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Worksites that have had on-site operations dur-
ing the coronavirus disease (COVID-19) pan-

demic have been vulnerable to COVID-19 outbreaks. 
The effect of COVID-19 on essential workers in food 
manufacturing has been well-described, but limited 
data exist on the burden of COVID-19 in other indus-
try sectors (1). The high-density, fast-paced environ-
ments of food production facilities pose a barrier to 
proper adherence to COVID-19 prevention measures, 
such as social distancing, use of face coverings, and 

cleaning of shared spaces (2). These challenges are 
not unique to food production facilities. Furthermore, 
factors distinctive to other sectors, such as increased 
contact with the public, could similarly increase the 
risk of COVID-19 worksite exposure. A closer exami-
nation of the COVID-19 burden in multiple industry 
sectors, particularly within their specifi c subsectors, 
is warranted to provide a more complete character-
ization of the risk and impact of COVID-19 exposure 
in worksites.

In Los Angeles County, California, USA, the fi rst 
COVID-19 worksite outbreak was identifi ed by the 
Los Angeles County Department of Public Health 
(LACDPH; Los Angeles, CA, USA) on March 19, 2020; 
by September 30, 2020, LACDPH had investigated 
698 worksite outbreaks. Safer at home orders required 
all nonessential businesses in Los Angeles County to 
close operations during March 16–May 8, 2020, when 
some businesses opened under modifi ed operations. 
The number of COVID-19 worksite outbreaks mir-
rored trends in community transmission. Worksite 
outbreak numbers increased until mid-July, followed 
by a gradual decrease until September 30. This analy-
sis identifi es the industries that were most affected by 
COVID-19 outbreaks in Los Angeles County during 
March 19–September 30, 2020, and describes worksite 
outbreak characteristics to understand the risk of expo-
sure at the various worksites and to help guide public 
health outbreak prevention and response strategies.

Methods

Outbreak Identifi cation
This analysis included COVID-19 outbreaks at non-
residential worksites in Los Angeles County but 

Industry Sectors Highly Aff ected 
by Worksite Outbreaks of 
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Worksites	with	on-site	operations	have	experienced	coro-
navirus	 disease	 (COVID-19)	 outbreaks.	 We	 analyzed	
data	for	698	nonresidential,	nonhealthcare	worksite	CO-
VID-19	 outbreaks	 investigated	 in	 Los	Angeles	 County,	
California,	USA,	during	March	19,	2020‒September	30,	
2020,	 by	 using	 North	American	 Industry	 Classifi	cation	
System	 sectors	 and	 subsectors.	 Nearly	 60%	 of	 these	
outbreaks	occurred	in	3	sectors:	manufacturing	(n	=	184,	
26.4%),	retail	trade	(n	=	137,	19.6%),	and	transportation	
and	warehousing	(n	=	73,	10.5%).	The	largest	number	of	
outbreaks	and	largest	number	and	highest	incidence	rate	
of	outbreak-associated	cases	occurred	in	manufacturing.	
Furthermore,	 7	 of	 the	 10	 industry	 subsectors	 with	 the	
highest	 incidence	 rates	were	within	manufacturing.	Ap-
proximately	 70%	 of	 outbreak-associated	 case-patients	
reported	 Hispanic	 ethnicity.	 Facilities	 employing	 more	
on-site	staff		had	larger	and	longer	outbreaks.	Identifi	ca-
tion	of	highly	aff	ected	industry	sectors	and	subsectors	is	
necessary	for	targeted	public	health	planning,	outreach,	
and	response,	including	ensuring	vaccine	access,	to	re-
duce	burden	of	COVID-19	in	vulnerable	workers.
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excluded healthcare settings, homelessness services, 
and emergency medical services because outbreaks in 
these settings are investigated under different public 
health protocols. We excluded outbreaks in Pasadena 
and Long Beach because they have their own health 
departments. Initially, a worksite outbreak was iden-
tified when >5 suspected or laboratory-confirmed 
COVID-19 cases occurred within 14 days, with >1 
case being laboratory-confirmed. On May 29, upon 
increased testing capacity and development of state 
definitions, a worksite outbreak was subsequently 
defined as >3 laboratory-confirmed cases occurring 
within 14 days. A county health officer order was is-
sued requiring worksites to report any suspected out-
breaks that might meet the definition. All reported, 
suspected outbreaks were investigated by LACDPH 
to determine if the cluster met outbreak criteria, in-
cluding presence of epidemiologic links between 
cases indicating worksite transmission. Persons with 
COVID-19 were determined to be outbreak-associat-
ed cases on the basis of timing of symptoms or posi-
tive test result, exposure at the worksite during the 
investigation period, and absence of verifiable CO-
VID-19 exposure outside the worksite.

Outbreak Investigation Procedures
Worksite outbreaks were investigated by an investi-
gation team consisting of a public health investiga-
tor or public health nurse, a physician, and an envi-
ronmental health inspector. Guidance on COVID-19 
best practices was issued by the outbreak investiga-
tor to the worksite; guidance included recommenda-
tions on isolation of cases, contact investigation in the 
workplace, testing of close contacts, entry screening, 
physical distancing, masking, and cleaning/disinfec-
tion protocols. In addition, we conducted telephone 
conferences, as well as on-site visits, if needed, to as-
sess worksite compliance with COVID-19 safety pro-
tocols. Worksites that failed to comply risked closure. 
Worksites were required to submit case line lists to 
LACDPH, and these lists were used for documenta-
tion and tracking of outbreak-associated cases at each 
site. The public health investigator regularly com-
municated with the site contact during each worksite 
outbreak (3–5 times/wk) to monitor for additional 
cases until at least 2 weeks after the last outbreak-
associated case.

Analysis of Outbreak Data
We classified outbreaks by industry sector and sub-
sector as described by the North American Industry 
Classification System used for classifying business-
es (3). We calculated the outbreak-associated case  

incidence rate (IR) per 100,000 persons by using av-
erage annual employment data from the 2019 Quar-
terly Census of Employment and Wages (QCEW) 
for Los Angeles County (4). Because IR denomina-
tors include only employees, we excluded cases in 
nonemployees from IR calculations. We calculated 
outbreak duration by using symptom onset or test 
date, whichever was earlier, of the first and last out-
break-associated case. We calculated the Spearman 
correlation coefficient (ρ) to assess the strength and 
direction of association between the number of staff 
and number of outbreak-associated cases, as well 
as outbreak duration. We used descriptive statistics 
to summarize data. χ2 tests were used to assess dif-
ferences in case characteristics between sectors. All 
analyses were conducted by using SAS version 9.4 
(https://www.sas.com).

Results

Worksite Outbreaks by Industry Sector
This analysis included 698 worksite outbreaks iden-
tified by LACDPH during March 19–September 30, 
2020, of which 14% (n = 96) were still under inves-
tigation at the time of analysis. A total of 7,625 cases 
were associated with these outbreaks. We provide 
descriptive statistics for worksite outbreaks by North 
American Industry Classification System sector (Ta-
ble 1). Most outbreaks occurred in manufacturing (n 
= 184, 26.4%), retail trade (n = 137, 19.6%), and trans-
portation and warehousing (n = 73, 10.5%). Outbreak-
associated cases were highest in manufacturing (n = 
3,319, 43.5%), transportation and warehousing (n = 
980, 12.9%), and retail trade (n = 871, 11.4%). 

A total of 62 cases in nonemployees were ex-
cluded from IR calculations. Most (n = 15) nonem-
ployee cases were in students within the education-
al services sector and children in daycare (n = 38) 
within the healthcare and social assistance sector. 
The remaining 9 nonemployee cases were spread 
across multiple different sectors and identified as 
being in vendors/contractors working on-site dur-
ing the outbreak. The overall outbreak-associated IR 
was 171.8. The highest IRs were for manufacturing 
(980.8), transportation and warehousing (425.1), and 
wholesale trade (304.0). The overall median cases 
per outbreak was 6 (range 3–277), median on-site 
staff per outbreak was 95 (range 3–8,585), and medi-
an outbreak duration was 13 (range 0–189) days. The 
number of on-site employees showed a moderately 
positive correlation with the number of outbreak-
associated cases (ρ = 0.49), as well as outbreak dura-
tion (ρ = 0.54) (p<0.05).
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Outbreak-Associated Case-Patient Characteristics
Of 7,625 outbreak-associated case-patients, 79% (n = 
6,047) were ≥18 years of age and had demographic 
and outcome information available for analysis. Out-
break-associated case-patients were predominantly 
≤50 years of age, male, and Hispanic; there were some 
differences by sector (p<0.05) (Table 2). The other ser-
vices sector, comprised primarily of repair and main-
tenance businesses, was the only sector in which most 
(55.7%) case-patients were ≥50 years of age. The sec-
tors that had <50% male case-patients were healthcare 
and social assistance (22.1%); finance and insurance 
(35.7%); and professional, scientific, and technical 
services (44.4%). The proportion of Hispanic persons 
was highest in manufacturing (78.9%), followed by 
accommodation and food services (72.3%) and arts, 
entertainment, and recreation (71.4%). A few sectors 
had a lower proportion of cases in Hispanic persons 
than in non-Hispanic persons: educational services 
(37.0%); professional, scientific, and technical ser-
vices (46.7%); and public administration (38.7%). A 

total of 243 hospitalizations (4%) and 37 deaths (0.6%) 
occurred; no differences were observed by sector or 
race/ethnicity (p>0.05).

Worksite Outbreaks by Industry Subsector
We further analyzed worksite outbreaks by industry 
subsectors. Among the 69 subsectors represented in 
our data, most outbreaks were in food and beverage 
stores (n = 75, 10.7%; sector: retail trade), followed 
by food manufacturing (n = 70, 10.0%; sector: manu-
facturing) and food services and drinking places (n = 
64, 9.2%; sector: accommodation and food services). 
The highest number of outbreak-associated cases 
among subsectors were in food manufacturing (n = 
1,515, 19.9%; sector: manufacturing); warehousing 
and storage (n = 621, 8.8%; sector: transportation and 
warehousing); and apparel manufacturing (n = 595, 
7.8%; sector: manufacturing). Subsectors within the 
manufacturing, transportation and warehousing, 
and public administration sectors had the highest IRs  
(Table 3). The top 3 subsectors by IR were food 
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Table 1. Descriptive	statistics	for	worksite	outbreaks	of	coronavirus	disease,	by	North	American	Industry	Classification	System	
industry	sector,	Los	Angeles	County,	California,	USA,	March	19–September	30,	2020* 

Sector 
No.	(%)	
outbreaks 

No.	(%)	
outbreak-
associated	
cases 

Average	
no.	

employed	
annually† 

Outbreak-
associated	
incidence‡ 

Median	
duration	of	
outbreaks,	d	
(min–max) 

Median	no.	
outbreak-

associated	cases	
(min–max) 

Median	no.	staff	at	
outbreak	sites	
(min–max) 

Overall	total 698	(100.0) 7,625	(100.0) 4,439,578 171.8 13.0	(0–189) 6.0	(3–277) 95.0	(3–8,585) 
Accommodation	and	
food	services 

71	(10.2) 346	(4.5) 448,709 77.1 9.0	(0–71) 4.0	(3–16) 29.0	(3–180) 

Administrative	and	
support	and	waste 
management	and	
remediation	services 

14	(2.0) 100	(1.3) 278,535 35.9 11.0	(1–85) 6.0	(3–17) 40.0	(11–239) 

Arts,	entertainment,	and	
recreation 

3	(0.4) 63	(0.8) 107,967 58.4 41.0	(13–62) 22.0	(3–38) 302.0	(134–1,500) 

Construction 27	(3.9) 257	(3.4) 149,695 171.7 7.0	(1–83) 6.0	(3–81) 50.0	(7–3,000) 
Educational	services 11	(1.6) 62	(0.8) 380,928 12.3 7.0	(0–53) 5.0	(3–14) 69.5	(22–249) 
Finance	and	insurance 9	(1.3) 66	(0.9) 134,635 49.0 11.0	(1–30) 4.0	(3–22) 18.0	(4–201) 
Healthcare	and	social	
assistance§ 

29	(4.2) 199	(2.6) 777,828 20.7 11.0	(0–35) 6.0	(3–27) 68.0	(10–347) 

Information 10	(1.4) 46	(0.6) 210,439 21.9 7.0	(1–23) 4.0	(3–9) 58.5	(20–140) 
Manufacturing 184	(26.4) 3,319	(43.5) 338,308 980.8 20.0	(3–189) 9.0	(3–277) 153.5	(5–7,000) 
Mining, quarrying,	and	
oil	and	gas extraction 

1	(0.1) 3	(0.0) 1,895 158.3 9.0	(9–9) 3.0	(3–3) 22.0	(22–22) 

Other	services	(except	
public	administration) 

10	(1.4) 66	(0.9) 154,961 42.6 11.0	(2–36) 6.0	(3–13) 31.0	(8–120) 

Professional,	scientific,	
and	technical	services 

10	(1.4) 50	(0.7) 299,007 16.7 6.5	(1–21) 4.0	(3–16) 20.0	(3–216) 

Public	administration 44	(6.3) 483	(6.3) 174,522 276.2 12.0	(2–117) 6.0	(3–67) 160.0	(6–1,200) 
Real estate	and	rental 
and	leasing 

8	(1.2) 36	(0.5) 88,646 38.4 7.5	(0–11) 5.0	(3–7) 22.0	(6–115) 

Retail trade 137	(19.6) 871	(11.4) 416,640 208.3 12.0	(0–141) 5.0	(3–25) 99.0	(5–8,585) 
Transportation	and	
warehousing 

73	(10.5) 980	(12.9) 230,039 425.1 23.0	(0–158) 9.0	(3–125) 255.0	(4–2,083) 

Utilities 3	(0.4) 14	(0.2) 28,370 49.3 10.0	(5–11) 3.0	(3–8) 19.0	(10–71) 
Wholesale	trade 54	(7.7) 664	(8.7) 218,454 304.0 18.0	0–79) 8.0	(3–87) 84.0	(9–600) 
*Max,	maximum;	min,	minimum. 
†Denominator data were derived from 2019 Quarterly Census of Employment and Wages for Los Angeles County. 
‡Per 100,000	persons. Incidence	rate	calculations	excluded	cases	in	nonemployees	(n	=	62). 
§Full	name	of	sector	is	healthcare	and	social	assistance,	but	analysis	includes	only	worksites	in	social	assistance. 
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manufacturing (3,779.2), warehousing and storage 
(2,853.2), and apparel manufacturing (2,185.7).

Discussion
The manufacturing, transportation and warehous-
ing, and retail trade sectors had the highest number 
of COVID-19 outbreaks and outbreak-associated 
cases among 698 worksite outbreaks in Los Angeles 
County. Manufacturing had the highest IR, which 
was >5 times the overall IR and twice that of the next 
highest sector. Among the top 10 subsectors by IR, 
7 were from the manufacturing sector. Many work-
sites within the most affected subsectors were among 
those designated as essential critical infrastructure 
in California, enabling continued on-site operations 
through the pandemic. In addition, some nonessen-
tial manufacturing worksites redirected operations 
to the production of essential goods. Continued in-
person operations probably contributed to increased 
risk of COVID-19 exposure and transmission at these 
facilities. Four of 5 outbreak-associated case-patients 
within manufacturing were Hispanic, the highest 
number for any sector. Worksite outbreak data can 
help identify vulnerable workers and enable public 
health departments to target policies and response, 
including ensuring vaccine access, to employees most 
affected by COVID-19.

These findings are supported by an analysis in 
Utah that reported similar results in manufacturing 

(5). In contrast, construction was not a highly affected 
sector in Los Angeles County on the basis of number 
of outbreaks, outbreak-associated cases, or IR. Juris-
dictional differences in affected industries might vary 
by workforce distribution, reporting practices, and 
local outbreak identification and investigation pro-
cedures. This analysis identified affected subsectors, 
which might be essential for public health depart-
ments planning in diverse sectors (e.g., manufactur-
ing) that require subsector-specific considerations. 
The food manufacturing subsector had the highest 
IR among subsectors in our analysis and is known to 
be a high-risk industry (1). This study identified ad-
ditional manufacturing subsectors, such as apparel 
manufacturing and electrical equipment, appliance, 
and component manufacturing, which had among 
the highest IRs.

Facilities with more on-site staff are at risk for 
larger and longer COVID-19 outbreaks and should 
develop and implement strict safety protocols to pre-
vent worksite exposure and transmission. In addition 
to having the most outbreak-associated cases, manu-
facturing and transportation and warehousing had 
among the most on-site employees and longest out-
break durations. The high-density environments and 
close contact in production lines, long shifts, shared 
equipment, and common spaces might increase risk 
for exposure in manufacturing and warehousing set-
tings (6). In addition, practices such as use of shared 
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Table 2. Coronavirus disease outbreak‒associated case demographics and health outcomes, by North American Industry 
Classification	System	industry	sectors,	Los	Angeles	County,	California,	USA,	March	19–September	30,	2020* 
Sector Male sex† Age	≥50 y† Hispanic† Hospitalizations Deaths 
Overall	total 3,570/5,929	(60.2) 1,773/6,047	(29.3) 2,511/3,567	(70.4) 243/6,047	(4.0) 37/6,047	(0.6) 
Accommodation	and	food	services 135/263	(51.3) 62/267	(23.2) 99/137	(72.3) 9/267	(3.4) 1/267	(0.4) 
Administrative	and	support	and	waste 
management	and	remediation	services 

58/89	(65.2) 30/89	(33.7) 29/43	(67.4) 5/89	(5.6) 0/89	(0.0) 

Arts,	entertainment,	and	recreation 16/26	(61.5) 13/26	(50.0) 15/21	(71.4) 4/26	(15.4) 1/26	(3.8) 
Construction 156/160	(97.5) 36/167	(21.6) 57/92	(62.0) 4/167	(2.4) 0/167	(0.0) 
Educational	services 29/55	(52.7) 15/55	(27.3) 10/27	(37.0) 2/55	(3.6) 0/55	(0.0) 
Finance	and	insurance 20/56	(35.7) 20/56	(35.7) 21/33	(63.6) 5/56	(8.9) 0/56	(0.0) 
Health care	and	social	assistance§ 31/140	(22.1) 42/143	(29.4) 47/93	(50.5) 7/143	(4.9) 2/143	(1.4) 
Information 21/33	(63.6) 9/33	(27.3) 8/13	(61.5) 0/33	(0.0) 0/33	(0.0) 
Manufacturing 1,514/2,689	(56.3) 1,002/2,754	(36.4) 1,325/1,680	(78.9) 138/2,754	(5.0) 25/2,754	(0.9) 
Mining, quarrying,	and	oil	and	gas 
extraction 

1/1	(100.0) 1/1	(100.0) 0/0	(0.0) 0/1	(0.0) 0/1	(0.0) 

Other	services	(except	public	
administration) 

45/61	(73.8) 34	(55.7) 26/37	(70.3) 1/61	(1.6) 0/61	(0.0) 

Professional,	scientific,	and	technical	
services 

20/45	(44.4) 10/46	(21.7) 14/30	(46.7) 0/46	(0.0) 0/46	(0.0) 

Public	administration 208/292	(71.2) 54/294	(18.4) 74/191	(38.7) 9/294	(3.1) 2/294	(0.7) 
Real estate	and	rental	and	leasing 21/32	(65.6) 10/32	(31.3) 12/19	(63.2) 0/32	(0.0) 0/32	(0.0) 
Retail trade 377/656	(57.5) 131/676	(19.4) 262/394	(66.5) 19/676	(2.8) 1/676	(0.1) 
Transportation	and	warehousing 498/787	(63.3) 153/796	(19.2) 326/483	(67.5) 25/796	(3.1) 3/796	(0.4) 
Utilities 8/12	(66.7) 2/13	(15.4) 6/9	(66.7) 1/13	(7.7) 0/13	(0.0) 
Wholesale	trade 412/532	(77.4) 149/538	(27.7) 180/265	(67.9) 14/538	(2.6) 2/538	(0.4) 
*Values	are	no.	in	category/total	no.	(%). 
†p<0.05 by χ2 test. 
‡Full name of sector is health care	and	social	assistance,	but	analysis	includes	only	worksites	in	social	assistance. 
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transportation and frequent off-site worker interac-
tion might contribute to this risk (6). Poor ventilation 
and sanitation have been well-documented in apparel 
manufacturing (7). Worksites within retail trade also 
had a high burden of COVID-19 outbreaks. Food and 
beverage stores had the most outbreaks within re-
tail trade. Workers in these settings are particularly 
at risk for COVID-19 exposure because of their in-
creased contact with the public (6).

Differences in worksite compliance with CO-
VID-19 prevention protocols could also account 
for the higher COVID-19 burden seen in some in-
dustries. LACDPH site inspections, conducted in 
response to public complaints, have noted lower 
compliance with COVID-19 reopening and safety 
protocols in apparel manufacturing compared to 
restaurants (subsector: food services and drinking 
places) and grocery stores (subsector: food and bev-
erage stores). Recommendations such as physical 
distancing might be more challenging to implement 
in manufacturing sites because of interdependent 
workflow processes and less modifiable physical 
environments. In addition, food facilities such as 
grocery stores and restaurants that routinely inter-
act with public health departments because of per-
mit requirements or regular inspections might have 
more knowledge and experience responding to DPH 
recommendations, which could contribute to higher 
compliance in these settings. Limited data has been 
published on compliance with COVID-19 preven-
tion measures and potential barriers to compliance 
by industry. A closer and more systematic analysis 

of compliance with infection control measures by in-
dustry sector/subsector is needed.

Hispanic persons comprised 70% of outbreak-as-
sociated case-patients, which is almost twice the pro-
portion of Hispanic persons employed in Los Angeles 
County in the 18 industry sectors represented in this 
analysis (40%) (8). This finding is consistent with find-
ings of previous studies (1,5). Racial/ethnic minori-
ties are overrepresented within essential industries, 
which often have higher risk working conditions as 
described above. In addition, Hispanic persons might 
experience more language barriers and are less likely 
to have access to paid leave and flexible work sched-
ules (9,10). Community case rates of COVID-19 in Los 
Angeles County by race/ethnicity reflect an overall 
disproportionate burden on Hispanic persons, and 
the daily IR for Hispanic persons is more than twice 
that for white residents (11). Regardless of whether 
workplace exposure has driven community transmis-
sion or vice versa, a controlled worksite environment 
provides an opportunity to mitigate transmission 
within highly affected communities.

One limitation of our study is that the analy-
sis includes only outbreaks reported to LACDPH, 
which underestimates the actual number of out-
breaks. Because 14% of the investigations were on-
going, some outbreak-associated cases might not yet 
be documented. Employers might not have knowl-
edge of employee symptom status, health outcomes, 
and testing results such that cases, outbreaks, hospi-
talizations, and deaths would remain unknown and 
unreported. Worksites that conducted facilitywide 
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Table 3. Descriptive	statistics	for	10	North	American	Industry	Classification	System	Industry	subsector	that	had	the	highest	outbreak-
associated	incidence	rates	for	coronavirus	disease,	Los	Angeles	County,	California,	USA,	March	19–September	30,	2020* 

Subsector Sector 
No.	(%)	
outbreaks 

No.	(%)	
outbreak-
associated	
cases 

Average	no.	
employed	
annually† 

Outbreak-
associated	
incidence‡ 

Median	no.	
outbreak-

associated	cases	
(min–max) 

Food	manufacturing Manufacturing 71	(10.2) 1,592	(20.9) 40,088 3,971.3 11.0	(3–277) 
Warehousing	and	storage Transportation	and	

Warehousing 
35	(5.0) 621	(8.1) 21,765 2,853.2 10.0	(3–125) 

Apparel	manufacturing Manufacturing 15	(2.1) 595	(7.8) 27,223 2,185.7 16.0	(3–184) 
Beverage	and	tobacco	product	
manufacturing 

Manufacturing 6	(0.9) 99	(1.3) 6,357 1,557.3 10.5	(5–50) 

Electrical	equipment,	appliance,	
and	component	manufacturing 

Manufacturing 7	(1.0) 130	(1.7) 8,694 1,495.3 7.0	(3–68) 

Plastics	and	rubber	products	
manufacturing 

Manufacturing 10	(1.4) 92	(1.2) 11,476 801.7 7.5	(3–22) 

Furniture	and	related	product	
manufacturing 

Manufacturing 11	(1.6) 97	(1.3) 12,263 791.0 7.0	(4–24) 

Chemical	manufacturing Manufacturing 9	(1.3) 141	(1.8) 19,656 717.3 8.0	(3–58) 
Couriers	and	messengers Transportation	and	

Warehousing 
14	(2.0) 213	(2.8) 32,195 655.4 16.0	(5–31) 

Justice,	public	order,	and	safety	
activities 

Public	Administration 37	(5.3) 443	(5.8) 72,265 611.6 6.0	(3–67) 

*Only	rates	for	subsectors	with	>20	cases	are	included. Max,	maximum;	min,	minimum. 
†Denominator data were derived from 2019 Quarterly Census of Employment and Wages for Los Angeles County. 
‡Per	100,000	persons. Incidence	rate	calculations	excluded	cases	in	nonemployees	(n	=	62). 
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testing voluntarily or based on LACDPH recom-
mendations probably identified a higher number 
of cases. Of the 6,047 outbreak-associated cases that 
had demographic and outcome information avail-
able for analysis, 41% were missing race/ethnicity 
data. However, missing data are assumed to be ran-
dom across industries.

