemistry (50). 

Updated PCR diagnostics suitable for routine 
priority detection of this HeV-var (Hev-g2) have been 
developed and are now used in many animal and hu-
man health laboratories in Australia. These findings 
demonstrate the limitation of exclusion-based testing 
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Table 2. Protein lengths of novel Hendra virus variant from horse 
in Australia and similarity to prototype strain* 
Protein Length, aa Similarity, % 
Nucleoprotein 532 96.6 
Phosphoprotein 707 82.3 
Matrix 352 95.7 
Fusion 546 95.4 
Glycoprotein 603 92.5 
Large 2,244 95.7 
*Prototype strain: GenBank accession no. NC_001906. 

 

Figure 4. Phylogenomics of novel HeV variant from horse in Australia. A) Maximum-likelihood phylogeny of paramyxoviruses using 
complete L protein sequences. Gray shading indicates henipaviruses, and red text indicates the novel HeV variant, which groups with 
the prototypic HeV. Bootstrap support values as proportions of 500 replicates are shown at nodes; values <0.7 are hidden. Scale bar 
indicates substitutions per site. B) Enlarged gray area from panel A shows branch lengths for the henipavirus clade. The branch leading 
back to the common ancestor of all known HeVs and the novel HeV variant does not exceed 0.03; thus, they are considered variants of 
the same species. C) Maximum-likelihood phylogeny of partial N and P where deep branch lengths have been collapsed for visualization 
only to demonstrate that the variant is well outside the known diversity of HeV. Scale bar indicates substitutions per site. D) Nucleotide 
genomic similarity of the variant compared with the prototypic HeV strain. V, W, and C indicate variably transcribed nonstructural proteins.  
F, fusion; G, glycoprotein; HeV, Hendra virus; L, paramyxovirus polymerase; M, matrix protein; N, nucleoprotein; P, phosphoprotein.
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for emerging zoonoses and a gap in our understand-
ing of how frequently detection of known zoonoses 
across a broad range of systems are missed because 
of the diagnostic tools used. Further investigations 
to determine the prevalence of HeV-g2 circulation 
among and excretion from all flying fox species in 
Australia should be prioritized. The risk of zoonotic 
HeV disease in horses and human contacts should be 
interpreted across all regions frequented by all spe-
cies of flying foxes, particularly those areas previ-
ously considered to be at low risk for HeV spillover. 
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Microsporidia of the genus Encephalitozoon (E. 
cuniculi, E. hellem, and E. intestinalis) are intra-

cellular pathogens infecting a wide range of animal 
species. Because spores can be released to the envi-
ronment via hosts’ feces, urine, and respiratory secre-
tions, they can be ingested or inhaled, posing a risk 
for zoonotic infection in humans (1). The primary site 
of Encephalitozoon spp. infection is the small-intestine 
epithelium, but dissemination and systemic infections 
are also well known. Infection of a broad spectrum 
of cell types has been noted, especially for E. cuniculi
(1); various pathological changes affecting the diges-
tive, urinary, and respiratory tracts and the nervous 
system may occur. Because encephalitozoons are op-
portunistic pathogens, the extraintestinal and dissem-
inated infections and severe symptoms they cause are 
of concern in immunocompromised hosts, such as 
transplant recipients or persons living with HIV (2,3). 
Microsporidiosis develops in patients whose immune 
response has been weakened by diabetes or malig-
nant disease treated with chemotherapy (2,4).

We describe the case of 2 bird owners in Poland 
who acquired E. cuniculi–caused microsporidiosis 
from their infected pet birds. The Human Research 
Ethics Committee of Wroclaw Medical University 
(Wroclaw, Poland) approved this study in accordance 
with agreement no. KB-549/2012. Patients provided 
written informed consent before examination.

The Study
The 2 patients, a woman and a man, both 41 years 
of age, had nonspecifi c symptoms of fatigue, exhaus-
tion, joint and muscle pain, frequent colds, and head-
aches, progressive and more severe in the woman. 
We observed fever reaching 38°C and lasting sev-
eral months in both patients. Moreover, the woman 
had intense night palpitations, symptoms similar to 
bronchitis (occasionally treated with antimicrobial 
drugs), blurred vision, dizziness, and impaired con-
centration. She had had bipolar disorder and diabetes 
for years. Magnetic resonance imaging scans of her 
head revealed single minor demyelinating or vascu-
lar changes in the white matter of the frontal lobes. 
No information about diabetes treatment was avail-
able. No abnormalities were shown in abdominal ul-
trasound or chest radiograph. She tested seronegative 
for Borrelia burgdorferi and Chlamydia psittaci infection. 
Except for a low leukocyte count (3.00 cells/µL), the 
woman’s basic laboratory tests of blood and urine and 
her electrocardiograms showed no abnormalities.

Symptoms emerged in the patients after 2 years 
of breeding exotic birds together. They had 30 birds 
of various species: budgerigars, canaries, diamond 
doves, tricolored parrotfi nches, Gouldian fi nches, 
and diamond fi retails. During the 2-year period, 17 
birds died from infectious and metabolic diseases, 
trauma, and management-related issues.  

As a part of standard fl ock management prac-
tice, we performed tentative postmortem diagnostic 
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We	identifi	ed	Encephalitozoon cuniculi	genotype	II	para-
sites	as	a	cause	of	extraintestinal	microsporidiosis	 in	2	
owners	 of	 birds	 also	 infected	with E. cuniculi.	 Patients	
experienced	long-lasting	nonspecifi	c	symptoms;	the	dis-
ease	course	was	more	progressive	in	a	patient	with	dia-
betes.	Our	fi	ndings	suggest	direct	bird-to-human	 trans-
mission	of	this	pathogen.



DISPATCHES

cytology in 1 tricolored parrotfinch; we suspected 
disseminated microsporidial infection and conduct-
ed a detailed investigation of pooled feces collected 
from 8 aviaries at the patients’ home and tissues 
from a dead budgerigar. All samples were delivered 
on ice to the Laboratory of Veterinary and Medical 
Protistology, Biology Centre of the Czech Academy 
of Sciences (České Budějovice, Czech Republic). We 
collected patients’ urine and stool specimens every 
2 days for 1 week, 3 samples from each, during di-
agnosis and follow-up and examined them at the 
Department of Biology and Medical Parasitology, 
Wroclaw Medical University.

We homogenized all samples by mechanical dis-
ruption before genomic DNA extraction as described 
previously (5). We performed nested PCR protocols 
amplifying a partial sequence of 16S rRNA gene (130 
bp), the entire internal transcribed spacer region, and 
a partial sequence of 5.8S rRNA gene (137–139 bp) of 
Encephalitozoon spp. (6). In addition, we checked for 
the presence of Enterocytozoon bieneusi (7) and then 
performed a phylogenetic analysis of PCR products 
(5). We used standard light microscopy methods 

for spore detection (8). We deposited the sequences 
obtained in this study in GenBank (accession nos. 
OK356650–60). 

We detected microsporidial DNA in the fecal 
specimens of all birds and in tissue samples from both 
tested birds. Genotyping revealed the presence of E. 
hellem genotype 1A in all tested specimens from the 
lung, liver, duodenum, and jejunum with ileum from 
the budgerigar, whereas E. cuniculi genotype II was 
found in pooled feces and in all sections from the liv-
er, gizzard with proventriculus, and duodenum with 
jejunum and ileum from the tricolored parrotfinch. 

E. cuniculi genotype II was present in 2 of the 
woman’s urine samples and in 1 of the man’s urine 
samples (Figure). Spores were confirmed in all sam-
ples. E. bieneusi was not found. We administered 400 
mg albendazole daily for 10 days to both patients. In 
follow-up examination 3 months after treatment, the 
patients’ urine repeatedly tested negative for E. cu-
niculi in all independent samplings, and the patients 
gradually improved. Patients’ stools remained nega-
tive during the entire diagnostic process. No subse-
quent follow-up was conducted.
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Figure.	Phylogenetic	relationships	of	Encephalitozoon cuniculi	genotype	II	and	E. hellem	genotype	1A	obtained	from	2	exotic	bird	
breeders	and	2	of	their	birds	compared	with	other	Encephalitozoon	species	and	genotypes.	Bold	type	indicates	sequences	obtained	in	
this	study,	identified	by	isolate	number	(e.g.,	C1.615);	black	circles	indicate	isolates	from	humans;	squares	indicate	isolates	from	birds.	
We	analyzed	a	partial	sequence	of	16S	rRNA	gene,	the	entire	internal	transcribed	spacer	region,	and	a	partial	sequence	of	5.8S	rRNA	
gene	inferred	by	neighbor-joining	analyses	and	computed	using	the	Tamura	3-parameter	method.	We	modeled	the	rate	variation	among	
sites	with	a	gamma	distribution.	Percentages	of	replicate	trees	in	which	the	associated	taxa	clustered	together	in	the	bootstrap	test	
(1,000	replicates)	are	shown	next	to	the	branches.	The	final	dataset	contained	a	total	of	220	positions.	GenBank	accession	numbers	are	
in	parentheses.	Scale	bar	indicates	nucleotide	substitutions	per	site.
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Conclusions
Birds are a common source in the propagation of 
encephalitozoons in the environment (prevalence 
<15%), either acting as mechanical vectors or devel-
oping active infection (9–11). In both wild-living and 
captive birds, E. hellem is the most prevalent Encepha-
litozoon species, whereas E. cuniculi has been detected 
less frequently (9,10). Whether animal hosts indeed 
propagate microsporidia or serve as transmission 
vectors is debatable (9). However, the presence of 
pathogens in both feces and tissues of birds in our 
study confirms microsporidial proliferation in these 
animals rather than the passage of spores through the 
digestive tract; this finding suggests that encephali-
tozoons may have been circulating in this breeding 
group for some time. Although most earlier reports 
demonstrated asymptomatic infections and low in-
fection intensity among birds, intermittent spore 
shedding in naturally infected birds contaminates the 
environment (11). Owners could be in constant con-
tact with spores, which highly increases the risk for 
infection by ingestion or inhalation of spores. As a 
slow-growing pathogen, E. cuniculi can lead to chron-
ic infection and microsporidiosis.

In immunocompetent hosts, an immune-con-
trolled balance in the host–parasite relationship is 
established, and extraintestinal infections remain as-
ymptomatic (5). Symptomatic cases of microsporidial 
infection usually manifest as self-limiting diarrhea 
(2). Symptomatic extraintestinal Encephalitozoon in-
fections in immunocompetent humans are uncom-
mon and usually present as keratoconjunctivitis (2). 
Of note, disseminated microsporidiosis caused by E. 
cuniculi genotype I with involvement of brain and uri-
nary and intestinal tracts has been described in men 
with type 2 diabetes (4). However, diabetes is con-
sidered a risk factor for opportunistic infections. Ex-
perimental infection of diabetic mice with E. cuniculi 
resulted in more symptoms and a higher pathogen 
burden than in nondiabetic animals (12); indeed, the 
woman with diabetes in our study experienced more 
severe symptoms, which led to serious impairments 
in everyday functioning.

Even though we were able to test only urine and 
feces and confirmed E. cuniculi in the urinary tract, the 
symptoms we observed in our patients were complex, 
indicating disseminated infection. We cannot be con-
fident in the extent to which E. cuniculi infection con-
tributed to these symptoms. However, symptom relief 
coincided with pathogen clearance after albendazole 
treatment, which convinced us that microsporidia may 
have been at least partially involved in symptom de-
velopment. The severity of symptoms despite the lack 

of lifelong immunosuppression is puzzling and may 
arise from high doses of spores acquired as a result of 
patients’ everyday contact with birds.

In summary, our study documents the risk for 
bird-to-human transmission of E. cuniculi parasites. 
Exotic-bird breeders should be aware of the risk for 
infection with this opportunistic pathogen.
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The novel severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) Gamma (P.1) variant 

emerged in November 2020 and drove the second 
wave of coronavirus disease (COVID-19) in Brazil. 
Emergence of this variant in Manaus, the largest city 
in the Brazilian Amazon, was followed by a dramat-
ic upsurge in deaths across the region in early 2021 
(1,2). Gamma harbors amino acid substitutions in 
the angiotensin-converting enzyme 2 receptor–bind-
ing domain of the spike protein, which are thought 
to enhance host cell infectivity (3). This variant may 
be 1.7–2.4 times more transmissible than previous-
ly circulating variant lineages of SARS-CoV-2 (3) 
and can evade antibodies elicited by prior infection 
or vaccination (4,5).

During the fi rst COVID-19 epidemic wave, symp-
toms were half as likely to develop in young children 
with SARS-CoV-2 infection than in adults >30 years 
of age, according to an ongoing population-based 

cohort study in the Brazilian Amazon (6). However, 
patients hospitalized for COVID-19 during the Gam-
ma-dominated second wave in Brazil tended to be 
younger and more likely to die (7), suggesting that 
Gamma might cause more severe illness, especially in 
children (8). To determine the epidemiology of COV-
ID-19 after emergence of SARS-CoV-2, we compared 
age-specifi c COVID-19 attack rates and proportions 
of symptomatic SARS-CoV-2 infections in the co-
hort before and after spread of the Gamma variant 
in the Amazon. The National Committee of Ethics 
in Research, Ministry of Health of Brazil (CAAE no. 
30481820.3.0000.5467), approved the study protocol. 
Written informed consent was obtained from study 
participants or their parents/guardians.

The Study
Follow-up of the Mâncio Lima cohort in the Bra-
zilian Amazon (https://www.niaid.nih.gov/re-
search/amazonian-international-center-excellence-
malaria-research), which accounts for 20% of the 
town’s 9,000 residents, started in April 2018 (Figure 
1; Appendix Methods, https://wwwnc.cdc.gov/
EID/article/28/3/21-1993-App1.pdf). The fi rst CO-
VID-19 case in Mâncio Lima was notifi ed on April 
29, 2020; as of April 30, 2021, a total of 1,797 labo-
ratory-confi rmed infections and 24 deaths were re-
corded (Figure 2, panel A).

We estimated overall and age-specifi c SARS-
CoV-2 attack rates and the proportion of infections 
leading to clinically apparent COVID-19 during the 
fi rst and second epidemic waves in Mâncio Lima. We 
tested 1,215 cohort participants, <1 to 93 (median 29) 
years of age, for IgG to the subdomain S1 of the SARS-
CoV-2 spike protein (Euroimmun ELISA, EI 2606–
9601 G; PerkinElmer, https://www.perkinelmer) 
during October–November 2020 (6) and April–May 
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The	 severe	 acute	 respiratory	 syndrome	 coronavirus	 2	
(SARS-CoV-2)	Gamma	variant	has	been	hypothesized	
to	 cause	 more	 severe	 illness	 than	 previous	 variants,	
especially	 in	 children.	 Successive	 SARS-CoV-2	 IgG	
serosurveys	 in	 the	Brazilian	Amazon	showed	that	age-
specifi	c	 attack	 rates	 and	 proportions	 of	 symptomatic	
SARS-CoV-2	 infections	 were	 similar	 before	 and	 after	
Gamma	variant	emergence.



DISPATCHES

2021 (Figure 2, panel A). We obtained information 
about sociodemographics, COVID-19 exposures, 
and history of recent illness and vaccination. As a 
simplifying assumption, we considered seropositive 
participants in 2020 to not be at risk for reinfection 
during the second wave, but we attempted to iden-
tify instances of antibody boosting, which might rep-
resent reinfection. We excluded IgG seroconversions 
in COVID-19–vaccinated participants because our se-
rologic testing does not distinguish natural infection 
from vaccination (Figure 1; Appendix).

We collected nasopharyngeal specimens from 
patients seeking COVID-19 testing in August 2020 
and April 2021 to genetically characterize local SARS-
CoV-2 isolates (Appendix Methods) with nanopore 
sequencing on a MinION platform (Oxford Nano-
pore, https://nanoporetech.com), using the ARTIC 
V3 protocol (J.R. Tyson et al., unpub. data, https://
www.biorxiv.org/content/10.1101/2020.09.04.2830
77v1). We used Pangolin version 3.1.5 (9) to classify 
SARS-CoV-2 lineages. The 14 isolates from August 
2020 (6) were assigned to the B.1.1.33 lineage (10), and 
all 11 SARS-CoV-2 isolates from April 2021 were the 

Gamma variant (Appendix Table 1; GISAID accession 
nos. EPI_ISL_2987666–74, EPI_ISL_2988699, and EPI_
ISL_2988700), which dominated the second wave.

Outcomes were 1) SARS-CoV-2 IgG positivity 
(2020 survey) or IgG seroconversion in the absence 
of COVID-19 vaccination (2021 survey), as proxies of 
SARS-CoV-2 infection, to estimate attack rates dur-
ing the first and second waves, respectively; and 2) 
presence of >1 sign/symptom—new or increased fe-
ver, cough, shortness of breath, chills, muscle pain, 
loss of taste or smell, sore throat, diarrhea, or vomit-
ing—within the past 6 months (6), self-reported by 
participants with serologic evidence of SARS-CoV-2 
infection, as a proxy of clinically apparent COV-
ID-19. We excluded 79 persons vaccinated for COV-
ID-19 who seroconverted (Appendix Results, Figure 
2). For each outcome, we used Stata 15.1 (StataCorp 
LLC, https://www.stata.com) to estimate adjusted 
relative risks, along with 95% CIs, and used mixed-
effects Poisson regression models with random ef-
fects at the household level and robust variance 
(Appendix Methods). Statistical significance was de-
fined at the 5% level.

Most Mâncio Lima residents (54.2%, 95% CI 
51.3%–57.1%) demonstrated serologic evidence of 
SARS-CoV-2 infection at the end of the study (first 
and second waves combined); sensitivity/specifici-
ty-adjusted prevalence (Appendix) was 65.0% (95% 
highest density interval [95% HDI] 58.5%–73.9%). 
This finding is consistent with the high COVID-19 
attack rates observed in population-based studies in 
the Amazon (11–13). One third of study participants 
(33.5%, 407/1,215) were seropositive at the end of the 
first wave, and adjusted seroprevalence was 38.9% 
(95% HDI 33.2%–44.8%). Ten (0.8%) participants re-
ported having been hospitalized between April 2020 
and the first survey (blood sampling and question-
naire administration; missing information for 4 study 
participants), but we did not explicitly ask whether 
the cause of hospital admission was COVID-19; only 
4 of 10 patients who reported hospital admissions (28, 
66, 58, and 68 years of age) were seropositive. Among 
729 initially seronegative participants, 209 (28.7%) 
seroconverted (adjusted prevalence 32.7%, 95% HDI 
26.7%–38.9%) by the second visit but were not vac-
cinated (Figure 2, panel B; Appendix Results, Figure 
1). We specifically asked for COVID-19–associated 
hospitalizations, and 7 (0.6%) participants (32, 32, 67, 
58, 71, 3, and 81 years of age) reported hospital admis-
sions during the second wave.

Of the 407 participants who were seropositive at 
the time of the first survey, 60 (14.7%, 95% CI 11.4%–
18.6%) became negative (seroreverted) by April–May 
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Figure 1.	Study	of	epidemiology	of	COVID-19	after	emergence	
of	SARS-CoV-2	Gamma	variant,	Brazilian	Amazon,	2020–2021.	
COVID-19,	coronavirus	disease;	SARS-CoV-2,	severe	acute	
respiratory	syndrome	coronavirus	2.



SARS-CoV-2	Gamma	Variant,	Brazilian	Amazon

2021 (Figure 2, panel B). Of the 347 persistently se-
ropositive participants, antibody reactivity index in-
creased by >2-fold for 46 (13.3%) by April–May 2021 
(Appendix Figure 3); 18 (5.2%) of the 347 were not 
vaccinated and therefore may have experienced re-
infection during the second wave. Only 4 (22.2%) of 
the 18 participants with possible reinfection reported 
clinical manifestations (Appendix Results); the rest 
were asymptomatic.

At the end of the first and second epidemic 
waves, antibody positivity and seroconversion rates 
were similar across age groups, except for adults >50 
years of age, among whom there were proportionally 
fewer infections in the second wave than in the first 
wave (Figure 2, panel C; Appendix Table 2). A smaller 

proportion of SARS-CoV-2–infected persons were 
symptomatic during the second wave (46.9% [95% CI 
40.0%–53.9%]) than during the first wave (56.3% [95% 
CI, 51.3%–61.1%]; p = 0.034 by Yates-corrected χ2 test) 
(Figure 2, panel D).

During the second wave, risk for SARS-CoV-2 in-
fection was similar for young children and adults, but 
risk for symptomatic COVID-19 was lower for chil-
dren than for adults. Similar trends were observed 
during the first wave (Appendix Tables 2, 3). After 
infection, clinical signs/symptoms were significantly 
less likely to develop in young children than in adults 
during both epidemic waves (Figure 2, panel D), even 
after we adjusted for potential confounders by using 
multiple Poisson regression (Appendix Table 3).
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Figure 2. Severe	acute	respiratory	syndrome	coronavirus	2	(SARS-CoV-2)	infection	and	clinically	apparent	coronavirus	disease	
(COVID-19)	during	the	first	and	second	epidemic	waves,	Brazilian	Amazon,	2020–2021.	A)	Monthly	cases	(bars)	and	COVID-19–
associated	deaths	(dashed	line)	notified	in	the	municipality	of	Mâncio	Lima,	Brazil,	during	April	2020–April	2021.	Light	blue	shading	
represents	serosurveys	conducted	during	October–November	2020;	light	peach	shading	represents	serosurveys	conducted	during	
April–May	2021;	arrows	indicate	dates	of	SARS-CoV-2	isolate	collection	for	genomic	surveillance.	B)	Distribution	of	study	participants	
(n	=	1,215)	according	to	SARS-CoV-2	IgG	detected	in	each	serosurvey.	The	288	for	whom	IgG	seroconverted	during	April–May	2021	
includes	79	vaccinated	persons	(light	blue),	who	were	not	considered	when	estimating	rates	of	seroconversion	resulting	from	natural	
SARS-CoV-2	infection.	C)	Age-specific	percentages	of	persons	positive	for	SARS-CoV-2	IgG	at	the	end	of	the	first	wave	(October–
November	2020;	light	blue	dots)	and	of	IgG	seroconversions	among	initially	seronegative	persons	by	the	second	wave	(April–May	2021;	
light	peach	dots).	Error	bars	indicate	95%	CIs.	D)	Age-specific	percentages	of	SARS-CoV-2	infections	that	led	to	clinically	apparent	
COVID-19	during	the	first	wave	(light	blue	dots)	and	second	wave	(light	peach	dots).	Denominators	correspond	to	the	number	of	
participants	with	serologic	evidence	of	SARS-CoV-2	infection	during	the	period.	Error	bars	indicate	95%	CIs.
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Conclusions
In this Brazilian Amazon cohort, we found no evidence 
that SARS-CoV-2 infections acquired during the sec-
ond epidemic wave, dominated by the Gamma variant, 
produced more symptomatic illness than infections ac-
quired during the first wave. Of note, symptomatic in-
fections did not affect young children disproportionally 
more during the second wave. The explosive increase in 
illness and death in the Amazon during the second CO-
VID-19 wave most likely reflects the rapid spread of a 
highly transmissible variant of concern, the regional and 
federal government’s failure to enforce nonpharmaceu-
tical interventions to curb community transmission of 
SARS-CoV-2, and limited availability of intensive care 
beds to cope with severe cases of COVID-19 (14).
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The unfolding novel coronavirus disease (CO-
VID-19) pandemic is an unprecedented public 

health crisis in the modern history of humankind. 
One collateral consequence of this pandemic is the 
concomitant rapid decrease in the incidence of viral 
gastroenteritis in the fi rst year of the pandemic, as 
observed in many countries, such as China (1), the 
United States (2), England (3), Germany (4), Japan 
(5), and Australia (6). The most likely explanations 
were reduced testing capacity that led to under-
reporting and wide implementation of nonspecifi c 
nonpharmaceutical interventions for COVID-19, 
such as frequent handwashing and physical distanc-
ing, that reduced human-to-human transmission of 
different viruses.

Hong Kong is a metropolitan city in southern 
China and has been continuously implementing 
stringent and effective elimination (also known as 
zero COVID-19) strategy to suppress importation 
and local spread of COVID-19 since the start of the 
pandemic. Local routine laboratory syndromic sur-
veillance for viral gastroenteritis remained largely 
unaffected during the pandemic, and testing capacity 
for common diarrheagenic viruses was only mildly 
reduced, providing a well-controlled setting to study 
the epidemiology of viral gastroenteritis in the CO-

VID-19 era. This report compares the activity of noro-
virus and rotavirus in winters 2019–20 and 2020–21 
in Hong Kong while stringent social distancing and 
continual zero COVID-19 control strategy were in ef-
fect in the city.

The Study 
Local territorywide monthly laboratory data on 
PCR-based detection of norovirus and rotavirus, 
the 2 leading causes of viral gastroenteritis (7), are 
publicly available since January 2013 from the Cen-
tre for Health Protection of Hong Kong (equivalent 
in function to other national public health agencies, 
such as the China Centers for Disease Control and 
Prevention) (8). Laboratory data for less common 
diarrheagenic viruses, including sapovirus, astro-
virus, and enteric adenovirus, were available from 
May 2017 onward. During January 2013–September 
2021, a total of 104,187 stool specimens collected 
from sporadic and outbreak case-patients who had 
acute gastroenteritis were tested (Figure, panel B). 
The median number of specimens tested each month 
was 1,008 (interquartile range [IQR] 912–1,114) be-
fore the COVID-19 pandemic and 872 (IQR 784–990) 
during the COVID-19 pandemic. Although an av-
erage of 13.5% fewer stool specimens were tested 
during the pandemic (p<0.01 by Mann-Whitney U 
test), the reduced sample sizes were still of suffi cient 
power to detect >1 positive specimen under a virus 
prevalence as low as 0.5% (namely 1 in 200) at a 95% 
confi dence level.

Monthly positive rates of the 5 common viral 
causes of acute gastroenteritis are provided (Figure, 
panel A). During winter 2019–20, the positive rate 
of rotavirus decreased abruptly from the peak by 
70% during February 2020, shortly after the initial 
global spread of COVID-19, and remained at a much 
lower level of 0.1%–0.6% through September 2020, 
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compared with a median of 5.4% (IQR 2.8%–13.4%) 
during the same period in the previous 7 years. The 
winter 2019–20 rotavirus season ended ≈2 months 
earlier than usual.

The observed lower positive rate might be con-
founded by the decreasing trend in recent years 
with the availability of 2 rotavirus vaccines: RotaTeq 
(Merck and Co. Inc., https://www.merck.com) and 
Rotarix (GlaxoSmithKline, https://www.gsk.com), 
both licensed for use since 2006 in private clinics, but 
not yet included in the local childhood immunization 
program. Therefore, I examined data further for cases 
of norovirus, for which no effective antiviral drugs or 
vaccines are available. Likewise, norovirus positive 
rates decreased sharply from the peak by 56% during 
February 2020 and remained at a much lower level of 
0.3%–1.5% through September 2020, compared with 
a median of 6.4% (IQR 5.2%–10.0%) during the same 
period in the previous 7 years. The winter 2019–20 
season for norovirus ended almost 3 months earlier 
than usual. 

I also reviewed data for sapovirus, astrovirus, 
and enteric adenovirus. These viruses became hardly 
detectable at the start of the COVID-19 pandemic, 

showing a positive rate of persistently <1% through-
out 2020 and 2021.

In winter 2020–21, a typical seasonal peak of nor-
ovirus that had a positive rate of 10.3% was observed 
in January 2021, a rate  comparable with the medi-
an of 14.4% during the previous 7 winter seasons. 
Likewise, a typical seasonal peak of rotavirus with a 
positive rate of 4.8% was observed in February 2021, 
highly comparable with the rates of 5.3% and 6.2% 
in the previous 2 winter seasons, albeit on a progres-
sively decreasing trend in recent years. These data in-
dicated active circulation of norovirus and rotavirus 
in the community during winter 2020–21 while strict 
nonpharmaceutical interventions for COVID-19 were 
in effect in the city, including work-from-home ar-
rangement for civil servants, universal mask-wearing 
outside homes, school dismissal, and prohibition on 
group gatherings of >4 persons in public places (Fig-
ure, panel A).

Conclusions
An abrupt decrease in activities of multiple diarrhea-
genic viruses, in particular norovirus and rotavirus, 
and shortening of their seasons was observed soon 
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Figure.	Positive	rates	for	
5	common	viral	causes	
of	acute	gastroenteritis	in	
stool	specimens	and	total	
number	of	specimens	tested	
from	routine,	territorywide,	
PCR-based	laboratory	
syndromic	surveillance	data,	
Hong	Kong,	China,	January	
2013‒September	2021.	A)	
Monthly	positive	rates.	Data	
for	sapovirus,	astrovirus,	
and	enteric	adenovirus	were	
available	for	May	2017	onwards.	
The	first	imported	COVID-19	
case	(blue	dot)	was	reported	on	
January	23,	2020,	and	the	first	
locally	acquired	case	(red	dot)	
was	reported	on	February	4,	
2020.	COVID-19	was	declared	
pandemic	by	the	World	Health	
Organization	on	March	11,	
2020.	Colored	horizontal	
bars	indicate	the	periods	of	
major	nonpharmaceutical	
interventions	for	COVID-19	
in	the	city,	including	universal	
mask-wearing	outside	homes	
(aqua),	prohibition	on	group	
gatherings	of	>4	persons	in	
public	places	(red),	work-from-
home	arrangement	for	civil	servants	(blue),	and	school	dismissal	(purple).	Pink	indicates	time	of	the	COVID-19	pandemic.	B)	Monthly	
number	of	stool	specimens	tested.	COVID-19,	coronavirus	disease.



Norovirus	and	Rotavirus	Activities,	Hong	Kong

after the initial global spread of COVID-19 during 
early 2020. Hong Kong has adopted a multipronged 
elimination strategy to contain COVID-19 since the 
first imported case in late January 2020 (9) and main-
tained one of the world’s lowest severe acute respi-
ratory syndrome coronavirus 2 infection rates so 
far (<0.2% of the local population). If one considers 
that viral gastroenteritis was primarily transmitted 
through person-to-person contact, nonpharmaceuti-
cal interventions for COVID-19, such as social dis-
tancing, might have inadvertently stopped the spread 
of nonrespiratory pathogens. 

Universal mask-wearing might have also re-
duced the transmission risk for norovirus, which 
can reportedly spread by the airborne route (10) and 
vomiting (11). The dramatic reduction in virus-posi-
tive rates to barely detectable levels in winter 2019–
20 is not likely to be an artifact of underreporting be-
cause the corresponding number of stool specimens 
tested was only moderately reduced. Although the 
return of viral gastroenteritis is anticipated in coun-
tries implementing mitigation strategy accompa-
nied with relaxation of infection control measures, 
the seasonal activities of norovirus and rotavirus 
observed in winter 2020–21 in Hong Kong were to 
some extent unexpected because major nonpharma-
ceutical interventions were still in force during that 
period, as in winter 2019–20. This finding is unlikely 
to be explained by pandemic fatigue because local 
seasonal influenza activity remained at an unprec-
edented virtually zero level during winter 2020–21 
(12). Other factors, such as waning immunity and 
thus accumulation of susceptible population, might 
come to play.

This study is limited by the lack of virus char-
acterization to determine whether the increase in 
viral gastroenteritis was a result of emergence of 
new strains, especially for norovirus, in which new 
immune-escaped strains emerged periodically (13). 
There were no reports of new and rapidly spreading 
norovirus variants detected during the COVID-19 
pandemic. Additional analysis on the route of trans-
mission of cases would be helpful because public 
health interventions for COVID-19 might be less ef-
fective for diarrheagenic viruses that can spread by 
foodborne or waterborne routes.

In conclusion, control measures for COVID-19 
may have inadvertently reduced the activities of mul-
tiple diarrheagenic viruses to barely detectable levels 
in winter 2019–20. However, norovirus and rotavirus 
activity returned in winter 2020–21 to levels similar 
to that in the pre–COVID-19 period. The initial col-
lateral benefit of nonpharmaceutical interventions for 

COVID-19 that reduced the burden of viral gastroen-
teritis is not sustainable even in a city with stringent 
social distancing and continual zero COVID-19 con-
trol strategy.

About the Author
Dr. Chan is an independent research scientist in Hong 
Kong, China. He was previously a senior scientific  
reviewer at the Research Office of the Food and Health 
Bureau of Hong Kong and an assistant professor in the 
Department of Microbiology and Stanley Ho Centre for 
Emerging Infectious Diseases of the Chinese University of 
Hong Kong. His primary research interests are molecular 
epidemiology and pathogenesis of intestinal and  
respiratory viral infections, especially those caused by 
noroviruses and influenza viruses.

References
  1. Wang LP, Han JY, Zhou SX, Yu LJ, Lu QB, Zhang XA, et al.; 

Chinese Centers for Disease Control and Prevention (CDC) 
Etiology of Diarrhea Surveillance Study Team. The  
changing pattern of enteric pathogen infections in China 
during the COVID-19 pandemic: a nation-wide observational 
study. Lancet Reg Health West Pac. 2021;16:100268.  
https://doi.org/10.1016/j.lanwpc.2021.100268

  2. Kraay AN, Han P, Kambhampati AK, Wikswo ME,  
Mirza SA, Lopman BA. Impact of nonpharmaceutical  
interventions for severe acute respiratory syndrome  
coronavirus 2 on norovirus outbreaks: an analysis of  
outbreaks reported by 9 US States. J Infect Dis. 2021;224:9–13. 
https://doi.org/10.1093/infdis/jiab093

  3. Ondrikova N, Clough HE, Douglas A, Iturriza-Gomara M, 
Larkin L, Vivancos R, et al. Differential impact of the CO-
VID-19 pandemic on laboratory reporting of norovirus  
and Campylobacter in England: A modelling approach.  
PLoS One. 2021;16:e0256638. https://doi.org/10.1371/ 
journal.pone.0256638

  4. Eigner U, Verstraeten T, Weil J. Decrease in norovirus  
infections in Germany following COVID-19 containment 
measures. J Infect. 2021;82:276–316. https://doi.org/10.1016/ 
j.jinf.2021.02.012

  5. Fukuda Y, Tsugawa T, Nagaoka Y, Ishii A, Nawa T,  
Togashi A, et al. Surveillance in hospitalized children with 
infectious diseases in Japan: pre- and post-coronavirus  
disease 2019. J Infect Chemother. 2021;27:1639–47.  
https://doi.org/10.1016/j.jiac.2021.07.024

  6. Bruggink LD, Garcia-Clapes A, Tran T, Druce JD,  
Thorley BR. Decreased incidence of enterovirus and  
norovirus infections during the COVID-19 pandemic,  
Victoria, Australia, 2020. Commun Dis Intell (2018). 2021;45:45. 
https://doi.org/10.33321/cdi.2021.45.5

  7. Bányai K, Estes MK, Martella V, Parashar UD. Viral  
gastroenteritis. Lancet. 2018;392:175–86. https://doi.org/ 
10.1016/S0140-6736(18)31128-0

  8. Centre for Health Protection. Detection of gastroenteritis 
viruses from faecal specimens [cited 2022 Jan 12].  
https://www.chp.gov.hk/en/statistics/
data/10/641/717/3957.html

  9. Lam HY, Lam TS, Wong CH, Lam WH, Leung CM, Au KW, 
et al. The epidemiology of COVID-19 cases and the  
successful containment strategy in Hong Kong, January to 

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	28,	No.	3,	March	2022	 715



DISPATCHES

May 2020. Int J Infect Dis. 2020;98:51–8. https://doi.org/ 
10.1016/j.ijid.2020.06.057

10. Bonifait L, Charlebois R, Vimont A, Turgeon N, Veillette M, 
Longtin Y, et al. Detection and quantification of airborne  
norovirus during outbreaks in healthcare facilities. Clin Infect 
Dis. 2015;61:299–304. https://doi.org/10.1093/cid/civ321

11. Kirby AE, Streby A, Moe CL. Vomiting as a symptom and 
transmission risk in norovirus illness: evidence from  
human challenge studies. PLoS One. 2016;11:e0143759. 
https://doi.org/10.1371/journal.pone.0143759

12. Centre for Health Protection. Detection of pathogens  
from respiratory specimens [cited 2022 Jan 12].  
https://www.chp.gov.hk/en/statistics/data/10/ 
641/642/2274.html

13. Parra GI. Emergence of norovirus strains: A tale of two 
genes. Virus Evol. 2019;5:vez048. https://doi.org/10.1093/
ve/vez048

Address for correspondence: Martin Chi-Wai Chan, Hong Kong, 
China; email: martin.chan@link.cuhk.edu.hk

716	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	28,	No.	3,	March	2022

®

Emerging Viruses

To revisit the July 2020 issue, go to:
https://wwwnc.cdc.gov/eid/articles/issue/26/7/table-of-contents

•  Case Manifestations and Public  
Health Response for Outbreak  
of Meningococcal W Disease,  
Central Australia, 2017

•  Transmission of Chikungunya Virus in 
an Urban Slum, Brazil

•  Public Health Role of Academic Medical 
Center in Community Outbreak 
of Hepatitis A, San Diego County, 
California, USA, 2016–2018  

•  Macrolide-Resistant Mycoplasma 
pneumoniae Infections in Pediatric 
Community-Acquired Pneumonia 

•  Efficient Surveillance of Plasmodium 
knowlesi Genetic Subpopulations, 
Malaysian Borneo, 2000–2018

•  Bat and Lyssavirus Exposure among 
Humans in Area that Celebrates Bat 
Festival, Nigeria, 2010 and 2013

•  Rickettsioses as Major Etiologies of 
Unrecognized Acute Febrile Illness, 
Sabah, East Malaysia 

•  Meningococcal W135 Disease 
Vaccination Intent, the Netherlands, 
2018–2019

•  Risk for Coccidioidomycosis among 
Hispanic Farm Workers, California, 
USA, 2018

•  Atypical Manifestations of Cat-Scratch 
Disease, United States, 2005–2014   

•  Paradoxal Trends in Azole-Resistant 
Aspergillus fumigatus in a National 
Multicenter Surveillance Program, the 
Netherlands, 2013–2018

•  Large Nationwide Outbreak of Invasive 
Listeriosis Associated with Blood 
Sausage, Germany, 2018–2019

•  High Contagiousness and Rapid Spread 
of Severe Acute Respiratory Syndrome 
Coronavirus 2

•  Identifying Locations with Possible 
Undetected Imported Severe Acute 
Respiratory Syndrome Coronavirus 2 
Cases by Using Importation Predictions   

•  Severe Acute Respiratory  
Syndrome Coronavirus 2−Specific 
Antibody Responses in Coronavirus 
Disease Patients

•  Burden and Cost of Hospitalization for 
Respiratory Syncytial Virus in Young 
Children, Singapore

•  Human Adenovirus Type 55 
Distribution, Regional Persistence, and 
Genetic Variability

•  Policy Decisions and Use of 
Information Technology to Fight 
COVID-19, Taiwan

•  Sub-Saharan Africa and Eurasia 
Ancestry of Reassortant Highly 
Pathogenic Avian Influenza A(H5N8) 
Virus, Europe, December 2019

•  Serologic Evidence of Severe Fever 
with Thrombocytopenia Syndrome 
Virus and Related Viruses in Pakistan 

•  Survey of Parental Use of Antimicrobial 
Drugs for Common Childhood 
Infections, China

•  Shuni Virus in Wildlife and Nonequine 
Domestic Animals, South Africa

•  Transmission of Legionnaires’ Disease 
through Toilet Flushing 

•  Carbapenem Resistance Conferred 
by OXA-48 in K2-ST86 Hypervirulent 
Klebsiella pneumoniae, France 

•  Laboratory-Acquired Dengue Virus 
Infection, United States, 2018

•  Linking Epidemiology and  
Whole-Genome Sequencing to 
Investigate Salmonella Outbreak, 
Massachusetts, USA, 2018 

•  Possible Bat Origin of Severe Acute 
Respiratory Syndrome Coronavirus 2   

•  Heartland Virus in Humans and Ticks, 
Illinois, USA, 2018–2019

•  Approach to Cataract Surgery in an 
Ebola Virus Disease Survivor with Prior 
Ocular Viral Persistence  

•  Clinical Management of Argentine 
Hemorrhagic Fever using Ribavirin and 
Favipiravir, Belgium, 2020 

•  Early Introduction of Severe Acute 
Respiratory Syndrome Coronavirus 2 
into Europe 

•  Surveillance and Testing for 
Middle East Respiratory Syndrome 
Coronavirus, Saudi Arabia, March 
2016–March 2019   

July 2020



Antigen platforms for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) diagnostic 

testing have rapid turnaround time, are easy to use, and 
are less expensive than real-time reverse transcription 
PCR (RT-PCR) diagnostic testing. Using RT-PCR as the 
reference test, performance evaluations of the Abbott 
BinaxNOW COVID-19 Antigen Card Test (https://
www.abbott.com) reported a high specifi city (>98%) 
(1–4) but lower sensitivity, ranging from 64.2% to 89.0% 
for symptomatic persons (2–4) and 35.8% to 70.2% for 
asymptomatic persons (2,3). However, other studies 
have demonstrated a period of prolonged positivity 
for RT-PCR testing beyond which virus has been iso-
lated (5,6). Therefore, a comprehensive examination of 
antigen test performance characteristics in identifying 
infectious persons who have SARS-CoV-2 infections

requires comparison with multiple data points, includ-
ing RT-PCR test positivity and the ability to isolate the 
virus (a marker for infectiousness) (5–7). In this study, 
we expand on a previous report (1) that examined per-
formance of antigen testing relative to RT-PCR by re-
porting virus isolation data for persons who had posi-
tive results by antigen test or RT-PCR.

The Study
The study population and testing methods have been 
described (1). Persons were recruited at a free, ap-
pointment-based, community antigen testing site in 
Winnebago County, Wisconsin, USA. Approximately 
30 minutes after providing an initial nasal swab speci-
men for antigen testing, 2 additional self-collected 
specimens were collected under Centers of Disease 
Control and Prevention (CDC) staff supervision from 
the anterior nares simultaneously in an alternating 
fashion to maximize uniformity.

Of 2 simultaneous swab specimens, we used 1 spec-
imen for rapid antigen testing by the Abbott BinaxNOW 
SARS-CoV-2 Antigen Card Test, a point-of-care lat-
eral fl ow test with results available within 15 minutes 
of specimen collection. We placed the other specimen 
in viral transport medium and transported it on ice to 
the Marshfi eld Clinical Research Institute laboratory 
(Marshfi eld, Wisconsin, USA) for RT-PCR testing. Spec-
imens with a cycle threshold (Ct) value <37 for at least 2 
of 3 SARS-CoV-2 gene targets (open reading frame 1ab, 
spike gene, and nucleocapsid gene) were considered 
positive, according to the instructions of the manufac-
turer (TaqPath COVID-19 Combo Kit; Thermo Fisher 
Scientifi c, https://www.thermofi sher.com).

Relationship of SARS-CoV-2 
Antigen and Reverse Transcription 

PCR Positivity for Viral Cultures
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We	 assessed	 the	 relationship	 between	 antigen	 and	 re-
verse	transcription	PCR	(RT-PCR)	test	positivity	and	suc-
cessful	 virus	 isolation.We	 found	 that	 antigen	 test	 results	
were	more	predictive	of	 virus	 recovery	 than	RT-PCR	 re-
sults.	However,	virus	was	isolated	from	some	antigen-neg-
ative	 and	 RT-PCR‒positive	 paired	 specimens,	 providing	
support	 for	 the	Centers	 for	Disease	Control	and	Preven-
tion	antigen	testing	algorithm.



DISPATCHES

We attempted viral culture at a CDC laboratory 
for all participants testing positive by RT-PCR or anti-
gen test by using Vero-CCL81 cells, which were inoc-
ulated with clinical specimens, and observed daily for 
7 days (8). All cultures that had a visible cytopathic 
effect were used for RNA extraction and SARS-CoV-2 
RT-PCR confirmation. Any specimen that showed a 
cytopathic effect, was positive by RT-PCR, and had a 
Ct >2 lower than that for the original clinical specimen 
was considered culture positive.

We collected symptoms at time of specimen col-
lection, symptom onset date, and exposure history by 
using paper questionnaires and entered data into RED-
Cap database version 11.0.3 (https://www.vumc.org/
dbmi/redcap). Participants reporting >1 of 15 symp-
toms at the time of specimen collection were considered 
symptomatic. Possible symptoms were fever, rigors, 
nasal congestion, sore throat, shortness of breath, head-
ache, diarrhea, loss of taste, loss of smell, chills, muscle 
aches, fatigue, cough, nausea, and abdominal pain.

We define known exposure as being within 6 
feet of a person who tested positive for SARS-CoV-2 
within the last 14 days for >15 minutes over a 24-hour 
period. We analyzed data by using SAS version 9.4 
(https://www.sas.com). We made comparisons by 
using Kruskal–Wallis tests for continuous variables 
or χ2 tests for categorical variables; statistical signif-
icance was defined as α<0.05. This analysis was re-
viewed by CDC and was conducted consistent with 
applicable federal law and CDC policy.

During November 16–December 15, 2020, we 
collected 2,112 specimen pairs that had valid results 
for PCR and antigen tests; most (56.3%) participants 
were symptomatic (age range 5–95 years, median 42 
years). Of 2,112 specimen pairs, 334 (15.8%) were pos-
itive by RT-PCR, 269 (12.7%) were positive by antigen 
test, and 200 (9.5%) had recoverable virus (culture 
positive). Of the 200 culture positive specimen pairs 
that had a positive RT-PCR result, 191 (95.5%) had a 
positive antigen test result. Positive predictive value 
(PPV) of antigen test for culture positivity (191/269, 
71.0%) (Table 1) was higher than PPV for RT-PCR 
(200/334, 59.9%). Virus was successfully isolated from 
191 (71.5%) of 267 specimen pairs with concordant 
positive antigen/RT-PCR results, 9 (13.4%) of 67 
specimen pairs with positive RT-PCR and negative 
antigen test results, and 0 of 2 specimen pairs with 

positive antigen and negative RT-PCR test results.
All participants who had culture-positive speci-

mens and false-negative antigen tests were symptom-
atic (7/9; 77.8%) or had a known exposure in the past 
14 days (5/9; 55.6%). Among culture-positive symp-
tomatic participants, those who had false-negative 
antigen and concordant positive antigen/RT-PCR re-
sults were tested a similar number of days after symp-
tom onset (median 2 days vs. 3 days) (Table 2). The 2 
persons who had recoverable virus and false-negative 
antigen test results and who were asymptomatic at 
the time of testing had known exposures the day be-
fore testing. For those who had recoverable virus, nu-
cleocapsid gene Ct values were significantly lower in 
those with concordant positive results (median 19.1, 
interquartile range 17.1–21.3) than those who had 
false-negative antigen test results (median 26.6, inter-
quartile range 25.6–31.0) (p<0.0001) (Table 2; Figure).

Conclusions
Consistent with previous studies assessing the relation-
ship between antigen tests, RT-PCR, and ability to cul-
ture virus (9–11), we found that SARS-CoV-2 was more 
likely to be recovered among specimen pairs for which 
antigen test and RT-PCR results were positive than 
among pairs in which antigen test results were nega-
tive and RT-PCR results were positive. Although some 
studies have shown similar PPV for viral culture when 
comparing RT-PCR and antigen tests (12), we found 
higher PPV for the antigen test than for RT-PCR (13), 
suggesting that antigen test positivity might be a better 
marker of infectiousness than a positive RT-PCR result. 
However, a small but nontrivial proportion of samples 
that had negative antigen and positive RT-PCR results 
had recoverable virus, suggesting that antigen tests 
are misclassifying some infectious persons as SARS-
CoV-2 negative. This finding, consistent with those of 
similar studies (6–11), suggests that lower sensitivity of 
antigen tests when compared with RT-PCR cannot be 
attributed exclusively to lingering positive RT-PCR re-
sults for persons who are no longer infectious.