Outbreak-associated cases represent a fraction 
of cases in employees that might have occurred in 
each sector/subsector. Although outbreak-associated 
case-patients are more likely to have been exposed at 
the worksite, some non-worksite acquired cases were 
probably included.

The IR might be underestimated because of in-
clusion of persons in the denominator who were 
not captured in the numerator if they became case-
patients. Residents of Pasadena and Long Beach 
were included in the QCEW IR denominator for 
Los Angeles County, but outbreaks in these cit-
ies were excluded. Denominator data were based 
on 2019 QCEW average annual employment data, 
which was probably higher than employment in 
2020 during the pandemic. However, this differ-
ence was probably less pronounced in sectors such 
as manufacturing that are composed of mostly es-
sential businesses that continued operations. In 
addition, outbreaks in healthcare settings, home-
lessness services, and emergency medical services 
were excluded, underestimating the risks in the 
health care and social assistance and public ad-
ministration sectors the most. Finally, the IR might 
also have been affected by persons who were not 
captured in the denominator (e.g., QCEW does not 
capture informal employment, which is more com-
mon in certain sectors).

This study highlights key sectors that have been 
affected by COVID-19 outbreaks and would benefit 
most from public health outreach and education. A 
better understanding of employer- and employee-
level barriers that decrease compliance with public 
health measures and directives in specific industries 
is needed. COVID-19 safety protocols tailored to each 
industry that are culturally and linguistically appro-
priate to the employees at the worksite must be de-
veloped. Local champions can help build trust and 
support communication efforts.

Public health departments should cultivate and 
maintain relationships with labor representatives, 
worker advocates, and trade associations so that 
they can remain engaged with public health priori-
ties and can help implement health directives when 
needed. Public health departments must continue 
to target essential workers in the affected industries 

in vaccination efforts to address gaps in vaccine ac-
cess and barriers to uptake. The burden of disease, 
as well as the highest ethnic minority representa-
tion within manufacturing, underscores this sector 
as a priority area in Los Angeles County. The CO-
VID-19 pandemic has highlighted infrastructure 
disparities and labor challenges faced by the Los 
Angeles County workforce and is an opportunity 
to improve worker safety and well-being across  
all industries.
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Clostridioides (the genus name of this bacterium 
was changed from Clostridium to Clostridioides 

during 2018) diffi cile infection (CDI) is responsible 
for almost half a million infections and ≈29,000 
deaths in the United States annually (1). During 
2000–2014, the number of hospitalizations from 
CDI increased from 134,518 to 361,945, and the 

fi nancial contribution to inpatient healthcare ex-
penditure increased from $0.5 billion to $3.9 billion 
(2). Risk factors for CDI and colonization include 
older age, recent hospitalization, recent use of anti-
microbial drugs, and use of proton-pump inhibitors 
(3). Transmission of C. diffi cile occurs through the 
spread of spores primarily through environmental 
contamination, hands of healthcare personnel, and 
asymptomatic carriers (4). Several well-established 
guidelines recommend strategies in the inpatient 
setting to prevent and treat CDI. Prevention meth-
ods strongly recommended in the guidelines with-
in an acute-care setting include isolating patients 
with CDI in private rooms with private toilets, us-
ing gloves and gowns when entering rooms with 
CDI patients, using soap and water when entering 
or exiting a CDI patient room, and cleaning reus-
able equipment with a sporicidal disinfectant (4). 
For treatment, the 2017 update by the Infectious 
Diseases Society of America (IDSA) and the Society 
for Healthcare Epidemiology of America (SHEA) 
recommends stopping causing antimicrobial drugs 
and using oral vancomycin or fi daxomicin, or intra-
venous metronidazole as a less preferred alterna-
tive, in most cases of CDI (4).

Although classically believed to be a hospital-
acquired infection, C. diffi cile has also proven to be 
a major community pathogen. Although the 2017 
IDSA/SHEA update recognizes the role of CDI in the 
community, it gives no specifi c prevention strategies 
to use at home (4). Community-acquired C. diffi cile 
might account for more than one third of total CDI 
cases, and patients tend to be younger and have less 
recent exposure to antimicrobial drugs and less ex-
posure to healthcare settings than other persons who 
have CDI (5,6).

Risks and Preventive Strategies 
for Clostridioides diffi  cile 

Transmission to Household 
or Community Contacts during 

Transition in Healthcare Settings
Ramin	Asgary,	Jessica	A.	Snead,	Nabeel	A.	Wahid,	Vicky	Ro,	Marina	Halim,	Judy	C.	Stribling

1776	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	7,	July	2021

SYNOPSIS

Author	affi		liations:	George	Washington	University,	Washington,	DC,	
USA	(R.	Asgary);	Weill	Cornell	Medical	College	of	Cornell	University,	
New	York,	New	York,	USA	(R.	Asgary,	N.A.	Wahid,	J.C.	Stribling);	
New	York	Presbyterian	Hospital	of	Cornell	University,	New	York	
(J.A.	Snead,	N.A.	Wahid,	M.	Halim);	Columbia	University	Vagelos	
College	of	Physicians	and	Surgeons,	New	York	(V.	Ro)

DOI:	https://doi.org/10.3201/eid2707.200209

The	 burden	 of	 Clostridioides diffi  cile	 infection	 (CDI)	
has	 greatly	 increased.	We	 evaluated	 the	 risks	 for	 CDI	
transmission	 to	 community	members	 after	 hospitalized	
patients	 are	 discharged.	 We	 conducted	 a	 systematic	
literature	 review	 in	 MEDLINE/PubMed,	 EMBASE,	 CI-
NAHL	plus	EBSCO,	Web	of	Science,	Cochrane	Library,	
and	gray	literature	during	January	2000‒February	2019	
and	 identifi	ed	4,798	citations	were	 identifi	ed.	We	elimi-
nated	4,554	citations	 through	 title	and	abstract	screen-
ing;	217	additional	citations	did	not	meet	full	criteria.	We	
reviewed	texts	for	the	27	remaining	articles	qualitatively	
for	 internal/external	validity.	A	 few	 identifi	ed	studies	de-
scribing	 risks	 to	 community	 members	 lacked	 accurate	
risk	 measurement	 or	 preventative	 strategies.	 Primary	
data	 are	 needed	 to	 assess	 effi		cacy	 of	 and	 inform	 cur-
rent	 expertise-driven	CDI	 prevention	 practices.	Raising	
awareness	among	providers	and	researchers,	conduct-
ing	clinical	and	health	services	research,	linking	up	inte-
grated	monitoring	and	evaluation	processes	at	hospitals	
and	outpatient	settings,	and	developing	and	 integrating	
CDI	surveillance	systems	are	warranted.



Clostridioides difficile Transmission

Because many patients hospitalized for CDI are 
discharged before completing full-course treatment 
or complete resolution of diarrhea, a common conun-
drum is deciding what prevention strategies are ef-
fective to be recommended at home after discharge 
to prevent the spread of infection to household or 
community contacts. Although substantial data and 
consensus guidelines exist for effective prevention 
strategies in the inpatient setting, similar data ap-
pear more sparse in the community setting. In this 
study, we systematically assessed data regarding the 
rate and role of the spread of C. difficile from an index 
hospitalized patient to the patient’s household mem-
bers and community contacts. We also aimed to iden-
tify potential effective preventive strategies within  
the community.

Methods
For this study, we defined the population of interest 
as patients who had positive test results for CDI and 
who had another household member or contact with 
a patient who had been previously given a diagnosis 
of and treatment for C. difficile diarrhea. We defined a 
positive test result for CDI as a patient who had diar-
rhea sample that had positive results in a glutamate 
dehydrogenase antigen test, both toxin A and B tests, 
or a nucleic acid amplification test in the setting of 
either negative glutamate dehydrogenase test result 
or toxin A and B test results, or positive stool culture, 
regardless of diarrhea symptoms (i.e., active CDI vs. 
asymptomatic carrier).

Data Sources and Searches
We conducted a systematic review of literature in the 
databases MEDLINE, EMBASE, CINAHL plus EB-
SCO, Web of Science, PubMed, and The Cochrane Li-
brary, as well as gray literature, including abstracts/
proceeding of gastroenterology, infectious disease, 

and related professional societies annual meeting, 
and guidelines by professional associations, all pub-
lished during January 1, 2000–February 19, 2019. In 
addition to the primary literature search, we per-
formed a snowballing method and checked referenc-
es cited in current guidelines and the most relevant 
articles from our search. We developed a list of key 
search terms (Table 1) during multiple brainstorm-
ing sessions (involving clinicians, contributors, and 
a specialized librarian) and through an extensive 
review of Medical Subject Headings (MeSH) terms 
from relevant articles identified through preliminary 
searches in PubMed. We divided the search terms 
into 2 search buckets, 1 centered around “Clostridium 
difficile” (all related MeSH terms and possible text 
words) and 1 centered around “carrier state” and 
“cross infection” (all related MeSH terms and pos-
sible text words). Furthermore, we used the OVID 
Medline strategy (Appendix, https://wwwnc.cdc.
gov/EID/article/27/7/20-0209-App1.pdf) to search 
all databases by using appropriate thesaurus terms 
and natural language. The study was registered at the 
PROSPERO Registry as no. CRD42019118021 (study 
protocol provided in the Appendix).

Inclusion criteria were studies that defined lab-
oratory testing for C. difficile detection or used and 
measured diarrheal episodes or used any test to de-
tect infection; measured or included a contact or an 
exposure with patients previously given a diagno-
sis of  C. difficile diarrhea in hospital settings; mea-
sured outcomes among outpatient or community 
persons who were exposed in the form of rates or 
number of events; and mentioned or described an 
actual intervention (treatment such as antimicrobial 
drugs for the CDI index case, which is hypothesized 
to decrease the period of infectiousness and subse-
quent transmission or a prevention strategy, such as 
handwashing and surface cleaning with sporidicial 
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Table 1. Search	terms	and	databases	used	for	systematic	review	of	Clostridioides difficile infection* 
Bibliographic	
database Search	terms/condition Search	terms/carrier	state 
OVID	MEDLINE Clostridium difficile, Clostridium Infections,	Clostridium adj4	

poisoning,	Clostridium Perfringen,	Clostridium sordell*,	Infect*	
adj3	perfringen* 

Carrier	State,	carrier	and	state,	Cross	infection,	
Cross	and	Infect*,	infect*	adj2	nosocomial 

EMBASE Clostridium difficile, Clostridium difficills*,	Clostridium Infection,	
Clostridial	Disease,	Clostridial	Infection*	Clostridi*adj4	poisonin*,	

Clostridi*	perfringen*,	Clostridi*	Sordell* 

Carrier	State,	Cross	Infection,	Infect*	and	
Cross,	Infect*	adj2	nosocomial 

Web	of	Science Clostridium difficile, Clostridium Infections,	Clostridium Infection,	
Clostridium Poisoning,	Clostridium perfringens, Clostridicum 

Perfringen,	Clostridium Sordellii 

Carrier	State,	Cross	Infection,	Nosocomial	
Infection,	Nosocomial	Infections 

Cochrane	Library Clostridium difficile, Clostridium Infections,	Clostridium Poisoning,	
Clostridium perfringens, Clostridium sordellii 

Carrier	State,	Cross	Infection,	Nosocomial	
Infection,	Nosocomial	Infections 

Gray	literature Clostridium Infection Cross	Infection 
*Filters/limits	were	limit 2000‒present and English language. Asterisks	indicate	truncation	for	other	variations	or	modified	versions	of	a	searched	word	
(e.g.,	shortened,	misspelled,	or	differently	spelled	versions). This	search	includes	all	versions	of	Clostridi and Clostridium difficile,	including	Clostridioides, 
which	also	are	shown	in	citations	used	for	this	paper. 
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antiseptic and contact isolation). Exclusion criteria 
were nonhuman studies, studies not published in 
English, studies that did not specifically describe the 
study population, and studies that did not describe 
any form of CDI infection or did not reference any 
treatment or prevention strategy.

Data Extraction, Quality Assessment, and Data  
Synthesis and Analysis
We designed a 4-stage screening process to select the 
most relevant literature for review. First, we devel-
oped search terms along with a search algorithm and 
searched databases for articles containing the key 
search terms in their title or abstract. Second, we re-
viewed the titles and abstracts of these articles for ex-
clusion and inclusion criteria. We examined whether 
a study had an index patient who had diarrhea caused 
by CDI in the hospital, an exposure that existed out-
side the hospital, an outcome after that exposure 
measured with laboratory tests or clinical diagnosis, 
and an intervention (either preventive or therapeu-
tic) that was applied to the index patient or other 
exposed persons to protect against subsequent CDI 
at the community level. If there was no intervention, 
we set to record the rates of postexposure infection 
among contacts. Third, we qualitatively reviewed the 
full texts of the remaining articles that had not been 
excluded to confirm that they met the inclusion and 
exclusion criteria and to assess them for their sample 
size, outcome measures, biases, comparison of rates 
and outcomes, efficacy of their treatment or preven-
tive measures, and internal/external validity.

We also applied a snowballing method by re-
viewing references and citations to current guidelines 
and panel of expert recommendations selected for the 
full text review. At the end of this process, we ret-
rospectively read through all 217 articles from phase 
2, even though they did not fully meet the inclusion 
criteria, to ensure that all potential relevant informa-
tion was captured. We then organized and reported 

findings according to the Preferred Reporting Items 
for Systematic Reviews and Meta-Analysis guidelines 
(7). A dedicated librarian with expertise in conduct-
ing systematic review performed the database search 
and imported search results into Covidence software 
(https://www.covidence.org) for review. Two re-
viewers screened the articles from stages 1 and 2 in-
dependently. Another tie-breaker reviewer looked at 
the articles that were discordant. The texts of remain-
ing articles were reviewed by >2 reviewers.

Results
We found 4,798 articles through our search strategy. 
We compiled more detailed descriptions of search 
hits from specific databases (Table 2). After apply-
ing the exclusion criteria, we eliminated 4,554 articles 
through title and abstract screening. We screened the 
abstracts for the remaining 244 articles for inclusion 
criteria; we eliminated 217 of those for not meeting 
the full criteria. The full text of the remaining 27 ar-
ticles were read to confirm eligibility (Figure).

None of the articles evaluated transmission 
of C. difficile from an infected person in the hospi-
tal to someone in the community, long-term acute 
care facility, nursing home, or subacute rehabilita-
tion center. Some common reasons for eliminating 
articles included nonclinical studies that used com-
puter modeling to study transmission, studies that 
only included exposure occurring within instead 
of outside the hospital, and studies that had no in-
terventions described to prevent transmission. For 
example, one study interviewed 1,013 patients who 
had confirmed community-acquired C. difficile and 
showed that 11 patients had a household member 
with active CDI (6). Of patients with community-ac-
quired CDI and no outpatient healthcare exposure, 
the odds ratio of having a household member with 
active CDI was 6.8 (95% CI 0.7–65.9) compared with 
patients who had high-level outpatient healthcare 
exposure (6). However, the study did not verify the 
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Table 2. Results	of	literature	review	search	on	prevention	and	treatment/management	of	Clostridioides difficile infection	to	family	
members	and	community	from	an	index	hospital	patient,	by	database,	September	2019 

Database 
Search	strategy	
for	prevention 

Search	strategy	for	
management Results Key	features	of	search	engine 

PubMed Full	search Full	search 2,215 Index	to	articles	in	medical	journals	and	other	selected	
biomedical	literature 

Cochrane	Library Full	search Full	search 435 Database	of	systematic	reviews	of	primary	research	in	human	
healthcare	and	health	policy 

Web	of	Science Search	limited	to	
50	terms 

Search	limited	to	
50	terms 

1,494 Helpful	for	topics	that	border	on	social	science 

EMBASE Full	search Full	search 1,653 European	alternative	to	PubMed;	helpful	for	topics	with	an	
international	focus 

Gray	literature Full	search Full	search 1 Manifold	document	types	produced	on	all	levels	of	
government,	academics,	business	and	industry	in	

print	and	electronic	formats. 
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infectious status of the index patient and did not ex-
amine what was performed to prevent transmission 
to household contacts.

Another study examined household transmission 
for 2,222 patients who had confirmed C. difficile infec-
tion diagnosed at the Centre Hospitalier Universita-
ire de Sherbooke (Sherbooke, Quebec, Canada). The 
study identified 1,061 spouses and 501 children <25 
years of age living with the index patients (8). Five 
spouses and 3 children developed C. difficile infection 
within a year after discharge of the index patients 
(attack rate 4.71 cases/1,000 persons for spouses and 
5.99 cases/1,000 persons for children of index cases). 
Similar to the study of Chitnis et al. (6), this study did 
not define what isolation or prophylactic measures 
were taken to reduce transmission to household con-
tacts. However, a more recent study by Miller et al. 
conducted among 194,424 enrollees, published after 
our original search was completed, indicated a 12.47 
incidence rate ratio among household contacts of DCI 
patients discharged from tertiary care centers (9). In 
addition, Loo et al. evaluated probable transmission 
rates of 1.5% and possible transmission rates of 7.5% 
for household contacts of 51 CDI patients (10).

Some studies reported community-acquired 
CDI, but did not explicitly report an exposure to 
hospitalized patients who had C. difficile infection 
(11,12). For example, Bloomfield and Riley reported 
estimated rates of community acquired C. difficile 
infection in North America ranging from 20% to 
32% (12). This study also showed that nonhuman 
reservoirs, including animals and food, have shown 
positive results for C. difficile infection. However, 
these findings have yet to be replicated by addi-
tional studies. Another source of community-asso-
ciated C. difficile infection studied was healthcare 
exposure. For example, Chitnis et al. (6) showed 
that 82% of their patients had some exposure to 
healthcare within 12 weeks before infection, in-
cluding outpatient dental or physician office visits 
and dialysis. They also showed known traditional 
risk factors: 64% used antimicrobial drugs within 
12 weeks before infection, and 27.7% used proton 
pump inhibitors (Table 3).

We identified consensus articles from organi-
zations, such as the International Infection Control 
Council, IDSA, and SHEA. In addition, the American 
Nursing Association endorses the approach of the 
Centers for Disease Control and Prevention, which 
in return endorses IDSA guidelines. Many recom-
mendations were guided by expert opinion, rather 
than primary research on CDI transmission from the 
hospital setting to the community. Although many of 

the guidelines are not guided by primary research re-
sults, we highlighted some current inpatient practices 
for treating and preventing transmission of CDI in the 
inpatient setting (Table 4, https://wwwnc.cdc.gov/
EID/article/27/7/20-0209-T4.htm).

Discussion
Increasingly, the extent and role of hospital-acquired 
infections, excessive use of antimicrobial drugs, 
drug-resistant bacterial infections, and decreased ef-
ficacy of common and available antimicrobial drugs 
as serious threat to individual and population health, 
and health agencies in the United States and else-
where have called for measures to address these fac-
tors (17). C. difficile continues to be among the high-
est burden of hospital-acquired infections, such that 
IDSA, SHEA (4), the American College of Gastroen-
terology (13), and the European Society of Clinical 
Microbiology and Infectious Diseases (14,15), have 
all published guidelines for the preventing and man-
aging of C. difficile in inpatient 11settings. Available 
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Figure. Process of selecting studies suitable for inclusion in 
the final review of the literature on prevention and treatment/
management of Clostridioides difficile infection to family members 
and community from an index hospital patient, by database, 
September 2019.
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data demonstrate the considerable extent of C. dif-
ficile in the community (12), evidence of C. difficile 
on household surfaces among patients who have re-
current CDI (18), a rate of probable transmission of 
1.5% and a rate of possible transmission of 7.5% for 
household contacts of discharged CDI patients (10). 
More recently, the incidence rate ratio of CDI was re-
ported as 12.47 for household contacts of discharged 
patients who have CDI (9). However, no systematic 
data provide evidence of effective prevention strat-
egies at the community level and with household 
contacts of index patients discharged from the hos-
pital. Consequently, practitioners often do not pro-
vide specific prevention recommendations for CDI 
to patients or family members outside the hospital. 
Consequently, practitioners often do not provide 
specific prevention recommendations for CDI to pa-
tients or family members outside the hospital.

In this systematic review, we applied a compre-
hensive search strategy in a variety of search engines 
to cover complementary areas of the literature rele-
vant to CDI prevention and treatment, including the 
gray literature and data from related professional as-
sociations. Through this extensive search, we were not 
able to find any publications that evaluated strategies 
to prevent or manage CDI among contact family or 
community members of an index patient. Therefore, 
we state that no data are currently available to dem-
onstrate whether the prevention and management 

strategies that are widely used and included in pro-
posed guidelines for inpatient or hospital setting are 
efficacious, feasible, or effective to prevent transmis-
sion outside the hospital.

The reasons for this lack of data are likely mul-
tifactorial. A fragmented healthcare system does not 
provide opportunities to identify and record outpa-
tient episodes and related illnesses associated with 
inpatient CDI diagnosis. In addition, no systematic 
approach has been established to collect data at 
the patient level through providers, and no pub-
lic health tracing or follow-up process with family 
members exists. Departments of health at the state 
level do not routinely collect data related to CDI pa-
tients or subsequent infections (19). The providers 
caring for index or subsequently exposed patients 
often lack the instruction or support necessary for 
evaluating patients after hospital discharge and 
their family or community contacts. There might be 
low rates of secondary symptomatic infections in the 
household setting. Furthermore, there is probably a 
lack of recognition of the burden of CDI among out-
patient health providers, and laboratory report sys-
tems are not in place to send reminders. Potential 
consequences of this lack of strong data include in-
advertent transmission of CDI from the community 
back to the healthcare environment, increased finan-
cial cost to health system from treating preventable 
cases of secondary CDI, and probably an increasing 
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Table 3. Results	of	qualitative	assessment	of	studies	evaluating	risk	for	CDI	in	the	community* 

Study	(reference) Study	type Year 
No.	

persons/studies Setting Actual	risk/assumed	risk Intervention 
Pépin	et	al.	(8) Retrospective 2012 2,222	C. difficile 

patients 
Household	
contacts 

Children	attack	rate:	4.71	
cases/1,000	persons;	
spouse	attack	rate:	5.99	
cases/1,000	persons 

None 

Chitnis	et	al.	(6) Retrospective	
and	telephone	

interview 

2013 984	community- 
acquired	C. 

difficile patients 

Household	
contacts 

Odds	of	community- 
acquired	CDI	if	no	

outpatient	healthcare		
exposure:	6.8	(95%	CI	
0.7–65.9);	odds	of	

community-acquired	CDI	
if	low	level	outpatient	

healthcare	exposure:	6.9	
(95%	CI	0.9‒56.7) 

None 

Durovic	et	al.	(11) Narrative	
review 

2018 24	studies Other	healthcare	
facilities	and	
community 

Not	measured None 

Bloomfield	and	
Riley	(12) 

Narrative	
review 

2016 NA Household	
contacts 

Estimated	rate	of	
community	acquired	CDI	
in	North	America:	20%–

32% 

None 

Loo	et	al.	(10) Prospective 2016 51 Household	
contacts 

Probable	transmission:	
1.5%;	possible	

transmission:	7.5% 

None,	but	type	of	soap	
for	handwashing	was	

recorded 
Miller	et	al.	(9) Case‒control 2020 194,424	

enrollees 
Household	
contacts 

IRR	12.47	(95%	CI	8.86–
16.97) 

None 

*CDI,	Clostridioides difficile infection;	IRR,	incidence	rate	ratio. 
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number of multidrug-resistant CDI. The Institute of 
Medicine has emphasized the burden of hospital-
acquired infections and the need for systematic ap-
proaches and delineated framework and processes 
for moving forward (20,21).

We have provided a summary of current prac-
tices in the inpatient settings because we realize that 
in the absence of primary data, the recommended 
approaches need to include all levels of evidence 
to direct the actual practice. Nevertheless, the role 
of primary approaches, such as antimicrobial drug 
stewardship, could not be overemphasized. Further-
more, we suggest that a range of overarching initia-
tives is needed to address the risk and subsequent 
burden of transmission of CDI to the community. 
Perhaps the most useful area to focus on is the de-
velopment of a monitoring and evaluation process in 
the hospital setting that can ensure that relevant data 
are available to outpatient providers at the time of 
discharging the index patient. Proper data collection 
processes should be added into the current system 
of collecting and monitoring health data by devel-
oping tools and reinforcing accurate documentation 
and tracking of CDI cases and their sequelae. A direct 
link between providers in the outpatient and hospi-
tal settings to identify and address subsequent CDI 
should not be overlooked. Simple strategies, such as 
follow-up telephone calls and gathering information 
from family members, could help determine the pos-
sibility or the extent of the disease at the patient level 
through similar initiatives commonly used for post-
surgical interventions (22–27).

There is also a need for direct primary research on 
the feasibility and efficacy of specific CDI prevention 
and management strategies after hospital discharge. 
Prevalence studies evaluating outcomes at individual 
and household levels, and interventional cohorts, in-
cluding different types of preventive or management 
strategies for CDI should be considered because they 
are likely to provide useful data.

We did not include studies published in lan-
guages other than English. However, our preliminary 
search did not identify this limitation as a major gap 
in evidence. Data regarding the efficacy of prevention 
strategies at the community level might exit in the 
form of reports and proposals developed in depart-
ments of health in or outside the United States that 
were not captured in our extensive systematic review. 