Symptoms on the day of testing for most infectious 
persons who had false-negative antigen test results sug-
gests that CDC’s current antigen testing guidance, which 
recommends confirmatory RT-PCR testing after nega-
tive antigen test results for symptomatic persons in com-
munity settings (14), is appropriate. Both asymptomatic 
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Table 1. Positive	predictive	value	of	the	BinaxNOW	COVID-19	Antigen	Card	Test	and	RT-PCR	relative	to	viral	culture,	Winnebago	
County,	Wisconsin,	USA,	November‒December	2020* 
SARS-CoV-2	diagnostic	test	result	 No.	culture	positive No.	culture	negative Total Positive predictive	value,	% 
BinaxNOW	positive 191 78 269 71.0 
RT-PCR	positive 200 134 334 59.9 
*BinaxNOW,	https://www.abbott.com.	RT-PCR,	reverse	transcription	PCR;	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2. 

 
 



SARS-CoV-2	Antigen,	RT-PCR,	and	Viral	Cultures

participants who had false-negative antigen test re-
sults and recoverable virus had exposures within the 
previous 48 hours. Therefore, all participants who had 
false-negative antigen test results were unlikely to infect 
others if following CDC guidance because they would 
have been advised to quarantine because of exposure 
(asymptomatic close contacts) or while awaiting confir-
matory RT-PCR results (symptomatic persons).

One limitation of this study was that although re-
coverable virus is indicative of infectiousness, lack of 

ability to isolate virus does not necessarily imply lack 
of infectiousness (15). Symptom status was only mea-
sured at the time of testing. Because we did not attempt 
virus isolation on antigen-negative and RT-PCR–nega-
tive specimens, PPV was the only reported measure of 
agreement between antigen test, RT-PCR, and recover-
able virus in culture. Because RT-PCR testing was not 
performed with calibrators, we are not able to report 
values in copies/milliliter. Finally, this investigation 
assessed only the BinaxNOW antigen testing platform.
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Table 2: Symptoms	and	exposure	history	of	persons	testing	positive	for	SARS-CoV-2,	stratified	by	ability	to	culture	virus	and	RT-
PCR/antigen	test	concordance,	Winnebago	County,	Wisconsin,	USA,	November-December	2020* 

Characteristic 

Culture	positive 

 

Culture	negative 
RT-PCR+/	

antigen–,	n	=	
9 

RT-PCR+/	
antigen+,	n	=	

191 All,	n	=	200 

RT-PCR+/	
antigen–,	n	=	

58 

RT-PCR+/	
antigen+,	n	=	

76 
All,	n	=	
134† 

Symptomatic        
 Current	symptoms 7	(77.8) 165	(88.2) 172	(87.8)  43	(73.7) 67	(88.2) 109	(82.0) 
 No	current	symptoms 2	(22.2) 22	(11.8) 24	(12.2)  15	(26.3) 9	(11.8) 24	(18.0) 
 Unknown/missing 0 4 4  1  1 
Meets	CSTE	clinical	criteria‡        
 Yes 7	(77.8) 142	(74.3) 149	(74.5)  36	(62.1) 60	(78.9) 96	(71.6) 
 No 2	(22.2) 49	(25.7) 51	(25.5)  22	(37.9) 16	(21.1) 38	(28.4) 
Days	from	symptom	onset	to	
specimen	collection,	median	(IQR) 

2	(1–6	d) 3	(1–4) 3	(1–5)  3	(1–10) 4	(2–7) 4	(2–7) 

Known	exposure	in	previous	14	d        
 Yes 5	(55.6) 111	(58.7) 116	(58.6)  34	(59.7 39	(52.0) 73	(55.3) 
 No 1	(11.1) 42	(22.2) 43	(21.7)  19	(33.3) 22	(29.3) 41	(31.1) 
 Unknown 3	(33.3) 36	(19.1) 39	(19.7)  4	(7.0) 14	(18.7) 18	(13.6 
 Missing 0 2 2  1 1 2 
Days	since	last	known	exposure,	
median	(IQR) 

2	(0.5–4) 4	(0–6) 4	(0–6)  2	(0–4	d) 3	(0–7) 2	(0–6) 

N	gene	Ct value,	median	(IQR) 26.6	(25.6–
31.0) 

19.1	(17.1–
21.3) 

19.2	(17.2–
21.7) 

 30.9	(29.3–
33.4) 

24.3	(21.1–
27.7) 

27.9	(23.8–
30.9) 

*Values	are	no.	(%)	except	as	indicated.	CSTE,	Council	of	State	and	Territorial	Epidemiologists;	Ct	,	cycle	threshold;	IQR,	interquartile	range;	N,	
nucleocapsid;	RT-PCR,	reverse	transcription	PCR;	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2;	+,	positive;	‒, negative. 
†All	specimen	pairs included	tested	positive	by	RT-PCR;	the	2	participants	who	had	false-positive	antigen	test	results,	both	of	whom	were	culture	
negative,	were	excluded.	 
‡CSTE	clinical	criteria	are	met	if	the	case-patient	has	either	cough,	shortness	of	breath,	loss	of	taste,	or	loss	of	smell,	or	>2	of	the	following	symptoms:	
fever,	chills,	myalgia,	headache,	or	sore	throat. 

 

Figure.	Box	plots	of	Ct	values	
among	participants	with	
recoverable	virus	who	had	
concordant	positive	SARS-
CoV-2	RT-PCR	and	antigen	test	
results	(A)	compared	with	those	
who	had	positive	RT-PCR	and	
negative	antigen	test	results	(B),	
Winnebago	County,	Wisconsin,	
USA,	November–December	2020.	
The	difference	between	the	2	
groups	was	significant	(p<0.0001).	
Diamonds	indicate	means,	boxes	
indicate	the	first	quartile	through	
the	third	quartile,	horizontal	bars	in	
boxes	indicate	medians,	and	errors	
bars	indicate	minimum	values	
to	maximum	values;	outliers	are	
plotted	as	individual	circles.	Ct,	
cycle	threshold;	RT-PCR,	reverse	
transcription	PCR;	SARS-CoV-2,	
severe	acute	respiratory	syndrome	
coronavirus	2.



DISPATCHES

This study suggests that antigen test positiv-
ity is more predictive of infectiousness than RT-PCR 
test positivity. However, false-negative antigen test 
results can be obtained for infectious persons, espe-
cially among those with symptoms, supporting CDC 
recommendations to follow negative antigen testing 
among symptomatic persons with RT-PCR confirma-
tory testing within 48 hours (14).
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Disseminated histoplasmosis (DH) is an AIDS-
defi ning disease and one of the major causes 

of death in persons living with HIV/AIDS (PLHIV) 
(mortality rate ranging from 13% to 48%) (1–4). DH is 
a neglected disease because of its nonspecifi c symp-
toms, frequent misdiagnosis as tuberculosis (TB), and 
limited access to sensitive diagnostic methods (3,5).

Worsening this scenario, an epidemic of AIDS is 
underway in Brazil; >800,000 new cases have been di-
agnosed in recent decades (6). Therefore, efforts are 
necessary to understand the epidemiology of DH/
AIDS co-infection in the areas to which these diseases 
are endemic. We evaluated the clinical and epidemio-
logic profi le of patients with DH/AIDS co-infection 
in a reference service for PLHIV over 10 years in 
southern Brazil and compared the incidence in pe-
riods before and after an internal hospital improve-
ment of DH investigation.

The Study
We performed a retrospective study including all 
DH cases diagnosed in persons with HIV/AIDS at a 

regional reference service in University Hospital Dr. 
Miguel Riet Corrêa Jr. (UH-FURG-Ebserh), a 207-bed 
tertiary hospital in Rio Grande, Brazil, that serves as 
reference center for 21 cities in Brazil. The hospital 
has an average of 257 HIV/AIDS hospitalizations/
year (7). DH cases were defi ned by 1) classical meth-
ods: growth of H. capsulatum in culture, presence of 
blastoconidia suggestive of H. capsulatum by Gomo-
ri-Grocott stain (direct mycological examination or 
histopathology), or both; 2) serologic method: posi-
tive immunodiffusion test (IMMY, https://www.
immy.com); or 3) urinary antigen test: positive im-
munoenzymatic assay (IMMY). Patients with clini-
cal suspicion of DH and >1 of these diagnostic crite-
ria were included. The study was approved by our 
university ethics committee (CEP/FURG, approval 
no. 234/2018).

We analyzed databases from the hospital for 
clinical and epidemiologic evaluation. In cases in 
which HIV and AIDS were diagnosed simultane-
ously, DH was considered the AIDS-defi ning ill-
ness. We calculated the overall incidence rate of 
DH per 1,000 hospitalizations of persons with 
AIDS at UH-FURG-Ebserh (8); we then compared 
that with rates before improvement of DH inves-
tigation (2010–2016) and after improvement of DH 
investigation (2017–2019). These improvements 
consisted of health education and training of health 
professionals to improve clinical suspicion and 
implementing urinary antigen detection as another 
diagnostic method. Descriptive and frequencies 
analyses were performed in SPSS Statistics 25.0 
(IBM, https://www.ibm.com).

Our study included 31 cases of DH, representing 
an overall incidence of 12 new cases/1,000 PLHIV 
hospitalized at UH-FURG-Ebserh. In the fi rst period 
(2010–2016), 15 cases were diagnosed in 7 years, a 
rate of 8/1,000 hospitalizations. After more sensitive 
testing and enhanced physician training were im-
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We	evaluated	disseminated	histoplasmosis	(DH)	in	HIV	pa-
tients	over	10	years	in	southern	Brazil.	The	incidence	was	
12	cases/1,000	hospitalizations	 (2010–2019);	 the	mortal-
ity	rate	was	35%.	Tuberculosis	frequently	obscured	the	di-
agnosis	of	DH.	We	emphasize	 the	need	 in	our	 region	 to	
suspect	and	investigate	DH	using	more	sensitive	methods.



DISPATCHES

plemented, 16 cases were diagnosed in only 3 years 
(2017–2019), a rate of 24/1,000 hospitalizations, a sub-
stantial increase.

Most patients were men; mean age was 41 (range 
21–61) years (Table 1). Except for 3, all had co-infec-
tions diagnosed concomitantly (Table 2). The use of 

antiretroviral therapy at time of DH diagnosis was 
irregular or nonexistent in 90% (n = 28) of patients. 
Only 4 had >200 cells/mm3 of CD4+ lymphocytes 
(mean 109 cells/mm3; range 7–752 cells/mm3). In 6 
(19%), DH was the AIDS-defining illness. A total of 
3 persons had DH associated with a systemic inflam-
matory response syndrome.

Eight (26%) DH patients were empirically treated 
for TB (9); no cases were confirmed by GeneXpert 
MTB/RIF (Cepheid, https://www.cepheid.com). Up 
to 12 (mean 5) clinical samples/patient were submit-
ted for TB investigations before suspicion of DH.

DH was diagnosed through classical mycologic 
exams in 14 (45%) patients, serologic tests in 9 (29%) 
patients, and urinary antigen assay in 4 (13%) pa-
tients. Four (13%) patients had >2 positive results by 
different methods (Figure). The diagnosis of histo-
plasmosis occurred after a mean of 10 (range 1–28) 
days from the beginning of hospitalization. This tim-
ing probably represents an underestimated delay, 
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Table 1. Clinical-epidemiologic	data	of	31	disseminated	histoplasmosis	cases	diagnosed	in	persons	living	with	HIV/AIDS,	University	
Hospital	Dr.	Miguel	Riet	Corrêa	Jr.,	Rio	Grande,	Brazil,	2010–2019 
Variable Frequency,	%	(no./total	no.	participants) 
 M 74	(21/31) 
 F 26	(8/31) 
Signs	and	symptoms 
 Weight	loss 100	(31/31) 
 Fever	(>37.8°C) 100	(31/31) 
 Respiratory:	cough	and/or	dyspnea 100	(31/31) 
 Cutaneous:	papular	and/or	ulcerated 52	(16/31) 
 Neurologic:	disorientation,	focal	deficit,	paresthesia,	confusion,	headache	and/or	
hemiplegia 

52	(16/31) 

 Digestive:	abdominal	distension	and	pain,	diarrhea	and/or	nausea 81	(25/31) 
 Hepatomegaly 55	(17/31) 
 Splenomegaly 81	(25/31) 
 Generalized	lymph	node	enlargement 35	(11/31) 
Image	exams 
 Interstitial	lung	pattern 55	(17/31) 
 Reticulonodular	lung	pattern 32	(10/31) 
 Pulmonary	nodules 6	(2/31) 
 Mediastinal	lymphadenopathy 26	(8/31) 
Blood	assays 
 Anemia 100	(31/31) 
 Inflammatory	marker* 100	(31/31) 
 Liver	damage	marker† 84	(26/31) 
 Tissue	injury	marker‡ 87	(27/31) 
 Thrombocytopenia 74	(23/31) 
HIV	assays 
 CD4+ lymphocytes ≤100/mm3 71	(22/31) 
 CD4+ lymphocytes ≤50/mm3 48	(15/31) 
 HIV Viral load ≥50,000 copies 90	(26/29) 
First	choice	antifungal	treatment 
 None 3	(1/31) 
 Amphotericin	B	deoxycholate 81	(25/31) 
 Itraconazole 16	(5/31) 
Outcome	after	12	months 
 Alive 65	(20/31) 
 Dead 35	(11/31) 
*C-reactive	protein	increased.	 
†Alkaline	phosphatase	increased.	 
‡Lactate	dehydrogenase	increased. 

 

 
Table 2. Frequency	of	co-infections	in	31	patients	with	
disseminated	histoplasmosis	diagnosed	in	persons	living	with	
HIV/AIDS,	University	Hospital	Dr.	Miguel	Riet	Corrêa	Jr.,	Rio	
Grande,	Brazil,	2010–2019 

Infectious	disease 
Frequency,	%	(no./total	 

no.	participants) 
Oral	candidiasis 61	(19/31) 
Confirmed	tuberculosis 29	(9/31) 
Neurotoxoplasmosis 29	(9/31) 
Pneumocystosis 23	(7/31) 
Herpetic	encephalitis 3	(1/31) 
Herpes	zoster 3	(1/31) 
Syphilis 3	(1/31) 
Medullary	cytomegalovirus 3	(1/31) 
Mycobacterium avium infection 3	(1/31) 
Herpes	simplex	infection 3	(1/31) 
Hepatitis	C 3	(1/31) 
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because several patients reported symptoms that 
could have led to a diagnostic workup before the ill-
ness progressed to a point at which hospitalization 
was required.

The treatment of choice for 81% of patients was 
intravenous amphotericin deoxycholate (0.7–1 mg/
kg/d, to a maximum 50 mg/d) for 14 days, followed 
by oral itraconazole (200 mg every 8 h for 3 days, 
then 200 mg every 12 h) for 12 months. A total of 5 
(16%) patients were treated only with itraconazole (4 
with early diagnosis of DH and 1 with renal dysfunc-
tion). Twelve months after the DH diagnosis, 35% of 
the patients had died (Table 1); 1 died before labo-
ratory confirmation, and 4 died within an average of 
25 (range 0–62) days after diagnosis of DH. Three pa-
tients died after 5–6 months while being treated with 
itraconazole, and 3 had recurrence of the disease after 
6, 7, or 12 months because of antifungal interruption, 
which resulted in death (Table 1).

Conclusions
DH causes severe clinical manifestations in PLHIV 
that can lead to death (10). Improved knowledge of 
the local epidemiology of DH and education of ref-
erence services for PLHIV are essential to reduce 
underdiagnosis and contribute to patient survival 
(11), especially in Rio Grande, a harbor city with the 
highest rate of HIV/AIDS among cities in Brazil with 
>100,000 inhabitants (7).

DH was the AIDS-defining illness in 21% of the 
patients in this study. Other co-infections (12,13) 
were noted. Respiratory signs, splenomegaly, and 
cutaneous lesions were more commonly described 
in our patients than in other studies, possibly be-
cause late diagnosis led to more severe extent of 
the disease (12,13). The high rate of neurologic im-
pairment in our patients can be attributed to their  
co-infections; in 69% (9/13) of patients, this im-
pairment was ascribed to neurotoxoplasmosis or 
herpetic encephalitis. In addition, neurologic signs 
were detected in 5 other patients without an as-
cribed neuropathogenic condition, meriting addi-
tional investigations.

Many of our patients were exhaustively investi-
gated for TB, and 26% were empirically treated for 
TB despite negative results from the highly sensitive 
GeneXpert MTB/RIF assay (Cepheid). The long in-
vestigations for TB delayed the confirmation of the 
DH diagnosis despite descriptions of the concurrence 
of these 2 diseases (14). TB is a major opportunistic 
disease in PLHIV (15), evidenced by 29% of our DH 
patients with concomitant TB. Thus, the investigation 
of both diseases must occur simultaneously (12), and 

DH must be investigated in PLHIV with CD4+ lym-
phocytes <200 cells/mm3 (11).

Tests to detect Histoplasma antibodies have poor 
sensitivity (30%–70%) in immunocompromised pa-
tients (1). Diagnostic methods with high rates of 
sensitivity and specificity are vital in areas where 
histoplasmosis is endemic and could improve the 
likelihood of early diagnosis and favorable outcomes 
for patients (1,12). An improvement in the investi-
gation of DH in PLHIV with respiratory symptoms 
occurred in the UH-FURG-Ebserh in 2017, through 
a collaboration in a multicenter study (12). Subse-
quently, the results contributed to the acquisition of 
the urinary antigen assay by UH-FURG-Ebserh. In 
the last 3 years of our study, the urinary antigen test 
was the only method able to detect 25% (4/15) of our 
patients with DH. The detection of urinary antigens 
is the standard for DH diagnosis in immunosup-
pressed patients (11).

The mortality rate in our series (35%) was similar 
to the rate described in a systematic review from Bra-
zil histoplasmosis cases (33%) (10). Therefore, the un-
derdiagnosis of DH in PLHIV is a national problem in 
Brazil that must be urgently changed. In our hospital, 
DH was responsible for high rates of illness in PL-
HIV, up to 24 cases/1,000 hospitalizations, and high 
mortality rates (35%). In addition, we emphasize that 
29% of patients were co-infected with TB, a disease 
with symptoms overlapping with histoplasmosis. Si-
multaneous investigation for the 2 diseases in all PL-
HIV patients living in areas in which histoplasmosis 
is endemic is mandatory.
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Figure.	Approach	used	for	the	diagnosis	of	31	cases	of	DH	in	
PLHIV	from	a	tertiary	hospital	in	southern	Brazil,	2010–2019.	
The	incidence	rate	of	DH	between	periods	before	(2010–2016)	
and	after	(2017–2019)	implementation	of	the	urinary	antigen	test	
shows	an	increase	of	300%.	DH,	disseminated	histoplasmosis;	
PLHIV,	persons	living	with	HIV.



DISPATCHES

Acknowledgments
We thank Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES) and Conselho Nacional de Desen-
volvimento Científico e Tecnológico (CNPQ).

About the Author
Dr. Basso is a PhD physician working in infectious dis-
eases. Her research field is in medical mycology, mostly 
concerning opportunistic fungal diseases in HIV patients.

References
  1. Cáceres DH, Samayoa BE, Medina NG, Tobón AM,  

Guzmán BJ, Mercado D, et al. Multicenter validation of  
commercial antigenuria reagents to diagnose progressive  
disseminated histoplasmosis in people living with HIV/
AIDS in two Latin American countries. J Clin Microbiol. 
2018;56:e01959–17. https://doi.org/10.1128/JCM.01959-17

  2. Pasqualotto AC, Quieroz-Telles F. Histoplasmosis  
dethrones tuberculosis in Latin America. Lancet Infect Dis. 
2018;18:1058–60. https://doi.org/10.1016/S1473-3099(18) 
30373-6

  3. Centre d’Investigation Clinique Antilles Guyane C,  
Centre Hospitalier de Cayenne, Université de Guyane G. 
Disseminated histoplasmosis in Central and South America, 
the invisible elephant: the lethal blind spot of international 
health organizations. AIDS. 2016;30:167–70. https://doi.org/ 
10.1097/QAD.0000000000000961

  4. Samayoa B, Roy M, Cleveland AA, Medina N,  
Lau-Bonilla D, Scheel CM, et al. High mortality and  
coinfection in a prospective cohort of human  
immunodeficiency virus/acquired immune deficiency  
syndrome patients with histoplasmosis in Guatemala.  
Am J Trop Med Hyg. 2017;97:42–8. https://doi.org/10.4269/
ajtmh.16-0009

  5. Adenis AA, Valdes A, Cropet C, McCotter OZ, Derado G, 
Couppie P, et al. Burden of HIV-associated histoplasmosis 
compared with tuberculosis in Latin America: a  
modelling study. Lancet Infect Dis. 2018;18:1150–9.  
https://doi.org/10.1016/S1473-3099(18)30354-2

  6. Traebert J, Traebert E, Schuelter-Trevisol F, Cortez Escalante JJ, 
Schneider IJC. The burden of AIDS: a time series analysis 
of thirty-five years of the epidemic in Brazil. AIDS Care. 
2018;30:1413–20. https://doi.org/10.1080/09540121.2018.14
56642

  7. Ministry of Health, Brazil. National epidemiological bulletin 
HIV/AIDS, Brazil [in Portuguese]. 2020 [cited 2021 Oct 6]. 

https://www.gov.br/saude/pt-br/centrais-de-conteudo/
publicacoes/boletins/boletins-epidemiologicos/ 
especiais/2020/boletim-hiv_aids-2020-internet.pdf 

  8. Horta RL, da Costa JSD, Balbinot AD, Watte G, Teixeira VA, 
Poletto S. Hospitalizações psiquiátricas no Rio Grande do Sul 
de 2000 a 2011. Rev Bras Epidemiol. 2015;18:918–29.  
https://doi.org/10.1590/1980-5497201500040019

  9. Ministry of Health, Brazil. Recommendations for TB-HIV  
co infection control in specialized facilities for people living 
with HIV [in Portuguese]. 2013 [cited 2021 Oct 6].  
https://bvsms.saude.gov.br/bvs/publicacoes/ 
recomendacoes_manejo_coinfeccao_tb_hiv.pdf

10. Almeida MA, Almeida-Silva F, Guimarães AJ,  
Almeida-Paes R, Zancopé-Oliveira RM. The occurrence of 
histoplasmosis in Brazil: A systematic review. Int J Infect Dis. 
2019;86:147–56. https://doi.org/10.1016/j.ijid.2019.07.009

11. Pan American Health Organization/World Health  
Organization. Guidelines for diagnosing and managing 
disseminated histoplasmosis among people living with 
HIV. 2020 Apr 1 [cited 2021 Oct 6]. https://www.who.int/
publications/i/item/9789240006430 

12. Falci DR, Monteiro AA, Braz Caurio CF, Magalhães TCO, 
Xavier MO, Basso RP, et al. Histoplasmosis, an underdiag-
nosed disease affecting people living with HIV/AIDS in  
Brazil: results of a multicenter prospective cohort study 
using both classical mycology tests and Histoplasma urine 
antigen detection. Open Forum Infect Dis. 2019;6:ofz073. 
https://doi.org/10.1093/ofid/ofz073

13. Nacher M, Valdes A, Adenis A, Blaizot R, Abboud P,  
Demar M, et al. Disseminated histoplasmosis in HIV-infected 
patients: a description of 34 years of clinical and  
therapeutic practice. J Fungi (Basel). 2020;6:E164.  
https://doi.org/10.3390/jof6030164

14. Tucker RM, Hamilton JR, Stevens DA. Concurrent  
bloodstream infection with Histoplasma capsulatum and 
Mycobacterium tuberculosis. J Med Vet Mycol. 1991;29:343–5. 
https://doi.org/10.1080/02681219180000531

15. Boffo MMS, de Mattos IG, Ribeiro MO, Neto ICO.  
Tuberculosis associated to AIDS: demographic, clinical  
and laboratory characteristics of patients from a  
reference center in Southern Brazil [in Portuguese]. J Bras 
Pneumol. 2004;30:140–6. https://doi.org/10.1590/ 
S1806-37132004000200011

Address for correspondence: Melissa Orzechowski Xavier, 
Laboratório de Micologia, Faculdade de Medicina, Universidade 
Federal do Rio Grande, Campus Saúde. Visconde de Paranaguá 
102, Centro, 96201-900, Rio Grande, RS, Brazil; email: 
melissaxavierfurg@gmail.com

724	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	28,	No.	3,	March	2022



	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	28,	No.	3,	March	2022	 725

Sources
  1. Chowdhary A, Kathuria S, Agarwal K, Meis JF. 