Our systematic review indicates a need for re-
search that evaluates the efficacy and effectiveness 
of various CDI prevention and management strate-
gies after infected patients are discharged from in-
patient settings. Ultimately, this research will enable 

the field of CDI and multidrug-resistant infections to 
transition from one that is largely extrapolative and 
expertise driven to one that is more evidence based. 
The current guidelines do not give any recommenda-
tions on how to prevent and manage CDI among fam-
ily members and community contacts after hospital 
discharge of an index patient. However, guidelines 
do recommend assessment and monitoring, clearly 
emphasizing the need for good data and evidence. 
There are clearly challenges at the research and prac-
tice level that need to be systematically addressed. To 
start, perhaps there is a need to appropriately raise 
awareness of the problem among clinical providers 
and researchers. Concurrently, conducting related 
clinical and population level research, setting up and 
connecting monitoring and evaluation programs at 
hospital and outpatient settings, and developing 
CDI-related data within public health surveillance 
are warranted.
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Canine brucellosis is caused by the bacterium Bru-
cella canis. Reproductive disorders such as late 

abortion, stillbirth, epididymitis, and sperm anoma-
lies are most frequently observed (1). Other clinical 
signs are lymphadenitis (1,2) and musculoskeletal 
disease (e.g., discospondylitis) (3). In addition, the 
infection can remain subclinical (2). B. canis is most-
ly transmitted vertically from bitch to offspring or 

venereally through vaginal discharge and semen; 
urine has also been implicated as a possible mode of 
transmission (1,4,5).

B. canis is a zoonotic pathogen; humans can be-
come infected through direct contact with secreta 
and excreta of infected dogs (6,7) or through labo-
ratory exposure (8,9). Clinical signs in humans vary 
from subclinical infection (10) to fever, malaise, sple-
nomegaly, and lymphadenopathy (7). Human cases 
of B. canis infection are reported infrequently. How-
ever, the prevalence of human B. canis infections is 
probably underestimated; the diagnosis might be 
missed because of nonspecifi c clinical signs and the 
absence of accurate serologic tests for B. canis anti-
bodies in humans (6,11). In the United States, a se-
roprevalence of 3.6% was found among persons 
occupationally exposed to dogs. Two seropositive 
persons had clinical symptoms of brucellosis, and 
both reported contact with B. canis–seropositive 
dogs (10). In addition, an outbreak involving 6 sero-
positive persons, 5 of whom had clinical symptoms, 
was described after contact with a seropositive litter 
(6). In general, B. canis appears to cause less severe 
clinical symptoms in humans than other Brucella spp. 
(12). However, the public health relevance of B. canis
needs further investigation before a proper risk as-
sessment can be performed.

B. canis is considered endemic in the southern 
United States, Central America, and South America 
and has been reported from Canada, Asia, Africa, and 
Europe (7,13). Sporadic cases originating from north-
western Europe have been reported and were at least 
partially caused by importing an infected dog (13,14). 
Recent papers have expressed concerns about the in-
troduction of B. canis in countries to which it is not 

Transboundary Spread of 
Brucella canis through Import of 
Infected Dogs, the Netherlands, 
November 2016–December 2018
Marloes	A.M.	van	Dijk,	Marc	Y.	Engelsma,	Vanessa	X.N.	Visser,	Ingrid	Keur,	Marjolijn	E.	Holtslag,	

Nicole	Willems,	Björn	P.	Meij,	Peter	T.J.	Willemsen,	Jaap	A.	Wagenaar,	Hendrik	I.J.	Roest,1	Els	M.	Broens1

Author	affi		liations:	Utrecht	University	Faculty	of	Veterinary	
Medicine,	Utrecht,	the	Netherlands	(M.A.M.	van	Dijk,	N.	Willems,	
B.P.	Meij,	J.A.	Wagenaar,,	E.M.	Broens);	Wageningen	
Bioveterinary	Research,	Lelystad,	the	Netherlands	
(M.Y.	Engelsma,	M.E.	Holtslag,	P.T.J.	Willemsen,	J.A.	Wagenaar,	
H.I.J.	Roest);	Netherlands	Food	and	Consumer	Product	Safety	
Authority,	Utrecht	(V.X.N.	Visser,	I.	Keur);	Ministry	of	Agriculture,	
Nature	and	Food	Quality,	The	Hague,	the	Netherlands	
(H.I.J.	Roest)

DOI:	https://doi.org/10.3201/eid2707.201238 1These	senior	authors	contributed	equally	to	this	article.

Brucella canis	had	not	been	isolated	in	the	Netherlands	
until	November	2016,	when	it	was	isolated	from	a	dog	im-
ported	from	Romania.	Including	this	case,	16	suspected	
cases	were	notifi	ed	to	 the	authorities	during	 the	follow-
ing	25	months.	Of	these	16	dogs,	10	were	seropositive;	
tracking	 investigations	 found	another	 8	 seropositive	 lit-
termates.	All	seropositive	animals	were	rescue	dogs	im-
ported	from	Eastern	Europe.	B. canis	was	cultured	from	
urine,	 blood,	 and	 other	 specimens	 collected	 from	 the	
dogs.	Genotyping	of	 isolates	 revealed	 clustering	by	 lit-
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for	zoonotic	transmission.	This	case	series	proves	intro-
duction	of	B. canis	into	a	country	to	which	it	is	not	endem-
ic	through	import	of	infected	dogs	from	B. canis–endemic	
areas,	posing	a	 threat	 to	 the	naive	autochthonous	dog	
population	and	humans.
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endemic through infected dogs (15,16). Brucellosis in 
dogs is, in contrast to livestock, not notifiable to the 
World Organisation for Animal Health (OIE) or the 
European Union (EU directive 64/432/EEG). In the 
Netherlands, brucellosis is notifiable in humans and 
all mammal species (17,18). B. canis had not been iso-
lated in the Netherlands until November 2016, when 
it was isolated from a dog imported from Romania 
that had discospondylitis. Raised awareness follow-
ing this first case resulted in multiple notifications 
at the Incidence Crisis Centre (NVIC) of the Nether-
lands Food and Consumer Product Safety Authority 
(NVWA). This study describes the follow-up of these 
notifications and the implications for animal and  
human health.

Methods

Notifications and Study Period
Animal owners, veterinarians, and laboratories in the 
Netherlands are obliged to notify suspicions of brucel-
losis to the competent authority, the NVWA, accord-
ing to Dutch legislation (17,18). Suspicions are mostly 
based on clinical signs compatible with brucellosis 
and a history of importation. In this study, we include 
all notified and related B. canis cases during Novem-
ber 2016–December 2018, provided there was a clini-
cal suspicion (e.g., routine tests for export or import 
excluded), and diagnostic tests were performed at the 
National Reference Laboratory (NRL; Wageningen 
Bioveterinary Research, Lelystad, the Netherlands). 
No mandatory control measures for pets are in place 
once a positive case has been identified.

Tracking Investigations
Upon notification, NVIC began investigations to 
track potential transmission by taking samples from 
suspected dogs and (if applicable) contact dogs or lit-
termates for serologic and bacteriologic (blood and 
urine) evaluation. Contact dogs were defined as any 
dog imported with, cohabiting with, or regularly 
spending time with the suspected dog. Dogs were 
considered positive if they tested positive for B. canis 
antibodies or when the bacterium was cultured from 
blood, urine, or infection sites. In case of euthanasia 
of a seropositive dog, postmortem examination was 
performed by the NRL, and samples of various tis-
sues were collected for culture. Diagnostic tests were 
performed by the NRL.

Detection of B. canis Antibodies
Serum samples were tested for B. canis–specific anti-
bodies by the 2-Mercapto-ethanol serum agglutination 

test as described by Alton et al. (19) as reference meth-
od with an in-house derived positive rabbit anti–B. ca-
nis control serum (NRL in-house validation). Interpre-
tation of the antibody titer is <1:50 negative, 1:50–1:100 
inconclusive, >1:200 positive (19).

Detection of B. canis

Culture
We isolated Brucella spp. from clinical and tissue sam-
ples according to the OIE protocol (20). All laboratory 
work with potential Brucella-contaminated samples 
was performed within a Biosafety Level (BSL) 3 fa-
cility. Suspected colonies were confirmed as Brucella 
spp. by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry on the Bruker 
MALDI Biotyper (Bruker, https://www.bruker.com) 
by using an extended in-house Brucella spp. database 
(21) and PCR.

DNA Isolation, PCR, and Genotyping
DNA from tissue samples was extracted by using the 
DNeasy Blood and Tissue Kit (QIAGEN, https://
www.qiagen.com). DNA isolation from Brucella-
suspected colonies was performed by suspending 
the colony in 200 μL nuclease-free water (Sigma-Al-
drich, https://www.sigmaaldrich.com) and boiling 
at 100°C for 8 min, followed by centrifugation for 2 
min at 20,000 × g. We performed real-time PCR target-
ing the IS711 sequences of Brucella spp. (22). Colonies 
and tissue samples were considered positive after 
real-time PCR if the results showed a cycle threshold 
(Ct) value of <36 (with sigmoid curve), inconclusive if 
Ct value was >36 but <40 (with inconclusive sigmoid 
curve), and negative if Ct value was >40 or there was 
no Ct at all.

For in silico multiple-locus variable number 
tandem repeat analysis (MLVA) and multilocus se-
quence typing (MLST), we constructed fragmented 
libraries by using Nextera DNA sample preparation 
kit (Illumina, https://www.illumina.com), as earlier 
published (21). Next generation whole-genome se-
quencing was performed by paired-end sequencing 
(300-bp reads) by using the Illumina technology on 
the MiSeq instrument (Illumina). We performed de 
novo assembly of the quality filtered reads by using 
ABySS-pe version 1.3.3 (23). Reads were aligned by 
using Bowtie2 version 0.2 (http://bowtie-bio.source-
forge.net/bowtie2/index.shtml) to the assembled 
contigs and the contig sequences were manually 
verified by using Tablet version 14.04.10 (24). We per-
formed in silico MLVA-16 clustering according to 
the algorithm as described previously (25) by using 
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Bionumerics version 7.6 (Applied Maths, https://
www.applied-maths.com) and assigning MLVA-type 
from DNA-sequence with software (26) or manually. 
MLST typing was performed in silico with a set of 
MLST specific primers (27) and the assembled contigs 
as input, by using the PubMLST.org database (28). 
For the analysis of B. canis genotypes, we compared 
them to genotypes from the publicly available data-
base MLVA bank (26). Of note, the background of ref-
erence genotypes is unknown (e.g., import history of 
the dogs); therefore, these genotypes might not origi-
nate from the country in which they were isolated. If 
>1 isolate was recovered from different materials or 
time points from a dog in our study, 1 isolate per time 
point was sequenced with <2 isolates per dog to as-
sess carriage of different genotypes (29,30).

Results
Including the first case of canine brucellosis in the 
Netherlands, 16 suspected cases were notified to 
NVIC in the study period (Table 1). The reasons for 
notification are variable: 7 dogs had a seropositive 
test result at the NRL, 7 dogs had a clinical complaint 
compatible with B. canis infection, and 2 cases had a 
B. canis–seropositive culture (Table 1). Of the 16 dogs, 

15 had a history of importation. A total of 10 tested 
seropositive at the NRL, 4 tested seronegative, and 2 
had an inconclusive antibody titer initially but were 
considered negative during follow-up (retesting after 
>3 weeks) (Table 1). The 10 seropositive dogs (here-
after referred to as notified seropositive cases) had 
been imported into the Netherlands 2–32 (median 
9) months before notification. Tracking investiga-
tions into the 10 notified seropositive cases identified 
11 littermates and 13 other contact dogs (Table 1). 
Of the 11 littermates, 8 were tested by the NRL and 
all (8/8) were seropositive. Of the 13 contact dogs, 
6 were tested by the NRL; 5 were seronegative and 
1 had an inconclusive titer (1:50). This dog lived to-
gether with notified case dog #12; they had shared 
an enclosure for 1.5 years with another seronegative 
contact dog (<1:50). The dog was euthanized because 
of geriatric health issues and was thus lost to follow-
up. Thus, the total number of seropositive cases in 
this study was 18 (10 notified seropositive cases and 8 
littermates) (Table 2, https://wwwnc.cdc.gov/EID/
article/27/7/20-1238-T2.htm).

Of these 18 dogs, 14 (78%) had musculoskeletal 
disease with such clinical signs as lameness and neck 
or back pain; discospondylitis was diagnosed in 11. 
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Table 1. Overview	of	Brucella canis notifications	and	tracking	investigations, the	Netherlands, November	2016–December	2018* 

Notification	
no. 

Notifying
party 

Reason for 
notification 

Clinical	diagnosis	
or	complaint 

Serologic	
results 
(NRL) 

Tracking	investigation 

Case	ID 
Litter	(positive/tested/	
identified),	littermates 

Contact	dogs	
(positive/tested/identified) 

1 VMDC B. canis 
positive	
culture 

Discospondylitis >1:400 NA 0/1/1 1 

2 VMDC Clinical	
complaint 

Epididymitis ˂1:50 NA NA  

3 VMDC Clinical	
complaint 

Discospondylitis >1:400 Litter	1	(2/2/2),	2	
littermates 

NA 2,	3–4 
 

4 VP Clinical 
complaint 

Discospondylitis >1:400 Litter	2	(5/5/8),	5	
littermates 

NA 5,	6–10 

5 NRL Seropositive Discospondylitis 1:200 NA 0/3/5 11 
6 VP Clinical	

complaint 
Discospondylitis 1:100 NA NA  

7 NRL Seropositive Discospondylitis >1:400 NA 1 (inconclusive)/2/3 12 
8 NRL Seropositive Neck	pain 1:100 NA NA  
9 NRL Seropositive Back	pain >1:400 Litter	3	(1/1/1),	1	

littermate 
0/0/2 13,	14 

10 NRL Seropositive Behavioral	
problem 

>1:400 NA 0/0/2 15 

11 NRL Seropositive Discospondylitis >1:400 NA NA 16 
12 VP Clinical	

complaint 
Lameness ˂1:50 NA NA  

13 VMDC B. canis 
positive	
culture 

Lameness >1:400 NA NA 17 

14 VP Clinical	
complaint 

Lameness ˂1:50 NA NA  

15 VP Clinical	
complaint 

Epididymitis ˂1:50 NA NA  

16 NRL Seropositive Discospondylitis >1:400 NA NA 18 
*ID,	identification;	NA,	not	applicable;	NRL,	National	Reference	Laboratory;	VMDC, Veterinary	Microbiological	Diagnostic	Center,	Utrecht	University;	VP, 
veterinary	practitioner. 
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Information regarding onset of clinical signs was 
available for 7 of these 13 dogs and occurred 0–3 
months after import. One dog had a behavioral prob-
lem and 3, all littermates identified through tracking 
investigations, showed no clinical signs.

All dogs were mixed-breed rescue dogs imported 
from Romania (n = 7), Bulgaria (n = 10) and Croatia (n 
= 1). Among them were 9 female dogs, of which 7 were 
neutered, and 9 male dogs, of which 8 were neutered.

We collected blood, urine, or samples from the 
infection site from 16 of 18 seropositive dogs for cul-
ture; 10 dogs tested positive on these clinical samples 
(Table 2). Three dogs (nos. 3, 9, and 17) were eutha-
nized because of deteriorating clinical symptoms 
linked to brucellosis; postmortem examination and 
cultures revealed growth of B. canis in collected tis-
sue samples in 2 of 3 dogs (Table 2). This brings the 
total number of culture-positive cases in this study to 
11 (10 from clinical samples and 1 exclusively from 
postmortem tissue samples) (Table 2). We cultured 
isolates from blood (6 samples), urine (5 samples), 
lymph nodes (3 samples), spleen (2 samples), lung (1 
sample), synovial fluid (1 sample), and intervertebral 
disc (1 sample) (Table 2).

Genotyping was performed for 14 isolates; from 
3 dogs, >1 isolate was recovered at different time 
points. Genotyping of isolates confirmed a close re-
lation between isolates from the same litter (Figure, 
https://wwwnc.cdc.gov/EID/article/27/7/20-
1238-F1.htm). Isolates from dogs imported from Bul-
garia show high similarity. Isolates from litter 3 im-
ported from Romania show high similarity, and the 
isolate from dog#3 clusters with a reference strain 
from Romania. Only the isolate from dog 1 does not 
cluster with any other (reference) strain from Roma-
nia. On the basis of in silico MLVA-16 analyses, the 2 
isolates from dog 5 (samples taken with a 12-month 
interval) showed no difference in loci. The 2 isolates 
from dog 9 (3-month interval) showed 1 locus differ-
ence (MLVA Bruce16: first isolate 7 repeats, second 8 
repeats). The 2 isolates from dog 8 (6-month interval) 
showed 2 loci difference (MLVA Bruce09: first isolate 
7 repeats, second 6 repeats; Bruce16: first isolate 8 re-
peats, second 9 repeats).

Discussion
Brucellosis in dogs is not notifiable to the OIE or the 
European Union; therefore, prevalence data on ca-
nine brucellosis in different countries are scarce. Lit-
erature does confirm occurrence of B. canis in stray 
dogs in Bulgaria (31,32) and reports bacterial isolates 
from dogs in Romania (16,33). Buhmann et al. give an 
overview of test results for B. canis on the basis of data 

from a large laboratory in Europe receiving samples 
from 20 different countries in Europe. However, the 
background of the dogs (i.e., country of origin) is un-
known, which makes it difficult to assess the risk of 
importing dogs from specific countries of origin (13).

The Netherlands imports an estimated 21,000 dogs 
legally per year (unpublished report, NVWA, 2018). 
According to the TRAde Control and Expert System 
(TRACES, https://webgate.ec.europa.eu/sanco/trac-
es), a mean of 3,433 (range 2,925–3,950) dogs per year 
were imported from Romania, 724 (range 557–986) 
dogs per year from Bulgaria, and 20 (range 9–34) dogs 
per year from Croatia for the period 2015–2018. This 
case series underlines the risk of importing dogs from 
countries to which B. canis is endemic. Because B. canis 
was never isolated in the Netherlands before and most 
dogs showed clinical signs of infection shortly after ar-
rival, all cases are considered import cases. This sup-
position is supported by the analysis of the genotypes, 
which showed clustering of isolates within litter and 
country. Minor differences between genotypes (1 or 2 
loci) were seen in isolates from the same dog or litter, 
which might be explained by coinfection or within-
host evolution (29,30).

The clustering of isolates within a litter confirms 
vertical transmission of B. canis. The most common 
transmission route of B. canis is venereal. Most dogs 
in our study (15/18) were neutered, which reduced 
the risk for transmission through genital secretions. 
Urinary shedding has been implicated as a possible 
transmission route for dogs cohabiting with male 
dogs (4,5). Bacteriuria has been demonstrated in both 
sexes; however, female dogs appear to shed a lower 
number of bacteria per milliliter (5). Serikawa et al. 
demonstrated up to 106 bacteria/mL urine in male 
dogs, which supports potential transmission of B. ca-
nis through urinary shedding (4). To our knowledge, 
all studies on urinary shedding have been conducted 
with intact animals. Shedding by neutered dogs is be-
lieved to be less likely (34), but evidence to confirm 
this does not exist. In our case series, shedding of B. 
canis in urine was found in 4/13 (31%) neutered dogs 
and 1/3 (33%) intact dogs, indicating that shedding 
by neutered dogs does occur and should be taken into 
account. Further research into the number of bacteria 
shed through urine of neutered dogs infected with B. 
canis is warranted to assess the risk for transmission 
to other animals or humans.

The diagnosis of a B. canis infection in dogs is 
hampered by subclinical disease and nonspecific clin-
ical signs. In addition, both serologic testing and bac-
terial isolation have their limitations because of the 
nature of the disease (34). To avoid spread of canine  
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brucellosis, dogs should be tested before interna-
tional movement (7). This process should involve a 
combination of tests at different times (34). However, 
freedom of trade between European Union member 
states hampers the unilateral introduction of manda-
tory control measures.

The zoonotic risk associated with the dogs infected 
with B. canis in our case series relates mostly to own-
ers, veterinary personnel, and laboratory technicians. 
Laboratory personnel were put at risk by the positive 
cultures of dogs 1 and 17, because routine diagnostic 
procedures were done under BSL-2 conditions, where-
as BSL-3 is mandatory for all Brucella spp. The risk lev-
el of the technicians involved was assessed by medical 
microbiologists of the Municipal Health Service in line 
with national guidelines (35). To our knowledge, no 
human infections were linked to the cases documented 
in this study. However, with the ongoing import of 
dogs from areas to which B. canis is endemic, aspiring 
dog owners, veterinary personnel, and laboratory tech-
nicians will continue to be at risk. Without mandatory 
testing or control measures, the competent authority in 
the Netherlands can only inform owners on the poor 
prognosis and the zoonotic risk and discuss the op-
tions of euthanasia or neutering of sexually intact dogs.

In conclusion, this case series proves introduc-
tion of B. canis in a country to which it is not en-
demic through import of infected dogs from B. canis– 
endemic areas, posing a threat to the naive autoch-
thonous dog population and to humans. The extent of 
this threat is hard to estimate because of lack of prev-
alence data and mandatory testing combined with 
challenges in diagnosing the infection. Furthermore, 
the case series indicates that shedding of B. canis in 
urine by neutered dogs occurs and should be consid-
ered when assessing the risk for transmission.
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of Agriculture, Nature and Food Quality and the Dutch 
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The effi ciency and persistence of natural protec-
tive immunity caused by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) infection or 
vaccination are currently unknown. Reinfection cases 
have been reported in different countries (1), but the 
differentiation between cases of reinfection and viral 
persistence remains a challenge. The detection of 2 

coronavirus disease (COVID-19) episodes >90 days 
apart and caused by 2 different lineages of SARS-CoV-2 
remains the most reliable evidence of reinfection (2). In 
this article, we describe a reinfection case and highlight 
details about the genomic features of the 2 COVID-19 
episodes. In addition, we demonstrate that the virus in 
the second episode was related to the emerging vari-
ant of interest (VOI) designated as lineage P.2, which is 
currently circulating throughout Brazil.

Methods

Case Description
A 37-year-old female physician with no underlying 
conditions reported 2 episodes of COVID-19 in the 
state of Rio Grande do Norte in the northeastern re-
gion of Brazil. The fi rst episode occurred in June 2020 
and the second in October 2020; a total of 116 days 
occurred between the 2 episodes. 

On June 17, the case-patient, who lives in Rio 
Grande do Norte and works in the neighboring state of 
Paraíba, experienced symptoms such as headache, run-
ny nose, diarrhea, and myalgia, and her illness was clas-
sifi ed as a mild COVID-19 case with no complications

A	37-year-old	healthcare	worker	from	the	northeastern	re-
gion	of	Brazil	experienced	2	clinical	episodes	of	coronavirus	
disease.	Infection	with	severe	acute	respiratory	syndrome	
coronavirus	2	was	confi	rmed	by	reverse	transcription	PCR	
in	samples	collected	116	days	apart.	Whole-genome	se-
quencing	revealed	that	the	2	infections	were	caused	by	the	
most	prevalent	lineage	in	Brazil,	B.1.1.33,	and	the	emerg-
ing	lineage	P.2.	The	fi	rst	infection	occurred	in	June	2020;	
Bayesian	analysis	suggests	reinfection	at	some	point	dur-
ing	September	14–October	11,	2020,	a	 few	days	before	
the	second	episode	of	coronavirus	disease.	Of	note,	P.2	
corresponds	 to	 an	 emergent	 viral	 lineage	 in	 Brazil	 that	
contains	the	mutation	E484K	in	the	spike	protein.	The	P.2	
lineage	was	initially	detected	in	the	state	of	Rio	de	Janeiro,	
and	since	then	it	has	been	found	throughout	the	country.	
Our	fi	ndings	suggest	not	only	a	reinfection	case	but	also	
geographic	dissemination	of	the	emerging	Brazil	clade	P.2.
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(3). A nasopharyngeal swab specimen was collected 
on June 23, 6 days after the onset of symptoms. A sec-
ond nasopharyngeal swab specimen was collected on 
September 16 as part of a follow-up procedure. On 
October 11, the patient experienced intense headache, 
ageusia, anosmia, and fatigue, which were suggestive 
of a new COVID-19 episode. This second infection was 
mild and also evolved without complications. On Oc-
tober 13, 2 days after the second onset of symptoms, 
a third nasopharyngeal swab specimen was collected.

Ethics
This study was approved by the FIOCRUZ-IOC Eth-
ics Committee (68118417.6.0000.5248 and CAAE 
32333120.4.0000.5190) and the Ministry of Health of 
Brazil SISGEN (A1767C3). In addition, the case-patient 
read and signed the free and informed consent form.

Procedures
First and third nasopharyngeal swab specimens were 
initially processed by the Public Health Central Labora-
tory of the state of Paraíba; the second nasopharyngeal 
swab specimen was processed by the Institute of Tropi-
cal Medicine of the Federal University of Rio Grande 
do Norte in northeastern Brazil. For the first and third 
specimens, viral RNA was extracted by using QIAamp 
Viral RNA Mini Kit (QIAGEN, https://www.qiagen.
com), according to the manufacturer’s instructions. 
RNA samples were tested for SARS-CoV-2 by real-time 
reverse transcription PCR (rRT-PCR) using a molecular 
kit design for the targets envelope gene and internal 
control human RNase P gene (4). For the second naso-
pharyngeal swab specimen, we extracted RNA by using 
Extracta kit Viral DNA and RNA (MVXA-P016) (Loc-
cus, https://loccus.com.br) and tested for SARS-CoV-2 
by using a rRT-PCR probe for the targets N1, N2, and 
Rnase P (Integrated DNA Technologies, https://www.
idtdna.com) (5). For confirmation and complementary 
analysis, positive samples were sent to the Laboratory 
of Respiratory Viruses and Measles at Fiocruz, Brazil’s 
National Reference Laboratory and the World Health 
Organization Reference Laboratory for Coronavirus.

According to the technical note of the Ministry of 
Health of Brazil 52/2020-CGPNI/DEIDT/SVS/MS, 
>2 rRT-PCR–positive swab samples collected >90 days 
apart, independent of clinical conditions, are required 
to confirm a SARS-CoV-2 reinfection. As the routine 
procedure for confirmation of reinfection cases, the 
2 positive results obtained for this patient were con-
firmed by rRT-PCR. The RNA was obtained by using 
QIAamp Viral RNA Mini Kit (QIAGEN), according to 
the manufacturer’s instructions. Molecular detection 
of SARS-CoV-2 was performed by using a rRT-PCR  

Biomanguinhos SARS-CoV-2 kit for the targets E, 
N1, N2, and Rnase P (4,5) using the Applied Biosys-
tems 7500 Real-Time PCR (Thermo Fisher Scientific, 
https://www.thermofisher.com).

For supplementary analysis, the nasopharyngeal 
swab specimens were submitted for the qualitative de-
tection of SARS-CoV-2 antigens by using the Panbio 
COVID-19 Ag rapid test device (Abbott, https://www.
abbott.com), according to the manufacturer’s instruc-
tions. Both clinical samples were also submitted to vi-
rus isolation in cell cultures as previously described (6). 
Next, 200 μL of the viral transport medium of positive 
specimens were inoculated in VERO E6 cells flasks and 
inspected daily for cytopathic effect (CPE) in a total of 
two 4-day blind passages. SARS-CoV-2 CPE was con-
firmed by rRT-PCR of culture supernatant. In cases in 
which no CPE was observed, rRT-PCR was performed 
on day 4 to confirm absence of virus replication.

In addition, we tested the serum sample from the 
case-patient’s second episode of COVID-19 for IgG by 
the Abbott chemiluminescent microparticle immunoas-
say (CMIA) using nucleocapsid protein, as well as for 
SARS-CoV-2–specific neutralizing antibodies by plaque 
reduction neutralization test (PRNT) (7) for confirma-
tion. For PRNT, an aliquot of serum sample inactivated 
at 56°C for 30 minutes was tested in VERO CCL-81 cells 
in duplicate at serial 2-fold dilutions to determine 90% 
endpoint titers against 4 infectious SARS-CoV-2 lineag-
es, including B.1 (GISAID [https://www.gisaid.org] 
accession no. EPI_ISL_414045), P.1 (accession no. EPI_
ISL_1402431), P.2 (accession no. EPI_ISL_1402429), and 
B.1.1.7 (accession no. EPI_ISL_1402430). Serum samples 
were considered seropositive when a serum dilution of 
at least 1:10 reduced >90% of the formation of SARS-
CoV-2 viral plaques (PRNT90) (7).

We performed whole-genome sequencing by us-
ing the RNA extracted manually using the QIAamp 
Viral RNA Mini Kit (QIAGEN). The SARS-CoV-2 
genomes were recovered by using Illumina or ONT 
Nanopore sequencing protocols previously estab-
lished and used by the Fiocruz COVID-19 Genomic 
Surveillance Network to recover high-quality ge-
nomes (P.C. Resende, unpub. data, https://doi.
org/10.1101/2020.04.30.069039). The FASTQ reads 
obtained were imported into the CLC Genomics 
Workbench version 20.0.4 (QIAGEN), trimmed, 
and mapped against the reference sequence EPI_
ISL_402124 from GISAID. The alignment was refined 
by using the InDels and Structural Variants module, 
then the Local Realignment module and the final con-
sensus obtained. Maximum-likelihood phylogenetic 
analysis of all SARS-CoV-2 whole genomes from the 
state of Paraíba was conducted by using PhyML (8). 
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We conducted Bayesian phylogeographic analysis in 
BEAST version 1.10 (9).

Results

Diagnostic Laboratory Findings
The first and third nasopharyngeal swab specimens, 
collected on June 23 and October 13, 2020, tested posi-
tive for SARS-CoV-2 by rRT-PCR, whereas the second 
nasopharyngeal swab specimen, collected on Septem-
ber 8, tested negative. Both positive specimens had 
high viral load, presumed by the low cycle threshold 
(Ct) values by rRT-PCR (Table, https://wwwnc.cdc.
gov/EID/article/27/7/21-0401-T1.htm). The 2 posi-
tive samples were confirmed by using the rRT-PCR 
protocol and the Ag-RDT Panbio COVID-19 Antigen 
Test (Abbott) directly from the clinical sample.

This case was confirmed as a reinfection accord-
ing to the Ministry of Health of Brazil criteria for rein-
fection confirmation, which stipulates 2 positive rRT-
PCR results separated by >90 days. The 2 positive 
samples were collected 116 days apart. Viral isolation 
from the specimen collected in the second episode of 
COVID-19 was negative for infectious virus in VERO 
E6 cells culture after 2 passages.

Serum sample collected 2 months after the second 
episode tested positive for IgG by CMIA, which uses 
the nucleocapsid protein of SARS-CoV-2. However, 
when the same serum sample was tested by PRNT 
for B.1, P.1, P.2, and B.1.1.7 lineages, neutralizing an-
tibodies were under the detectable level of our assay; 
PRNT90 titers for all 4 lineages were <10.

Genomic Findings
To distinguish between reinfection and long-term vi-
ral persistence, we recovered the SARS-CoV-2 whole 
genomes from the 2 positive nasopharyngeal swab 
specimens (accession nos. EPI_ISL_792561 and EPI_
ISL_792562) of the reinfection case plus 76 SARS-CoV-2 
positive cases detected in the same state of Paraíba dur-
ing April 6–November 27, 2020 (EPI_ISL_792563 to EPI_
ISL_792638). We performed maximum-likelihood phy-
logenetic analysis of all SARS-CoV-2 whole genomes 
from the state of Paraíba by using PhyML (8); this analy-
sis revealed 2 different viral lineages in the 2 COVID-19 
episodes. In the first episode, we detected the lineage 
B.1.1.33, whereas lineage P.2 (alias for B.1.1.28.2) was 
detected in the third clinical specimen (from the second 
episode) (Figure 1), according to PANGO lineage clas-
sification (10). The SARS-CoV-2 B.1.1.33 lineage was 
also detected in other samples from the state of Paraí-
ba (Figure 1) and represent the most prevalent viral 
variant circulating in Brazil during the early epidemic 

phase (11,12). Of note, sequences recovered from the re-
infection case and from 2 additional cases in the state 
of Paraíba harbor the substitution S-E484K (G23012A) 
and were classified as lineage P.2, which was initially 
detected in the state of Rio de Janeiro (13).

To better characterize the P.2 virus detected in the 
second SARS-CoV-2–positive nasopharyngeal swab 
specimen, we aligned it against all B.1.1.28 (an ances-
tor of P.2) whole genomes available in the GISAID Epi-
CoV database as of December 20, 2020. In addition, we 
also selected 8 P.2 whole-genome sequences from the 
states of Alagoas (n = 2), Amazonas (n = 1), and Parana 
(n = 5) available in the Fiocruz COVID-19 Genomic 
Surveillance Network database (accession nos. EPI_
ISL_792560, EPI_ISL_792639, EPI_ISL_792642, EPI_
ISL_792645, EPI_ISL_792646, and EPI_ISL_792650–
52). The new maximum-likelihood phylogenetic 
tree revealed that the lineage P.2 recovered from the 
reinfection case branched in a highly supported (ap-
proximate-likelihood ratio test = 1) subclade with 46 
additional sequences sampled during October–Decem-
ber, 2020, in the states of Rio de Janeiro, Paraíba, Ala-
goas, Parana, and Amazonas (Figure 2, panel A). We 
identified 5 lineage-defining single-nucleotide poly-
morphisms: C100U (5′ untranslated region), T10667G 
(NSP5_L205V), C11824T (NSP6), G23012A (S_E484K), 
and G28628T (N_A119S) that distinguish P.2 sequenc-
es from all other B.1.1.28 sequences available in Brazil.

To further investigate the spatiotemporal emer-
gence of the VOI P.2 and the viral strain detected in 
the reinfection case, we conducted a Bayesian phylo-
geographic analysis of all 47 SARS-CoV-2 sequences 
in Brazil that branched within such clade. We estimat-
ed time-scaled trees by using a strict molecular clock 
model with a uniform substitution rate prior (8–10 × 
10−4 substitutions/site/year), a general time-reversible 
plus invariable sites plus gamma nucleotide substitu-
tion model, and the Bayesian skyline coalescent prior 
as implemented in BEAST version 1.10 (9). Bayesian re-
constructions traced the origin of the lineage P.2 in the 
state of Rio de Janeiro (PSP = 0.97) on August 27 (95% 
highest posterior density credible interval July 14–Sep-
tember 18) and its subsequent dispersion from Rio de 
Janeiro to other states in the southern and northeastern 
regions of the country (Figure 2, panel B). This phylo-
geographic reconstruction also supports a dissemina-
tion event from the state of Paraíba to the state of Ama-
zonas and the branching of the P.2 sequence from the 
reinfection case with that from Amazonas with high 
support (PP = 1) (Figure 2, panel B). The most recent 
common ancestor of P.2 sequences from the reinfection 
case and the state of Amazonas was dated to Septem-
ber 29 (95% highest posterior density credible interval 
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September 14–October 11), a few days before the onset 
of reinfection symptoms on October 11.

Discussion
We demonstrate that this reinfection case in Brazil 
corresponds to a primary infection with the lineage 
B.1.1.33 and a reinfection with the VOI P.2, which har-
bors the mutation S-E484K. The age of the common 
ancestor of the P.2 virus of the reinfection case and a 
nonrelated virus sampled in the state of Amazonas 
provide a maximum limit for the reinfection episode 
during September 14–October 11. The estimated pe-
riod excludes the possibility of long-term persistence 
of the P.2 virus since primary infection (before June 
23, 2020).

Of note, the reinfection case reported here co-
incides with a recently reported case in the state of 
Bahia that also described a primary infection with 
the B.1.1.33 variant and reinfection with the P.2 viral 
variants (14). These studies also confirm that the P.2 
initially described in the state of Rio de Janeiro (13) is 
more widely distributed across different states in Bra-
zil. Our analysis supports that the P.2 lineage probably 
emerged in Rio de Janeiro around late August, but  

defining the precise location and time of emergence of 
this novel lineage will require a denser sampling from 
different states in Brazil from the second half of 2020.

The mutation E484K is located in the receptor-
binding domain and has also been recently described 
in multiple SARS-CoV-2 VOI and variants of concern 
rapidly spreading in the Americas, Europe, and Af-
rica (15). The rapid dissemination of these variants, 
combined with the ability of viruses harboring the 
mutation E484K to potentially escape from neutral-
izing antibodies mounted for older lineages (13,16), 
should raise concern about the potential effect on in-
fectivity, pathogenicity, and reinfection.

We also speculate that the reinfection case de-
scribed resulted from a weak and transient protective 
immunity that occurred after primary infection. Con-
sistent with this notion, despite the positive result for 
IgG by CMIA in the serum sample collected 2 months 
after the second SARS-CoV-2 infection, PRNT90 titers 
for all 4 lineages of SARS-CoV-2 tested, including 
P.2, were below the detectable level. The prevalence 
of neutralizing antibodies also varies among pa-
tients and low levels or absence of neutralizing anti-
body has been reported in mildly affected COVID-19  

Figure 1. Maximum-likelihood tree of 
severe acute respiratory syndrome 
coronavirus 2 whole-genome 
sequences from Paraíba in study 
of reinfection case, Brazil, June–
October 2020. Branching pattern of 
whole-genome sequences (29779 
nt) from Paraíba (n = 77) are shown 
classified within lineages B.1.1.28 
(red), B1.1.33 (blue), and others B.1.1 
(black). Sequences derived from the 
primary infection and reinfection are 
highlighted with different colors as 
indicated. Nodes with high statistical 
support (approximate-likelihood ratio 
test >9.0) are marked by the smaller 
circular shapes.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021	 1793

SARS-CoV-2 P.2 Lineage Associated with Reinfection

convalescent patients (17). In a study conducted with 
SARS-CoV-2–infected healthcare workers, neutraliz-
ing activity rapidly declined and might even be lost 
beginning 2 months after disease onset (18).

Whether reinfected persons might contribute sub-
stantially to the onwards transmission of SARS-CoV-2 
in the population is currently unclear. The negative 
results from viral isolation after 2 sequential passages 
of nasopharyngeal swab specimens suggests absence 
(or low levels) of infectious virus in the second episode 
of COVID-19. Viral isolation prevalence among CO-
VID-19 patient samples varies and is usually lower in 
mild infections with high Ct values (17).

Our results demonstrate that previous exposure 
to SARS-CoV-2 might not guarantee immunity, and 
that sequential infections might not mount detectable 
neutralizing antibodies in all cases. These findings re-
inforce the need to maintain nonpharmacologic pro-
tective measures not only by persons who test nega-
tive but also for those who have already tested positive 

for SARS-CoV-2. Characterization of the immune re-
sponse in persons who become reinfected with SARS-
CoV-2 will be crucial to learn more about the role of 
viral and host factors on this rare phenotype.

This article was preprinted at https://virological.org/t/
spike-e484k-mutation-in-the-first-sars-cov-2-reinfection-
case-confirmed-in-brazil-2020/584.
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The fi rst confi rmed cases of coronavirus disease 
(COVID-19) in the United Kingdom were iden-

tifi ed at the end of January 2020. As cases increased 
across all regions, surveillance data indicated that the 
epidemic was progressing more rapidly in London 

than the rest of the United Kingdom. In response to 
the increase in cases, hospitalizations, and deaths, the 
United Kingdom introduced a series of measures to 
limit transmission, beginning March 12, 2020 (week 
11); persons with a continuous cough or fever were 
advised to self-isolate for 7 days, school trips abroad 
were cancelled, and at-risk groups were advised to 
avoid cruises. These measures culminated in the im-
plementation of legally enforceable public health and 
social measures (i.e., lockdown) beginning March 23 
(week 13) (1).

Despite the reporting of a range of surveillance 
data in England, including laboratory-confi rmed 
cases, primary-care consultations, hospital and inten-
sive care unit (ICU) admissions, and deaths (2), much 
remains unknown about the magnitude of infection 
with severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) virus in the population, the key driv-
ers of transmission, and the incidence of asymptom-
atic or mildly symptomatic infection within the UK 
population thus far.

Serologic estimates are critical to better under-
stand epidemiologic trends and help inform policy 
options to control disease. These estimates also pro-
vide a denominator for estimating severity measures, 
such as infection fatality and infection hospitalization 
ratios, and to help clarify the epidemiology of COV-
ID-19 in the population.

Early in the pandemic, data from population-
based seroepidemiologic studies were limited (N. 
Bobrovitz et al., unpub. data, https://doi.org/10.1
101/2020.05.10.20097451), and how the prevalence 
of SARS-CoV-2 infection varies by age was not well 
understood. Much remains unknown about the dy-
namics of the antibody response to SARS-CoV-2. 
The existing serologic assays target different viral 

 Seroprevalence of SARS-CoV-2 
among Blood Donors and Changes 
after Introduction of Public Health 
and Social Measures, London, UK

Gayatri	Amirthalingam,	Heather	Whitaker,	Tim	Brooks,	Kevin	Brown,	Katja	Hoschler,	
Ezra	Linley,	Ray	Borrow,	Colin	Brown,	Nick	Watkins,	David	J.	Roberts,	Danielle	Solomon,	

Charlotte	M.	Gower,	Olivier	le	Polain	de	Waroux,	Nick	J.	Andrews,	Mary	E.	Ramsay

Author	affi		liations:	Public	Heath	England,	London,	UK	
(G.	Amirthalingam,	H.	Whitaker,	K.	Brown,	K.	Hoschler,	C.	Brown,	
D.	Solomon,	C.M.	Gower,	O.	le	Polain	de	Waroux,	N.J.	Andrews,	
M.E.	Ramsay);	Public	Health	England,	Porton	Down,	UK	
(T.	Brooks);	Public	Health	England,	Manchester,	UK	(R.	Borrow);	
National	Health	Service	Blood	and	Transplant,	Cambridge,	UK	
(N.	Watkins);	National	Health	Service	Blood	and	Transplant,	
Oxford,	UK	(D.J.	Roberts);	Radcliff	e	Department	of	Medicine,	
University	of	Oxford,	Oxford	(D.J.	Roberts)

DOI:	https://doi.org/10.3201/eid2707.203167

We	describe	 results	 of	 testing	 blood	 donors	 in	 London,	
UK,	 for	 severe	 acute	 respiratory	 disease	 coronavirus	 2	
(SARS-CoV-2)	IgG	before	and	after	lockdown	measures.	
Anonymized	 samples	 from	 donors	 17–69	 years	 of	 age	
were	tested	using	3	assays:	Euroimmun	IgG,	Abbott	IgG,	
and	 an	 immunoglobulin	 receptor-binding	 domain	 assay	
developed	 by	 Public	 Health	 England.	 Seroprevalence	
increased	 from	 3.0%	 prelockdown	 (week	 13,	 beginning	
March	23,	2020)	 to	10.4%	during	 lockdown	(weeks	15–
16)	 and	 12.3%	 postlockdown	 (week	 18)	 by	 the	Abbott	
assay.	 Estimates	were	 2.9%	 prelockdown,	 9.9%	 during	
lockdown,	 and	 13.0%	 postlockdown	 by	 the	 Euroimmun	
assay	 and	 3.5%	 prelockdown,	 11.8%	 during	 lockdown,	
and	14.1%	postlockdown	by	the	receptor-binding	domain	
assay.	By	early	May	2020,	nearly	1	in	7	donors	had	evi-
dence	of	past	SARS-CoV-2	 infection.	Combining	results	
from	the	Abbott	and	Euroimmun	assays	increased	sero-
prevalence	by	1.6%,	2.3%,	and	0.6%	at	the	3	timepoints	
compared	with	Euroimmun	alone,	demonstrating	the	val-
ue	of	using	multiple	assays.
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proteins, and IgG responses to these proteins are 
likely to appear at different stages of the immune 
response, potentially resulting in some assays pref-
erentially identifying those persons seroconverting 
earlier or later in the course of an infection (3); these 
differences are an important factor when interpret-
ing data from seroprevalence studies. In this article, 
we describe the results of testing whole blood do-
nors in London, UK, who were anonymously tested 
as part of the national public health response to CO-
VID-19. These tests were conducted using 3 different 
serologic assays at 3 timepoints during the epidemic 
that reflect transmission prelockdown, perilock-
down, and immediately post lockdown.

Methods

Data Collection

Sample Selection
A program of collecting plasma samples each week 
through the National Health Service Blood and 
Transplant Services from healthy 17–69 year old per-
sons donating whole blood was initiated on March 
23, 2020, at epidemiologic week 13. The minimum in-
terval between serial donations was 12 weeks for men 
and 16 weeks for women. An average of 10,683 whole 
blood donations were received per month in London 
during March–July 2020.

Given the evidence of the scale of the epidemic 
in London, enhanced testing of London donors was 
implemented with donor samples from London col-
lected during week 13 (period 1, beginning March 
23), weeks 15–16 (period 2), and week 18 (period 3). 
Approximately 1,000 fully anonymized donations 
were obtained for each collection. The demographic 
information available from each donor included age, 
sex, and area of residence.

Blood donors are healthy persons who are ex-
cluded from donating if they experienced any acute 
illness for >2 weeks before donating blood. In addi-
tion, specific donor exclusion criteria for coronavirus 
have been introduced (14 days postinfection at the 
time of the study, which was extended to 28 days 
starting June 8) (4). Given the standard symptomatic 
period, the exclusion criteria described and the fact 
that antibodies might take >2 weeks to be detectable, 
prevalence estimates among blood donors probably 
reflect infection prevalence >2–4 weeks before sam-
ples were taken.

To undertake the validation of test sensitivity, 
samples from recovering case-patients are required. 
To obtain convalescent serum samples from case- 

patients in the community, Public Health England 
(PHE) initiated an active request for samples from per-
sons with PCR-confirmed cases reported early in the 
epidemic. These persons were asked to attend their 
general practitioner approximately 3–5 weeks after 
illness onset to provide a convalescent serum sample 
(N.L. Boddington et al., unpub. data, https://doi.org
/10.1101/2020.05.18.20086157). Crucially, these cases 
were detected in the containment phase, when test-
ing was based on epidemiologic factors such as trav-
el. These cases should therefore be a better reflection 
of mild and asymptomatic infections that would not 
otherwise be picked up by routine testing, which was 
based predominantly on testing hospitalized patients 
at the 3 timepoints.

To evaluate specificity, serum samples collected 
before the circulation of SARS-CoV-2 also were test-
ed. This testing was done on residual serum samples 
taken in 2018 and provided by the Sero-Epidemiolo-
gy Unit (SEU) at PHE, Manchester (5), and the Royal 
College of General Practitioners Research and Sur-
veillance Centre (6). All samples were processed and 
stored at the SEU.

Serologic Assays
We tested samples on 2 commercial assays accord-
ing to the manufacturers’ instructions. Initial testing 
was conducted by using the SARS-CoV-2 ELISA IgG 
assay from Euroimmun (https://www.euroimmun.
com) targeting the S1 domain, including the receptor-
binding domain (RBD); testing was conducted by 
using the SARS-CoV-2 IgG for use on the Architect 
platform (Abbott, https://www.molecular.abbott) 
targeting the nucleoprotein. Samples were tested in-
dividually and reported according to the manufac-
turers’ criteria. We defined Euroimmun results of 0.8 
to <1.1 as equivocal and >1.1 as reactive. We defined 
Abbott results of >1.4 as reactive; we also defined an 
equivocal range of 0.8 to <1.4 for presentation of vali-
dation data.

The third assay was an in-house assay devel-
oped in the Virus Reference Department at PHE, 
also used retrospectively. For this ELISA, we pur-
chased the commercial recombinant RBD subunit of 
the SARS-CoV-2 spike protein from SinoBiological 
Inc. (https://www.sinobiological.com), which we 
expressed in HEK293 cell culture with a C-terminal 
mouse Fc tag (Arg319-Phe541(V367F) (GenBank ac-
cession no. YP_009724390.1). We coated Nunc Maxi-
Sorp (Nunc, https://www.thermofisher.com) flat-
bottomed, polystyrene, 96-well microtiter plates by 
diluting 20 ng recombinant protein per well in sterile 
phosphate-buffered saline; pH 7.2 + SD 0.05 (Gibco, 
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https://www.thermofisher.com) at 4°C–8°C for a 
minimum of 16 hours. We diluted serum at a final 
dilution factor of 1 in 100. We detected the binding 
of IgG on the plate surface by using an anti-human 
IgG horseradish peroxidase antibody conjugate (Sig-
ma-Aldrich, https://www.sigmaaldrich.com) and 
3,3′,5,5′-etramethylbenzidine (Europa Bioproducts 
Ltd, https://www.europa-bioproducts.com). We 
analyzed samples in duplicate and evaluated optical 
density at 450 nm (OD450) data by dividing average 
OD450 values for individual samples by average OD450 
of a known calibrator with negative antibody levels 
(T/N ratio). We defined results of 4 to <5 as equivocal 
and >5 as reactive. We defined samples as reactive for 
each assay independently.

Assay Validation
Because of the speed with which the assays have been 
developed, limited validation has been conducted 
by the manufacturers. We therefore used panels cre-
ated by PHE and managed by the SEU to validate the  
assays (7,8)

Population Data
We weighted overall prevalence estimates for age. 
We based these estimates on population data from 
the Office for National Statistics (9).

Statistical Analysis
We calculated observed prevalence (prevobs) by age 
group, sex, and time with 95% exact CIs. In these calcu-
lations, all results falling into the equivocal range of the 
assays were included as negative. Analyses were con-
ducted in Stata 14 (StataCorp, https://www.stata.com).

We corrected observed prevalence to account for 
the sensitivity and specificity of the assays by using 
an adjusted prevalence (prevadj) related to the ob-
served prevalence as follows:

Prevobs = Se × prevadj + (1 – Sp) × (1 – prevadj),

where Se denotes sensitivity, Sp denotes specificity, 
and prevobs denotes the observed prevalence (10,11). 
We solved this relationship within a Bayesian mod-
el, along with the sampling distribution for reactive 
tests n+≈binomial(N, prevobs) and using a beta(0.5,0.5) 
prior for the adjusted prevalence prevadj. We included 
sensitivity and specificity, which were based on posi-
tivity in convalescent and baseline serum samples, 
in our Bayesian model each by way of a conjugate 
beta-binomial model with a beta(0.5,0.5) prior, thus 
accounting for uncertainty of their actual value. We 
generated uncertainty and credible intervals by using 
Markov Chain Monte Carlo simulations with 500,000 

iterations after a burn-in of 1,000 iterations and a thin-
ning interval of 5, using the NIMBLE package in R 
software (12,13).