Recognizing fi lamentous basidiomycetes as agents 
of human disease: a review. Med Mycol. 2014;52:
782–97. https://doi.org/10.1093/mmy/myu047

  2. Cooke WB. The genus Schizophyllum. Mycologia. 
1961;53:575–99. https://doi.org/10.1080/00275514.1
961.12017987

  3. Greer DL. Basidiomycetes as agents of human 
infections: a review. Mycopathologia. 1978;65:133–9. 
https://doi.org/10.1007/BF00447184

  4. O’Reilly P. Schizophyllum commune, split gill fungus, 
2016 [cited 2021 Aug 23]. https://www.fi rst-nature.
com/fungi/schizophyllum-commune.php

  5. Raper CA, Fowler TJ. Why study Schizophyllum? 
Fungal Genet Rep. 2004;51:30–6. https://doi.org/
10.4148/1941-4765.1142

Address for correspondence: Monika Mahajan, Medical Microbiology, Postgraduate Institute of Medical Education and 
Research, Research Block A, Sector 12, Chandigarh 160012, India; email: monideepmj@yahoo.com

DOI:	https://doi.org/10.3201/eid2703.211051

Author	affi		liation:	Postgraduate	Institute	of	Medical	Education	and	Research,	Chandigarh,	India

etymologiaetymologia

Schizophyllum commune, or split-gill mush-
room, is an environmental, wood-rotting 

basidiomycetous fungus. Schizophyllum 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 scien-
tifi c name in 1815. German mycologist Hans 
Kniep in 1930 discovered its sexual reproduc-
tion by consorting and recombining genomes 

with any one of numerous compatible mates 
(currently >2,800).

Isolation by Kligman in 1950 of fl eshy 
fungus that had fan-shaped sporophores 
from a case of onychomycosis was regarded 
as interesting. However, it was dismissed 
as improbable because mushrooms were 
not known to invade animal tissue. This 
emerging fungal pathogen is characterized 
by the presence of clamp connections, hy-
phal spicules, and formation of basidiocarps 
with basidiospores.

Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

Monika	Mahajan

Figure 2.	Swedish	
mycologist	Elias	
Magnus	Fries	
(1794–1878),	
who	assigned	the	
scientifi	c	name	
to Schizophyllum 
commune.	Photograph	
by	Emma	Schenson,	
1865.	Source:	
Kungliga	Biblioteket,	
Stockholm	LIBRIS,	
Elias	Fries,	
https://www.kb.se

Figure 1.	Colony	of	Schizophyllum commune	on	a	culture	
plate.	Numerous	sexual	reproductive	structures,	or	fruiting	
bodies,	called	basidiocarps	can	be	seen.	Note	the	split	
gills.	Source:	https://phil.cdc.gov/Details.aspx?pid	=	307



The Asian longhorned tick, Haemaphysalis longicor-
nis, is an ixodid tick native to Southeast Asia that 

was reported in the United States during 2017 and 
has since been found in 17 states (1,2). In its native 
range, this tick is the main vector of Dabie bandavi-
rus (3) (formerly severe fever with thrombocytopenia 
syndrome virus), the agent that causes severe human 
illnesses characterized by high fever, thrombocytope-
nia, leukopenia, and multiorgan dysfunction (4).

Dabie bandavirus is closely related genetically 
to Heartland bandavirus (HRTV) (5), an emerging 
North American virus reported during 2012 after 2 
men in Missouri, USA, showed febrile illness with 
fatigue, thrombocytopenia, and leukopenia after ex-
posure to ticks (6). Because the current geographic 
range and the predicted range expansion of invasive 
H. longicornis ticks overlap considerably with human 
cases of HRTV, including Missouri (7,8), this study 
was designed to assess the ability of this invasive tick 
species to maintain and transmit HRTV.

The Study
We selected 74 female H. longicornis ticks from an 
HRTV-free colony into experimental and control 
groups. We microinjected 50 ticks with 300 focus-
forming units of HRTV into the anal pore and 24 ticks 

with an equivalent volume of Dulbecco modifi ed 
Eagle medium into the anal pore (Appendix, https://
wwwnc.cdc.gov/EID/article/28/3/21-0973-App1.
pdf). We dissected ticks at 14, 21, 28, and 40 days 
postinjection (dpi) and collected the salivary glands, 
midgut, and carcass of each tick. We screened tick 
samples for HRTV RNA by using quantitative reverse 
transcription PCR (qRT-PCR) (Table 1; Figure 1). No 
samples taken from media-injected ticks screened 
positive for HRTV (Table 1). For virus-injected ticks, 
HRTV RNA titers followed a general trend across 
each organ, and titers peaked at 21 dpi (Figure 1).

To screen HRTV-microinjected ticks for infec-
tious virions, we collected ticks at 14, 21, 28, and 40 
dpi and individually homogenized them. We cul-
tured tick homogenates in triplicate on Vero E6 cells, 
and titered infectious virus by using a focus-forming 
assay (FFA). All ticks from each time point produced 
foci, indicating the presence of infectious virions in 
the tick body at each interval (Table 1).

We selected an additional 26 female H. longicornis
ticks to evaluate horizontal transmission of HRTV to 
BALB/c mice. We microinjected 16 ticks with HRTV 
and the remaining 10 with Dulbecco modifi ed Eagle 
medium. At 40 dpi, mice were infested with the mi-
croinjected ticks at a ratio of 1 tick/mouse. Five of the 
HRTV-injected ticks and 5 medium-injected ticks at-
tached and fed on the mice to repletion. After feed-
ing was complete, we removed engorged ticks and 
housed them individually to aid oviposition. We 
monitored mice daily for clinical signs of disease. We 
collected blood from the mice at −1, 7, and 14 days af-
ter tick attachment. Mice were subjected to necropsy 
at 28 days after attachment, and we collected liver, 
spleen, kidney, brain, blood, and testis samples. We 
screened blood and organ samples for HRTV RNA by 
qRT-PCR. No HRTV RNA was detected in any blood 
or organs collected from the mice.

Transovarial Transmission of 
Heartland Virus by Invasive 

Asian Longhorned Ticks under 
Laboratory Conditions

Wilson	R.	Raney,	Josiah	B.	Perry,	Meghan	E.	Hermance
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We	 demonstrated	 experimental	 acquisition	 and	 trans-
mission	of	Heartland	bandavirus	by	Haemaphysalis lon-
gicornis	 ticks.	 Virus	 was	 detected	 in	 tick	 salivary	 gland	
and	midgut	tissues.	A	total	of	80%	of	mice	exposed	to	1	
infected	 tick	seroconverted,	 suggesting	horizontal	 trans-
mission.	H. longicornis	ticks	can	transmit	the	virus	in	the	
transovarial	mode.



Transovarial	Transmission	of	Heartland	Virus

We screened serum from the terminal blood 
samples to determine whether mice seroconverted 
relative to HRTV. We assayed each serum sample 
on 2 independent occasions. In brief, we assayed di-
luted serum samples by using HRTV-infected Vero 
E6 cells as antigens. Four of the 5 mice fed upon by 
a single HRTV-injected tick were positive for HRTV-
specific antibodies. We detected antibodies up to a 
serum dilution of 1:1,600 for 3 mice and 1:800 for 1 
mouse. None of the 5 mice fed upon by media-inject-
ed ticks were positive for HRTV-specific antibodies. 
Likewise, none of the age-matched, sex-matched, 
preimmune mouse serum demonstrated an anti-
body response to HRTV.

After each fed female tick completed oviposi-
tion, we removed the fed female carcass from the 
egg mass and homogenized the carcass. We screened 
the carcasses for HRTV RNA by qRT-PCR, and 5/5 
HRTV-injected female carcasses were positive for 
HRTV RNA (Table 2; Figure 2). The media-injected 
fed female carcasses were negative for HRTV. We 
also removed 3 pools of 50 eggs/egg mass to screen 
for HRTV RNA. All 15 egg pools from HRTV-inject-
ed ticks were positive for HRTV RNA (Table 2; Fig-
ure 2). Egg pools from the media-injected ticks had 
no HRTV RNA.

We repeated this analysis for pools of larvae (4 
pools of 50 larvae derived from each fed female) af-
ter hatching. All larvae clutches derived from HRTV-
injected females were positive for HRTV RNA. To 
screen for infectious virions in larvae, we homog-
enized pools of 150 larvae from each clutch and cul-
tured them on Vero E6 cells. We titered the infectious 
virus by using FFA, and all 5 clutches derived from 
HRTV-injected females were positive for infectious 
HRTV (Table 2).

Conclusions
We demonstrated experimental acquisition and 
transmission of HRTV by H. longicornis ticks af-
ter microinjection of the anal pore with HRTV. Al-
though not a natural route of virus acquisition for 
ticks, microinjection of the anal pore is an established 
and reproducible procedure that delivers specific  

quantities of virus into the alimentary canal of the 
tick, the first organ system that virus contacts in nat-
urally infected ticks (9). Microinjected ticks showed 
viral RNA titers peaking at 21 dpi in salivary glands, 
midguts, and carcasses, suggesting that HRTV rep-
lication took place within these organs between 14 
and 21 dpi.

Maintenance of infectious HRTV virions for sev-
eral weeks after microinjection suggests that an arti-
ficially infected tick is capable of transmitting HRTV 
to vertebrate hosts on which it feeds long after viral 
acquisition. Although the mice exposed to HRTV-in-
fected ticks did not show clinical signs of disease and 
viral RNA was not detected in any mouse tissues, the 
absence of disease in these immunocompetent mice 
was expected; previously, only immunocompro-
mised Ag129 mice have shown detectable viremia, 
clinical signs of HRTV infection, and death (10). Se-
roconversion of 4/5 mice exposed to an individual 
HRTV-infected H. longicornis tick suggests horizontal 
transmission of HRTV. Future studies should con-
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Table 1. Rate	of	detection	of	HRTV	RNA	by	qRT-PCR	and	infectious	HRTV	by	FFA	in	adult	Haemaphysalis longicornis ticks	at	14,	21,	
28,	and	40	dpi* 

Procedure 
Real-time	qRT-PCR	detection	of	HRTV	RNA,	no.	positive/no.	tested	(%) FFA	titration	of	HRTV,	

whole	tick Salivary	glands Midgut Carcass 
Medium	injected 0/15	(0) 0/15	(0) 0/15	(0) 0/9	(0) 
HRTV-injected	14	dpi 4/8	(50) 8/8	(100) 8/8	(100) 5/5	(100) 
HRTV-injected	21	dpi 7/8	(88) 8/8	(100) 8/8	(100) 5/5	(100) 
HRTV-injected	28	dpi 6/8	(75) 8/8	(100) 8/8	(100) 5/5	(100) 
HRTV-injected	40	dpi 3/6	(50) 6/6	(100) 6/6	(100) 4/5	(80) 
*dpi,	days	postinjection;	FFA,	focus-forming	assay;	HRTV,	Heartland	virus;	qRT-PCR,	quantitative	reverse	transcription	PCR. 

 

Figure 1.	Detection	of	Heartland	virus	(HRTV)	RNA	by	real-time,	
quantitative	reverse	transcription	PCR	reaction	of	HRTV-injected	
Haemaphysalis longicornis	ticks.	Ticks	were	dissected	at	14,	21,	
28,	and	40	dpi.	Tick	organs	were	screened	individually.	Viral	load	
data	are	expressed	as	FFU	equivalents	per	microgram	of	RNA	after	
normalization	to	a	standard	curve.	Data	were	not	normally	distributed	
and	are	presented	as	medians	with	interquartile	ranges.	Statistical	
significance	was	determined	by	using	Kruskal-Wallis	tests	followed	
by	the	Dunn	test.	Limit	of	detection	was	≈10	FFU	equivalents/µg	
RNA.	*p<0.05.	CAR,	carcass;	dpi,	days	postinjection;	FFU,	focus-
forming	units;	MG,	midgut;	SG,	salivary	glands.
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firm the presence of infectious virions in tick saliva to 
eliminate the possibility of seroconversion caused by 
transmission of noninfectious HRTV antigens during 
tick feeding.

We also showed transovarial transmission of 
HRTV in H. longicornis ticks by detection of HRTV 
RNA in eggs and larvae derived from HRTV-infect-
ed mother ticks. Furthermore, we demonstrated the 
presence of infectious virions in larvae after hatching. 
The North American strain of the tick is parthenoge-
netic, a foremost public health concern because 1 fe-
male can reproduce asexually to establish and sustain 
local populations (11). Because H. longicornis ticks are 
a 3-host tick and a host generalist (12), the possibil-
ity of invasive H. longicornis ticks acquiring HRTV by 
cofeeding with infected ticks or by feeding on a vire-
mic host further highlights the potential of the tick to 
efficiently disseminate the virus. This distinction be-
comes more crucial because the tick can withstand a 
wide range of climates (7,13). Further studies should 
be conducted to demonstrate whether the tick can 
transmit HRTV during co-feeding with other ticks be-
cause this would be a major factor in promoting the 
environmental spread of the virus.

The predicted spread of H. longicornis ticks in the 
United States shares a geographic range with states in 
which HRTV has already been reported in Amblyom-
ma americanum ticks and wildlife (7,8,14). The intro-
duction of a new vector species could amplify trans-
mission in natural foci, resulting increased HRTV 
disease cases in humans.
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Table 2. Rate	of	detection	of	HRTV	RNA	by	qRT-PCR	and	infectious	HRTV	by	FFA	in	fed	Haemaphysalis longicornis adult	tick	
carcasses,	tick	eggs,	and	tick	larvae* 

Procedure 
Real-time	qRT-PCR	detection	of	HRTV	RNA,	no.	positive/no.	tested	(%) FFA	titration	of	HRTV,	
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*FFA,	focus-forming	assay;	HRTV,	Heartland	virus;	qRT-PCR,	quantitative	reverse	transcription	PCR. 
† Egg and larvae pools contained 50 eggs or larvae/pool. 
‡Larvae	pools	contained	150	larvae/pool. 

 

Figure 2.	Scatter	plot	demonstrating	detection	of	Heartland	virus	
(HRTV)	by	real-time,	quantitative	reverse	transcription	PCR.	Data	
were	not	normally	distributed	and	are	presented	as	medians	with	
interquartile	ranges.	Fed	female	carcasses,	egg	pools,	and	larvae	
pools	were	screened	for	viral	RNA.	Egg	pools	and	larvae	pools	
were	composed	of	50	eggs	or	larvae	per	pool.	Limit	of	detection	
was	≈10	FFU	equivalents/µg	RNA.	FFU,	focus-forming	units.
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Understanding is growing that coronavirus disease 
(COVID-19) can evolve and continue to cause pro-

longed symptoms, characterizing the post–COVID-19 
condition (1–3). Potential implications go beyond ef-
fects on individual patients and might represent an ad-
ditional burden on healthcare services and social secu-
rity, which are both already affected by the pandemic. 
Therefore, learning more about the long-term reper-
cussions of the disease among different populations is 
essential. This study aimed to describe the occurrence 
of long-term physical, psychological, and social conse-
quences among patients who survived COVID-19 and 
received follow-up care at a post–COVID-19 outpa-
tient clinic at a university hospital in Brazil.

The Study
This prospective cohort study (RECOVIDA) was 
performed among patients attending a post–

COVID-19 outpatient clinic at  Ribeirão Preto Medi-
cal School University Hospital, Ribeirão Preto, Bra-
zil (4). The institutional review board approved the 
research protocol.

All adults with PCR-confi rmed COVID-19 with 
symptom onset during February 1–December 31, 2020, 
who attended follow-up appointments at the study 
clinic were eligible. Most participants (85.7%) had been 
discharged after being hospitalized for COVID-19. The 
remaining participants (14.3%) were mostly health-
care workers from the study facility. No participants 
had been previously vaccinated against COVID-19. 
Patients were classifi ed into 3 groups according to the 
World Health Organization (WHO) severity classifi ca-
tion of COVID-19: mild/moderate, severe, and critical 
(5) (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/28/3/21-2020-App1.pdf).

This study was exploratory, and sample size was 
established through convenience. We aimed to in-
clude all patients who attended the clinic during the 
study period and agreed to participate.

Participants were recruited just before the sched-
uled medical consultation. After the informed consent 
form was signed, we performed a structured inter-
view and a brief physical examination. We obtained 
secondary data from patients’ electronic health re-
cords. Laboratory and imaging tests were performed 
at the attending physician’s clinical discretion. We 
collected study data by using the Research Electronic 
Data Capture platform (6).

We collected information on economic and de-
mographic social profi le, medical history, date of 
symptom onset, hospitalization data, laboratory and 
imaging test results, persistent symptoms, and qual-
ity of life. We assessed quality of life by using the 
WHO Quality of Life questionnaire (7–9) (Appendix). 
The date of symptom onset was used as the reference 
for follow-up. 
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We	conducted	a	prospective	cohort	study	in	a	population	
with	 diverse	ethnic	 backgrounds	 from	Brazil	 to	 assess	
clinically	meaningful	symptoms	after	surviving	coronavi-
rus	disease.	For	most	of	 the	175	patients	 in	 the	study,	
clinically	meaningful	 symptoms,	 including	 fatigue,	 dys-
pnea,	cough,	headache,	and	muscle	weakness,	persist-
ed	for	>120	days	after	disease	onset.



Long-Term	Symptoms	among	COVID-19	Survivors

We performed statistical procedures by using 
Minitab 19.2 (https://www.minitab.com) and Stata 
version 9 (https://www.stata.com). We used odds 
ratios, 95% CIs, and Fisher exact tests to verify the as-
sociation between the persistence of symptoms and 
the severity of disease.

During the study period, 297 patients had a fol-
low-up medical consultation scheduled at the out-
patient clinic. We included 175 patients in this study 
(Table 1; Figure). In this sample, 20% of participants 
had illness that was considered mild/moderate, 
45.7% were severe, and 34.3% were critical.

After COVID-19, 80% of the patients experienced 
persistent symptoms; the 5 most prevalent were fa-
tigue, dyspnea, cough, headache, and loss of overall 
muscle strength. Compared with the mild/moder-
ate group, patients from the critical group more fre-

quently experienced headaches, change in skin sen-
sitivity, hypogeusia, hyposmia, and loss of muscle 
strength (Table 2, https://wwwnc.cdc.gov/EID/
article/28/3/21-2020-T2.htm).

Regarding quality of life after COVID-19, physi-
cal health was more severely affected than the other 3 
domains evaluated by the WHO Quality of Life ques-
tionnaire (psychological, social relationships, and en-
vironmental). Moreover, the comparative evaluation 
before and after COVID-19 showed a decrease from 
81.1% to 68.4% in the percentage of patients who be-
lieved that their quality of life was good or very good 
and an increase from 2.3% to 6.4% of those who be-
lieved that their quality of life was poor or very poor. 
Despite these changes, more than half of patients 
(56.7%) were satisfied with their current health status 
at the time of evaluation (Appendix).
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Table 1. Baseline	clinical	and	demographic	characteristics	among	175	patients	surviving	the	acute	phase	of	COVID-19, Ribeirão	Preto,	
Brazil* 

Characteristic 

COVID-19	severity 
Mild/moderate,	n	=	35	

(20%) 
Severe,	n	=	80	

(45.7%) 
Critical,	n	=	60	

(34.3%) Total,	n	=	175 
Sex     
 M 7	(20) 36	(45) 42	(70) 85	(48.6) 
 F 28	(80) 44	(55) 18	(30) 90	(51.4) 
Mean	age,	y	(SD) 44.9	(+10.3) 57.1	(+15.3) 54.2	(+13.2) 53.7	(+14.4) 
Ethnic background†     
 White	(Caucasian	or	Latin) 19	(54.3) 36	(45) 25	(41.7) 80	(45.7) 
 Afro-American	(Brown) 10	(28.6) 34	(42.5) 26	(43.3) 70	(40) 
 Afro-American	(Black) 6	(17.1) 8	(10) 6	(10) 20	(11.4) 
 Asiatic 0 1	(1.3) 2	(3.3) 3	(1.7) 
 Brazilian	Indigenous 0 1	(1.3) 1	(1.7) 2	(1.1) 
Mean	years	of	schooling	(SD) 13.4	(+5.7) 8.1	(+5.5) 8.3	(+5.4) 9.2	(+5.9) 
Mean income/person, USD (SD)‡ 407.33	(+313.60) 273.01	(+295,85) 229.33	(+210.40) 285.57	(+279.56) 
 Median 364.01 200.21‡ 182.01‡ 216.77‡ 
Currently	works	as	a	health	professional     
 Yes 23	(65.7) 8	(10) 2	(3.3) 33	(18.9) 
 No 12	(34.3) 72	(90) 58	(96.7) 142	(81.1) 
Mean	BMI	(SD)§ 31.8	(+7.5) 32.1	(+7.3)§ 31.1	(+7.5) 31.7	(+7.3)§ 
 BMI	>30§ 17	(48.6) 44	(56.4)§ 23	(38.3) 84	(48.6)§ 
Underlying	conditions     
 None 16	(45.7) 16	(20) 10	(16.7) 42	(24.0) 
 Hypertension 9	(25.7) 35	(43.8) 21	(35) 65	(37.1) 
 Diabetes 1	(2.9) 26	(32.5) 22	(36.7) 49	(28.0) 
 Dyslipidemia 2	(5.7) 12	(15) 12	(20) 26	(14.8) 
 Heart	problems	(other	than	hypertension) 1	(2.9) 10	(12.5) 8	(13.3) 19	(10.9) 
 Rhinitis	or	sinusitis 3	(8.6) 7	(8.8) 7	(11.7) 17	(9.7) 
 Cancer 1	(2.9) 9	(11.3) 1	(1.7) 11	(6.3) 
 Thyroid	problems 0 4	(5) 6	(10) 10	(5.7) 
 Depression	or	anxiety 1	(2.9) 6	(7.5) 3	(5) 10	(5.7) 
Smoking     
 Current 0	(0) 2	(2.5) 0 2	(1.1) 
 Previous 2	(5.71) 18	(22.5) 19	(31.7) 39	(22.3) 
Hospitalization     
 Yes 10	(28.6) 80	(100) 60	(100) 150	(85.7) 
 No 25	(71.4) 0 0 25	(14.3) 
Mean	duration	of	hospitalization,	d	(SD) 5	(+4) 9.9	(+5.2) 24.1	(+11.1) 15.3	(+10.9) 
 Median 4 9 20.5 12 
*Values	are	no.	(%)	except	as	indicated.	BMI,	body	mass	index;	COVID-19,	coronavirus	disease. 
†Ethnic background information	was	self-reported	and	consisted	of	Latin	American,	Caucasian,	Afro-American,	Asian,	and	Brazilian	indigenous	persons. 
‡$1	US	=	R $5,49.	Data	on	financial	income	by	person	were	missing	for	3	participants.	 
§BMI	data	were	missing	for	2	participants. 
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Conclusions
We describe the long-term repercussions of COVID-19 
among a sample of patients in Brazil from diverse so-
cial and ethnic backgrounds who survived acute in-
fection and attended a follow-up ambulatory clinic 
appointment. We identified that most patients expe-
rienced >1 symptom for >120 days after the onset of 
disease. This finding also applies to patients who had 
a mild or moderate form of COVID-19. These symp-
toms negatively affected the patients’ quality of life; 
fatigue was the most common symptom, followed by 
dyspnea and cough.

The clinical picture we describe here, in a popu-
lation with a mixed ethnic background consisting 

of Latin American, Caucasian, Afro-American, 
Asian, and Brazilian indigenous persons, is similar 
to those encountered in other parts of the world, 
mainly in Caucasian or Asian populations (1,10–
12). Some persistent symptoms found in our study, 
such as altered skin sensitivity and muscle weak-
ness, primarily affected the patients whose illness 
was critical, and this finding could be more related 
to their stay in the intensive care unit than to the 
COVID-19 itself (13).