Results
The overall test positivity based on the Euroimmun 
assay was 2.9% (95% CI 1.8%–4.4%) in week 13, 9.9% 
(95% CI 8.2%–11.8%) in weeks 15–16, and 13.0% (95% 
CI 11.0%–15.3%) in week 18. Consecutive differences 
between the proportion reactive at the 3 timepoints 
reduced over time, from 7.0% (95% CI 4.8%–9.1%) 
during week 13 to weeks 15–16 to 3.2% (95% CI 
0.4%–5.9%) during weeks 15–16 to week 18 (Figure 
1; Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/7/20-3167-App1.pdf).

In comparison, results from the RBD and Ab-
bott assays had higher positivity at week 13, RBD at 
3.5% (95% CI 1.9%–5.9%) and Abbot at 3.0% (95% CI 
1.4%–5.6%), compared with a positivity of 2.9% with 
the Euroimmun assay (Figure 1; Appendix Table 1). 
The number of samples tested using each assay var-
ied considerably for this first timepoint. At week 18 
the RBD test had highest positivity at 14.1% (95% 
12.0%–16.5%) and Abbott the lowest at 12.3% (95% CI 
10.3%–14.6%) (Figure 1; Appendix Table 1), although 
the differences in positivity estimated by the 3 assays 
were not significantly different at each of the 3 peri-
ods, producing overlapping CIs. We tested a smaller 
number of donor samples from week 13 using the Ab-
bott assay. The geographic spread of these samples 
was a little more concentrated in inner London com-
pared with the overall sample collection (Appendix 
Table 2) but reasonably representative in terms of age 
(Appendix Table 3).

After adjustment for sensitivity and specificity, 
Euroimmun had the highest adjusted prevalence in 
week 18 at 14.9%, compared with 13.3% for the Ab-
bott assay and 13.4% for the RBD assay (Appendix 
Table 1). In weeks 15–16, adjusted prevalence was 
similar among the 3 assays: 10.9% for RBD, 11.0% for 
Euroimmun, and 11.3% for the Abbott assay. In week 
13, adjusted prevalence was lowest for RBD at 1.5% 
and highest for the Abbott at 3.1%.

Venn diagrams show the results for samples test-
ed by all assays for the 3 timepoints (Figure 2). Unad-
justed prevalence based on a highly specific endpoint 
requiring all assays to be reactive was 1.0%, 8.5% 
and 11.6% at the 3 timepoints, whereas if based on a 
highly sensitive endpoint of any assay reactive prev-
alence was 6.5%, 13.6%, and 14.8%. The RBD assay 
gave the most reactive results, but this tendency can 
be explained by its lower specificity (Appendix, Ap-
pendix Table 5). If a criterion of reactive by Abbott or 
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Euroimmun were used (to maintain good specificity 
and increase sensitivity), then unadjusted prevalence 
would be 4.5%, 12.2%, and 13.6% for the 3 timepoints. 
These values compare with an unadjusted prevalence 
of 2.9%, 9.9%, and 13.0% for the Euroimmun assay 
alone. To adjust prevalence based on assay combina-
tions, the sensitivity and specificity of these combina-
tions is also required, but the validation data did not 
have all assays tested on the same negative samples 
to enable this calculation.

The analysis shows an important age effect, a 
decreasing prevalence with increasing age group at 
weeks 15–16 (Figure 3; Appendix Table 3), based on 
the Euroimmun assay. Comparisons by age were not 
interpretable for the earlier timepoint (week 13) be-
cause of the low number of donor samples from per-
sons in older age groups. At week 18, the difference 
in prevalence by age group was less pronounced, 
showing little difference between age groups <50 
years and an increased prevalence in older age 
groups. When comparing age effects by assay, this 
effect was most pronounced in the RBD assay results 
and least pronounced in the Abbott assay results 
(Appendix Table 3).

Although prevalence estimates from all 3 assays 
indicate a slightly higher prevalence among men than 
women in week 13 (Appendix Table 6), a more pro-
nounced gender effect appears to have occurred by 
weeks 15–16, when prevalence was higher in younger 
women than in men and older women. This differ-
ence was no longer observed by week 18, when prev-
alence was similar.

Discussion
We demonstrate the value of using 3 serologic as-
says targeting different proteins for evaluating se-
roprevalence of SARS-CoV-2 and for understand-
ing the evolution of the epidemic in London and the 
effects of physical distancing measures. Our results 

show that overall trends in prevalence estimates are 
similar across all 3 assays; however, we observed 
some notable differences. The sensitivity analysis 
indicates that the assay targeting the nucleopro-
tein identifies early infections; the assays targeting 
the spike protein are more reliable in picking up 
late infections. These results are similar to observa-
tions made by other groups (14). Including samples 
that were positive on the nucleoprotein-based as-
say with those reactive on a spike-based assay in-
creased unadjusted prevalence by 1.6%, 2.3%, and 
0.6% for the 3 periods.

Understanding the changes in sensitivity of sero-
logic assays over time is also critical in interpreting 
seroprevalence data, particularly taking into account 
recent data that have indicated differential waning 
patterns for antibodies that have different targets (14). 
These findings also demonstrate the value in combin-
ing data from different serologic assays with different 
target proteins for determining seroprevalence.

We show that, in London, ≈14% donors had evi-
dence of infection by week 18, the highest for any  

Figure 1. Percentage of reactive test results (unadjusted) for 
severe acute respiratory syndrome coronavirus 2 Ig in serum 
samples, by assay and epidemiologic week of sample collection 
(weeks 13, 15–16, and 18), London, UK, 2020. Error bars indicate 
95% CIs. RBD, receptor-binding domain.

Figure 2. Results for serum samples tested for severe acute respiratory syndrome coronavirus 2 Ig with all 3 assays, by epidemiologic 
week of sample collection, London, UK, 2020. A) Week 13 (week beginning March 23); B) weeks 15–16; C) week 18. Values are no. (%) 
of reactive test results. RBD, receptor-binding domain.
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region of England. This pattern is consistent with data 
from other surveillance systems, including numbers 
of cases, hospitalizations, and deaths (15). These re-
sults also confirm transmission slowed substantially 
after lockdown measures were put in place, plateau-
ing from weeks 15–16 to 18. Given the time required 
to develop an antibody response and the fact that do-
nors are excluded from donating for a minimum of 14 
days after an acute illness, these prevalence estimates 
reflect the situation >2–4 weeks before the collection 
date. Therefore, increases observed from weeks 13 to 
15–16 reflect the situation before the effects of lock-
down measures fully taking effect, and results from 
early May reflect incidence from early to mid-April.

Our analysis shows a very pronounced age dif-
ference among adult age groups, particularly for 
samples taken in weeks 15–16, which probably reflect 
the epidemic dynamics under normal social-mixing 
patterns in a high-transmission situation (16), given 
the fact that these results were too early to have been 
affected by lockdown. Those findings suggest that 
young adults in London were infected earlier in the 
epidemic and older age groups affected later. The 
mixing patterns during lockdown have substantially 
changed, including less frequent contact with per-
sons in the same age groups (i.e., less age-assortative 
mixing); fewer daily contacts overall; and more in-
tergenerational mixing among persons >30 years of 
age, probably reflecting household compositions in 
these age groups (17). These patterns might explain, 
in part, some of the observed differences in trends by 
age group.

For prevalence by sex, data from London sug-
gest that young adult women had a higher risk for 
infection than men of the same age, particularly  

before lockdown measures were implemented. 
However, after lockdown, those differences became 
less pronounced. This finding might support the 
hypothesis that women of childbearing age were ac-
quiring infection before men of a similar age group. 
Evidence to support the idea that children are key 
drivers of transmission is limited (17), and further 
work is needed to address potential explanations for 
such a difference, including higher intensity of expo-
sure to children, higher frequencies of occupational 
caring roles for women compared with men, or both.

The availability of large volumes of donor sam-
ples on a weekly basis provided an attractive and 
valuable source of samples for seroprevalence esti-
mates. However, adult donors are not representative 
of the general population and are likely to be less 
ethnically diverse, of higher socioeconomic status, 
and healthier than the wider population (18,19), all 
of which might lead to an underestimate in popula-
tion prevalence. Although donors >70 years of age 
were excluded from donation, increased pathogenic-
ity of SARS-CoV-2 with age might have resulted in an 
increased proportion of infected older donors being 
hospitalized and thus not available for blood dona-
tion. This tendency could result in an underestimate 
of seroprevalence in the oldest age groups.

Changes in the precise locations of sampling 
within regions at different periods have been ob-
served, and this lack of consistent sampling needs 
to be considered when interpreting any changes 
over time. For example, because of limited volumes, 
a smaller number of donor samples from week 13 
were tested using the Abbott assay. We demonstrate 
similar results for using 3 different assays indepen-
dently and adjusting for the estimated sensitivity 

Figure 3. Percentage of reactive Euroimmun test results for severe acute respiratory syndrome coronavirus 2 Ig, by age group 
(unadjusted prevalence) and epidemiologic week of sample collection, London, United Kingdom, 2020. A) Week 13 (week beginning 
March 23); B) weeks 15–16; C) week 18.
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and specificity of the assays. We did not attempt 
to estimate adjusted prevalence on a combination 
of assays results or on the basis of changing assays 
cutoffs because more validation data on using mul-
tiple assays would be needed, and those data would 
probably indicate a pattern similar to that observed 
with the individual assays.

A range of interactions might have contributed 
to our results; further work is needed to understand 
the effect of age on antibody kinetics and the effect 
of age on different aspects of various assays, includ-
ing sensitivity over time. These factors highlight the 
complexity inherent in interpreting seroprevalence 
surveys.

Despite those limitations, these results from test-
ing blood donors have provided valuable intelligence 
regarding the progression of the epidemic among 
adults in London. Our results show that using mul-
tiple serologic assays targeting different proteins is 
probably informative as we try to determine the in-
terplay between antibody kinetics and transmission 
dynamics in the population over time. Seroepidemio-
logic studies that rely on a single assay or have a sin-
gle target risk incomplete ascertainment of the actual 
number of infections within the population.
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Since the World Health Organization declared 
coronavirus disease (COVID-19) a pandemic on 

March 11, 2020 (1), COVID-19 has infi ltrated every 
continent in the world (2). Hong Kong, a densely 
populated city located on the southern coast of China 
with ≈7.5 million citizens and a mean daily number 
of 12.5 social encounters per individual (3), recorded 
its fi rst laboratory-confi rmed COVID-19 case in late 
January 2020 (4). Since then, Hong Kong has been 
adopting a suppress-and-lift strategy, under which 

lifting and reimposing of restrictions occured based 
on epidemiologic thresholds (5). As of April 9, 2021, 
Hong Kong had recorded 11,550 confi rmed cases and 
205 deaths (crude case-fatality rate 1.8%) (6), and the 
fourth wave of COVID-19 epidemic had just ended. 
After more available data on phase 3 clinical trials 
of candidate vaccines (7) became available and the 
vaccine was authorized for emergency use, the CO-
VID-19 vaccination program in Hong Kong began in 
late February 2021.

Surveillance of psychobehavioral responses dur-
ing the epidemic plays an essential role to convey risk 
communication messages to the public. Previously, 
we reported that the general population in Hong 
Kong had high levels of perceived risk and mild anxi-
ety during the early phase of the COVID-19 epidemic; 
the prompt government interventions with widely 
adopted individual precautionary measures might 
be the determinants to slow down the transmission 
early in the outbreak (8). After that initial analysis, 
which was based on cross-sectional data (8), global 
researchers have applied similar protocols for the 
general public in Japan (9), Saudi Arabia (10), Italy 
(11) and the United Kingdom (12). However, the tem-
poral variations of psychobehavioral responses have 
not been examined.

In addition to psychobehavioral responses, unique 
to COVID-19 is its unprecedented massive epidemic 
size compared with other recent outbreaks, such that 
vaccination becomes the exit strategy. However, de-
spite vaccine availability, vaccine doubters may ham-
per the global effort against COVID-19 (13). Unraveling 
the reasons behind vaccine hesitancy and monitoring 
its trends over time will support the design of inter-
ventions to boost COVID-19 vaccine uptake.

We report a longitudinal analysis of 5 representa-
tive population-based surveys of adults in Hong Kong 
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To	access	temporal	changes	in	psychobehavioral	respons-
es	to	the	coronavirus	disease	(COVID-19)	pandemic,	we	
conducted	 a	 5-round	 (R1–R5)	 longitudinal	 population-
based	online	survey	in	Hong	Kong	during	January–Sep-
tember	2020.	Most	respondents	reported	wearing	masks	
(R1	 99.0%	 to	R5	 99.8%)	 and	 performing	 hand	 hygiene	
(R1	95.8%	 to	R5	97.7%).	Perceived	COVID-19	severity	
decreased	signifi	cantly,	 from	97.4%	(R1)	to	77.2%	(R5),	
but	 perceived	 self-susceptibility	 remained	 high	 (87.2%–
92.8%).	 Female	 sex	 and	 anxiety	 were	 associated	 with	
greater	adoption	of	social	distancing.	Intention	to	receive	
COVID-19	vaccines	decreased	signifi	cantly	(R4	48.7%	to	
R5	37.6%).	Greater	anxiety,	 confi	dence	 in	 vaccine,	and	
collective	 responsibility	 and	 weaker	 complacency	 were	
associated	 with	 higher	 tendency	 to	 receive	 COVID-19	
vaccines.	Although	its	generalizability	should	be	assumed	
with	caution,	this	study	helps	to	formulate	health	commu-
nication	strategies	and	foretells	the	initial	low	uptake	rate	
of	COVID-19	vaccines,	suggesting	that	social	distancing	
should	be	maintained	in	the	medium	term.	
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on their psychological, behavioral, and vaccine-related 
responses, conducted during the first 2 waves of the 
COVID-19 epidemic. Our main objectives were track-
ing major psychobehavioral responses (including risk 
perception, psychological distress, and adoption of 
precautionary measures) over time and examining the 
determinants of the intention to receive the COVID-19 
vaccine. As a complement, other psychobehavioral re-
sponses (such as knowledge about COVID-19) were 
also reported. These findings should have major im-
plications for infection control policies and targeted 
mental health recommendations. Hong Kong has a 
high-income economy but had major social unrest in 
the prepandemic period in the population (14); thus, the 
experience in Hong Kong may act as a reference for oth-
er similar populations to prepare for future epidemics.

Methods

Respondent Recruitment
We established a community cohort within 36 hours 
after the first COVID-19 confirmed case was identified 
in Hong Kong. District councilors shared an online 
survey link through channels in which they convey in-
formation to their targeted residents (8). We arranged 
5 follow-up rounds (denoted as R1–R5) of online sur-
veys of the community cohort during January–Sep-
tember 2020, each lasting for 3–6 weeks: R1, January 
23–February 13; R2, March 6–April 14; R3, May 8–June 
14; R4, July 15–August 7; and R5, August 8–September 
15. Respondents were compensated with cash vouch-
ers in Hong Kong dollars (HKD): HKD 10 for R1, HKD 
20 for R2, and HKD 30 for R3–R5.

Study Instrument
The study instrument was based on a questionnaire 
used during the initial phase of the COVID-19 epi-
demic in Hong Kong (8). In each round, we admin-
istered questions soliciting key information on de-
mographics, health conditions, travel history, risk 
perceptions toward COVID-19, anxiety and burn-
out, confidence in the local government and doctors, 
knowledge about COVID-19 transmission, and adop-
tion and perceived effectiveness of preventive mea-
sures. In response to the funding commitments for 
COVID-19 vaccine development (15), starting with 
R4, we embedded vaccine-related questions along 2 
dimensions: intention to receive COVID-19 vaccines 
when available and vaccine hesitancy. 

Psychological Responses
Risk perceptions toward COVID-19 included per-
ceived susceptibility (of oneself and one’s family 

members), assuming no precautionary measure, and 
perceived severity. Starting with R3, we asked re-
spondents to report their perceived susceptibility 
based on the situation during which they completed 
the survey (1, very likely; 5, very unlikely). In addi-
tion, respondents rated the level of disease severity of 
COVID-19 and other noncommunicable diseases and 
infectious diseases (1, very bad; 5, not bad at all).

We measured anxiety with the Chinese–Canton-
ese version of the Hospital, Anxiety and Depression 
Scale—Anxiety (16). Respondents rated 7 statements 
on the basis of their feelings in the preceding 7 days on 
a 4-point scale; a higher score indicated stronger anxi-
ety (summative score: 0–7,  normal; 8–10,  borderline 
abnormal; 11–21, abnormal).

We measured burnout with a single-item mea-
sure: “Overall, based on your definition of burnout, 
how would you rate your level of burnout when fac-
ing COVID-19?” (1, “I have no symptoms of burnout”; 
5, “I feel completely burned out and often wonder if 
I can go on facing COVID-19; I am at the point where 
I may need some changes or may need to seek some 
sort of help”). This single-item measure was refined 
from a nonproprietary validated burnout measure 
(17) to fit the current context and was asked starting 
with R3.

Behavioral Responses
Respondents rated the adoption (yes/no) (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/7/21-0054-App1.pdf) and perceived ef-
fectiveness (1, very effective; 5, not very effective) 
(Appendix Table 2) of 17 precautionary measures 
against COVID-19. For the likelihood of COVID-19 
vaccine uptake, respondents answered this question 
“If COVID-19 vaccines are available, how likely will 
you receive them?” (0, definitely not; 10, definitely). 
We measured vaccine hesitancy with a validated 15-
item tool (18) with 3 items on each of 5 psychological 
antecedents (the 5Cs): confidence, defined as trust in 
the safety and effectiveness of the vaccine, the sys-
tem that delivers the vaccine, and the motivations of 
policymakers who decide on the need of the vaccine; 
complacency, defined as not perceiving the disease 
as high risk and vaccination as necessary; constraints, 
defined as barriers to vaccination; calculation, de-
fined as persons’ engagement in extensive informa-
tion searching; and collective responsibility, defined 
as willingness to protect others through herd im-
munity. We used an average score for each anteced-
ent. For collective responsibility, one reverse item, 
“When everyone is vaccinated, I don’t have to get 
vaccinated, too,” was excluded from the calculation. 

Psychobehavioral Responses to COVID-19 Vaccines
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The vaccine-related items did not include any spe-
cific information about pharmaceutical companies 
or manufacturing countries.

Statistical Analysis
We summarized responses using descriptive sta-
tistics. To examine the overall linear trends in the 
responses and to account for the correlation dimin-
ishment resulting from responses from the same 
respondents across time, we adopted the general-
ized estimation equation framework featuring an 
autoregressive structure for within-subject correla-
tions. To compare the proportion of responses in 2 
time points, we used a partially overlapping sam-
ples z-test (19).

We adopted a multivariate regression model un-
der the generalized estimation equation framework 
to identify the associated factors for higher tendency 
for social distancing (i.e., >5 social distancing mea-
sures) and higher uptake tendency for COVID-19 
vaccines (i.e., >7 of 10 for the “likelihood of receiv-
ing COVID-19 vaccines” question). We reported ad-
justed odds ratios (aORs) and 95% CIs and specified 
a statistical significance of p<0.05. We conducted 
the analysis in R software version 4.0.3 (https://
www.r-project.org). This study was approved by 
the Survey Behavioral Research Ethics Committee 
of The Chinese University of Hong Kong (reference 
no. SBRE-20-037).

Results

Study Timeline
The 5 study rounds intertwined epidemic waves 1 
and 2 in Hong Kong (20) at different disease stages 
(Figure 1): the initial phase (R1), amid epidemic 
waves (R2 and R4), during the relative quiescence be-
tween 2 waves (R3), and the decaying phase of wave 
2 (R5). The government-initiated interventions (such 
as school closure and compulsory mask-wearing) and 
the call for COVID-19 vaccine were also presented 
(Figure 1). The data collection was completed before 
any announcement of the safety and efficacy trials of 
the candidate vaccines. We received 2,478 attempts to 
complete the survey in R1, of which 1,715 provided 
complete responses (8) and 1,054 indicated willing-
ness to participate in future studies. The sample sizes 
for R2–R5 ranged from 441 to 644 (Figure 2).

Respondent Characteristics
The cohort consisted of more female persons (68.5%–
69.8%) and young adults (18–44 years of age) (78.6%–
81.0%) than other categories. Most were well educated: 

78.9%–82.5% had at least postsecondary level educa-
tion (Appendix Table 3). Most respondents were free 
from chronic diseases (87.1%–88.8%) and perceived 
themselves to be in good health (73.1%–78.1%) (Ap-
pendix Table 4). 

Risk Perception over Time
We identified significant temporal variation of risk 
perception toward COVID-19 (Appendix Table 5). 
Assuming no precaution measures, respondents 
perceived themselves likely to be infected with CO-
VID-19 (87.2%–92.8%). This proportion dropped to 
19.3%–42.0% when the current situations were con-
sidered, when institutionalized interventions were 
in place and personal protective measures were con-
ducted en masse (Appendix Table 1).

Perceived severity decreased significantly 
(p<0.001) over the study period, from 97.4% (R1) of 
respondents considering COVID-19 to be serious 
to 77.2% (R5). The perceived chance of having CO-
VID-19 cured increased significantly (p<0.001) by 
more than 3-fold, from 16.6% (R1) to 57.2% (R5). An 
increasing time trend (p<0.001) was also observed for 
perceived survival chance if infected, from 18.6% (R1) 
to 67.2% (R5).

Psychological Distress
The mean Hospital, Anxiety and Depression 
Scale—Anxiety score remained borderline abnor-
mal throughout the study, ranging from 8.99 (R1) 
to 7.61 (R5). There was a substantial increase in the 
proportion of normal respondents in terms of anxiety 
(p<0.001), from 35.6% (R1) to 51.7% (R5) (Appendix 
Table 6). This anxiety metric echoed the significant 
drop in the frequency of thinking about COVID-19 
(p<0.001), from 76.2% (R1) to 48.6% (R5). Despite this 
ease in anxiety level, the proportion of respondents 
worrying specifically about COVID-19 (85.7%–96.8%) 
and having their daily lives affected a lot by COV-
ID-19 (45.7%–61.8%) remained high throughout the 
study (Appendix Table 6). Meanwhile, ≈40% of the 
respondents have shown symptoms of burnout to-
ward COVID-19 since R3.

Adoption of Precautionary Measures
The adoption of individual precautionary measures 
remained high throughout the study (Appendix Ta-
ble 1). Most respondents reported they wore masks 
(R1, 99.0%; R5, 99.8%), covered mouth and nose 
when coughing or sneezing (R1, 96.9%; R5, 98.4%), 
performed hand hygiene using hand sanitizer or al-
cohol gel (R1, 95.8%; R5, 97.7%), and disinfected their 
homes (R1, 78.6%; R5, 88.5%). Hand hygiene and 
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home disinfection measures showed a significant in-
creasing trend across time.

The adoptions of social distancing across rounds 
were consistently from moderate to high (Appen-
dix Table 1). About one third of respondents avoid-
ed public transportation (R1, 38.0% to R5, 35.6%; p 
= 0.11) and work (R1, 24.6% to R5, 35.4%; p<0.001) 
across waves. Upward significant trends were  

observed among respondents in avoiding social ac-
tivities (R1, 63.8% to R5, 85.7%; p<0.001) and contact-
ing with persons with fever or symptoms of respira-
tory diseases (R1, 92.9% to R5, 95.1%; p<0.05).

Factors associated with greater adoption of so-
cial-distancing were being female (aOR 1.30, 95% CI 
1.09–1.56); living in the New Territories, a suburb of 
Hong Kong (aOR for the 2 territories 1.40–1.42); and 

Figure 1. Coronavirus disease (COVID-19) incidence and anxiety level by report date from survey of psychobehavioral responses to the 
COVID-19 pandemic, showing timeline of major interventions, Hong Kong, 2020. A, school closures: A1, closure, Jan 25–May 26; A2, early 
start of summer holiday, Jul 13–Sep 22. B, government work-from-home arrangement: B1, Jan 29–Mar 1; B2, Mar 23–May 3; B3, Jul 20–
Aug 23. C, group size limits on gatherings in public places: C1, limit 4, Mar  29–May 7; C2, limit 8s, May 8–Jun 18; C3, limit 50, Jun 19–Jul 
14; C4, limit 4, Jul 15–Jul 28; C5, limit 2, Jul 29–Sep 10; C6, limit 4 persons, Sep 11–present (as of 2020 October 5). D, compulsory mask 
wearing: D1, on public transportation, Jul 15–present; D2, also in public indoor areas, Jul 23–present; D3, also in public outdoor areas, 
Jul 29–present (exemption for country parks or when engaging in strenuous physical activities in public outdoor spaces, Aug 28–present). 
E, regulations applied to restaurants, Mar 28–present: <50% of premises capacity; tables >1.5 m apart; no more than 2, 4, or 8 persons 
per table; compulsory mask wearing except when consuming food or drink; compulsory body temperature screening before entry; hand 
sanitizer on premises; suspension of dine-in service for the following periods: E1, 6 pm–4:59 am, Jul 15–Jul 28; E2, at all times, Jul 29–30; 
E3, 6 pm–4:59 am, Jul 31–Aug 27; E4, 9 pm–4:59 am, Aug 28–Sep 3; E5, 12 am–4:59 am, Sep 18–present. F, business closures: F1, 
bathhouses, party rooms, clubs, karaoke clubs, May 8–May 28; F2, bathhouses, party rooms, clubs, karaoke clubs (all reopened Sep 17), 
swimming pools (beginning Jul 29), sports premises (Jul 29–Aug 28), clubhouses (reopened Aug 28), beauty parlors (reopened Aug 28), 
massage establishments (reopened Sep 4), places of public entertainment (reopened Aug 28), places for amusement (reopened Sep 4), 
fitness centers (reopened Sep 4), and amusement game and mahjong-tin kau establishments (reopened Sep 11). G, vaccine development 
timeline: G1, World Health Organization (WHO) Convention of Global Research and Innovation, Feb 11–12; G2, WHO Global Research 
Roadmap prioritizing vaccine development, Jun 3; G3, draft landscape of candidate vaccines, Apr 11; G4, launch of COVID-19 Access 
Pool for sharing data for vaccine development, May 29; G5, funding commitment at Global Vaccine Summit for immunization in low-
income countries, Jun 4; G6, call for USD 31.3 billion for therapeutics and vaccine development, Jun 26; G7, second summit on COVID-19 
research and innovation, Jul 1–2; G8, engaging >150 countries in financing vaccines, Jul 15; G9, outline of global vaccine procurement, 
Aug 6; G10, WHO guidance on vaccine allocation between and within countries, Sep 14; G11, WHO calls for vaccine manufacturers to 
apply for prequalification, Oct 1. HADS-A, Hospital, Anxiety and Depression Scale—Anxiety.
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being anxious (aOR 1.47, 95% CI 1.23–1.76) (Appendix 
Table 7). Respondents with chronic conditions (aOR 
0.72, 95% CI 0.54–0.95) and those reporting having 
neutral understanding of COVID-19, compared with 
those who said they understood COVID-19 not well/
not well at all (aOR 0.73, 95% CI 0.62–0.85), were less 
likely to practice social distancing (Appendix Table 7).