Several possible pathophysiological explanations 
for the persistence of symptoms after COVID-19 have 
been proposed. The most commonly elicited in the 
literature are direct viral toxicity, endothelial dam-
age, dysregulated immune response, hyperinflam-
mation, hypercoagulability, and poor adaptation of 
the angiotensin-converting enzyme 2. So far, the ac-
tual mechanisms behind this scenario are not entirely 
understood and deserve further evaluation (1,10–13). 
Our sample identified that respiratory and heart rates 
were significantly higher in the patients whose illness 
was critical, possibly indicating impairment of auto-
nomic function in these patients (14,15).

We highlight the need to study the persistent 
symptoms of patients with COVID-19, given the im-
plications for the healthcare system and social secu-
rity, both of which are already profoundly affected 
by the pandemic itself. From this perspective, most 
persons with COVID-19 requiring medical consulta-
tion would not be expected to recover fully or resume 
working immediately after the end of the disease’s 
acute phase. Instead, they will require a prolonged 
interdisciplinary healthcare approach focused on 
physical, mental, and social rehabilitation (1,10–15).

We did not perform genetic sequencing of the 
severe acute respiratory syndrome coronavirus 2 
detected in our patients. Therefore, we cannot eval-
uate whether different virus variants might affect 
the occurrence of long-term symptoms among sur-
vivors differently.

One of the strengths of our study was our sys-
tematic follow-up on participants with prespecified 
instruments, which ensured high-quality and consis-
tent data. A novelty of the study was that we were 
able to recruit patients who had mild or moderate 
COVID-19, which is less common in other studies.

A limitation of our study was the small sample 
size; the results therefore cannot be generalized to 
the wider population. Another limitation is the lack 
of a control group for comparison and selection 
bias. Most likely, many patients who did not attend 
a medical consultation after being discharged from 
the hospital experienced only mild or no prolonged 
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Figure.	Flowchart	of	screening	and	inclusion	of	coronavirus	
disease	survivors	with	long-term	symptoms	in	prospective	cohort	
study,	Ribeirão	Preto,	Brazil.
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symptoms at all. The same can be said for healthcare 
workers who were affected by COVID-19 but did not 
seek medical consultation. The actual prevalence of 
long-term symptoms among the reference popula-
tion is unknown, and our data probably overestimate 
that prevalence.

In summary, it is likely that a substantial pro-
portion of patients surviving COVID-19 will experi-
ence long-term symptoms requiring prolonged care, 
even after mild to moderate disease. These symptoms 
might negatively affect patients’ quality of life and 
represent an additional burden for healthcare servic-
es and social security.
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Ebola virus (EBOV) antibodies have been found 
in populations that have never experienced 

documented Ebola outbreaks and in persons who 
reported no history of Ebola virus disease (EVD) 
(1). The clinical signifi cance of these fi ndings is 
unknown. We conducted a cross-sectional study 
in healthy adults and children from a population 
affected by the 2014–2016 EVD outbreak in Sierra 
Leone and explored the association of antibody se-
ropositivity and concentration with potential risk 
factors for EBOV infection.

The Study
We conducted a seroprevalence study in Kambia Dis-
trict, Sierra Leone, during March 2016–June 2018. We 
nested the study within the screening visit of the EBO-
VAC-Salone (https://www.ebovac.org) randomized 
controlled trial (RCT), which evaluated the safety and 
immunogenicity of the 2-dose Ad26.ZEBOV, MVA-
BN-Filo Ebola vaccine regimen (ClinicalTrials.gov, no. 
NCT02509494) (2,3). Persons who reported having a pre-
vious EVD diagnosis and persons who previously re-
ceived a candidate Ebola vaccine were ineligible for the 
RCT, and we excluded them from the seroprevalence 
study. We recruited adults fi rst, then recruited children 
in 3 age cohorts: 12–17, 4–11, and 1–3 years of age.

We measured IgG to EBOV glycoprotein (GP) by 
using the Filovirus Animal Non-Clinical Group (FANG) 
ELISA (Q2 Solutions Vaccine Testing Laboratory, 
https://www.q2labsolutions.com). We determined se-
ropositivity by using a cutoff of >607 ELISA units (EU)/
mL, which was calculated previously in an EBOV-naive 
population in West Africa (4) (Appendix, https://ww-
wnc.cdc.gov/EID/article/28/3/21-1496-App1.pdf). 

Among 1,282 study participants (Figure), 687 
(53.6%) were <18 years of age (median 16 years, 
IQR 7–25 years), and 827 (64.5%) were male. Among 
1,272 participants with antibody results, we consid-
ered 107 (8.4%, 95% CI 7.0%–10.0%) seropositive for 
EBOV GP IgG by using the prespecifi ed cutoff.

Risk factor analysis showed that, after adjusting for 
age and sex, the only characteristic associated with se-
ropositivity was living in a household compound with 
>1 pigs during the outbreak (adjusted odds ratio [OR] 
4.5, 95% CI 1.6–13.0; p = 0.01) (Tables 1, 2; Appendix
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We explored the association of Ebola virus antibody se-
ropositivity and concentration with potential risk factors 
for infection. Among 1,282 adults and children from a 
community aff ected by the 2014–2016 Ebola outbreak 
in Sierra Leone, 8% were seropositive for virus antibod-
ies but never experienced disease symptoms. Antibody 
concentration increased with age. 
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Table 1). The EBOV antibody geometric mean con-
cetration (GMC) was higher in participants ≥5 years 
of age than in younger children (Appendix Table 1). 
After adjusting for age and sex, only pig ownership 
remained associated with antibody concentration (ad-
justed GMC ratio 3.0, 95% CI 1.5–5.9; p<0.01) (Table 2).

The 8.4% seroprevalence in our study is within 
the range of estimates (0%–24%) from prior studies; 
however, this range is large because of the use of dif-
ferent assays, different seroprevalence thresholds, 
different levels of exposure to EVD cases, and stud-
ies undertaken in different geographic areas and at 
different timepoints relative to reported outbreaks 
(1). Our estimate is similar to the baseline EBOV an-
tibody seroprevalence (4.0%) measured in another 
Ebola vaccine trial conducted in Liberia during the 
2014–2016 EVD outbreak that used the same assay 
and cutoff (5).

Similar to results from previous studies, our 
findings showed a statistically significant increase in 
EBOV antibody concentration with participants’ age, 
possibly because of increased exposure of older age 
groups to EBOV or to other infections that could in-
duce cross-reactive antibodies to the EBOV GP (6,7). 
Potential exposures to EVD, such as healthcare work, 
contact with EVD cases, and funeral attendance, 
which were associated with EBOV transmission in 
other studies (8), were not associated with EBOV an-
tibody seropositivity or concentration in our study. 
However, few participants reporting those risk fac-

tors, and our study might have lacked the power to 
detect such associations.

We found an independent association of both 
EBOV antibody seropositivity and concentration with 
residence in a household compound that owned >1 
pigs during the Ebola outbreak. Pigs can be experimen-
tally infected with EBOV and can transmit the virus 
to nonhuman primates (9). EBOV-specific antibodies 
have been found in pigs in Sierra Leone and Guinea, 
suggesting that pigs can be naturally infected by EBOV 
(10,11). Pigs in the Philippines have been found to be 
naturally infected with Reston virus, an EBOV strain 
that is not known to cause disease in humans. Reston 
virus–specific antibodies were found in healthy farm-
ers in contact with the infected pigs, suggesting poten-
tial transmission from pigs to humans (12). However, 
we found no association of EBOV antibody with hav-
ing other domestic animals, in particular dogs, which 
also could be infected with EBOV (13,14).

One strength of our study is that we conducted 
our study in an area with prolonged EBOV transmis-
sion during the 2014–2016 EVD outbreak. Further, 
we explored a wide range of potential risk factors for 
EBOV acquisition, and we used the FANG ELISA, 
which has been proven to be more precise and accu-
rate than a commercial alternative (4).

The first limitation of our study is that the par-
ent RCT did not require random sampling of po-
tential participants’ households, which could have 
affected the generalizability of our results to the 
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Figure. Flow chart of participants screened for the Ebola virus vaccine trial and seroprevalence study in a community affected by the 
2014–2016 Ebola outbreak, Sierra Leone.
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general population. The RCT recruitment was age-
staggered, and the youngest age cohort (1–3 years of 
age) was recruited >2 years after the EVD outbreak 
ended. However, a sensitivity analysis suggested 
that year of recruitment had a negligible confound-
ing effect on the lower EBOV antibody concentra-
tions observed in the youngest children (Appendix 
Table 2). Our study was conducted at the end of 
the 2014–2016 EVD outbreak in Sierra Leone, when 
public health measures to contain EBOV transmis-
sion had been in place for several months and the  

population had received messages about EVD preven-
tion. This factor could have caused an underreporting 
of behaviors considered to put persons at risk for 
EVD. For example, hunting and consumption of 
bushmeat was rarely reported by our participants, 
in contrast with some reports that describe frequent 
hunting and bushmeat consumption in West Africa 
(15). The association of both antibody seropositiv-
ity and concentration with pig ownership is based 
on only 18 participants who reported keeping >1 
pigs in their household compound at the time of the 
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Table 1. Potential EVD exposure in community or work during the 2014–2016 EVD outbreak and antibody seropositivity and GMC 
among participants in a study of EBOV GP–specific binding antibody seropositivity, Sierra Leone* 

Risk factors 
No. (%), n = 

1,282 
No. seropositive/ 

no. tested (%) OR (95% CI) 
Adjusted OR 

(95% CI)† 
GMC, EU/mL 

(95% CI) 
GMC ratio 
(95% CI) 

Adjusted GMC 
ratio (95% CI)† 

Living in a village or town with Ebola cases, n = 1,281 
N 199 (15.5) 10/198 (5.1) Referent, 

 p = 0.049 
Referent,  
p = 0.125 

49 (40–58) Referent,  
p = 0.010 

Referent,  
p = 0.882 

Y 1,082 (84.5) 97/1,073 (9.0) 1.9 (1.0–3.6) 1.7 (0.8–3.3) 65 (60–71) 1.3 (1.1–1.6) 1.0 (0.8–1.3) 
Knowing someone who had Ebola 

No, don't know 1,044 (81.4) 82/1,036 (7.9) Referent,  
p = 0.193 

 61, 56–67) Referent,  
p = 0.204 

 

Y 238 (18.6) 25/236 (10.6) 1.4 (0.9–2.2)  70 (57–85) 1.1 (0.92–1.4)  
No. EVD cases known by participant 

0 1,044 (81.4) 82/1,036 (7.9) Referent,  
p = 0.55 

 61 (56–67) Referent,  
p = 0.382 

 

1 125 (9.8) 13/125 (10.4) 1.4 (0.7–2.5)  64 (49–85) 1.1 (0.8–1.4)  
2–3 66 (5.2) 8/65 (12.3) 1.6 (0.8–3.5)  84 (57–124) 1.4 (0.9–2.0)  
>3 47 (3.7) 4/46 (8.7) 1.1 (0.4–3.2)  66 (44–99) 1.1 (0.7–1.6)  

Closest relationship with an EVD case, n = 1,280 
No relationship‡ 1,044 (81.5) 82/1,036 (7.9) Referent,  

p = 0.197 
 61, 56–67) Referent,  

p = 0.259 
 

Close family§ 27 (2.1) 1/27 (3.7) 0.5 (0.1–3.3)  52 (33–81) 0.9 (0.5–1.3)  
Other relative 52 (4.1) 6/51 (11.8) 1.6 (0.6–3.7)  64 (42–96) 1.0 (0.7–1.6)  
Friend 59 (4.6) 4/59 (6.8) 0.8 (0.3–2.4)  64 (45–91) 1.1 (0.7–1.5)  
Community 
member 

98 (7.7) 14/97 (14.4) 2.0 (1.1–3.7)  86 (62–120) 1.4 (1.0–2.0)  

Living in the same household with an EVD case, n = 1,280 
N 1,269 (99.1) 107/1,260 (8.5) –  63 (58–68) Referent,  

p = 0.814 
 

Y 11 (0.9) 0/10 (0.0) –  56 (31–102) 0.9 (0.5–1.6)  
Caring for an EVD case, n = 1,281 

N 1,272 (99.3) 107/1,262 (8.5) –  63 (58–68) Referent,  
p = 0.600 

 

Y 9 (0.7) 0/9 (0.0) –  48 (24–98) 0.8 (0.4–1.6)  
Direct body contact with an EVD case, n = 1,281 

N 1,275 (99.5) 107/1,265 (8.5) –  62 (57–67) Referent,  
p = 0.640 

 

Y 6 (0.5) 0/6 (0.0) –  83 (28–242) 1.3 (0.5–3.9)  
Attending a funeral of an EVD case 

N 1,263 (98.5) 105/1,254 (8.4) Referent,  
p = 0.691 

 62 (57–67) Referent,  
p = 0.346 

 

Y 19 (1.5) 2/18 (11.1) 1.4 (0.3–6.0)  87 (37–204) 1.4 (0.6–3.3)  
Healthcare frontline worker during EVD outbreak 

No, NA¶ 1,254 (97.8) 105/1,244 (8.4) Referent,  
p = 0.802 

 63 (58–69) Referent,  
p = 0.798 

 

Y 28 (2.2) 2/28 (7.1) 0.8 (0.2–3.6)  58 (36–93) 0.9 (0.6–1.5)  
*Seropositivity defined as >607 EU/mL. EBOV GP–specific binding antibodies were indeterminate in 10 participants. p values calculated by using 
likelihood ratio test. EBOV GP, Ebola virus glycoprotein; EU, ELISA units; EVD, Ebola virus disease; GMC, geometric mean concentration; NA, not 
applicable; OR, odds ratio. 
†Adjusted for age and sex. 
‡Participant did not know anyone with Ebola. 
§Participant was the parent or child or spouse or sibling of an EVD case. 
¶Not applicable because participant was a child or did not have a job. 
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outbreak. This association could have occurred by 
chance, although the evidence of an association is 
quite strong. The observed association also could be 
confounded by unrecorded risk factors among par-
ticipants who also kept pigs, such as EBOV trans-
mission clustering in participants from a household 
that also owned pigs. However, that possibility 
seems unlikely because none of the seropositive par-
ticipants who owned pigs reported contact with an 
EVD case, and these participants all came from dif-
ferent households. Finally, we are not able to deter-
mine whether EBOV antibody seropositivity in this 
setting reflects true asymptomatic infection because 

we cannot exclude underreporting of earlier EVD 
symptoms and we have not yet investigated cross-
reactivity with other viral infections. Whether EBOV 
seropositivity reflects acquired immunity that might 
provide some protection against future EBOV infec-
tions also is unclear.

Our findings suggest that the role of pigs as po-
tential, occasional reservoirs of EBOV needs to be in-
vestigated further. The presence of antibodies bind-
ing the EBOV GP could also suggest circulation of 
other infectious agents, probably viruses, inducing 
cross-reactivity with the EBOV GP, but this possibil-
ity needs further investigation.
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Table 2. Potential risk factors for transmission of Ebola virus from animals during the 2014–2016 EVD outbreak and antibody 
seropositivity and GMC among participants in a study of EBOV GP–specific binding antibody seropositivity, Sierra Leone* 

Risk factors 
No. (%),  
n = 1,282 

No. seropositive/ 
no. tested (%) OR (95% CI) 

Adjusted OR 
(95% CI)† 

GMC, EU/mL 
(95% CI) 

GMC ratio 
(95% CI) 

Adjusted GMC 
ratio (95% CI)† 

Number of domestic animals in the participant’s compound 
 0 503 (39.2) 45/498 (9.0) Referent,  

p = 0.558 
 59 (51–67) Referent, 

 p = 0.462 
 

 1–5 374 (29.2) 33/371 (8.9) 1.0 (0.6–1.6)  65 (55–75) 1.1 (0.9–1.3)  
 >5 405 (31.6) 29/403 (7.2) 0.8 (0.5–1.3)  66 (57–76) 1.1 (0.9–1.3)  
Having the following domestic animals in the compound‡ 
 Dog        
  N 1,116 (87.1) 90/1,107 (8.1) Referent,  

p = 0.349 
 66 (52–84) Referent,  

p = 0.559 
 

  Y 165 (12.9) 17/164 (10.4) 1.3 (0.8–2.3)  62 (57–67) 1.1 (0.8–1.4)  
 Cat        
  N 951 (74.2) 80/943 (8.5) Referent,  

p = 0.887 
 61 (56–67) Referent,  

p = 0.400 
 

  Y 330 (25.8) 27/328 (8.2) 1.0 (0.6–1.5)  66 (56–78) 1.1 (0.9–1.3)  
 Goat, sheep        
  N 870 (67.9) 76/863 (8.8) Referent,  

p = 0.465 
 62 (56–68) Referent,  

p = 0.781 
 

  Y 411 (32.1) 31/408 (7.6) 0.9 (0.6–1.3)  62 (57–67) 1.0 (0.9–1.2)  
 Pig        
  N 1,263 (98.6) 102/1,253 (8.1) Referent,  

p = 0.015 
Referent,  
p = 0.014 

61 (57–67) Referent, 
p<0.001 

Referent,  
p = 0.001 

  Y 18 (1.4) 5/18 (27.8) 4.3 (1.5–12.4) 4.5 (1.6–13.0) 200 (93–431) 3.3 (1.5–7.1) 3.0 (1.5–5.9) 
 Other        
  N 825 (64.4) 73/817 (8.9) Referent,  

p = 0.370 
 61 (55–68) Referent,  

p = 0.513 
 

  Y 456 (35.6) 34/454 (7.5) 0.8 (0.5–1.3)  65 (57–74) 1.1 (0.9–1.3)  
Touching sick or dead domestic animals 
 N 1,253 (97.7) 106/1,243(8.5) Referent,  

p = 0.275 
 63 (58–68) Referent,  

p = 0.824 
 

 Y 29 (2.3) 1/29 (3.5) 0.4 (0.1–2.8)  59 (36–97) 0.9 (0.6–1.6)  
Hunting for wild animals§ 
 N 1,261 (99.3) 105/1,251(8.4) Referent, 

p = 0.779 
 63 (58–68) Referent,  

p = 0.859 
 

 Y 9 (0.7) 1/9 (11.1) 1.4 (0.2–11.0)  57 (17–191) 0.9 (0.3–3.1)  
Touching sick or dead wild animals 
 N 1,277 (99.6) 106/1,267 (8.4) Referent,  

p = 0.419 
 62 (58–68) Referent,  

p = 0.825 
 

 Y 5 (0.4) 1/5 (20.0) 2.7 (0.3–24.7)  54 (8–369) 0.9 (0.1–5.9)  
Consuming bushmeat 
 N 1,275 (99.4) 106/1,265 (8.4) Referent,  

p = 0.606 
 62 (58–68) Referent,  

p = 0.962 
 

 Y 7 (0.6) 1/7(14.3) 1.8 (0.2–15.3)  61 (14–274) 1.0 (0.2–4.4)  
*Seropositivity defined as >607 EU/mL. EBOV GP–specific binding antibodies were indeterminate in 10 participants. p values calculated by using 
likelihood ratio test. EBOV, Ebola virus; EU, ELISA units; GMC, geometric mean concentration; GP, glycoprotein; OR, odds ratio. 
†Adjusted for age and sex. 
‡Participants could indicate >1 type of domestic animal. 
§Types of wild animals hunted by participants who answered yes included monkeys, duiker antelopes, bats, and rodents. 
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Conclusions
The incidence of EBOV infection during the 2014–
2016 EVD outbreak in Sierra Leone could have been 
higher than previously reported; 8.4% of adults and 
children from a community affected by the outbreak 
who never experienced symptoms of EVD had sero-
logic responses to EBOV above a cutoff threshold. Our 
study suggests that EBOV might cause asymptomatic 
infection, but whether underreporting of symptoms, 
FANG assay specificity, or exposure to other viral in-
fections that could generate cross-reactive antibodies 
also contributed to the results is unclear. These ques-
tions would benefit from further investigation to help 
define the extent of future EVD outbreaks. Countries 
at high risk for EVD outbreaks should be aware of the 
risk of asymptomatic or paucisyntomatic infections. 
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Beginning March 23, 2020, the UK government 
introduced social and physical distancing (SPD) 

measures to reduce transmission of severe acute 
respiratory syndrome 2 (SARS-CoV-2), and health 
staff were redeployed to the coronavirus disease 
(COVID-19) pandemic response. The staffi ng shift 
and SPD measures affected clinical services for sex-
ually transmitted infections (STIs), HIV, and hepa-
titis A, B, and C (HAV, HBV, and HCV) provided 
through the National Health Service (1,2). We as-
sessed the effects of COVID-19 measures in England 
on service provision in this area and on health out-
comes for persons with STIs, HIV, or hepatitis.

The Study
In England, surveillance of STIs, HIV, and hepatitis 
relies on patient-level data on consultations, tests, di-
agnoses, vaccinations, treatment, and outcomes from 
sexual health services (SHS), general practitioners, 
hospital outpatient clinics, and drug treatment cen-
ters (3). Laboratories also submit patient-level reports 
of tests and diagnoses for hepatitis and chlamydia. 
Given the disruption in routine reporting in 2020 
(only 71%–98% complete for STI and HIV data), when 

possible, we analyzed data from clinics and laborato-
ries who provided complete reports for January–Sep-
tember in both 2019 and 2020.

Testing at SHS declined by 77%, from 95,455 to 
22,332, for HIV and by 71%, from 391,006 to 112,441, 
for STIs during January–April 2020, and although 
there was a modest increase beginning in May, test-
ing remained far lower than in 2019 (Figure 1). For 
January–September 2020 compared with the same pe-
riod in 2019, overall numbers of tests were lower by 
36% (768,216 vs. 494,433) for HIV and 28% (3,137,537 
vs. 2,244,153) for STIs (Appendix, https://wwwnc.
cdc.gov/EID/article/28/3/21-1998-App1.pdf). 
However, the proportion of tests accessed through 
internet services (self-sampling kits returned directly 
to the laboratory with results provided by text mes-
sage, email, letter, or online) increased substantially 
beginning in April 2020 (Appendix). Internet services 
accounted for ≥63% of HIV and >51% of STI tests dur-
ing April–September 2020, compared with 25% for 
HIV and 22% for STIs in 2019.

During January–April 2020, the largest propor-
tional declines in testing occurred among persons 
15–19 years of age (79% for HIV, 75% for STIs) and 
≥45 years of age (80% for HIV, 76% for STIs); for per-
sons 20–44 years of age, testing for HIV declined by 
76% and for STIs by 70%. The 15–19- and >45-year 
age groups also showed the slowest relative recov-
ery towards prepandemic levels of testing during 
June–September 2020.  Over the same period, we ob-
served larger proportional declines in testing among 
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Since	the	coronavirus	disease	pandemic	response	began	
in	March	2020,	tests,	vaccinations,	diagnoses,	and	treat-
ment	initiations	for	sexual	health,	HIV,	and	viral	hepatitis	
in	England	have	declined.	The	shift	 towards	online	and	
outreach	 services	 happened	 rapidly	 during	 2020	 and	
highlights	the	need	to	evaluate	the	eff	ects	of	these	strate-
gies	on	health	inequalities.
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heterosexual men (81% for HIV, 79% for STIs) and 
heterosexual or bisexual women (women who have 
sex with men or women; 76% for HIV, 75% for STIs) 
compared with gay, bisexual, and other men who 
have sex with men (MSM) (67% for HIV, 71% for 
STIs) and lesbian and other women who have sex ex-
clusively with women (66% for HIV, 65% for STIs); 
recovery was slowest among heterosexual men. We 
observed the largest declines among persons of Asian 
(81% for HIV, 77% for STIs), Black (81% for HIV, 76% 
for STIs), and other (81% for HIV, 76% for STIs) races; 
persons of Black race showed the slowest recovery. 

We also observed a sharp decline in the number of 
persons tested for hepatitis during January–April 2020: 
by 63% (from 4,295 to 1,610) for HAV, 61% (from 57,392 
to 22,224) for HBV, and 74% (from 43,238 to 11,250) for 
HCV (Appendix). The number of persons tested for 
HCV in community drug treatment facilities showed 

the greatest decline (98%, from 3,324 to 74) and a slow 
recovery to prepandemic levels; testing was 58% lower 
in September 2020 than for 2019 (3).

Consistent with testing patterns, the number of 
diagnoses for HIV, STIs, and hepatitis declined dur-
ing January–April 2020, followed by a partial recov-
ery (Appendix Figure 1). Bacterial STI positivity (Ap-
pendix) increased during March and April 2020 (12% 
in January 2020 vs. 17% in April 2020) then returned 
to 2019 and early 2020 levels, whereas HIV test posi-
tivity peaked in April 2020 (0.20%) and remained at 
a higher level until September 2020 (0.09% vs 0.10% 
in September 2019). By contrast, HBV and HCV posi-
tivity declined during January–April 2020 (from 0.8% 
to 0.4% for HBV surface antigen and from 2.8% to 
1.4% for HCV antibody); although there was a slight 
increase thereafter, positivity remained lower for the 
rest of 2020 than in 2019.

The number of first-dose vaccinations adminis-
tered to MSM at SHS during January–April 2020 fell 
by 97% for HAV (from 841 to 22) and human papil-
lomavirus (from 1,507 to 47) and by 96% (from 757 to 
34) for HBV (Appendix Figure 2). A slight increase 
was reported beginning in May 2020, but rates for 
HAV, HBV, and HPV vaccinations were >50% lower 
in September 2020 than in September 2019.

HCV treatment initiations declined by 66% (from 
1,004 to 341) during January–April 2020; although 
recovering slightly, the overall number of treatment 
initiations during January–September 2020 was 27% 
lower than in the same period in 2019 (Figure 2). We 
saw the largest relative declines for referrals from 
drug services and prisons, with some recovery dur-
ing June–September 2020. Delays commonly occur 
between HCV diagnoses and treatment, so reductions 
in treatment initiations likely reflected reduced access 
to services rather than new diagnoses alone.

Conclusions
The COVID-19 pandemic response in England, in-
cluding the introduction of SPD measures, coincided 
with a decline in the provision of, and access to, health 
services for STIs, HIV, and hepatitis. We observed the 
greatest decline in services that cannot be provided 
remotely, such as vaccination.

These findings are supported by staff and peer-
support surveys in SHS and community drug treat-
ment services (4,5). Some reduction in infections and 
need for services might be a consequence of reduced 
exposure because of compliance with SPD measures, 
leading to fewer opportunities for socializing and 
meeting sexual partners. The partial rebound in the 
summer of 2020 might indicate some recovery in  
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Figure 1.	Total	number	of	HIV	tests	provided	through	sexual	health	
services	(SHS)	and	proportion	of	those	accessed	through	internet	
services,	England,	January	2019–September	2020.	Bars	compare	
HIV	test	data	from	SHS	that	reported	complete	data	for	January–
September	in	both	2019	(light	green)	and	2020	(dark	green).	Dashed	
line	represents	the	total	number	of	HIV	tests	from	all	SHS	reported	in	
each	month	in	2019.	Solid	lines	indicate	the	percentages	of	total	tests	
accessed	through	the	internet	for	2019	(red)	and	2020	(orange).	Data	
are	from	routine	specialist	and	nonspecialist	SHS	reporting	to	the	
GUMCAD	STI	Surveillance	System.

Figure 2.	Hepatitis	C	virus	treatment	initiations,	England,	January	
2019–September	2020.	Data	are	from	the	National	Health	Service	
England	Hepatitis	C	Patient	Registry	and	Treatment	Outcome	
system.	Bars	indicate	the	number	of	persons	having	treatment	
initiated	by	month	for	2019	(light	green)	and	2020	(dark	green).
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service provision and demand, with increased de-
mand also influenced by changes in risk perception 
and behaviors. However, these levels remained be-
low prepandemic levels.

Declines in the numbers of STI, HIV, and hepa-
titis tests (6–8) and diagnoses (8–11) after COVID-19 
restrictions began have also been reported across Eu-
rope and elsewhere. Disruption in HCV treatment 
provision is of concern as direct-acting antivirals clear 
the virus, minimizing long-term harms. HCV treat-
ment disruptions have also been reported in Spain 
(12) and Germany (13); in Germany, a minority of 
treatment providers also reported an increase in de-
layed diagnoses of liver decompensation and hepato-
cellular carcinoma (13).

During the early stages of the pandemic, there 
was a rapid shift in service delivery toward online, 
remote, and outreach provision in England; similar 
shifts were reported in the United States and Croa-
tia (14,15). While enabling service access during 
the pandemic, it will be important to evaluate the 
effects on health inequalities of changing to remote 
services, because hepatitis, HIV, and STIs already 
disproportionately affect socially disadvantaged 
and excluded groups. Whereas our findings suggest 
SHS were accessed by some populations of need, 
such as MSM, the decline in access by young adults 
and persons of Asian, Black, or other races requires 
further investigation. Furthermore, early indications 
of adverse effects on access to harm reduction and 
bloodborne virus testing services for people who 
inject drugs is concerning and requires mitigating 
actions. The full effects of the COVID-19 pandemic 
response on STI, HIV, and hepatitis infection con-
trol, including efforts to eliminate HIV and hepati-
tis, and longer-term health outcomes will take time 
to emerge. These effects warrant close monitoring 
and assessment to ensure services are accessible and 
used by all who need them.

Additional members of the UK Health Security Agency 
National STI, HIV and Viral Hepatitis Surveillance Group 
who contributed to data collection, analysis and  
interpretation: Ana Harb, Galena Kuyumdzhieva,  
Tamilore Sonubi, Alireza Talebi, Stephen Duffell, Mateo 
Prochazka, Louise Thorn, Hannah Charles, Koye Balogun, 
Rebecca Wilkinson, Sara Croxford, Claire Edmundson, 
Mark McCall, Louise Logan, Adam Winter, Helen Harris, 
Kate Folkard, and Emily Phipps.

This work was conducted by the UK Health Security 
Agency (formerly Public Health England) as part of  
routine public health surveillance. No additional funds 
were received for this analysis.

No specific consent was required from the patients whose 
data were used in these analyses. The UK Health Security 
Agency has authority to handle patient data for public 
health monitoring and infection control under Regulation 
3 of the Health Service (Control of Patient Information) 
Regulations 2002.
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Who is this person?

PHOTO QUIZ

Here is a clue: he made the oral polio vaccine.
Who is he?

A) Edward Jenner
B) Albert Bruce Sabin

C) Robert Koch
D) Jonas Edward Salk

Decide first.  
Then see next page for the answer.
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This is a photograph of Albert Bruce Sabin (1906–
1993), the man who made the oral polio vaccine. 

Sabin’s name will always be associated with polio-
myelitis, a disease that claimed millions of victims in 
the 20th century, particularly among children. At the 
beginning of the polio eradication initiative in 1988, 
the World Health Organization (WHO) estimated 
that ≈350,000 cases of paralytic polio were still occur-
ring each year and that in the prevaccine era ≈650,000 
cases occurred each year.

It was his mentor, William Hallock Park, famous 
for his research into a diphtheria vaccine, who in 1931 
first urged Sabin to study poliomyelitis. In that year, 
Sabin had just finished his medical studies and polio 
was again raging in the United States, causing ≈17,000 
cases of disease annually.

Indeed, in the first half of the 20th century, recur-
rent epidemics of poliovirus broke out during the hot 
season, striking thousands of children >2 years of age 
and also several adults. The most severely affected 
persons died or were left paralyzed, deformed, and 
unable to breathe outside an iron lung. Although a 
relatively low percentage of those affected died, mil-
lions of survivors carried the marks of the disease for 
the rest of their lives.

As the number of cases continued to grow, reach-
ing a peak of ≈3,100 deaths and ≈21,000 cases of 
paralysis in 1952 in the United States, terror spread 
through a whole generation. According to the virolo-
gists, the only hope was to produce a vaccine. How-
ever, the first 2 attempts, in 1934 and 1935, failed dis-
mally, resulting in a large number of victims.

In the middle of the 1930s, Sabin continued his 
studies on poliovirus, the etiologic agent of polio-
myelitis, and in 1939 he realized that it was not a 

respiratory virus but an enteric virus that lived and 
multiplied in the intestine. Moreover, he was able to 
demonstrate that contagion occurred through both 
the respiratory route from coughing and sneezing 
and the enteric route from fecal contamination.

Starting from this important discovery, Sabin set 
out to create a vaccine against poliovirus. The path-
way was not simple, and he ran into numerous ob-
stacles, not all of which were of a scientific nature. 
Moreover, his work led him to clash with Jonas Salk 
in one of the most celebrated scientific challenges of 
the 20th century.

Salk, a researcher at the University of Pittsburgh, 
created his inactivated polio vaccine (IPV) during 
1952–1953. The vaccine contained wild polioviruses 
of all 3 serotypes that had been killed by means of 
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Albert	Bruce	Sabin

formaldehyde; when injected intramuscularly, the 
vaccine elicited the production of antibodies, ren-
dering recipients immune to the disease. On April 
12, 1955, it was proclaimed that the battle against 
poliomyelitis had potentially been won thanks to 
Salk’s vaccine. Unfortunately, however, 2 defective 
lots of the vaccine produced by Cutter Laboratories, 
a pharmaceutical company in Berkeley, California, 
contained residual live polioviruses, causing the so-
called Cutter incident. In total, 192 paralytic polio 
cases occurred among vaccinated children and their 
family and community contacts, of whom 11 died. 
The government temporarily suspended the vacci-
nation program until it was determined that Cutter 
vaccine should be permanently withdrawn and IPV 
from other manufacturers could be reinitiated safely.

Meanwhile, at the University of Cincinnati, Sa-
bin was also at work on his vaccine. His approach, 
however, was completely different; he aimed to cre-
ate a live attenuated vaccine for oral administration. 
This process marked the advent of the oral polio vac-
cine (OPV).

Sabin created his vaccine at the Children’s Hos-
pital in Cincinnati, where he subsequently tested it 
on 10,000 monkeys and 160 chimpanzees, as well as 
on himself, on his daughters, and on young volun-
teers recruited from among the inmates of the federal 
prison of Chillichote in Ohio. However, because the 
painful memory of the Cutter incident was still fresh 
and especially because the commercial stakes were 
high, the US government did not consent to large-
scale field testing.

Subsequent testing of Sabin’s vaccine was there-
fore carried out in the Soviet Union. During 1959–
1961, millions of children received Sabin’s vaccine (77 
million in the Soviet Union alone). These early vac-
cination campaigns yielded very good results, just as 
the 1958 campaign had done in the Belgian Congo, a 
region that had been severely afflicted by the virus.

The mass vaccination campaign in the Soviet 
Union demonstrated high vaccine effectiveness and 
resulted in licensure of OPV in the United States in 
1961. Subsequently, in the United States, OPV rapidly 
replaced IPV during the 1960s as the vaccine of choice. 
OPV was preferred over IPV because it induced both 
systemic and intestinal immunity, was easier to ad-
minister, and was less expensive than IPV. The main 
drawback of OPV is that, very rarely (in 1 case out of 
≈750,000), Sabin viruses can mutate back to a more 
neurovirulent form and cause vaccine-associated par-
alytic polio.

In any case, Sabin’s vaccine, which was eco-
nomical to produce and very easy to administer on 

a sugar lump to children, came to be used world-
wide in the 1960s. The method of administration of 
the Sabin vaccine inspired the popular song writ-
ten by the Sherman brothers, featured in the film 
Mary Poppins whose refrain states, “Just a spoon-
ful of sugar helps the medicine go down in a most 
delightful way.” In 1961, OPV was adopted in the 
United States, where, in the meantime, thanks to 
Salk’s vaccine, the spread of poliomyelitis had been 
markedly curbed.

Like Salk, Sabin did not patent his vaccine be-
cause he wanted it to be used as broadly as possible. 
“A lot of people insisted that I should patent the vac-
cine, but I didn’t want to do that,” he said. “It’s my 
gift to all the world’s children.” Thus, he refused to 
exploit the vaccine commercially, so that its price 
could be kept as low as possible.

Sabin’s preparation was subsequently adopted 
by WHO, becoming the mainstay of the worldwide 
vaccination campaign that enabled poliomyelitis to 
be eradicated from many countries. The last case in 
the United States was reported in 1979. In 1994, WHO 
certified the eradication of polio from the Americas, 
and in 2000 from 36 countries in the Western Pacific 
Region, including China and Australia. In 2002, Eu-
rope was certified polio-free, followed by the entire 
South-East Asia Region of WHO in 2014. After 2014, 
polio remained endemic in only 3 countries, Nigeria, 
Pakistan, and Afghanistan, until August 25, 2020, 
when Africa was declared totally polio-free.

Albert Bruce Sabin died in the hospital of George-
town University in Washington on March 3, 1993, at 
the age of 86 years. Among the many accolades that 
he received, in 1970 he was awarded the National 
Medal of Science “for numerous fundamental contri-
butions to the understanding of viruses and viral dis-
eases, culminating in the development of the vaccine 
which has eliminated poliomyelitis as a major threat 
to human health.”
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Nine-banded armadillos (Dasypus novemcinctus) are 
naturally infected with Mycobacterium leprae and are 
implicated in the zoonotic transmission of leprosy in the 
United States. In Mexico, the existence of such a res-
ervoir remains to be characterized. We describe a wild 
armadillo infected by M. leprae in the state of Nuevo 
León, Mexico.
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Nine-banded armadillos (Dasypus novemcinctus) can 
be naturally infected with Mycobacterium leprae and 

have been implicated in the zoonotic transmission of 
leprosy in the US states of Texas, Louisiana, Alabama, 
Georgia, and Florida (1,2). Despite Mexico falling within 
the armadillos’ natural geographic habitat and the re-
port of 182 new human leprosy cases in Mexico in 2019 
(3), only 1 report of an armadillo infected with acid-fast 
bacilli has occurred since 1984, and the bacterial species 
in that case was never fully characterized (4).

In 2019, a nine-banded armadillo with ataxia, dys-
pnea, and adynamia was captured along the Pilon Riv-
er in Montemorelos in the state of Nuevo León, Mexi-
co. The animal was euthanized, and necropsy revealed 
granulomatous lesions in diverse organs and tissues 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/28/3/21-1295-App1.pdf). Histopathologic ex-
amination identified acid-fast bacilli in the liver, lung, 

heart, striated muscle, and ear; the bacilli were espe-
cially abundant in the spleen (Figure; Appendix Figure 
2). We confirmed the presence of M. leprae in tissue 
by PCR testing of DNA extracted from the ear, liver, 
and lung by using the specific repetitive element RLEP 
(5) (Appendix). We used bacterial DNA extracted from 
the liver of the infected armadillo (strain A1), harbor-
ing the highest bacilli number by microscopy, for li-
brary preparation, followed by targeted enrichment 
using hybridization capture and whole-genome se-
quencing using NextSeq 500 (Illumina, https://www.
illumina.com) (Appendix).After targeted enrichment 
using hybridization capture, we extracted bacterial 
DNA from the liver of the infected armadillo (strain 
A1), harboring the highest bacilli number by micros-
copy, and conducted sequencing by using NextSeq 
500 (Illumina, https://www.illumina.com) (Appen-
dix). The mean read coverage of 87× was sufficient for 
further comparative analysis at the single nucleotide 
level with other M. leprae isolates (Appendix Table 1). 
The armadillo-derived A1 strain belongs to genotype 
3I-2, similar to other M. leprae isolates from the United 
States, Venezuela, Brazil, and Mexico (1).

Phylogenetically, A1 branches between the US 
human (NHDP-98) and animal–human (I30, NHDP-
63, NHDP-55) M. leprae strains and closely clusters 
with EGG (6), a strain isolated in 2014 from a 70 year-
old man with leprosy living in Nuevo León, Mexico 
(Appendix Figures 4, 5). Strains A1 and EGG share 
9 polymorphisms when compared with the whole- 
genome sequences from 295 other M. leprae isolates 
and differed from each other by only 5 single-nucleo-
tide polymorphisms (SNPs) (Appendix Figure 6).

We submitted DNA from M. leprae isolates 
recovered from the biopsies of additional lep-
rosy patients from the states of Nuevo León (n = 
9) and Jalisco (n = 2), Mexico, to partial whole-ge-
nome sequencing (n = 4) and PCR genotyping (n 
= 7) (Appendix Table 2, Figure 5.), We deciphered 
their clustering from previously described posi-
tions specific to genotypes 3I-1 and 3I-2 (1) as well 
as new informative SNPs specific to EGG and A1 
(Appendix Table 2, Figure 6). Partial genome re-
construction for all 11 isolates revealed that 4 of 
them belong to genotype 3I-1, whereas 7 belong 
to genotype 3I-2. Within genotype 3I-1, isolates 
F2, F6, and F11 belong to a similar cluster, named 
3I-1-c2 (Appendix Figure 4, 5). Within genotype 
3I-2, 4 isolates (F1, F8, F14, and F23) belong to the 
same cluster, named 3I-2-c3, which also encom-
passes A1 and EGG. Of these isolates, only F1 
shared an additional common SNP with A1 but 
differed >1 SNP (genome position 3232319) from it  
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(Appendix Figures 4, 6). All patients infected with an  
M. leprae isolate from cluster 3I-2-c3 live in close vicin-
ity (radius of ≈100 km) to the city of Montemorelos,  
where the infected armadillo was captured  
(Appendix Figure 5).

We describe the identification and genetic charac-
terization of Mycobacterium leprae in a wild nine-band-
ed armadillo in Mexico. In addition, we show that M. 
leprae strains belonging to different clusters are circu-
lating in patients in Mexico. The state of Nuevo León, 
Mexico, shares a border with the US state of Texas, 
where a high density of leprosy-infected nine-banded 
armadillos have been reported (4,7). Nine-banded ar-
madillos expanded their range into the United States 
in the mid-1800s from Mexico (8).

The M. leprae armadillo isolate from Mexico we de-
scribe belongs to the same genotype as patients and ar-
madillo isolates from the United States but clusters sep-
arately. Isolate A1 further clusters with human isolates 
exclusively identified in Mexico thus far, with which it 
displays similar low genetic variation as observed be-
tween animal and human isolates in the United States 
(1). Therefore, our results raise concerns that wild-band-
ed armadillos may, similarly to the situation in the Unit-
ed States, serve as reservoirs for the leprosy bacillus in 

the state of Nuevo León and call for additional surveil-
lance across Mexico to assess the spread of the disease 
in the animal population and evaluate zoonosis risks  
associated with human contact with armadillos.

The existence of an animal reservoir hosting the 
leprosy bacillus in Mexico threatens the goal of leprosy 
elimination. In light of our results, we propose that in-
terventions based on a One Health approach may be 
more efficient in achieving eradication of the disease.
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Figure. Identification and 
characterization of leprosy and 
Mycobacterium leprae acid-fast 
bacilli in the tissue in the wild 
nine-banded armadillo (Dasypus 
novemcinctus), Nuevo León, 
Mexico. SYBR gold staining 
shows a high density of bacilli 
in the spleen tissue organized 
in globi (boxed area at left 
and inset at right). Image is a 
merger of 16 images, 0.33 µm 
apart, in a z-stack taken with a 
100× objective lens. Scale bars 
represent 20 µm (main image) 
and 5 µm (inset).
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Leprosy, also known as Hansen disease, is a chron-
ic infectious disease caused primarily by Mycobac-

terium leprae and to a lesser extent by M. lepromatosis 
bacteria. Both species have a strong tropism for the 
Schwann cells; infection causes peripheral neuropa-
thy, which leads to the characteristic deformities 
and disabilities. Despite successful implementation 
of multidrug therapies for the treatment of leprosy, 
>200,000 new cases were reported globally in 2019. 
Drug-resistant M. leprae strains, although rare, are 
emerging in several parts of the world (1). Therefore, 
newer rapidly acting bactericidal, orally bioavailable 
drugs are required to shorten treatment time and re-
duce transmission.

The high potency of drugs targeting the cy-
tochrome bcc:aa3 terminal oxidase (also known as 
QcrB inhibitors) against M. ulcerans has been re-
ported (3). Of particular importance is the finding 
that a single dose of the drug candidate, Telacebec 
(Q203) (3), eradicates infection in a mouse model 
of Buruli ulcer (4). The potency of drugs targeting 
the cytochrome bcc:aa3 terminal oxidase against M. 
ulcerans is explained by the absence of a functional 
cytochrome bd oxidase, an alternate terminal oxi-
dase that limits the potency of telacebec in M. tuber-
culosis (5,6). Like M. ulcerans, M. leprae has lost the 
genes encoding the cytochrome bd oxidase and any 
other alternate terminal electron acceptors (7). Be-
cause M. leprae relies exclusively on the cytochrome 
bcc:aa3 terminal oxidase for respiration, Scherr et 
al. hypothesized that telacebec and related QcrB  
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The treatment of leprosy is long and complex, benefiting 
from the development of sterilizing, rapidly-acting drugs. 
Reductive evolution made Mycobacterium leprae exqui-
sitely sensitive to Telacebec, a phase 2 drug candidate for 
tuberculosis.. The unprecedented potency of Telacebec 
against M. leprae warrants further validation in clinical trials.



inhibitors could represent a new class of bacteri-
cidal drugs for leprosy (2).

The potency of telacebec was initially tested 
against extracellular M. leprae using a radio-respi-
rometry assay to determine bacterial β-oxidation 
rate. This assay is used to assess viability of noncul-
tivable M. leprae and measures cumulative produc-
tion of CO2 by the bacilli when palmitic acid is the 
sole carbon source (8). Telacebec at a concentration of 
0.2 nM inhibited ≈90% (p<0.001) and 2 nM inhibited 
≈99.9% (p<0.0001) of M. leprae metabolic activity after 
3 days of incubation (Figure, panel A). In compari-
son, rifampin used at 2.0 μM inhibited only ≈45% (p 
= 0.020) of the metabolic activity compared with un-
treated control in the same time frame (Figure, panel 
A). We observed a similar trend after 7 days of in-
cubation (Figure, panel A); 0.2 nM of telacebec was 
significantly more potent than 2 μM of rifampin at 
all tested concentrations in this assay. Telacebec was 
also active against intracellular M. leprae maintained 
in murine bone marrow–derived macrophages (9). 
Telacebec at 2.0 nM inhibited ≈97% (p<0.001 vs. un-
treated) of the metabolic activity of intracellular M. 
leprae in 3 days. Telacebec was also marginally po-
tent against intracellular M. leprae at 0.2 nM but re-
quired longer incubation; we observed a statistically 
nonsignificant reduction of ≈33% (p = 0.069) after 3 
days’ incubation and a significant reduction of ≈40% 
(p = 0.034) after 7 days. Under similar experimental 
conditions, rifampin at 2.0 μM inhibited metabolic ac-
tivity of intracellular M. leprae by ≈44% (p = 0.025) at 
day 3 and ≈72% (p<0.001) at day 7 compared with the  

untreated control group (Figure, panel B). Telacebec 
at 2 or 20 nM was more potent than rifampin in this 
assay as well.

The high nanomolar potency of telacebec against 
both intracellular and extracellular M. leprae prompt-
ed us to evaluate its efficacy in a mouse foot pad mod-
el of infection. We inoculated groups of 5 athymic 
nude mice with 3 × 107 viable M. leprae in both hind 
foot pads. At 8 weeks postinfection, we administered 
telacebec (2 mg/kg) or rifampin (10 mg/kg) by ga-
vage as 1 dose, 5 consecutive daily doses, or 20 doses 
(5 days × 4 weeks). We harvested foot pads 4 weeks 
after completion of the drug treatment. Because M. 
leprae is noncultivable, we measured mycobacterial 
load using an established molecular method (10). We 
determined M. leprae hsp18 and esxA expression lev-
els as a surrogate measure of viability (10). Bacterial 
hsp18 and esxA expression were significantly lower 
in mice receiving 1 (p<0.001) or 5 (p<0.001) consecu-
tive doses of telacebec compared with rifampin or to 
the vehicle-treated control group, indicating a faster 
in vivo bactericidal efficacy of telacebec (Figure, pan-
els C, D). Although >5 consecutive doses of rifampin 
were needed to detect a bactericidal efficacy, 1 dose 
of telacebec at a low dose of 2 mg/kg was sufficient 
to reduce the bacterial viability substantially (Figure, 
panels C, D).