Likelihood of COVID-19 Vaccine Uptake
Respondents’ intention to receive COVID-19 vac-
cine decreased significantly from R4 (48.7%, 95% CI 
44.0–53.4) to R5 (37.6%, 95% CI 32.9–42.4), with par-
ticularly low rates among persons >55 years of age 
(Appendix Table 8). Factors associated with higher 
tendency for receiving COVID-19 vaccines were anxi-
ety (borderline abnormal: aOR 1.53, 95% CI 1.04–2.23; 
abnormal: aOR 1.87, 95% CI 1.19–2.93), complacency 
(aOR 0.72, 95% CI 0.62–0.85), confidence (aOR  1.71, 
95% CI 1.48–1.99), and collective responsibility (aOR 
1.31, 95% CI 1.10–1.55). Compared with persons 18–
24 years of age, persons >55 years of age were less 
likely to receive COVID-19 vaccine (aOR 0.47, 95% CI 
0.23–0.98) (Appendix Table 8).

We also researched the trends of other psychobe-
havioral responses. We compiled responses for  com-
paring perceived severity across diseases (Appendix, 
Appendix Table 9), confidence in government and 
doctors (Appendix, Appendix Table 10), knowledge 
of COVID-19 (Appendix, Appendix Table 11), and 
perceived effectiveness of precautionary measures 
(Appendix, Appendix Table 2).

Discussion
Our 5-round longitudinal online survey analyzed 
the temporal changes in community responses 
throughout the first 2 COVID-19 epidemics in Hong 
Kong. Overall, perceived susceptibility (assuming 
no precautionary measure taken) remained high: 

self-susceptibility (87.2%–92.8%) was substan-
tially higher than that observed for the 2003 SARS 
epidemic (23.0%) (21) and the 2009 influenza pan-
demic (58.1%) (22) in the same population. How-
ever, in terms of perceived severity, the proportions 
dropped dramatically across time but were still 
higher than those observed in other highly affected 
locations (United Kingdom, 20.7% [12]; Kerala state, 
India, 55.7% [23]). The proportions of persons with 
an abnormal level of anxiety also dropped over the 
study period, from 34.3% to 22.0%. We observed 
consistently high levels of precautionary measures, 
such as mask wearing, hand hygiene, and home dis-
infection throughout the study period. Greater anxi-
ety was associated with higher tendency of social 
distancing. The projected COVID-19 vaccine uptake 
rate dropped from 48.7% (R4) to 37.6% (R5). Greater 
anxiety, confidence in the vaccine, and collective re-
sponsibility and lower complacency contributed to a 
greater likelihood of intended vaccination.

Implications of Results
Our results have 5 immediate public health implica-
tions. First, with the uncertain disease progression 
(e.g., emergence of new variants of coronavirus) and 
the changing institutionalized interventions, there 
should be continual monitoring of risk perception to-
ward COVID-19 in the community. Risk perception 
is an indispensable determinant of behavioral change 
(24) and depends on the prevalence of the health risk 
concerned (25). Our findings show varying risk per-
ception over time during the pandemic, illustrating 
a perceived severity of COVID-19 that significantly 
decreased over time. Inferring from the large dif-
ference between naive (assuming no precautionary 
measures) and current (based on the current situa-
tion) scenarios, perceived susceptibility is sensitive 
to the disease progression and interventions in place. 

Figure 2. Timeline and participant recruitment for survey of psychobehavioral responses to the coronavirus disease pandemic, Hong 
Kong, 2020. To qualify for the survey, participants had to be >18 years of age and reside in Hong Kong for >5 days/week in the 
preceding month. The numbers in the box for each round refer to the number of respondents who indicated willingness to participate in 
the respective survey round; they may or may not have completed the questionnaire. 
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Although such temporal trend of risk perception was 
also observed in past pandemics (26), the absolute 
level of risk perception was not.

Second, surveillance and encouragement of so-
cial distancing should be maintained in the medium 
to long term, given the low projected uptake rate of 
COVID-19 vaccine. In Hong Kong, the reproductive 
number peaked at 2.39 in wave 1 and 3.04 in wave 2 
(20), which (based on early data) corresponded ap-
proximately to requiring 56.1%–66.9% of the popu-
lation to be immune to confer herd immunity (27). 
Because the projected vaccine uptake rates (R4, 
48.7%; R5, 37.6%) fell short of the required level, rel-
atively small-scale upcoming epidemics compared 
with the previous waves are expected. With more 
persons being vaccinated, there might be more so-
cial interactions, so persons should be encouraged 
to maintain social distancing (such as avoiding un-
necessary gatherings). Meanwhile, further research 
should focus on disease transmission during a mix 
of social distancing in place and vaccine hesitancy in 
the population.

Third, risk communications in Hong Kong 
should target complacency, vaccine confidence, and 
collective responsibility to boost the COVID-19 vac-
cine uptake. We reported a low intention for uptake 
of the would-be vaccines, which declined over time 
in Hong Kong. A similar situation was observed in 
the United States, where the projected vaccine uptake 
rate dropped from 74.1% in April 2020 to 56.2% in De-
cember 2020 (28). Such low uptake intention among 
older persons in our study (R4, 29.4%; R5, 31.4%) is 
particularly worrisome because older age is a risk fac-
tor for death from COVID-19 (29).

The extent to which our findings on the predic-
tors of uptake intention can be generalized to other 
countries or regions requires further investigation. 
Unique to Hong Kong were the low COVID-19 infec-
tion rate and low level of confidence in government 
measures. The weak uptake intention reported in this 
study was uncommon compared with other countries 
(71.5% overall for 19 countries) (30). The low infection 
rate, along with the decreasing perceived severity to-
ward COVID-19, might weaken the urgency for vac-
cination, which may also apply to places such as Tai-
wan, Japan, and Australia. However, the social unrest 
in Hong Kong in late 2019 might have led to distrust 
in the government (31), which could subsequently 
lower vaccination intention (32) and trigger main-
tenance of  personal precautionary measures. One 
possible explanation is that, when moderated by dis-
trust in government, persons tend to rely on personal 
protective measures (such as wearing facemasks and 

maintaining social distancing) but become skeptical 
to institutional protective measures (such as vac-
cines). Distrust in governments during the pandemic 
may also influence vaccine hesitancy in other regions, 
such as Brazil and Poland (33). Nevertheless, given 
the projected low vaccine uptake rate in this study, 
it may be insufficient to reach herd immunity in the 
near future, if ever, in Hong Kong. Therefore, taking 
the vaccine or not may have little bearing on relax-
ing government interventions in the medium term. In 
addition, from findings in other regions, trust in the 
government itself (34) and the information provided 
by the government (30) increased preventive prac-
tices, specifically accepting vaccines, during pandem-
ics (30). Therefore, effective health communication is 
particularly crucial for the Hong Kong government. 
To rebuild trust, public health authorities need to 
possess competence, objectivity, fairness, consisten-
cy, transparency, sincerity, and faith (35). In addition, 
organizations aside from government and healthcare 
providers, such as professional bodies and religious 
groups, may help deliver pro-vaccine messages (36).

Fourth, our results help to prioritize the content 
in promotional messaging. It is worth investing re-
sources on promotional messaging, particularly when 
few respondents in R4 (overall, 16.7%; 18–24 y, 24.7%; 
25–34 y, 14.5%; 35–44 y, 15.5%; 45–54 y, 11.5%; >55 y, 
17.6%) and R5 (overall, 10.5%; 18–24 y, 12.8%; 25–34 
y, 7.4%; 35–44 y, 12.1%; 45–54 y, 6.1%; >55 y, 20.0%) 
indicated an absolute “yes” for receiving COVID-19 
vaccines (measured on a 11-point Likert scale) and 
when there was antibody waning after receiving the 
vaccine. The decreasing confidence metric from R4 
to R5 highlighted the need to build trust among the 
public toward the logistics of vaccine development, 
licensing, generating recommendations, and distribu-
tion (37). Before the government authorizes the use 
of a COVID-19 vaccine, establishment of an advisory 
panel will help determine factors that the government 
should consider, such as performance (safety, effica-
cy, and effectiveness) and characteristics (number of 
doses, formulation, and presentation and packaging) 
of the available vaccine (38). Moreover, to increase the 
collective responsibility and perceived vaccine neces-
sity, the government should foster understanding of 
the vaccine among the public with transparent com-
munication, including more engagement with differ-
ent stakeholders in the community and populations 
who are disproportionately affected by the pandemic 
to listen to their concerns. Leveraging knowledge, 
skills, and expertise from these communications will 
provide a robust assessment to underpin the vaccina-
tion campaign. Although calculations and constraints 
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in the 5Cs model were not associated with the vaccine 
uptake likelihood at this stage, continuous examina-
tion in these 2 constructs will help refine future vac-
cination campaigns to engage citizens in cost–benefit 
calculations and increase their vaccine availability, af-
fordability and accessibility.

Fifth, the psychological distress arising from 
burnout should be weighed together with the well-
established anxiety. This pandemic is ongoing and 
has lasted much longer than the SARS epidemic, so 
more persons are developing syndromes of emotion-
al exhaustion. The interplay between 2 psychological 
distresses, burnout and anxiety, is worth investigat-
ing during the ongoing pandemic. Our study showed 
that almost half of respondents had burnout symp-
toms in a short 4-month window from June through 
September 2020. This symptom did not contribute to 
the likelihood of COVID-19 vaccination in the last 
2-point survey. However, the current general mea-
sure of burnout was not able to pinpoint the sources 
of burnout, such as financial stress, social isolation, 
the disease itself, or their combinations, for a detailed 
analysis. Nevertheless, the burnout phenomenon 
among persons coping with a long-term pandemic 
(39) suggests the need to reexamine the temporal as-
sociation among social-distancing adoption, vaccina-
tion, and burnout.

Our study’s first limitation is that the survey may 
have been subject to recall and social conformity bi-
ases, but its longitudinal design enabled us to track 
the same respondents over time, reducing self-control 
bias. Second, caution should be exercised when gen-
eralizing our findings to other regions because Hong 
Kong was exposed to other disease outbreaks recent-
ly, such as 1997 avian influenza (40), 2003 SARS (41), 
and 2009 pandemic influenza (42). Nevertheless, our 
COVID-19 experience after those past outbreaks may 
be precedent to other countries, after the current CO-
VID-19 pandemic. Third, our survey was conducted 
before the safety and efficacy data of the COVID-19 
vaccines were released. The actual uptake rates might 
be affected by possible vaccination side effects events, 
such as the recent reported deaths after taking the 
vaccines in Hong Kong (43–45).

In conclusion, our findings highlight the im-
portance of continuous longitudinal assessment 
of community psychobehavioral responses dur-
ing the COVID-19 pandemic. Monitoring those 
responses can help public health authorities tailor 
health communication strategies to achieve the de-
sired behavioral outcomes (vaccination and adop-
tion of precautionary measures) to control future  
epidemic waves.
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The Sunda or Malayan pangolin (Manis javanica) achieved notoriety dur-
ing the coronavirus disease pandemic because of fl awed evidence sug-

gesting that pangolins could be intermediate hosts. Genetic analysis later 
demonstrated that the spike protein angiotensin-converting enzyme-2 re-
ceptor-binding domain of the pangolin had marginal viral avidity and thus 
was an unlikely infectious conduit. Pangolins are edentate mammals pos-
sessing short powerful forelimbs suitable for excavating ants and termites.

Linnaeus named the genus Manis, derived from manes, Latin for “spirits” 
or “ghosts or shades of the dead,” which refers to their noncuddly reptilian 
persona and solitary nocturnal foraging. Covered by keratin scales, pango-
lins, when threatened, assume a rolled up position, described by the Malay-
an word pengguling (one who rolls up). Native to Java (thus javanica), their 
habitat includes Southeast Asia, especially the Indomalayan archipelago and 
Sunda Islands. Humans hunt pangolins for their meat, consume their blood 
as an elixir, and use their scales and other body parts as ingredients for craft-
ing leather products and noneffi cacious medications. 

Figure.	Covered	in	tough	keratin	scales	interspersed	with	
strands	of	fur,	the	pangolin,	also	known	as	a	scaly	anteater,	
assumes	an	impenetrable	rolled-up	position	when	threatened.	
Note	the	short	muscular	forelimbs.	Pangolins	are	endangered	
and	World	Pangolin	Day	is	the	third	Saturday	in	February.	
Photo	of	a	young	Chinese	pangolin	(Manis pentadactyla)	by	
Te-Chuan	Chan	(Taipei	Zoo,	Taiwan)	and	Wen-Ta	Li	(Pangolin	
International	Biomedical	Consultant	Ltd.,	Taiwan)	
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During the past 2 decades we have observed zoo-
notic outbreaks of severe acute respiratory syn-

drome coronavirus (SARS-CoV) in 2003 and Middle 
East respiratory syndrome coronavirus (MERS-CoV) 
in 2012 (1,2). These outbreaks have been followed by 

the current pandemic caused by the 2019 zoonotic 
emergence of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), the etiologic agent of 
coronavirus disease (COVID-19) (3,4). Humans are 
currently seen as the main hosts, but the zoonotic 
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Severe	 acute	 respiratory	 syndrome	 coronavirus	 2	
(SARS-CoV-2)	 has	 spread	 globally,	 and	 the	 number	
of	worldwide	cases	continues	to	rise.	The	zoonotic	ori-
gins	 of	 SARS-CoV-2	 and	 its	 intermediate	 and	 poten-
tial	 spillback	 host	 reservoirs,	 besides	 humans,	 remain	
largely	 unknown.	Because	of	 ethical	 and	 experimental	
constraints	 and	 more	 important,	 to	 reduce	 and	 refi	ne	
animal	experimentation,	we	used	our	repository	of	well-
diff	erentiated	airway	epithelial	cell	 (AEC)	cultures	 from	
various	 domesticated	 and	 wildlife	 animal	 species	 to	

assess	their	susceptibility	to	SARS-CoV-2.	We	observed	
that	 SARS-CoV-2	 replicated	 effi		ciently	 only	 in	monkey	
and	cat	AEC	culture	models.	Whole-genome	sequenc-
ing	 of	 progeny	 viruses	 revealed	 no	 obvious	 signs	 of	
nucleotide	 transitions	 required	 for	SARS-CoV-2	 to	pro-
ductively	infect	monkey	and	cat	AEC	cultures.	Our	fi	nd-
ings,	together	with	previous	reports	of	human-to-animal	
spillover	events,	warrant	close	surveillance	to	determine	
the	potential	role	of	cats,	monkeys,	and	closely	related	
species	as	spillback	reservoirs	for	SARS-CoV-2.
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origins and intermediate and potential spillback host 
reservoirs of SARS-CoV-2 are not yet well defined. 
Several reports indicate that SARS-CoV-2 spillover 
events from human to other animal species can occur 
(5–7). These zoonotic events are likely driven by close 
human–animal interactions and the conservation of 
crucial receptor binding motif (RBM) residues in the 
angiotensin-converting enzyme 2 (ACE2) orthologs, 
potentially facilitating SARS-CoV-2 entry (8,9). This 
knowledge gap highlights the need to assess the po-
tential host spectrum for SARS-CoV-2 to support cur-
rent pandemic mitigation strategies. 

Besides their use in determining the host spec-
trum, animal models will be needed for viral patho-
genesis studies, as well as for testing novel antiviral 
drugs, immunotherapies, and vaccines against SARS-
CoV-2. Typically, in such studies a large variety of 
animal species are tested for susceptibility (10–12). 
However, such experiments have several drawbacks, 
including the availability of diverse animal models 
and the need for dedicated personnel, housing fa-
cilities, and most important, ethics approval. Some 
of these factors are especially limiting when applied 
to wildlife and livestock animals, such as pigs, cattle, 
and other ruminants; when working with companion 
animals and nonhuman primates, there are addition-
al socioemotional and ethical considerations.

In this study, we evaluated the susceptibility of 
several mammal species to SARS-CoV-2 by recapit-
ulating the initial stages of infection in a controlled 
in vitro model, in compliance with the reduction, 
refinement, and replacement principles in animal 
experimentation, while at the same time circumvent-
ing traditional in vivo experimental constraints. We 
used a unique well-differentiated airway epithelial 
cell (AEC) culture repository from the primary tra-
cheobronchial airway tissue of 12 mammal species 
comprising companion animals, animal model can-
didates, livestock, and wild animals to assess their 
susceptibility to SARS-CoV-2 infection. To control for 
the quality of the AEC, we used influenza viruses that 
have known broad host tropism (13–15). 

Materials and Methods

Conventional Cell Culture
We cultured Vero E6 cells in Dulbecco Modified Eagle 
medium supplemented with 10% volume/volume 
percent (vol/vol) heat-inactivated fetal bovine serum, 
1 mmol/L sodium pyruvate, 1x GlutaMAX, 100 µg/mL 
streptomycin, 100 IU/mL penicillin, 1% vol/vol non-
essential amino acids, and 15 mmol/L HEPES buffer-
ing agent (GIBCO; https://www.thermofisher.com). 

We maintained cells at 37°C in a humidified incubator 
with 5% CO2.

Establishment of Animal AEC Culture Repository
We isolated tracheobronchial epithelial cells from 12 
different animal species from postmortem tracheo-
bronchial tissue that was obtained from slaughter-
houses, veterinary hospitals, or domestic or interna-
tional research institutes that euthanize their animals 
for diagnostic purposes or as part of their licensed ex-
perimental work in accordance with local regulations 
and ethics guidelines. We isolated and cultured the 
cells as described elsewhere (16). To establish well-
differentiated AEC cultures from diverse mammal 
species, we introduced several modifications to the 
composition of the air-liquid interface (ALI) medium 
(Table 1). We maintained all animal ALI cultures at 
37°C in a humidified incubator with 5% CO2. While 
the differentiated ALI cultures were developing over 
3–4 wk, we changed media every 2–3 d. 

Virus Propagation
We propagated SARS-CoV-2 (SARS-CoV-2/München- 
1.1/2020/929) virus stock in Vero E6 cells for 48 h then 
cleared virus-containing supernatant from cell debris 
by centrifuging for 5 min at 500 × g before aliquoting 
and storing it at –80°C. We determined viral titer by 
plaque forming unit (PFU) assay on Vero E6 cells as 
described elsewhere (17). We prepared working stocks 
of influenza A virus (IAV) A/Hamburg/4/2009 strain 
in the pHW2000 reverse genetic backbone by propa-
gating the rescued virus in MDCK-II cells for 72 h in 
the infection medium, which was composed of Eagle 
Minimum Essential Medium, supplemented with 
0.5% of bovine serum albumin, 100 µg/mL streptomy-
cin and 100 IU/mL penicillin solution, 1 µg/mL tryp-
sin acetylated from bovine pancreas (Sigma-Aldrich, 
https://www.sigmaaldrich.com), and 15 mmol/L 
HEPES buffer. We determined viral titer by 50% tissue 
culture infective dose (TCID50) assay on MDCK-II cells 
as described elsewhere (18,19). We propagated influ-
enza D virus (IDV, D/bovine/Oklahoma/660/2013 
strain) stocks in the human rectal tumor cell line 
HRT-18G (ATCC [American Type Culture Collection] 
CRL11663, https://www.atcc.org) for 96 h in the infec-
tion medium, with the adjustment of using 0.25 µg/
mL of trypsin. We determined viral titer by TCID50 as-
say on HRT-18G cells as described elsewhere (20).

Infection of Animal AEC Cultures
We infected well-differentiated AEC cultures from 
12 different species with 30.000 PFU of SARS-CoV-2, 
or 10.000 TCID50 of either IAV or IDV, as described 
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elsewhere (16). We monitored progeny virus release 
at 24-h intervals for 96 h, through the application of 
100 µL of HBSS onto the apical surface and incubated 
10 min before collection. We diluted collected apical 
washes 1:1 with virus transport medium and stored 
them at –80°C for later analysis. After the collection 
of the apical washes, we exchanged the basolateral 
medium with fresh ALI medium. We repeated each 
experiment as 2 independent biologic replicates using 
AEC cultures established from either 1 or 2 biologic 
donors of each species depending on the availability 
of procured animal tissue (Table 1).

Immunofluorescence Analysis 
We fixed virus-infected animal AEC cultures with 4% 
vol/vol neutral-buffered formalin at 96 hours postin-
fection (hpi) for SARS-CoV-2 or 48 hpi for IAV- or 
IDV-infected AEC cultures and processed them as 
described elsewhere (16). To detect SARS-CoV-2, we 
incubated fixed animal AEC cultures with a Rockland 
(https://rockland-inc.com) 200-401-A50 rabbit poly-
clonal antibody against SARS-CoV nucleocapsid pro-
tein, which has previously been shown to cross-react 
with SARS-CoV-2 (17). We used an Abcam (https://
www.abcam.com) ab128193 mouse antibody against 
IAV clone C43 nucleoprotein to detect IAV-infected 
cells and a custom-made rabbit polyclonal antibody 
against the nucleoprotein of influenza D/bovine/

Oklahoma/660/2013 strain (GenScript, https://
www.genscript.com) to detect IDV-infected cells. To 
visualize the distribution of ACE2 in the AEC cul-
tures, we used Abcam ab15348 and Biorbyt (https://
www.biorbyt.com) orb582208 rabbit polyclonal anti-
bodies against ACE2. We used Alexa Fluor 488 con-
jugated donkey anti–rabbit or anti–mouse IgG (H 
+ L) as secondary antibodies. We used Alexa Fluor 
647-conjugated anti-β-tubulin (9F3) rabbit mAb 
(Thermo Fisher Scientific) to visualize cilia and Alexa 
Fluor 594 mouse anti-ZO1 1A12 monoclonal antibody 
to visualize tight junctions. We counterstained all 
samples using DAPI (4’,6-diamidino-2-phenylindole; 
Thermo Fisher Scientific) to visualize the nuclei. We 
performed imaging using a Thermo Fisher EVOS FL 
Auto 2 imaging system equipped with a plan apo-
chromat 40×/0.95 air objective; we processed images 
using Fiji software packages (https://fiji.sc) (21) and 
assembled figures using the FigureJ plugin (https://
github.com/mutterer/figurej) (22). We adjusted 
brightness and contrast of images to be identical to 
their corresponding controls.

Quantitative Real-Time Reverse Transcription PCR
We extracted viral RNA from 100 µL of 1:1 diluted 
apical wash using the NucleoMag VET (Macherey- 
Nagel AG, https://www.mn-net.com), according to 
the manufacturer’s guidelines, on a Kingfisher Flex 

 
Table. Optimized	epidermal	growth	factor,	retinoic	acid,	hydrocortisone,	and	DAPT	concentration	in	the	air-liquid	interface	medium	for	
differentiation	of	the	animal	airway	epithelial	cell	cultures* 

Animal	species 
No.	

donors Source 
End	concentration	additives	in	ALI	medium 
EGF RA HC DAPT 

Monkey	(Rhesus macaque) 2 Paul-Ehrlich-Institut,	Langen,	
Germany 

5	ng/mL 50	nM 0.48	g/mL NS 

Ferret	(Mustela putorius furo) 2 Paul-Ehrlich-Institut, 
Langen,	Germany 

12.5	ng/mL 100	nM 0.48	g/mL 2.5	M 

Cat	(Felis catus) 2 Justus-Liebig-University,	Giessen,	
Germany 

25	ng/mL 50	nM 0.072	g/mL NS 

Dog	(Canis lupus familiaris) 1 Institute	of	Animal	Pathology,	
Bern,	Switzerland 

25	ng/mL 50	nM 0.072	g/mL NS 

Rabbit	(Oryctolagus cuniculus) 1 Slaughterhouse,	Bern,	
Switzerland 

25	ng/mL 50	nM 0.48	g/mL NS 

Pig	(Sus scrofa domesticus) 2 Institute	of	Virology	and	
Immunology,	Mittelhäusern,	

Switzerland 

25	ng/mL 70	nM 0.072	g/mL NS 

Cattle	(Bos taurus) 1 Institute	of	Animal	Pathology,	
University	of	Bern,	Switzerland 

25	ng/mL 50	nM 0.48	g/mL 2.5	M 

Goat	(Capra aegagrus hircus) 2 Slaughterhouse, 
Bern,	Switzerland 

12.5	ng/mL 50	nM 0.48	g/mL 2.5	M 

Bactrian	camel	(Camelus bactrianus) 1 Institute	of	Animal	Pathology,	
University	of	Bern,	Switzerland 

5	ng/mL 50	nM 0.072	g/mL NS 

Llama	(Llama glama) 2 Institute	of	Animal	Pathology,	
University	of	Bern,	Switzerland 

5	ng/mL 50	nM 0.072	g/mL NS 

Bat	(Sturnira lilium) 1 Costa	Rica,	(CIET-315–2013;	
permit	1841/14) 

5	ng/mL 50	nM 0.48	g/mL NS 

Bat	(Carollia perspicillata) 1 Costa	Rica	(CIET-315–2013;	
permit	1841/14) 

5	ng/mL 50	nM 0.48	g/mL NS 

*ALI,	air-liquid	interface;	DAPT,	N-[N-(3,5-difluorophenacetyl-l-alanyl)]-S-phenylglycine	t-butyl ester (a γ-secretase	inhibitor);	EGF,	epidermal	growth	
factor;	HC,	hydrocortisone;	NS,	not	added	as	supplement;	RA,	retinoic	acid. 
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purification system (Thermo Fisher Scientific). We 
amplified 2 µL of extracted RNA using TaqMan Fast 
Virus 1-Step Master Mix (Thermo Fisher Scientific) 
according to the manufacturer’s protocol. We used 
a forward primer, adapted from primers described 
elsewhere (23): 5′-ACAGGTACGTTAATAGTTA-
ATAGCGTACTTCT-3′, reverse 5′- ACAATATTGCAG-
CAGTACGCACA-3′, and probe 5′-FAM-ATCCTTACT-
GCGCTTCGA-MGB-Q530-3′ (Microsynth, https://www. 
microsynth.ch), targeting the envelope gene of SARS-
CoV-2 (GenBank accession no. MN908947.3). As a 
positive control, we included a serial dilution of in vi-
tro–transcribed RNA containing regions of the RNA-de-
pendent RNA polymerase, envelope, and N genes de-
rived from a SARS-CoV-2 synthetic construct (GenBank 
accession no. MT108784) to determine the genome copy 
number. We performed measurements and analysis 
using an Applied Biosystems ABI7500 instrument and 
associated software package (Thermo Fisher Scientific).

Titration of SARS-CoV-2 in the Apical Washes
To quantify SARS-CoV-2, we titrated apical washes 
by plaque assay on Vero E6 cells. In brief, we seeded 
1 × 105 cells/well in 24-well plates 1 d before titration 
and inoculated them with 10-fold serial dilutions of 
virus solutions. We removed inoculums 1 hpi and re-
placed them with overlay medium consisting of Dul-
becco Modified Eagle Medium supplemented with 
1.2% Avicel (DuPont, https://www.pharma.dupont.
com), 10% heat-inactivated fetal bovine serum, 100 
µg/mL streptomycin, and 100 IU/mL penicillin. We 
incubated cells at 37°C with 5% CO2 for 48 h and fixed 
them with 4% vol/vol neutral buffered formalin be-
fore staining with crystal violet (24).

ACE2 Homology Analysis
To analyze ACE2 homology among different spe-
cies, we retrieved the available ACE2 protein se-
quences for humans (GenBank accession no. 
NM_001371415.1), rhesus macaques (accession no. 
NM_001135696.1), cats (accession no. XM_023248796.1), 
ferrets (accession no. NM_001310190.1), dogs (ac-
cession no. NM_001165260.1), rabbits (accession no. 
XM_002719845.3), pigs (accession no. NM_001123070.1), 
cattle (accession no. XM_005228428.4), goats (accession 
no. NM_001290107.1), and Bactrian camels (accession 
no. XM_010968001.1). We acquired the ACE2 sequences 
for Carollia perspicillata bats from a study of SARS-CoV 
and SARS-CoV-2 infection among bats (25). We ob-
tained the corresponding ACE2 sequences for llamas 
and Sturnira lilium bats (accession nos. MW863647 and 
MW863648) by reverse transcription PCR amplifica-
tion of ACE2 mRNA, as described elsewhere (26). We 

performed sequence analysis and protein alignment us-
ing the ClustalW (https://www.genome.jp/tools-bin/
clustalw) plugin in Geneious Prime (https://www.
geneious.com) with the default settings. We selected 
ACE2 protein residues interacting with SARS-CoV-2 
RBM based on previously described critical ACE2 resi-
dues interacting with SARS-CoV-2 receptor binding do-
mains (27,28).

Whole-Genome Sequencing Using Oxford  
Nanopore MinION 
We performed sequencing on viral RNA isolated 
from SARS-CoV-2 stock and the 96 hpi apical washes 
of SARS-CoV-2–infected monkey and cat AEC cul-
tures according to the ARTIC platform nCoV19 pro-
tocols (29,30). We used the version 2 protocol as a 
basis for the reverse transcription and tiled multiplex 
PCR reaction using the ARTIC nCoV-2019 V3 primer 
pool (Appendix 1, https://wwwnc.cdc.gov/EID/
article/27/7/20-4660-App1.xlsx), but we used the 
version 3 protocol for the downstream library prepa-
ration. We generated sequencing libraries using the 
EXP-NBD196 Native Barcoding Expansion 96 kit (Ox-
ford Nanopore Technologies, https://nanoporetech.
com) and sequenced on an Oxford Nanopore Tech-
nologies MinION R9.4.1 flow cell for 48 h, according 
to the manufacturer’s instructions. We used Oxford 
Nanopore MinION software version 20.06.4 to per-
form data acquisition and real-time high-accuracy 
basecalling. We performed demultiplexing and read 
filtering according to the ARTIC platform nCoV19 
pipeline (https://artic.network/ncov-2019) and the 
experimental Medaka pipeline (https://community.
artic.network/t/medaka-longshot-pipeline/107) to 
perform consensus calling. We aligned and further 
analyzed consensus sequences in Geneious 11.1.5 us-
ing SARS-CoV-2/Wuhan-Hu-1 (GenBank accession 
no. MN908947.3) as the reference sequence.

Results 
To evaluate the susceptibility of a diverse set of ani-
mal species to SARS-CoV-2 infection, we infected a 
total of 12 different well-differentiated mammal AEC 
culture models and monitored the viral replication ki-
netics at both 33°C and 37°C. Quantification of the vi-
ral RNA load at both temperatures showed a progres-
sive 4-log fold increase in viral RNA load at 72 and 
96 hpi in rhesus macaque and cat AEC cultures. In 
contrast, for the remaining animal AEC cultures we 
detected either a continuous or declining level of vi-
ral RNA load throughout the entire time course (Fig-
ure 1, panels A, B; Appendix 2, https://wwwnc.cdc.
gov/EID/article/27/7/20-4660-App2.pdf, Figure 1, 
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panels B, C). Because molecular assays cannot discern  
between infectious and noninfectious viruses, we 
also performed viral titration assays with the corre-
sponding apical washes (31). This corroborated our 
previous finding that only AEC cultures from rhesus 
macaques and cats displayed a progressive increase 
in viral SARS-CoV-2 titers over time, and we detected 
no sustained productive virus infection above the de-
tectable threshold beyond 24 hpi in most species (Fig-
ure 1, panels C, D; Appendix 2 Figure 1, panels D, E). 
The viral titers we observed in the rhesus macaque 
and cat AEC cultures were comparable to those we 
previously observed in human AEC cultures, where 
we also observed a 4-log fold rise in progeny-released 
virus in the apical side (17). Although ferrets have 
previously been shown to be susceptible to SARS-
CoV-2, we observed no viral replication in AEC cul-
tures derived from the tracheobronchial regions of 
ferrets. Instead, we detected only low levels of SARS-
CoV-2 viral titers at 72 and 96 hpi at 37°C, in agree-
ment with findings from in vivo studies in ferrets 
showing a dose-dependent and limited SARS-CoV-2 
infection restricted to the upper respiratory tract (32–
34). We further analyzed SARS-CoV-2 infection in 

the animal AEC cultures by staining for SARS-CoV-2 
nucleocapsid protein on formalin-fixed AEC cultures 
to visualize intracellular presence of the virus. This 
process revealed SARS-CoV-2 antigen-positive cells 
in rhesus macaque and cat AEC cultures at 96 hpi, but 
no SARS-CoV-2 antigen-positive cells were observed 
in the other animal AEC cultures, including those of 
ferrets (Figure 2; Appendix 2 Figure 1, panel A). This 
further confirmed that only monkey and cat AEC 
support efficient replication of SARS-CoV-2 among 
the animals we studied.

Because productive progeny virus production 
was only observed in the well-differentiated tra-
cheobronchial epithelial cell cultures from rhesus 
macaques and cats, we wondered whether this was 
because of incompatibility with the cellular receptor 
used by SARS-CoV-2 for cellular entry (27,35). To as-
sess whether this corresponds to the amino acid se-
quence conservation of RBM in ACE2, we performed 
in silico analysis on the ACE2 protein sequences of 
the species included in this study (27,28). This pro-
cess revealed that the amino acid identity of the ACE2 
RBM regions interacting with the receptor-binding 
domain of SARS-CoV-2 in humans were more similar 

Figure 1. Severe acute respiratory syndrome coronavirus 2 replication kinetics in diverse mammal species. We inoculated well-
differentiated animal airway epithelial cell cultures derived from the tracheobronchial epithelial cells with 30.000 PFU of severe 
acute respiratory syndrome coronavirus 2 at either 33°C (panels A, C) or 37°C (panels B, D). We removed inoculated virus at 1 
hour postinfection and washed the apical side 3 times. We further incubated cultures for 96 h. At the indicated time postinfection, we 
assessed apical virus release by quantitative reverse transcription PCR targeting the E gene (panels A, B) and plaque titration assays 
on Vero E6 cells (panels C, D). Error bars represent the average of 2 independent biologic replicates using airway epithelial cell cultures 
established from 1 or 2 biologic donors. The dotted lines on panels C and D indicate the detection limit of the assay. *Sturnira lilium bat; 
†Carollia perspicillata bat.
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to those in rhesus macaques and cats than in other 
species (Appendix 2 Figure 2, panel A). 

Apart from receptor compatibility as a limiting 
factor for virus infection, it has been demonstrated 
previously that partially differentiated AEC cultures 
are poorly permissive to respiratory virus infection 
(36). To investigate whether the lack of replication 
in ferret cells, for example, was not caused by poor 
differentiation of our cell cultures, we validated the 
AEC cultures by infecting culture samples with the 

2009 pandemic IAV A/Hamburg/4/2009 and rumi-
nant-associated IAV D/bovine/Oklahoma/660/2013 
strains. Both viruses are members of Orthomyxoviridae 
and are known to have a broad host spectrum, includ-
ing ferrets (13–15,37). We inoculated the AEC cultures 
from 12 different species (rhesus macaque, cat, ferret, 
dog, rabbit, pig, cattle, goat, llama, camel, and 2 neo-
tropical bats) with 10.000 TCID50 of either IAV or IDV 
and incubated them at either 33°C or 37°C. At 48 hpi, 
we fixed the AEC cultures and processed them by  

Figure 2. Tropisms of SARS-CoV-2, IAV, and IDV in infected airway epithelial cell cultures from diverse mammal species. We inoculated 
well-differentiated animal airway epithelial cell cultures with either 30.000 PFU of SARS-CoV-2 (SARS-CoV-2/München-1.1/2020/929), 
10.000 50% tissue culture infective dose of IAV/Hamburg/4/2009, or IDV (D/bovine/Oklahoma/660/2013). We incubated virus-infected 
airway epithelial cell cultures at 33°C or 37°C and formalin-fixed them at 96 hours postinfection (for SARS-CoV-2) or 48 hours 
postinfection (for influenza viruses). After fixation, we stained virus-infected cultures using antibodies against either SARS-CoV-2, IAV, 
or IDV NP (green), and β-tubulin (cilia, red). We acquired images using an EVOS FL Auto 2 Imaging System equipped with a 40x air 
objective. Scale bar indicates 50 µm. *Sturnira lilium bat; †Carollia perspicillata bat. IAV, influenza A virus; IDV, influenza D virus; NP, 
nucleocapsid protein; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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immunofluorescence assays. This analysis showed 
that, in contrast with SARS-CoV-2 testing results, 
IAV antigen-positive cells could be detected in AEC 
cultures from companion animals and from animals 
commonly used for testing, such as ferret, monkey, 
rabbit, and pigs (Figure 2; Appendix 2 Figure 1, panel 
A) (38). For IDV infections, we observed antigen-pos-
itive cells in all AEC models, except for rhesus ma-
caques and 1 of the neotropical bat species, indicating 
that AEC cultures were all well-differentiated and 
susceptible to virus infection.

In the immunofluorescence analysis, we also in-
corporated an antibody against β-tubulin marker to 
discern ciliated and nonciliated cell populations. For 
both rhesus macaques and cats, SARS-CoV-2 antigen–
positive cells predominantly overlapped with the non-
ciliated cell populations, at either incubation tempera-
ture. Using polyclonal antibodies against ACE2, we 
found that the cellular receptor expression in rhesus 
macaques and cats predominantly overlapped with 
SARS-CoV-2 cell tropism, similar to ACE2 distribution 
in human AEC cultures (Appendix 2 Figure 2, panel 
B) (17). Unfortunately, because of limited availability 
of well-differentiated AEC cultures, we could not as-
sess the ACE2 expression in goat, cattle, and rabbit 
AEC cultures. Nevertheless, for most species, includ-

ing ferrets, that did not support efficient replication of 
SARS-CoV-2, we observed that ACE2 was expressed 
on the cell surface (Appendix 2 Figure 2, panel B). This 
finding suggests that ACE2 expression alone does not 
per se confer permissiveness to SARS-CoV-2.

It has previously been shown that SARS-CoV-2 
can undergo rapid genetic changes in vitro (39). Be-
cause we observed efficient replication in rhesus ma-
caque and cat AEC cultures, we assessed whether 
any mutations suggestive of viral adaptation had 
occurred. We performed whole-genome sequencing 
(Oxford Nanopore Technologies) on the viral inocu-
lum used, as well as on the progeny viruses collected 
from the rhesus macaque and cat AEC cultures incu-
bated at 33°C or 37°C after 1 passage, at 96 hpi. This 
inoculum was from either passage 1 or passage 2 virus 
stocks from the SARS-CoV-2/München-1.1/2020/929 
isolate we had received. In the viral sequences in the 
96 hpi samples from virus-infected rhesus macaque 
and cat AEC cultures, we observed no obvious signs 
of nucleotide transitions that led to nonsynonymous 
mutations compared to the respective inoculums 
(Figure 3), regardless of temperature and animal spe-
cies. This finding highlights that the currently circu-
lating SARS-CoV-2 D614G variant can productively 
infect rhesus macaque and cat AEC. 

Figure 3. Whole-genome sequencing analysis using Nanopore sequencing technology (Oxford Nanopore Technologies, https://
nanoporetech.com). A graphical representation of variants found in the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
stock P1 and P2, as well as the apical washes from SARS-CoV-2–infected monkey and cat airway epithelial cell cultures with either 
P1 or P2 stock 96 hpi at 33°C or 37°C. SARS-CoV-2/Wuhan-Hu-1 (GenBank accession no. MN908947.3) was used as the reference 
sequence. P, passage; UTR, untranslated region.
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Discussion
Our study used an in vitro AEC culture repository 
composed of various domestic and wildlife animal 
species to assess the spectrum of potential intermedi-
ate and spillback host reservoirs for SARS-CoV-2. In-
oculation of AEC cultures from rhesus macaque, cat, 
ferret, dog, rabbit, pig, cattle, goat, llama, camel, and 2 
neotropical bat species with SARS-CoV-2 revealed that 
tracheobronchial cells only from rhesus macaque mon-
keys and cats supported efficient replication of SARS-
CoV-2. Whole-genome sequencing indicated that the 
currently circulating SARS-CoV-2 D614G variant can 
efficiently infect rhesus macaque and cat AEC. Our 
data highlight that these 2 animals are potential mod-
els for evaluating therapeutic mitigation strategies for 
circulating viral variants. Our findings, in conjunction 
with information from previously documented spill-
over events, indicate that close surveillance of these 
animals and closely related species, whether in the 
wild, captivity, or households, is warranted.

To date, there have been several reports published 
evaluating the suitability of animal models, including 
cats, rhesus macaques, dogs, pigs, rabbit and ferrets, 
for testing SARS-CoV-2 infection (32,33,40–43). We ob-
served that SARS-CoV-2 did not efficiently replicate in 
tracheobronchial AEC derived from rabbits and ferrets, 
although ferrets are used as an animal model for SARS-
CoV-2. This finding may be because viral infections in 
rabbits and ferrets are mainly restricted to the nasal con-
chae, are dose-dependent and, in addition, the origin 
of the cells used as input for the AEC cultures may not 
recapitulate the cells of the nasal mucosa (34,40,42,43). 
Differences exist in cellular composition and host de-
terminant expression levels along proximal and distal 
regions of the respiratory tract (44). In addition, SARS-
CoV-2 might use a different cellular receptor in ferrets, 
although ACE2 could be detected on the cell surface 
(Appendix 2 Figure 2, panel B) (45). Therefore, it would 
be of interest to complement our current repository with 
AEC cultures from different anatomic regions of ani-
mals such as rabbits and ferrets and to evaluate whether 
ACE2 is the cellular receptor employed by SARS-CoV-2 
in these various animal species.

It has been proposed that SARS-CoV-2 spillover 
into humans, as with SARS-CoV, originally occurred 
from bats, either directly or through an intermediate 
reservoir (3,46). With >1,400 bat species comprising 
>20% of all mammal species, we restricted our ex-
periments with SARS-CoV-2 to our established AEC 
cultures from the 2 neotropical bat species C. perspicil-
lata and S. lilium (M. Gultom et al., unpub. data). We 
showed that these 2 neotropical bats express ACE2 
but are not susceptible to SARS-CoV-2, suggesting 

that they are not likely reservoir hosts for SARS-CoV-2 
despite the detection of other coronaviruses and pre-
sumptive ACE2 receptor usage by SARS-CoV-2 in 
closely related bat species (25,47). In fact, a 2020 study 
described susceptibility to SARS-CoV-2 infection in 
fruit bats (Rousettus aegyptiacus) (33). Future research 
should therefore include AEC cultures from this bat 
species, as well as from horseshoe bat species (genus 
Rhinolophus), which have previously been character-
ized as reservoir hosts for viruses with a close genetic 
relationship to the coronavirus associated with the 
2003 SARS outbreak (33,46). In summary, our results 
highlight that in vitro well-differentiated animal AEC 
culture models can be used as an alternative to tradi-
tional animal experimentation models to evaluate and 
provide insight into the host spectrum of SARS-CoV-2.
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An outbreak of pneumonia of unknown etiology 
in Wuhan, China, was reported to the  World 

Health Organization on December 31, 2019 (1). Re-
searchers determined that the illness, later known 
as coronavirus disease (COVID-19), was caused by 
a previously unidentifi ed betacoronavirus, severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (2). SARS-CoV-2 rapidly spread around the 

world, and on March 11, 2020, the World Health Or-
ganization declared a pandemic (3). By January 2021, 
SARS-CoV-2 had infected >96 million persons and 
caused >2 million deaths worldwide (4).

The high demand for molecular testing for SARS-
CoV-2 has contributed to global shortages of diag-
nostic resources, including reagents, enzymes used in 
reverse transcription PCR (RT-PCR), plastic consum-
ables, and staff availability (5,6). Effi cient diagnos-
tic tests can reduce strain on the testing system and 
decrease turnaround time. To improve testing effi -
ciency, we developed the Centers for Disease Control 
and Prevention (CDC) Infl uenza SARS-CoV-2 (Flu 
SC2) Multiplex Assay, which is selective for infl uenza 
A and B viruses and SARS-CoV-2. This quadruplex 
real-time RT-PCR (rRT-PCR) simultaneously detects 
and distinguishes RNA of infl uenza A virus, infl u-
enza B virus, and SARS-CoV-2 in upper and lower 
respiratory specimens. To monitor specimen quality 
control, the assay also detects the Homo sapiens (hu-
man) RNase P (RP) gene. Because the Flu SC2 Multi-
plex Assay can test 93 samples in a 96-well plate, this 
technology improves the throughput of SARS-CoV-2 
testing by 3-fold compared with the CDC 2019-nCoV 
Real-Time RT-PCR Diagnostic Panel (7). The Flu SC2 
Multiplex Assay also simultaneously detects infl u-
enza A and B viruses, thereby reducing the overall 
strain on testing facilities, especially during infl uenza 
season. Continued testing and surveillance of infl u-
enza viruses during the COVID-19 pandemic provide 
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Severe	acute	respiratory	syndrome	coronavirus	2	(SARS-
CoV-2)	emerged	 in	 late	2019,	and	 the	outbreak	 rapidly	
evolved	 into	 the	current	coronavirus	disease	pandemic.	
SARS-CoV-2	is	a	respiratory	virus	that	causes	symptoms	
similar	to	those	caused	by	infl	uenza	A	and	B	viruses.	On	
July	2,	2020,	the	US	Food	and	Drug	Administration	grant-
ed	emergency	use	authorization	for	in	vitro	diagnostic	use	
of	the	Infl	uenza	SARS-CoV-2	Multiplex	Assay.	This	assay	
detects	infl	uenza	A	virus	at	102.0,	infl	uenza	B	virus	at	102.2, 
and	SARS-CoV-2	at	100.3	50%	tissue	culture	or	egg	infec-
tious	dose,	or	as	few	as	5	RNA	copies/reaction.	The	si-
multaneous	detection	and	diff	erentiation	of	these	3	major	
pathogens	increases	overall	testing	capacity,	conserves	
resources,	 identifi	es	co-infections,	and	enables	effi		cient	
surveillance	of	infl	uenza	viruses	and	SARS-CoV-2.
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critical guidance on selection of candidate vaccine 
strains; these processes also identify antiviral resis-
tance genes and novel influenza viruses that have 
pandemic potential (8).

We evaluated existing and novel SARS-CoV-2 
primers and probes to identify the optimal SC2 as-
say components for this quadruplex rRT-PCR (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/7/21-0462-App1.pdf). The SC2 assay com-
ponents are selective for the 3′ region of the SARS-
CoV-2 genome from the carboxy terminus of the nu-
cleocapsid (N) gene into the 3′ untranslated region 
(UTR). The primer and probe sequences for the in-
fluenza A (InfA), influenza B (InfB), and RP targets 
are identical to those used in the singleplex assays 
of the US Food and Drug Administration (FDA)–ap-
proved CDC Human Influenza Virus Real-Time RT-
PCR Detection and Characterization Panel [510(k) no. 
K200370] (9). The Flu SC2 Multiplex Assay is selective 
for the matrix (M) gene segment of the influenza A 
virus, the nonstructural (NS) gene segment of the in-
fluenza B virus, and the human ribonuclease P/MRP 
subunit P30 gene; the InfA assay is designed for uni-
versal detection of all influenza A viruses and InfB as-
say is designed for universal detection of all influenza 
B viruses (10–14). The InfA assay was recently up-
dated to address evolutionary changes and reactivity 
challenges; the updated CDC Human Influenza Vi-
rus Real-Time RT-PCR Diagnostic Panel was cleared 
by FDA in 2020 (9). On July 2, 2020, FDA granted an 
emergency use authorization (EUA) for in vitro diag-
nostic use of the Flu SC2 Multiplex Assay (15).

Multiplex detection of RNA from influenza A vi-
rus, influenza B virus, and SARS-CoV-2 can increase 
testing capacity and reduce use of reagents. The in-
creased throughput can preserve staff resources and 
reduce turnaround time. The Flu SC2 Multiplex As-
say and similar panels identify co-infections or alter-
native causes of influenza-like and COVID-19–like 
illnesses. The Flu SC2 Multiplex Assay can enable 
collection of critical data on influenza A and B viruses 
and SARS-CoV-2, as well as the prevalence of co-in-
fection among these respiratory viruses.

Materials and Methods

Influenza Viruses and SARS-CoV-2
Influenza viruses were grown to high titer in Madin-
Darby Canine Kidney cells or embryonated chicken 
eggs. Infectious virus titer in the cell culture super-
natant or allantoic fluid was measured by using 50% 
tissue culture infectious dose (TCID50) or 50% egg 
infectious dose (EID50) (16). The SARS-CoV-2 virus 

(2019-nCoV/USA-WA1/2020; GenBank accession 
no. MT576563) was grown to high titer in Vero cells; 
the infectious virus titer in the cell culture superna-
tant was measured by using TCID50 (16). Total nucleic 
acids were extracted by using the EZ1 DSP Virus Kit 
on the EZ1 Advanced XL automated extractor (QIA-
GEN, https://www.qiagen.com).