This study demonstrates the exquisite sensitiv-
ity of M. leprae to telacebec and the potential of a 
shorter treatment regimen. Dose-finding studies in 
animals will help to determine an optimum dosing 
regimen for rapid bacterial eradication. Combination  
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Figure. Efficacy of telacebec 
against Mycobacterium leprae 
bacteria in axenic culture (A), in 
murine bone marrow–derived 
macrophages (B), and in athymic 
nude mouse foot pad model (C, 
D). M. leprae hsp18 (C) and esxA 
(D) expression levels were used 
as a surrogate measure of viability. 
For panels A and B, the assays 
were performed in triplicate for 
each condition. For panels C 
and D, each foot pad is taken as 
a data point, and the red dotted 
lines indicate ≈99% M. leprae kill. 
Significance was determined by 
2-tailed unpaired Student t-test. 
14C, carbon 14; CPM, counts per 
minute; Q203, telacebec;  
RMP, rifampin.



therapies between telacebec and first- or second-
line drugs such as rifampin, clofazimine, or mino-
cycline should be evaluated in preclinical animal 
models to guide the development of a potent, fast-
acting, sterilizing drug combination for humans 
that has a low propensity for resistance develop-
ment for humans. The curative promise of telacebec 
or other advanced QcrB inhibitors should be vali-
dated in human clinical trials.
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Mycobacterium mageritense was identified as a 
novel distinct species in 1997. Its name is de-

rived from Magerit, the old Arabic name of Madrid, 
Spain, the source of most of the human sputum 
specimens from which it was first isolated (1). Five 
years later, cases of clinical disease caused by M. 
mageritense were reported in adults (2). We report a 
case of lymphadenitis caused by M. mageritense in a 
child in Spain.

A previously healthy boy, 2 years and 9 months 
of age, came to a pediatric clinic because of  a 1-week 
history of swelling of the right submandibular lymph 
node. Physical examination showed lymph node 
swelling in the right submandibular region with red–
violet discolored skin. He did not had a fever, pain, or 
any other signs and symptoms. An ultrasound exam-
ination showed an enlarged submandibular lymph 
node 18 mm in diameter. Laboratory studies showed 
a leukocyte count of 9,220 cells/mm3 (reference range 
4,800–15,000 cells/mm3), a differential count of 42% 
neutrophils (reference range 55%–70%), and a C-re-
active protein level of <0.05 mg/dL (reference range 
<1–0.5 mg/dL).

Three days later, he underwent fine-needle aspi-
ration of the involved lymph node. Histopathologic 
analysis showed necrotizing granulomatous lymph-
adenitis. Acid-fast bacillus staining was negative. 
Therefore, a nontuberculous mycobacterial lymph-
adenitis was suspected and treatment with oral clar-
ithromycin (7.5 mg/kg every 12 h) and ciprofloxacin 
(15 mg/kg every 12 h) was started.

A rapidly growing mycobacterium was isolated 
from the lymph node specimen after 6 days of incu-
bation in liquid culture medium (BBL Mycobacteria 
Growth Indicator Tube; Becton Dickinson, https://
www.bd.com). It was identified as M. mageritense 
by using GenoType Mycobacterium CM version 2.0 
(Hain Lifescience, https://www.hain-lifescience.
de). Matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (Bruker Daltonics, 
https://www.bruker.com) yielded a score of 2.4 for 
M. mageritense. Whole-genome sequencing was per-
formed to confirm these findings (GenBank acces-
sion no. JAJJNE010000000).

Susceptibility testing using a microdilution tech-
nique showed a susceptible MIC for linezolid (8 µg/
mL); an intermediate MIC for moxifloxacin (2 µg/
mL), imipenem (8 µg/mL), and cefoxitin (32 µg/mL); 
and a resistant MIC for trimethoprim/sulfamethox-
azole (>8/152 µg/mL), ciprofloxacin (>4 µg/mL), 
amikacin (>64 µg/mL), clarithromycin (>16 µg/mL), 
doxycycline (>16 µg/mL), and tobramycin (>16 µg/
mL). Breakpoints were those suggested by the Clini-
cal and Laboratory Standards Institute for rapidly 
growing mycobacteria (3).

Accordingly, 3 weeks after fine-needle aspira-
tion was performed, clarithromycin was replaced by 
oral linezolid (10 mg/kg every 8 h). However, this 
change was promptly stopped because of intolerance 
to linezolid, and clarithromycin was given again. 
The enlarged lymph node gradually improved, and 
antimicrobial drug treatment was discontinued 11 
weeks after initial prescription. The lymph node was 
reduced to <50% of its initial size. Complete exci-
sion of residual lymph node and scar tissue was per-
formed 2 months later, leading to total resolution of 
the lymphadenitis.

The biochemical and drug susceptibility patterns 
of M. mageritense are relatively similar to the formerly 
known M. fortuitum third biovariant complex (1,2). 
It is not surprising that they also seem to have the 
same clinical spectrum (2). Although human infec-
tions caused by M. mageritense are rare, there are case 
reports involving sinusitis, pneumonia, and hospital-
acquired infections, including catheter-related blood-
stream infections, implantable cardioverter defibril-
lator-related infections, prosthetic valve endocarditis, 
and intrathecal catheter-related meningitis (2,4,5). 
Skin and soft tissue infections, including parotitis, 
furunculosis, and surgical site infections, have also 
been reported (4).

Mycobacteria are widespread in nature (1) and 
rapidly growing mycobacteria, such as M. mageritense, 
are ubiquitous in most municipal water supplies (6). 
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Although human infections caused by Mycobacterium 
mageritense are rare, there are some case reports in-
volving sinusitis, pneumonia, and hospital-acquired 
infections in adults. We report a case of lymphadenitis 
caused by M. mageritense in a child in Spain.



Although M. mageritense has been isolated from cu-
taneous lesions of a tsunami survivor (7) and from 2 
patients who received footbaths at the same nail salon 
(6), in most of these case reports, such as for our case, 
the source of contamination was unknown. Thus, M. 
mageritense is a rapidly growing mycobacteria that 
can cause granulomatous lymphadenitis in children. 
Clinicians should be aware of this bacteria during dif-
ferential diagnoses. 
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Since their rollout, vaccines have been highly ef-
fective globally in controlling coronavirus disease 

(COVID-19), caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (1). Breakthrough 
infections have been reported in some vaccine recipi-
ents, suggesting the need for public health assess-
ment and monitoring (2). To date, the vaccine-specific 
data on breakthrough infections are limited. In early 
2021, the national immunization program of South 
Korea introduced 4 COVID-19 vaccines: ChAdOx1 
nCov-19 (AstraZeneca, https://www.astrazeneca.
com), BNT162b2 (Pfizer-BioNTech, https://www.
pfizer.com), Ad26.COV2.S (Johnson & Johnson/Jans-
sen [hereafter Janssen], https://www.janssen.com), 
and mRNA-1273 (Moderna, https://www.moderna.
com). As of October 10, 2021, a total of 70% of the 
country’s population have received ≥1 dose of vac-
cine (3). Introduction of the vaccines provided an 
opportunity to study breakthrough infections by dif-
ferent vaccine types. We describe a snapshot of SARS-
CoV-2 breakthrough infections in South Korea and 
aim to identify risk by age group that might influence 
the observed pattern.

We conducted a nationwide retrospective co-
hort study to estimate SARS-CoV-2 breakthrough 
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We conducted a nationwide retrospective cohort study to 
estimate severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) breakthrough infection among recipients of 
4 different vaccines in South Korea. Age-adjusted break-
through infection rate per month was highest for Jans-
sen (42.6/100,000 population), followed by AstraZeneca 
(21.7/100,000 population), Pfizer-BioNTech (8.5/100,000 
population), and Moderna (1.8/100,000 population).



infection rates among AstraZeneca, Pfizer-BioN-
Tech, Janssen, and Moderna vaccine recipients in 
South Korea. We included fully vaccinated persons 
(2 weeks past 2-dose vaccination for AstraZeneca, 
Pfizer-BioNTech, and Moderna vaccines; 2 weeks 
past 1-dose vaccination for Janssen vaccine) without 
history of SARS-CoV-2 infection (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/28/3/21-
2210-App1.pdf). A Pfizer-BioNTech booster vacci-
nation was offered to AstraZeneca vaccine–primed 
persons (2 doses of AstraZeneca vaccine, then a third 
dose of Pfizer-BioNTech vaccine), who were thereaf-
ter included in the analysis. Observed periods were 
April 7–October 10, 2021, for AstraZeneca vaccine; 
April 3–October 10, 2021, for Pfizer-BioNTech vac-
cine; June 24–October 10, 2021, for Janssen vaccine; 
July 30–October 10, 2021, for Moderna vaccine; and 
July 19–October 10, 2021, for AstraZeneca/Pfizer-
BioNTech prime/booster recipients. 

We estimated breakthrough infection rate by vac-
cine, number of serious outcomes (cases treated with 
high-flow oxygen therapy, mechanical ventilator, ex-
tracorporeal membrane oxygenation, continuous renal 
replacement therapy, or death), and number of second-
ary transmissions originated from the breakthrough 
infection case. We identified the presence of serious 
outcomes through the case reporting form collected 
under the Infectious Disease Control and Prevention 
Act, which mandates epidemiologic investigation on 
all confirmed SARS-CoV-2 cases in South Korea. In all 
close contacts of laboratory-confirmed SARS-CoV-2 
case-patients, we conducted epidemiologic investiga-
tions to search for the preceding link and potential on-
ward transmission cases. We calculated age-adjusted 
and age-specific breakthrough infection rates as well 
as age-adjusted rates for serious outcomes and deaths. 
We randomly tested ≈20% of samples for full-length 
genome and spike protein sequencing to identify the 
presence of variant of concern.

The number of vaccinations by vaccine type are 
as follows: AstraZeneca (prime/booster), 8,737,343 
persons; Pfizer-BioNTech (prime/booster), 10,235,891 
persons; Janssen (single), 1,408,921 persons; Moderna 

(prime/booster), 1,190,973 persons; and AstraZen-
eca/Pfizer-BioNTech (prime/booster), 1,600,998 per-
sons (Table). Age-adjusted breakthrough infection 
rate per month was highest among Ad26.COV2.S 
recipients (42.6/100,000 population), followed by As-
traZeneca (prime/booster) recipients (21.7/100,000 
population), AstraZeneca/Pfizer-BioNTech (prime/
booster) recipients (21.3/100,000 population), Pfizer-
BioNTech (prime/booster) recipients (8.5/100,000 
population), and Moderna (prime/booster) recipi-
ents (1.8/100,000 population). Serious outcome (0–
0.9/100,000 population) and death (0–0.2/100,000 
population) after breakthrough infection were rare 
for all vaccine types. Secondary transmission rate was 
highest among Janssen recipients (19.2/100,000 pop-
ulation), followed by AstraZeneca (prime/booster) 
recipients (4.9/100,000 population). 

The highest breakthrough infection rates we ob-
served in younger age groups were in AstraZeneca 
(prime/booster), Janssen (single), Moderna (prime/
booster), and AstraZeneca/Pfizer-BioNTech (prime/
booster) recipients (Figure). Among the Pfizer-BioN-
Tech (prime/booster) recipients, breakthrough infec-
tion rate was highest among elderly persons 70–79 
years and ≥80 years of age (Appendix Figure 2).

We identified the variants of concern found in 
AstraZeneca (prime/booster) recipients as 1,285 Del-
ta and 4 Alpha variants; in Pfizer-BioNTech (prime/
booster) as 888 Delta, 14 Alpha, and 1 Beta variants; 
in Janssen (single), 789 Delta, 12 Alpha, and 2 Gamma 
variants; in Moderna (prime/booster), 13 Delta vari-
ants; and in AstraZeneca/Pfizer-BioNTech (prime/
booster), 188 Delta variants.

Our findings of a higher breakthrough infec-
tion in adenovirus DNA vector vaccine recipients 
and lower risk among mRNA vaccine recipients are 
consistent with other studies. In clinical trials, 0.5% 
of AstraZeneca recipients (4) and 0.3% of Janssen 
recipients (5) had SARS-CoV-2 infections, whereas 
0.05% of Pfizer-BioNTech recipients (6) and 0.08% 
of Moderna recipients (7) had infections. The Astra-
Zeneca/Pfizer-BioNTech (prime/booster) recipients 
had breakthrough infection rate in between that of 
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Table. Severe acute respiratory syndrome coronavirus 2 breakthrough infections by vaccine type, South Korea, 2021 

Variable 

ChAdOx1 nCov-19, 
AstraZeneca,  
prime/booster 

BNT162b2, 
Pfizer-BioNTech, 

prime/booster 

Ad26.COV2.S, 
Johnson & 

Johnson/Janssen, 
single dose 

mRNA-1273, 
Moderna, 

prime/booster 

ChAdOx1 nCov-
19/BNT162b2, 

AstraZeneca/Pfizer-
BioNTech, prime/booster 

Observed period Apr 7–Oct 10 Apr 3–Oct 10 Jun 24–Oct 1 Jul 30–Oct 10 Jul 19–Oct 10 
Total vaccinations, no. 8,737,343 10,235,891 1,408,921 1,190,973 1,600,998 
Breakthrough infections* 21.7 8.5 42.6 1.8 21.3 
Serious outcomes* 0.3 0.2 0.9 0.0 0.1 
Deaths* 0.2 0.0 0.0 0.0 0.1 
Secondary transmission* 4.9 2.1 19.2 0.4 2.0 
*Monthly age-adjusted rate per 100,000 population. 

 



AstraZeneca (prime/booster) and Pfizer-BioNTech 
(prime/booster) recipients, suggesting a potential 
benefit from mix-and-match vaccination as observed 
in previous studies (8).

A limitation of this study is that the observed pe-
riod between the vaccines were different: AstraZen-
eca and Pfizer-BioNTech were available for nearly 
6 months, whereas Janssen and Moderna were in-
troduced 2–3 months later. We conducted monthly 
adjustments of daily data; however, unidentified 
confounders may have affected the observed result. 
In addition, emergence of new variants may also 
affect the risk for breakthrough infection (9). Since 
mid-June 2021, Delta variant has become the domi-
nant strain in South Korea, which may have affected 
vaccine effectiveness and postinfection health out-
comes. Despite these limitations, our findings dem-
onstrate uniformly low numbers of serious disease 
cases in recipients of all 4 vaccine types, consistent 
with previous findings (10).

In conclusion, breakthrough infection was more 
common among adenovirus DNA vector vaccine 
recipients than among mRNA vaccine recipients. 
Booster vaccination with mRNA vaccines in adeno-
virus DNA vector vaccine–primed individuals may 
confer additional protection against SARS-CoV-2 
breakthrough infections.
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The severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) Omicron (B.1.1.529) variant 

of concern has been confirmed on all continents and 
has spread through communities around the world at 
unprecedented speed (1). Given uncertainties about 
current estimates of virus transmissibility, we ana-
lyzed real-life data on serial intervals for transmission 
pairs (time from infector symptom onset to infectee 
symptom onset) and secondary attack rate among 
household contacts, offering metrics essential for pre-
dicting epidemic size, forecasting healthcare demand, 
and devising effective public health interventions. 
Details of the epidemiologic situation with regard to 
importation and transmission of the Omicron variant 
in South Korea have been described elsewhere (2). We 
further traced a total of 76 case-patients with Omi-
cron infection that originated from 2 persons with 
imported cases (75 confirmed cases and 1 suspected 
case) and their contacts, focusing on infector-infectee 
relationships and household transmission during No-
vember–December 2021.

Because of the possibility of their being exposed 
to other potential sources of infection at church on 
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To clarify transmissibility of the severe acute respiratory 
syndrome coronavirus 2 Omicron variant, we determined 
serial intervals and secondary attack rates among house-
hold contacts in South Korea. Mean serial interval for 12 
transmission pairs was 2.9 days, and secondary attack 
rate among 25 households was 50.0%, raising concern 
about a rapid surge in cases.

1These authors contributed equally to this article.



November 28, 2021, we excluded infectees who had 
visited church on that date from transmission pairs. 
As for the time of infection in households, we as-
sumed that the earliest exposure occurred 2 days be-
fore symptom onset of an infector and the last expo-
sure before isolation of the infector. To calculate serial 
intervals, we did not include case-patients without a 
clear date of symptom onset. We defined a household 
as a group of persons living in the same residence 
with a shared space. This study was conducted as a 
legally mandated public health investigation under 

the authority of the Korean Infectious Diseases Con-
trol and Prevention Act (no. 12444 and no. 13392). The 
study was not research that was subject to institution-
al review board approval; therefore, written informed 
consent was not required.

We identified 25 households, comprising 55 
household members. Only 1 household comprised 
South Korea nationals; the others, foreign nationals. 
Of the 55 household members, 36 were confirmed 
to be Omicron-positive, among which secondary 
attack rate was 0.65 (95% CI 0.48–0.81). After we 
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Table. Characteristics of SARS-CoV-2 Omicron (B.1.1.529) variant of concern of index case-patients and household members, South 
Korea, 2021* 

Household  

Index case-patient 

 

Household members† 

Age, y/sex 
Transmission 

route 
Signs/symptoms at 

diagnosis 
COVID-19 vaccination status 

(vaccine)‡ 

No. 
members, 

n = 36 
No. confirmed 
cases, n = 18 

1 44/M Imported case Cough, sputum, sore 
throat 

Fully (mRNA-1273)  2 1 

2 38/M Contact with a 
confirmed case at 

the airport 

Fever, cough, myalgia Unvaccinated  2 1 

3 33/M Contact at church 
and restaurant 

Fever, cough, myalgia, 
headache 

Unvaccinated  1 1 

4 39/F Contact at church Fever, myalgia Partially (BNT162b)  1 0 
5 31/F Contact at church Myalgia Unvaccinated  0 0 
6 27/F Contact at church Fever, sore throat Unvaccinated  1 1 
7 33/F Contact at church Fever, chill, cough, 

myalgia, headache 
Unvaccinated  2 2 

8 34/F Contact at church Sore throat Unvaccinated  2 1 
9 50/F Contact at church Cough, sore throat, 

headache 
Fully (Ad26.COV2.S)  1 1 

10 56/F Contact with a 
friend 

Cough, fatigue Fully (Ad26.COV2.S)  0 0 

11 46/M Contact at church Asymptomatic Fully (mRNA-1273)  0 0 
12 39/F Contact at a 

restaurant 
Sore throat Unvaccinated  2 2 

13 77/F Contact at church Cough, sore throat Fully (BNT162b)  2 0 
14 44/F Contact at church Sputum, sore throat Fully (mRNA-1273)  1 1 
15 6/M Contact at a 

childcare center 
Asymptomatic Unvaccinated  2 0 

16 31/F Contact at church Fever, sputum, sore 
throat 

Unvaccinated  1 0 

17 23/F Contact with a 
friend 

Fever, chill, cough, 
sputum, sore throat, 
myalgia, headache 

Fully (mRNA-1273)  1 0 

18 4/M Contact at street Asymptomatic Unvaccinated  3 0 
19 64/F Contact at church Asymptomatic Fully (mRNA-1273)  0 0 
20 67/F Contact at church Asymptomatic Unvaccinated  1 1 
21 34/F Contact at church Fever, myalgia Unvaccinated  1 1 
22 33/F Contact at church Sore throat, rhinorrhea Fully (BNT162b)  2 0 
23 45/F Contact with a 

family member 
Asymptomatic Fully (Ad26.COV2.S)  2 1 

24 2/F Contact at 
playground 

Fever, rhinorrhea Unvaccinated  4 3 

25 3/M Contact at a 
childcare center 

Asymptomatic Unvaccinated  2 1 

Total 
 

NA NA NA  36 18 
Attack rate 

 
NA NA NA  NA 0.50 

*COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Household members who participated in church service on November 28, 2021, were excluded. 
‡An unvaccinated person had received no COVID-19 vaccine. A partially vaccinated person had received a COVID-19 vaccine but had not completed the 
primary series >14 d before illness onset. A fully vaccinated person had completed the primary series of COVID-19 vaccine >14 d before illness onset; 
vaccinated index case-patients received BNT162b, n = 3; mRNA-1273, n = 5; or Ad26.COV2.S, n = 3. 

 



excluded the 19 household members who had vis-
ited church on November 28, 2021, the remaining 
36 were confirmed to be Omicron case-patients; 
secondary attack rate among the 18 was 0.50 (95% 
CI 0.35–0.72) (Table).

We used 12 transmission pairs for the calculation, 
including 12 infectors and 19 infectees. Mean (± SD) 
ages were 34.2 (± 18.2) years for infectors and 32.5 (± 
21.7) years for infectees. The mean incubation period 
of the transmission pairs was 2.5–4.3 days, and the 
median incubation period was 3–4 days. The mean (± 
SD) serial interval for the pairs was 2.9 (± 1.6) days; 
the median serial interval was 3.0 days (Appendix, 
https://wwwnc.cdc.gov/EID/article/28/3/21-
2607-App1.xlsx).

The estimated mean serial interval of 2.9 days 
for Omicron was shorter than that determined for 
wild-type virus and the Delta variant found in other 
studies conducted in South Korea (3,4). Enhanced 
nonpharmaceutical interventions such as rapid 
isolation of case-patients, as revealed by the mean 
time of 0.75 (range 0–4) days from symptom onset 
to isolation among infectors, and meticulous contact 
tracing during the study period may have shortened 
the serial interval and reduced superspreading po-
tential, as evidenced in other research (5). Thus, fur-
ther studies in other places or at other periods, are 
needed, using larger sample sizes to more accurately 
estimate transmission dynamics and effects of pub-
lic health measures.

The household secondary attack rate that we 
found, factoring in vaccination status and prior in-
fections, was substantially higher than rates for wild 
type virus and the Delta variant of concern previ-
ously reported in South Korea and other countries 
(6). This finding is in line with earlier reports that 
suggested increased household risk for transmis-
sion of Omicron variant (7,8), although enhanced 
isolation in conjunction with a comprehensive test-
ing strategy for contacts of case-patients may par-
tially inflate secondary attack rate in our study. Of 
note, in our study, the secondary attack rate among 
fully vaccinated persons is high (62.5%, 10/16), thus 
heightening concerns over immune escape and the 
possibility that Omicron may be associated with 
considerably reduced vaccine effectiveness. How-
ever, further studies are needed to accurately assess 
the relative roles of increased intrinsic transmissibil-
ity and immune escape.

Our findings with regard to Omicron transmissibili-
ty by symptomatic index case-patients supports that of a 
meta-analysis reporting that that secondary attack rates 
were higher in households with symptomatic rather 

than asymptomatic index case-patients (6). However, 
caution is warranted when interpreting our results be-
cause other social and demographic factors could not be 
properly adjusted and sample size was too small to en-
sure adequate statistical power. Our findings of a short 
serial interval among transmission pairs and a high 
secondary attack rate among household members adds 
timely real-life evidence of increased transmissibility of 
the Omicron variant of concern along with the potential 
for immune escape, thus necessitating a package of ef-
fective public health measures to mitigate the spread of 
Omicron in each country.
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As of April 14, 2021, a total of 11,608 cases and 
207 deaths from coronavirus disease (COV-

ID-19) had been reported in Hong Kong (1). A series 
of community epidemics have occurred, the largest 
of which have been the third wave in June–October 
2020, which had 3,978 cases, and the fourth wave in 
November 2020–March 2021, which had 6,048 cases. 
To suppress local transmission of COVID-19, the 
government implemented a combination of public 
health and social measures (PHSMs): bar closures, 
restaurant capacity restrictions and opening hour 
restrictions, bans on live music performances and 
dancing, and work-from-home advisories (2). On-
going assessment of the effect of these measures on 
transmission can guide evidence-based policy. One 
type of location in which COVID-19 transmission 
is known to occur is restaurants (3). Earlier studies 
have evaluated the impact of PHSMs, including re-
strictions on large group gatherings (4–6), but the 
specific effect of restaurant measures was not stud-
ied. Here we focus on the effect of restaurant mea-
sures on transmission in Hong Kong.

We collected details and time of implemen-
tation of each intervention of all the PHSMs ap-
plied during the third and fourth waves from the 
official reports of the Hong Kong government (7) 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/28/3/21-1015-App1.pdf). In wave 3, a ban 
on dine-in service after 6:00 pm was in force during 
July 15–August 27, 2020 (Figure, panel A). Other 
PHSMs were implemented on the same day and 
kept in place for longer. Wave 4 was initiated by 
multiple superspreading events in a network of 
dancing venues. A ban on dine-in service after 6:00 
pm was implemented on December 10, 2020, which 
was a week to a month later than the implementa-
tion of other PHSMs (Figure, panel B). Hence, we 
could disentangle the effect of shortened dine-in 
hours from other measures. No other PHSMs were 
implemented before the study period.

To determine the effect of the ban on dine-in ser-
vices after 6:00 pm, we applied a previous approach 
to estimate time-varying reproduction number (Rt) 
(8,9). Then, we fitted LASSO regression models to 
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Controlling transmission in restaurants is an important 
component of public health and social measures for 
coronavirus disease. We examined the effects of res-
taurant measures in Hong Kong. Our findings indicate 
that shortening operating hours did not have an effect on 
time-varying effective reproduction number when capac-
ity was already reduced.



log(Rt) to assess the effect of the ban on dine-in ser-
vices after 6:00 pm on Rt, accounting for the effect 
from other PHSMs (10). We allowed for a 7-day lag 
between implementation of a measure and its effect 
on incidence, to account for the incubation period. In 
both waves, we grouped the PHSMs other than ban 
on dine-in services after 6:00 pm into a single variable 

to indicate the period when >3 of these other PHSMs 
were in place.

We estimated that the ban on dine-in services af-
ter 6:00 pm did not reduce Rt in both waves, but other 
PHSMs were associated with substantial reductions 
in Rt. In wave 3, Rt rose rapidly to 4.5 on June 27, 
2020, but ≈1 week after measures were applied it was 
<1.0 (Appendix Figure, panel A). Implementation of 
>3 other PHSMs was associated with a 53% (95% CI 
44%–59%) decrease in Rt (Table).

In wave 4, Rt increased to 3.1 on November 16, 
2020, and then decreased to ≈1.0 after PHSMs began 
(Appendix Figure, panel B). Implementation of >3 
other PHSMs was associated with a 40% (95% CI 28%–
47%) decrease in Rt. Another model that excluded ba-
sic civil service arrangement in other PHSMs showed 
that a ban on dine-in service beginning at 6:00 pm did 
not have an effect (Table). We performed sensitivity 
analysis to remove the effect of superspreading in 
wave 3 by changing the start date to July 1, 2020; we 
found the ban on dine-in service from 6:00 pm did not 
have an effect (Appendix Table 2).

Our analysis suggested that the PHSMs were 
critical for suppressing the third and fourth waves 
of COVID-19 in Hong Kong. However, we found 
that a ban on dine-in hours after 6:00 pm might not 
have had an effect in both waves when capacity 
was already reduced. A complete closure of restau-
rants in Hong Kong would have considerable so-
cial impact because dining out is very common. We 
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Table. Effect on time-varying reproduction number of public 
health and social measures in waves 3 and 4 of COVID-19, Hong 
Kong, 2020–2021 

PHSM 
% Change in Rt 

(95% CI) 
Model 1  
 Wave 3  
  Ban on dine-in service after 6:00 PM† 0 
  >3 other PHSMs‡ −53 (−59 to −44) 
 Wave 4  
  Ban on dine-in service after 6:00 PM 0 
  >3 other PHSMs −40 (−47 to −28) 
Model 2  
 Wave 3 

 

  Ban on dine-in service after 6:00 PM 0 
  >3 other PHSMs, excluding basic civil  
  service arrangement 

−51 (−57 to −43) 

 Wave 4  
 

  Ban on dine-in service after 6:00 PM 0 
  >3 other PHSMs, excluding basic civil  
  service arrangement 

−38 (−46 to −27) 

*Wave 3 was June 15–September 30, 2020; wave 4 was November 1, 
2020–March 15, 2021. COVID-19, coronavirus disease; PHSM, public 
health and social measure; Rt, reproduction number.  
†Because of variable selection and regularization in LASSO regression, 
the regression coefficient was shrunk to 0 in the model. 
‡Other PHSMs include restricted headcount in restaurants, ban on group 
gatherings, bar closure, flexible civil service arrangement, and ban on live 
performances and dancing activity. 

 

Figure. Use of public health and social measures (PHSMs) to reduce transmission of coronavirus disease in 2 waves of the epidemic, 
Hong Kong, 2020–2021. A) Incidence and implementation of PHSMs during wave 3, June 15–September 30, 2020. B) Incidence and 
implementation of PHSMs during wave 4, November 1, 2020–March 20, 2021. Dark and light gray bars represent the incidence of 
unlinked local cases and linked local cases of coronavirus disease in Hong Kong. Linked local cases are cases that are linked initially or 
after epidemiological investigation. Effective periods of PHSMs related to restaurants are shown in shaded areas in different colors. 



hypothesize that encouraging restaurants to extend 
dine-in hours, but with capacity restrictions to re-
duce crowding, could be a reasonable approach to 
reduce transmission. 

A limitation of our analysis is that we cannot 
distinguish the effect of some PHSMs because they 
began simultaneously. We cannot rule out that a ban 
on dine-in service after 6:00 pm might have an effect 
if it began earlier than other PHSMs or in regions 
with high incidences. In addition, changes in Rt are 
a consequence of individual behavioral changes such 
as avoiding crowded areas; increasing incidence and 
implementation of multiple PHSMs could raise the 
public’s perception of risk. Determining the effective-
ness of alternative PHSMs would provide evidence-
based guidance on control strategies.
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Whipple disease was reported in 1907 and is a 
chronic infectious disease caused by the bacte-

rium Tropheryma whipplei (1). This disease can involve 
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To help clarify the clinical manifestations, diagnosis, and 
treatment for Whipple disease, we report a case of a man 
in China infected with Tropheryma whipplei. The patient 
had multiple subcutaneous nodules as the only manifes-
tation, which was not consistent with the typical symp-
toms of T. whipplei infection.



multiple organs and systems and has a variety of clinical 
manifestations, in which arthralgia and digestive 
disorders are the most common first symptoms. Be-
cause of the variety and confusion of symptoms, the 
average time to diagnosis is >6 years (2). We report 
an elderly man given a diagnosis of T. whipplei skin 
infection and aim to increase awareness of diagnosis 
and treatment for Whipple disease.

A 62-year-old man (farmer) came to a dermatol-
ogy clinic in Shandong, China, during November 2020 
because of multiple subcutaneous nodules. The patient 
was otherwise healthy. These nodules were the only 
manifestation; the patient had no fever, arthralgia, 
diarrhea, malabsorption, or emaciation. The subcu-
taneous nodules first appeared on the left waist dur-
ing January 2020. Nodules were ≈0.3 cm × 0.3 cm and 
gradually increased to ≈2.0 cm × 2.0 cm before treat-
ment. Nodules then appeared successively on the right 
axilla, back, left thigh, and waist. These subcutaneous 
nodules were 0.8 cm × 2.5 cm, firm, and painless. The 
surfaces of 2 nodules on the left thigh were ulcerated. 

The nodules were removed surgically at a lo-
cal hospital during March and August 2020 (Figure, 
panel A). However, pathologic examination was not 
performed, and treatment was not given.

When the patient visited our hospital, a series of 
examinations were given. Laboratory results includ-
ed a leukocyte count of 6.76 × 109 cells/L (reference 
range 3.5 × 109–9.5 × 109 cells/L) with 58.3% neutro-
phils (reference range 50%–70%), a C-reactive protein 
level of 24.35 mg/L (reference value <8.0 mg/L), and 
an erythrocyte sedimentation rate of 89 mm/h (refer-
ence range <1–12 mm/h).

The subcutaneous nodule on the right axilla was 
surgically removed and tested by using pathologic ex-
amination. The result showed granulomatous inflam-
mation with massive necrosis and small abscesses (Fig-
ure, panel B). The other subcutaneous nodules, except 

for the small nodules that reappeared on the waist, 
were then removed and tested by using pathologic ex-
amination, routine culture (aerobic and anaerobic cul-
ture for 7 days), and shotgun metagenomic sequencing 
(CapitalBio MedLab, https://www.bionity.com).

Pathologic examination showed granuloma-
tous inflammation and formation of small abscesses. 
Routine cultures of nodules were negative, but the 
metagenomic sequencing result was positive for T. 
whipplei (Appendix, https://wwwnc.cdc.gov/EID/
article/28/3/21-1989-App1.pdf).

To verify the result of metagenomic sequenc-
ing, we performed PCR to amplify a partial nucleo-
tide sequence for T. whipplei and examined patho-
logic sections by using periodic acid–Schiff stain. 
We sequenced the positive PCR product to further 
confirm the infection (Appendix). Staining results 
showed PAS-positive inclusions inside the cyto-
plasm of foamy macrophages, which was the typi-
cal pathologic feature of T. whipplei infection (Fig-
ure, panel C).

On the basis of the diagnosis of T. whipplei in-
fection, the patient was given doxycycline (100 mg 
2×/d) and hydroxychloroquine (200 mg 2×/d) orally 
for >1 year starting in January 2021. Six months later, 
the subcutaneous nodules on the waist were not pal-
pated, and no other new subcutaneous nodules were 
observed. The patient remains free of relapse.

Whipple disease is a rare infectious disease. 
Nearly 80% of patients had arthralgia and digestive 
disorders before they were given a diagnosis (3). 
Skin lesions in this disease are infrequent. Erythema 
nodosum–like lesions are specific manifestations in 
patients with T. whipplei infection because of the re-
sponse to the immune reconstitution inflammatory 
reaction after initial of antimicrobial drug therapy 
(4). Our patient had multiple subcutaneous nodules 
and was not given any antimicrobial drugs before  

762 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 28, No. 3, March 2022

RESEARCH LETTERS

Figure. Analysis of subcutaneous nodules caused by Tropheryma whipplei infection in a patient in China, 2020. A) Surface of 
subcutaneous nodule on the left thigh showing ulceration. B) Histopathologic analysis showing granulomatous inflammation with 
massive necrosis and small abscesses formation. Periodic acid-Schiff stain. Scale bar indicates 100 µm. C) Inclusions inside cytoplasms 
of foamy macrophages. Periodic acid-Schiff stain. Scale bar indicates 20 µm.



diagnosis. Therefore, the multiple subcutaneous nod-
ules were considered to be primary skin lesions.

To further evaluate whether the infection affected 
the intestine, the patient underwent enteroscopy. Re-
sults of enteroscopy showed that there was no infec-
tion in the intestine. Symptoms was not consistent 
with the typical symptoms of T. whipplei infection and 
complicated the diagnosis.

Although metagenome sequencing results posi-
tive for T. whipplei infection are not the standard for 
diagnosis, this technology provided clues and im-
proved the diagnosis. Specific PAS staining for T. 
whipplei further confirmed the result of metagenome 
sequencing.

On the basis of the diagnosis, we discontinued 
treatment with doxycycline and trimethoprim/sul-
famethoxazole because of inactivity of trimethoprim 
and acquired resistance to sulfamethoxazole for T. 
whipplei infection (5). The patient was then given 
doxycycline and hydroxychloroquine and showed 
satisfactory results. However, a long-term therapeu-
tic course and close follow-up are essential to avoid 
relapses and reinfection.

Whipple disease has been rarely reported in 
China. The few reports involved the central nervous 
system and respiratory system (6,7). Our report dem-
onstrates a patient who had T. whipplei infection and 
multiple subcutaneous nodules as the initial and 
single symptom. Currently, treatment and follow-up 
are ongoing, and the therapeutic effect is satisfactory. 
However, lifetime susceptibility and high relapse rate 
pose a challenge to treatment. We hope to increase the 
understanding of Whipple disease through the diag-
nosis and treatment for this case-patient.
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To the Editor: We previously proposed a no-
menclature for human respiratory syncytial virus 
(HRSV) to standardize the sharing of viral isolates 
and sequences (1). This nomenclature was adopted 
by the World Health Organization’s Global RSV sur-
veillance program and incorporated into the GISAID 
EpiRS platform (https://www.gisaid.org). One situ-
ation not covered in our proposal was when subtypes 
HRSV A and HRSV B coexist in the same clinical sam-
ple. Although this situation appears relatively infre-
quently, usually in <1% of HRSV-positive respiratory 
samples (2,3), some sources describe higher levels of 
codetection (e.g., 3.4% in a study from Senegal [4]). 
Dual infections may also be more frequently identi-
fied when subtype-specific PCR is introduced, as they 
have been in phase 2 of the World Health Organiza-
tion RSV program (5,6). We offer an approach to clar-
ify nomenclature in such instances of codetection. 

We recommend that the designations in the style 
of HRSV/A-B/Iran/1234/2021 be used in laboratory 
databases. However, the most important output from 
these samples is likely to be the genetic sequences. 
We recommend separate database submissions of the 
consensus sequences from HRSV A and HRSV B be 
designated, for example, HRSV/A/Iran/1234/2021 
and HRSV/B/Iran/1234/2021, each having the same 
metadata and noting that both sequences came from 
the same clinical sample. Clearly identifying dual 
HRSV A and B infections will enable closer monitor-
ing and, therefore, better understanding of the true 
frequency of these co-occurrences, of importance be-
cause dual infections raise interesting questions about 
illness severity compared with infection with HRSV A 
or B alone, duration of protection from reinfection, and 
factors modulating the frequency of dual infections. 

We also note that dual infections may raise tech-
nical difficulties, such as assignment of sequence 
reads to the correct subgroup. However, algorithms 
such as IRMA (image registration meta-algorithm) (7) 
that appear effective for sequencing approaches (e.g., 
Illumina, https://www.illumina.com) and long-read 
approaches (e.g., Oxford Nanopore, https://nano-
poretech.com) might also be employed to ensure cor-
rect generation and assignment of HRSV A and B se-
quences from dual infections. Whereas co-infections 
with other respiratory pathogens are clearly recog-
nized and well-studied, dual infections with HRSV A 
and B remain less so, but we are now well-positioned 
to identify these infections.
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“‘Tis called the evil.

A most miraculous work in this good king,

Which often since my here-remain in England

I have seen him do. How he solicits heaven,

Himself best knows, but strangely visited people,

All swoll’n and ulcerous, pitiful to the eye,

The mere despair of surgery, he cures,

Hanging a golden stamp about their necks,

Put on with holy prayers.”

–Malcolm, Act 4, Scene 3, in  
William Shakespeare’s Macbeth

Throughout history, divine approval has been 
claimed by many rulers in establishing legiti-

macy of their monarchy and has been integral to 
governance in the development of many cultures. 
In ancient and Imperial China, a tradition of a man-
date of heaven, as the will of the universe or natural 
law, was used to justify the position of the ruler. In 
the Inca Empire, the traditional ruler was consid-
ered the progeny of the sun god and in that capacity 
had to be accorded absolute power over the people, 
such as the sun itself has. European history is re-
plete with similar traditions of monarchical claims 
for legitimacy. In Britain and in France, the evolu-
tion of the concept of “the divine right of kings” and 
the resultant philosophic traditions favoring or op-
posing such a concept shaped much of the history 
of the past millennium. Both monarchies claimed 
to rule by divine will, and to this day, the British 
Coronation service includes a sacred anointing of 
the new king or queen.

Angel (Coin) of the Second Reign (1471–1483) of Edward IV. Gold, 29 mm, 5.1 g, 1473‒1477. British Museum, London, UK.
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Many religious traditions have had thaumaturgic 
(relating to supernatural powers) touch as a tradition. 
In Britain, reference to the monarch as having divine 
power in “the royal touch” dates to the 11th century, 
when it was believed that Edward the Confessor, last 
of the Anglo-Saxon kings, possessed powers to heal 
the sick through some form of laying on of hands. 
In official ceremonies in his and subsequent reigns, 
subjects could approach the monarch to seek the 
imperial touch, hoping to cure their ailments or dis-
eases. For centuries, the disease that most readily lent 
itself to the occasional appearance of success in this 
regard was scrofula (i.e., lymphadenitis—most com-
monly tuberculous cervical lymphadenitis), which 
would manifest itself with painful and visible sores 
that could go into remission and even go into resolu-
tion, giving the impression of a royally induced cure. 
Scrofula is a term that has fallen into disuse like many 
other medical terms in English (e.g., catarrh, ague, 
quinsy, dropsy, and grippe), principally because of 
diagnostic advances and more precise disease char-
acterization. However, because of the association of 
its spontaneous remission with the royal touch, tu-
berculous lymphadenitis was also called “the king’s 
evil,” and throughout most of the past millennium, its 
presence in European populations was very common.

In well-orchestrated ceremonies in which a mon-
arch would come into contact with crowds of infected 
people, the laying on of hands benefited both ruler 
and subject; it underlined the divinely legitimized au-
thority and power of the monarch and demonstrated 
accessibility to poor mortals. Common petitioners re-
ceived hope for a cure of their disease by virtue of 
the imperial touch. Frequently, from the 15th through 
the 17th centuries, such supplicants were also given 
a hammered gold coin, known as an Angel, as a gift. 

This denomination of coin was introduced to England 
by King Edward IV in 1465, patterned after a similar 
coin minted in France, called an ange or angelot. 

An example of a gold Angel is featured on this 
month’s cover. On the obverse (front) of the coin, 
there is a winged standing figure of the Archangel 
Michael slaying a dragon (evil) with a spear, a figure 
with a mythology dating from the 4th century bce. 
On the reverse, a central shield is depicted within the 
ship of state with a thick mast and thick main spar, 
flanked by the King’s initial (E) and a rose; the stays 
of the mast emanate from the ship’s masthead be-
low the crow’s nest. A depiction of three ships with 
similar masts and rigging, found in a Flemish 15th 
century manuscript, is presented in the Figure. Un-
like most other coinage that was hammered by hand 
as the production method that dominated until 1662, 
the basic design of the Angel remained constant over 
two centuries. Commonly, these coins were pierced 
with a hole at the top through which a cloth or chain 
could be passed for the coin to be worn around the 
neck. Touching the coin, which the king himself had 
touched, was thought to be healing as well. Tales of 
success and demand for physical contact with the 
king by persons with scrofula became so great that 
distribution and receipt of such coins gradually be-
came a substitute for the regal touch itself.

In March 1882, Robert Koch demonstrated that 
the tubercle bacillus was the causative organism of 
the clinical manifestations associated with pulmo-
nary tuberculosis (TB). In 1896, the organism was 
assigned to a new genus, Mycobacterium. At the 
time, TB was a leading cause of death in Europe; 
discovery of an infectious etiology led to preventive 
approaches that resulted in dramatic decreases in 
cases of illness and death from TB, even in the 19th 
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Figure. Artist unknown. Magnification 
of portion of page from Flemish 
manuscript “Romance of Alexander,” 
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deaths of nearly one-
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ert Koch astounded the 
scientifi c community by 
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one out of every seven 
people. Koch’s discovery 
opened the way towards 
diagnosing and curing TB.

Click on the link be-
low to access Emerging 
Infectious Diseases articles 
and podcasts, and to learn 
more about the latest in-
formation and emerging 
trends in TB.

century. Although lymphadenitis is one of the clini-
cal manifestations of infection with Mycobacterium 
tuberculosis, either as the result of hematogenous or 
lymphatic spread, cervical lymphadenitis is also of-
ten observed when the primary focus of disease is 
the tonsils or pharynx, as was common in the time of 
Edward IV, as the result of drinking milk or eating 
milk products contaminated with bovine tubercle ba-
cilli (i.e., M. bovis). Although pasteurization of milk 
and screening and care of cattle have greatly limit-
ed exposure to M. bovis since the late 19th century, 
cervical lymphadenitis remains an extrapulmonary 
feature of M. tuberculosis disease; in 2020, ≈8% of US 
TB patients had lymphatic TB. Cervical lymphadeni-
tis may also result from receipt of M. bovis–derived 
Bacillus Calmette-Guérin (BCG) vaccine, which is 
given to infants in high-risk countries to reduce the 
risk for TB disease and disseminated TB, as well as 
from nontuberculous (environmental) mycobacte-
rial infections, usually M. avium intracellulare or M. 
scrofulaceum. Fortunately for all, the contributions of 
Koch, his contemporaries, and his successors to our 
understanding of the infectious etiologies of scrofula 
have obviated the need to pursue the royal touch of 
gold to cure the king’s evil.
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Article Title
Rising Incidence of Legionnaires’ Disease and Associated  

Epidemiologic Patterns, United States, 1992–2018

CME Questions
1. What did the current study find regarding trends in 
Legionnaires’ disease (LD) incidence according  
to age?
A. The incidence of LD increased to a similar 

degree across all age groups
B. There was a trend toward increasing incidence 

of LD among adults as age increased
C. The incidence of LD increased only among 

adults at age ≥65 years
D. The incidence of LD declined among persons 

aged <30 years but increased among older 
adults

2. Which of the following trends was noted in the 
incidence of LD according to sex in the current study?
A. The incidence of LD was consistently higher 

among men compared with women over time
B. The incidence of LD was higher among men vs 

women until 2011, when this trend reversed
C. The incidence of LD rose only among men 

during the study period
D. There were no sex-based differences in the 

incidence of LD during the study period

3. Which of the following trends in the incidence of LD 
according to race was noted in the current study?
A. Most cases of LD occurred among White 

individuals, who had a larger increase in age-
standardized incidence rates of LD over time 
compared with Black individuals

B. Most cases of LD occurred among White 
individuals, who had a smaller increase in age-
standardized incidence rates of LD over time 
compared with Black individuals

C. Most cases of LD occurred among Black 
individuals, who had a smaller increase in age-
standardized incidence rates of LD over time 
compared with White individuals

D. Most cases of LD occurred among Black 
individuals, who had a larger increase in age-
standardized incidence rates of LD over time 
compared with White individuals

4. What were the most common regions and seasons 
for LD in the current study?
A. Northeast; summer
B. Midwest; winter
C. West; spring
D. Southeast; fall
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1. Your patient is a 6-year-old boy thought to 
have enterovirus (EV) infection. According to 
the serologic study in Kansas City, Missouri, by 
Livingston and colleagues, which of the following 
statements about neutralizing EV-D68 antibodies 
to the 2014 B1, 2014 B2, and 2014 D clade virus in 
pediatric sera salvaged during 2017 from patients 
aged 6 months to 18 years, including persons born 
after the 2014 outbreak, is correct? 
A.  Neutralizing antibodies to B1 were not detected in 

children born after 2014
B.  Neutralizing antibodies to B2 and D were detected in 

approximately half of samples 
C.  Serum titers from 2017 samples were similar to those 

in sera obtained in 2012 to 2013 from comparably 
aged children

D.  Seronegative rate was highest (15.3%) for the B2 
virus 

2. According to the serologic study in Kansas City, 
Missouri, by Livingston and colleagues, which of 
the following statements about associations of 
neutralizing EV-D68 antibody titers with demographic 
and medical history factors is correct?
A.  Median neutralizing titers rose with advancing age 

groups (P<0.001), except that titers were similar in 
age groups 11 to 15 years and >15 years 

B.  On multivariate analysis, titers against B1 virus were 
significantly higher in people with asthma

C.  Family size was significantly associated with 
neutralizing EV-D68 antibody titers

D.  Children born in 2016 had lower titers than those born 
in 2014 or 2015

3. According to the serologic study in Kansas City, 
Missouri, by Livingston and colleagues, which of the 
following statements about clinical and public health 
implications of neutralizing EV-D68 antibodies to the 
2014 B1, 2014 B2, and 2014 D clade virus in pediatric 
sera salvaged during 2017 from patients aged 6 
months to 18 years, including persons born after 
the 2014 outbreak, and of associations of antibody 
titers with demographic and medical history factors 
is correct? 
A.  This study determined protective thresholds for 

serum-neutralizing antibodies
B.  EV-D68 causes severe pediatric respiratory illness 

outbreaks, particularly affecting persons with asthma, 
and is associated with acute flaccid myelitis

C.  The study findings suggest that EV-D68 no longer 
circulated in Kansas City once the 2014 outbreak 
concluded

D.  Increasing titers with increasing age resulted 
solely from increasing EV-D68 antibody 
specificity over time after the initial infection