Primers and Probes
Primers and probes were selected from highly con-
served regions of the SARS-CoV-2 genome based on 
≈4,000 sequences available in GISAID (https://www.
gisaid.org) in March 2020 (Table 1). Primer Express 
3.0.1 software (Thermo Fisher Scientific, https://
www.thermofisher.com) was used to design primers 
that had annealing temperatures of ≈60°C and probes 
that had annealing temperatures of ≈68°C.

The multiplex assay probes were synthesized 
by using ZEN or TAO Double-Quenched Probes 
labeled at the 5′ end using reporter 6-carboxyfluo-
rescein (FAM) for InfA, Yakima Yellow for InfB, 
Texas Red-XN for SARS-CoV-2, and Cyanine 5 (Cy 
5) for RP targets (Integrated DNA Technologies, 
Inc., https://www.idtdna.com). The InfA and InfB 
probes were quenched with ZEN between nucleo-
tides 9 and 10 and with Iowa Black FQ at the 3′ end; 
the SARS-CoV-2 and RP probes were quenched with 
TAO between nucleotides 9 and 10 and with Iowa 
Black RQ at the 3′ end (Integrated DNA Technolo-
gies, Inc.). Primers and Taqman hydrolysis probes 
were synthesized by Integrated DNA Technologies 
and the CDC Biotechnology Core Facility Branch 
(Division of Scientific Resources, National Center for 
Emerging and Zoonotic Infectious Diseases; Atlanta, 
Georgia, USA).

rRT-PCR Reaction Conditions
The rRT-PCR reactions of the Flu SC2 Multiplex As-
say were optimized and conducted by using the Taq-
Path 1-Step Multiplex Master Mix (No Rox) (Thermo 
Fisher Scientific) and the 7500 Fast Dx Real-Time PCR 
Instrument (Thermo Fisher Scientific). The final vol-
ume of 25 µL included 6.25 µL of TaqPath 1-Step Mul-
tiplex Master Mix (No Rox) and 5 µL RNA. We used 
final concentrations of 400 nmol for the InfA F1 and 
F2 primers, 600 nmol for the InfA R1 primer, and 200 
nmol for the InfA R2 primer; all other primers had 
final concentrations of 800 nmol. Probes had a final 
concentration of 200 nmol. Reaction conditions for 
the multiplex rRT-PCR were based on conditions for 
the CDC rRT-PCR Flu Panel, but we reduced the re-
verse transcription step from 30 min to 15 min (9,17). 
We used the following thermocycling conditions for  
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rRT-PCR: 25°C for 2 min, 50°C for 15 min, Taq activa-
tion at 95°C for 2 min, 45 cycles at 95°C for 15 sec, and 
55°C for 30 sec. We conducted comparator reactions 
using influenza singleplex rRT-PCR and the CDC 
2019-nCoV Real-Time RT-PCR Diagnostic Panel, as 
described previously (7,10,17).

Analytical Sensitivity and Specificity
A quantified synthetic RNA material (Armored 
RNA Quant CDC-9; Asuragen, Inc., https://asura-
gen.com) was used to test analytical sensitivity. 
The synthetic RNA included primer–probe region 
sequences derived from the M gene of A/Bris-
bane/02/2018_(H1N1)pdm09 (GISAID accession 
no. EPI1799928), for the InfA target, the NS gene of 
B/Colorado/06/2017_Victoria (GISAID accession 
no. EPI1056634) for the InfB target, and the Homo 
sapiens (human) ribonuclease P/MRP subunit P30 
gene for the RP target. We used RNA extracted from 
propagated, A/Illinois/20/2018_(H1N1)pdm09 (GI-

SAID accession no. EPI1220313; GenBank accession 
no. MH359945), and B/Colorado/06/2017_Victoria 
viruses to test the analytical sensitivity of the InfA 
and InfB targets. We used Twist Synthetic SARS-
CoV-2 RNA Control 2 (Twist Bioscience, https://
www.twistbioscience.com) and RNA extracted from 
propagated SARS-CoV-2 virus (2019-nCoV/USA-
WA1/2020) to assess analytical sensitivity of the 
SARS-CoV-2 target.

We evaluated assay specificity by using a panel 
of influenza A virus, influenza B virus, and SARS-
CoV-2. This panel included influenza A(H1/H3) 
variant viruses that usually circulate among swine 
and have caused outbreaks and pandemics in human 
populations (18–22).

We used a collection of influenza C viruses, 
coronaviruses, and human noninfluenza respiratory 
pathogens to test the analytical specificity of the Flu 
SC2 Multiplex Assay. We also tested the specificity 
of the SARS-CoV-2 target with an RNA transcript 

 
Table 1. Primers and	probes	used	in	the	Influenza	SARS-CoV-2	Multiplex	Assay* 

Primer	or	probe Oligonucleotide	sequence, 5′→3′ Target	gene	or	region 
Nucleotide 
position† 

Concentration, 
µM‡  

InfA     
 Forward	primer	1 CAA	GAC	CAA	TCY	TGT	CAC	CTC	TGAC Matrix	protein 143–167 3.33 
 Forward	primer	2 CAA	GAC	CAA	TYC	TGT	CAC	CTY	TGAC  143–167 3.33 
 Reverse	primer	1 GCA	TTY	TGG	ACA	AAV	CGT	CTA	CG  248–226 5 
 Reverse	primer	2 GCA	TTT	TGG	ATA	AAG	CGT	CTA	CG  248–226 1.67 
InfB     
 Forward	primer TCC	TCA	AYT	CAC	TCT	TCG	AGC	G Nonstructural	protein 746–767 6.67 
 Reverse	primer CGG	TGC	TCT	TGA	CCA	AAT	TGG  848–828 6.67 
RP     
 Forward	primer AGA	TTT	GGA	CCT	GCG	AGC	G Human	RNase P 50–67 6.67 
 Reverse	primer GAG	CGG	CTG	TCT	CCA	CAA	GT  50–67 6.67 
SARS-CoV-2     
 Forward	primer CTG	CAG	ATT	TGG	ATG	ATT	TCT	CC Nucleoprotein–3′ 

untranslated	region 
29463–29485 6.67 

 Reverse	primer CCT	TGT	GTG	GTC	TGC	ATG	AGT	TTA	G  29554–29530 6.67 
InfA	probe§ TGC	AGT	CCT	/ZEN/	CGC	TCA	CTG	GGC	

ACG 
Matrix	protein 224–201 1.67 

InfB	probe¶ CCA	ATT	CGA /ZEN/	GCA	GCT	GAA	ACT	GCG	
GTG 

Nonstructural	protein 790–817 1.67 

RP probe# TTC	TGA	CCT	/TAO/	GAA	GGC	TCT	GCG	CG Human	RNase P 71–93 1.67 
SARS-CoV-2 probe** ATT	GCA	ACA /TAO/	ATC	CAT	GAG	CAG	TGC	

TGA	CTC 
Nucleoprotein–3′ 
untranslated	region 

29491–29520 1.67 

*Multiplex	real-time	reverse	transcription	PCR	for	influenza	A	virus,	influenza	B	virus,	and	SARS-CoV-2.	InfA,	influenza	A;	InfB,	influenza	B;	RP,	RNase	P;	
SARS-CoV-2, severe	acute	respiratory	syndrome	coronavirus	2. 
†Nucleotide	positions	are	indicated	as	location	in	the	coding	domain	sequences for the	ribonuclease	P/MRP	subunit	p30	(human;	GenBank accession	no. 
NM-004613),	M	gene	(GISAID	accession	no. EPI	1312561)	of	A/Brisbane/02/2018-H1N1	(InfA),	NS	gene	(GenBank accession	no. CY232070)	of	
B/Colorado/06/2017	(InfB), or Wuhan-Hu-1	(SARS-CoV-2;	GenBank accession	no. NC045512). 
‡Multiplex	assay	is	supplied	with	a	tube	of	primers	mixed	in	1.5	mL	aqueous	solution	and	a	tube	of	probes	mixed	in	1.5	mL	aqueous	solution. 
§Probe	labeled	with	the	reporter	molecule	6-carboxyfluorescein at the 5′ end, a	ZEN	quencher	between	nt	9	and	10, and	an	Iowa	Black	FQ	quencher	at	
the	3′ end	(Integrated	DNA	Technologies, Inc., https://www.idtdna.com).	Probe	and	primer	sequences	are	identical	to	InfA	sequences	used	by the	CDC	
Human	Influenza	Real-Time	RT-PCR	Diagnostic	Panel	[510(k)	no.	K200370] (9). 
¶Probe	labeled	with	Yakima	Yellow	reporter at	the	5′ end, a	ZEN	quencher	between	nt	9	and	10, and	an	Iowa	Black	FQ	quencher	at	the	3′ end	(Integrated	
DNA	Technologies,	Inc.).	Probe	and	primer	sequences	identical	to	InfB	sequences	used	by	the CDC	Human	Influenza	Virus	Real-Time	RT-PCR	
Detection	and	Characterization	Panel	[510(k)	no.	K200370] (9). 
#Probe	labeled	with	the	CY5	reporter at	the	5′ end, a	TAO	quencher	between	nt	9	and	10, and	an	Iowa	Black	RQ	quencher	at	the	3′ end	(Integrated	DNA	
Technologies,	Inc.).	Probe	and	primer	sequences	identical	to	RP	sequences in	the	CDC	Human	Influenza	Virus	Real-Time	RT-PCR	Detection	and	
Characterization	Panel	[510(k)	no.	K200370]. 
**Probe	labeled	with	the	Texas	Red-XN	reporter	at	the	5′ end, a	TAO	quencher	between	nt	9	and	10, and	an	Iowa	Black	RQ	quencher	at	the	3′ end	
(Integrated	DNA	Technologies,	Inc.) 

 



RESEARCH

1824	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021

generated from a clone representing nt 27768–29738 
of the severe acute respiratory syndrome coronavirus 
(SARS-CoV)/Urbani genome, which contains the en-
tire N gene through the 3′-terminus, and a full SARS-
CoV viral genome.

To test sensitivity to co-infection, we created a se-
rial dilution with nucleic acids extracted from A/Illi-
nois/20/2018_(H1N1)pdm09, B/Colorado/06/2017_ 
Victoria, 2019-nCoV/USA-WA1/2020, and adenocar-
cinomic human alveolar basal epithelial cells (A549). 
We tested the dilution by the Flu SC2 Multiplex As-
say, influenza A and influenza B singleplex rRT-PCR 
from the CDC rRT-PCR Flu Dx Panel Influenza A/B 
Typing Kit, and the N1 component of the CDC 2019-
nCoV Real-Time RT-PCR Diagnostic Panel.

In Silico Analysis
We tested the specificity and sensitivity of each 
primer and probe oligonucleotide sequence for the 
SARS-CoV-2 target of the Flu SC2 Multiplex Assay 
by BLAST analysis (http://blast.ncbi.nlm.nih.gov/
blast.cgi) against the nr/nt database and the National 
Center for Biotechnology Iinformation and GISAID 
β Coronaviridae nucleotide database. We analyzed 
results and assessed for potential non–SARS-CoV-2 
matches (Appendix). We compared the primer and 
probe sequences with SARS-CoV-2 variant sequences 
available in GISAID on January 19, 2021, including 
501Y.V1, a B.1.1.7 variant from the United Kingdom; 
501Y.V2, a B.1.351 variant from South Africa; and 
501Y.V3, a P.1 variant from Brazil.

Assay Performance with Clinical Specimens
We evaluated the clinical performance of the Flu SC2 
Multiplex Assay using 104 upper and lower respira-
tory specimens, including oral swab, throat swab, 
nasopharyngeal swab, oropharyngeal swab, and spu-
tum samples. Total nucleic acids were extracted from 
120 µL of each clinical specimen by using the EZ1 
DSP Virus Kit on the EZ1 Advanced XL automated 
extractor (QIAGEN). The extracted material was elut-
ed in 120 µL elution buffer. Specimens were tested 
with the Flu SC2 Multiplex Assay, the CDC Human 
Influenza Real-Time RT-PCR Diagnostic Panel: Influ-
enza A/B Typing Kit version 2 [510 (k) no. K200370], 
or the CDC 2019-nCoV Real-Time RT-PCR Diagnostic 
Panel, as described previously (7,9).

Results

Developing the SARS-CoV-2 Target
We identified candidate SARS-CoV-2 targets and 
evaluated them by an in silico screening process. This 

process identified targets with very few mismatches 
across the available SARS-CoV-2 genomes and ac-
counted for RNA structural elements known to be es-
sential for related betacoronaviruses. In total, we tested 
17 SARS-CoV-2 assay designs in singleplex format; we 
subsequently tested a subset of these candidates us-
ing the multiplex format, including published targets 
in the RNA-dependent RNA polymerase and E gene 
regions (Appendix Table 1) (23). We selected for the 
assay the SARS-CoV-2 target with the highest levels of 
sensitivity and specificity and that accurately identi-
fied residual clinical respiratory specimens.

The SARS-CoV-2 assay is selective for the 3′ re-
gion of the SARS-CoV-2 genome from the carboxy 
terminus of the of the N gene into the 3′-UTR (Ap-
pendix Figure). This region is expressed at high lev-
els in infected cells and is highly conserved because 
it encodes a cis-acting RNA pseudoknot essential for 
the transcription and replication of closely related be-
tacoronaviruses (24).

Analytical Sensitivity of Flu SC2 Multiplex Assay
We determined the analytical sensitivity of the Flu 
SC2 Multiplex Assay by calculating the limits of de-
tection using extracted RNA from influenza A virus, 
influenza B virus, and SARS-CoV-2. We used serial 
10-fold dilutions of extracted RNA to identify an 
endpoint for detection with each primer and probe 
set included in the multiplex assay (data not shown). 
After a detection range was established, we tested 
serial 5-fold dilutions of extracted RNA from each 
virus at titers near the limit of detection (LOD) with 
the Flu SC2 Multiplex Assay, the CDC 2019-nCoV 
Real-Time RT-PCR Diagnostic Panel, or the CDC 
rRT-PCR Flu Dx Panel: Influenza A/B Typing Kit 
version 2 [510 (k) no. K200370] (Table 2). We deter-
mined the limits of detection to be 102.0 TCID50 for in-
fluenza A, 102.2 EID50 for influenza B, and 100.3 TCID50 
for SARS-CoV-2 (Table 2). These values correspond 
to 10–0.3 TCID50 for each influenza A reaction, 10–0.1 
EID50 for influenza B, and 10–2.0 TCID50 for SARS-
CoV-2 (i.e., 5 µl RNA/reaction). We confirmed the 
LOD through further testing of 20 replicate viral iso-
lates mixed with A549 cells at the established LOD 
and at a 5-fold dilution step above the established 
LOD; this process demonstrated that the multiplex 
assay can detect >95% of samples at the lowest de-
tectable concentrations (Table 3; Appendix Table 2). 
The SD across the 20-replicate experiment was very 
low, demonstrating the consistency of the multiplex 
results even at the LOD (Table 3).

We used an engineered RNA construct (Armored 
RNA Quant CDC-9; Asuragen, Inc.) containing the 
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target sequences for the InfA, InfB, and RP assays to 
test the copy number sensitivity of the multiplex as-
say through serial dilutions. We assessed copy num-
ber sensitivity of the SARS-CoV-2 assay by using a 
serial dilution of a synthetic SARS-CoV-2 genome 
(GenBank accession no. MN908947.3; Twist Biosci-
ence). All targets in the assay could detect as few as 5 
RNA copies per reaction (Table 4).

Analytical Specificity of Flu SC2 Multiplex Assay
Initially, the Flu SC2 Multiplex Assay was screened 
using no template control reactions; we found no 
intramolecular or intermolecular nonspecific in-
teractions that resulted in any products (data not 
shown). The specificity of the primers and probes 
was evaluated with viral RNA from 13 influenza 
A, 2 influenza B, and 1 SARS-CoV-2 isolate. The  

viral RNAs were tested at high and low titers; each 
assay accurately detected the corresponding viral 
target (Table 5). We observed no cross-reactivity 
among the 4 targets within the assays, nor did we 
observe any bleed-through fluorescence imaging 
from neighboring channels when testing the indi-
vidual assays (Table 5).

To confirm that the SARS-CoV-2 assay was spe-
cific to that virus, we tested 6 known human coro-
naviruses, 2 alphacoronaviruses, 2 group A beta-
coronaviruses, and 2 group B betacoronavirus (i.e., 
SARS-CoV and Middle East respiratory syndrome 
coronavirus [MERS-CoV]), as well as an RNA tran-
script including the entire SARS-CoV N gene re-
gion through the 3′ UTR. No cross-reactivity was 
observed, demonstrating the high specificity of the 
assay (Appendix Table 3).

 
Table 3. Confirmation	of	established	limits	of	detection	of	the	Influenza	SARS-CoV-2	Multiplex	Assay* 

Viral titer† 

Influenza	A 

 

Influenza	B 

 

SARS-CoV-2 
No.	(%)	
positive	 Mean Ct ±SD 

No.	(%)	
positive	 Mean Ct ±SD 

No.	(%)	
positive	 Mean Ct ±SD 

A/Illinois/20/2018_(H1N1)pdm09         
 102.7 20	(100) 29.71	±0.51  0 NA  0 NA 
 102.0 20	(100) 33.55	±1.15  0 NA  0 NA 
B/Colorado/06/2017_Victoria         
 102.9 0 NA  20	(100) 29.80	±0.74  0 NA 
 102.2 0 NA  20	(100) 32.70	±0.48  0 NA 
2019-nCoV/USA-WA1/2020         
 101.0 0 NA  0 NA  20	(100) 32.59	±0.78 
 100.3 0 NA  0 NA  19	(95) 34.71	±1.03 
*Multiplex	real-time	reverse	transcription	PCR	for	influenza	A	virus,	influenza	B	virus,	and	SARS-CoV-2.	Boldface	type	indicates	limits	of	detection.	Ct, 
cycle	threshold;	NA,	not	applicable;	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2;	SD,	standard	deviation. 
†Viral titers are in relation to 50% tissue culture infectious dose, except for B/Colorado/06/2017,	which	is	in	relation	to	50%	egg	infectious	dose.	 

 

 
Table 2. Sensitivity	of	the	Influenza	SARS-CoV-2	Multiplex	Assay compared	with	singleplex	assays* 

Viral titers† 
Cycle threshold value‡ 

Multiplex 
 

Singleplex 
A/Illinois/20/2018_(H1N1)pdm09     

  

 104.1 23.50 23.59 23.17  24.97 24.97 24.66 
 103.4 26.57 26.50 26.81  27.71 27.49 27.50 
 102.7 29.90 30.20 30.15  30.50 29.97 29.74 
 102.0 35.58 35.24 36.17  32.32 32.43 33.63 
 101.3 42.23 37.28 0  36.01 34.61 34.96 
B/Colorado/06/2017_Victoria       

 

 104.3 24.47 24.44 24.31  25.80 25.68 25.93 
 103.6 27.57 27.45 27.71  28.84 28.98 29.30 
 102.9 31.09 30.17 30.47  32.10 32.10 32.38 
 102.2 34.38 33.49 34.43  35.19 35.49 35.99 
 101.5 39.75 0 0  0 0 0 
2019-nCoV/USA-WA1/2020        
 102.4 25.41 25.8 25.42  26.48 26.57 26.46 
 101.7 28.69 28.87 28.5  30.26 29.77 29.51 
 101.0 31.31 31.42 31.32  32.74 33.17 32.27 
 100.3 35.14 36.36 34.58  36.10 35.34 35.81 
 10–0.4 0 0 0  37.16 0 0 
*Multiplex	PCR	is	selective	for	influenza	A	virus,	influenza	B	virus,	and	SARS-CoV-2.	Boldface	type	indicates	limits	of	detection.	SARS-CoV-2,	severe	
acute	respiratory	syndrome	coronavirus	2. 
†Viral titers are in relation to 50% tissue culture infectious dose, except for B/Colorado/06/2017,	which	is	in	relation	to	50%	egg	infectious	dose.	 
‡The multiplex cycle	threshold	values	were	derived	from	Influenza	SARS-CoV-2	Multiplex	Assay.	The	singleplex	cycle	threshold	values	were	derived	from	
the	InfA	(for	influenza	A),	InfB	(for	influenza	B),	or	N1	singleplex	assays	(for	SARS-CoV-2).	The	N1	singleplex	assay	is a	component	of	the	CDC	2019-
nCoV Real-Time	RT-PCR	Diagnostic	Panel	(7). The	InfA	and	InfB	singleplex	assays	are	components	of	the	CDC	Human	Influenza	Virus	Real-Time	RT-
PCR	Detection	and	Characterization	Panel	[510(k)	no.	K200370]	(9).	Each	assay	was	performed	in	triplicate. 
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To further evaluate the specificity of the multiplex 
assay, we also tested common respiratory pathogens and 
genetic near neighbors of viruses selected for by the as-
say. Nucleic acids from high titer viral preparations were 
extracted and tested with the Flu SC2 Multiplex Assay; 
no cross-reactivity was observed (Appendix Table 4).

An extensive in silico BLAST analysis of the prim-
er and probe sequences for the SARS-CoV-2 target 
confirmed that the assay is specific to SARS-CoV-2; 
no evidence of non–SARS-CoV-2 target matches was 
found (Figure; Appendix Table 5). These results dem-
onstrate that Flu SC2 Multiplex Assay is specific to 

 
Table 4. Evaluation	of	the	Influenza	SARS-CoV-2	Multiplex	Assay sensitivity	using	quantified	synthetic	RNAs* 

RNA	copies/reaction 
Cycle	threshold	values 

Influenza	A 
 

Influenza	B	 
 

SARS-CoV-2 
 

RNase	P	(human) 
50,000 23.72 24.02 23.86 22.02 21.59 21.88 20.05 20.26 20.08 22.02 22.13 21.69 
5,000 27.01 27.38 28.01  25.17 25.03 25.04  24.03 24.12 24.15  25.12 24.68 25.09 
500 31.74 31.73 32.48  28.52 28.02 28.88  27.25 28.01 27.60  28.19 28.02 28.11 
50 35.60 35.34 36.65  32.58 31.58 31.17  31.89 31.33 32.93  31.47 31.54 30.59 
5 36.50 38.40 0  33.76 34.65 36.15  34.24 34.03 34.25  34.33 35.42 39.02 
*Multiplex	real-time	reverse	transcription	PCR	for	influenza	A	virus,	influenza	B	virus,	and	SARS-CoV-2.	Influenza	A,	Influenza	B,	and	RP	targets	were	
quantified	using	Armored	RNA	Quant	CDC-9	(Asuragen,	Inc.,	https://asuragen.com),	which	includes	the	M	gene	of	influenza	A	virus	strain	
A/Brisbane/02/2018_H1N1,	the	NS	gene	of	influenza	B	virus	strain	B/Colorado/06/2017,	and	RP;	the	SARS-CoV-2	target	was	quantified	using	Twist	
Synthetic	SARS-CoV-2	RNA	(Twist	Bioscience,	https://www.twistbioscience.com).	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2. 

 

 
Table 5. Evaluation	of	the	Influenza	SARS-CoV-2	Multiplex	Assay specificity* 

Virus strain Lineage 
GISAID	

accession	no. Con† 
Cycle	threshold	value 

Influenza	A 
 

Influenza	B 
 

SARS-CoV-2 
Influenza	A             
 A/Florida/81/2018 A(H1N1)	

pdm09 
EPI1310819 108.1 13.97 14.00 14.02  0 0 0  0 0 0 

 103.1 27.48 28.16 27.74  0 0 0  0 0 0 
 A/Kansas/14/2017 A(H3N2) EPI1653963 108.5 13.62 13.66 13.68  0 0 0  0 0 0 

 105.5 25.07 25.00 25.01  0 0 0  0 0 0 
 A/Ohio/35/2017 A(H1N2)v EPI1056728 106.9 14.71 14.90 14.84  0 0 0  0 0 0 

 101.9 30.91 31.25 30.99  0 0 0  0 0 0 
 A/chicken/Pennsyl- 
 vania/298101- 
 4/2004 

A(H2N2) EPI229365 109.5 15.60 15.66 15.74  0 0 0  0 0 0 
 103.5 33.40 33.20 34.71  0 0 0  0 0 0 

 A/Ohio/13/2017 A(H3N2)v EPI1056648 106.6 20.85 20.96 20.86  0 0 0  0 0 0 
 101.6 35.48 35.49 33.98  0 0 0  0 0 0 

 A/canine/Florida/ 
 43/2004 

A(H3N2)  108.1 19.61 19.69 19.44  0 0 0  0 0 0 
EPI98471 104.1 34.10 35.45 36.87  0 0 0  0 0 0 

 A/equine/Ohio/01/ 
 2003 

A(H3N8) DQ124188§ 108.4 16.50 16.70 16.68  0 0 0  0 0 0 
 103.4 31.01 31.55 31.07  0 0 0  0 0 0 

 A/Northern	 
 pintail/Washington 
 /40964/2014 

A(H5N2) EPI860995 109.4 16.39 16.43 16.49  0 0 0  0 0 0 
 104.4 36.89 36.45 34.43  0 0 0  0 0 0 

 A/gyrfalcon/Wash- 
 ington/41088- 
 6/2014 

A(H5N8) EPI569393 109.75 14.12 14.10 14.13  0 0 0  0 0 0 
 104.75 29.60 29.38 29.90  0 0 0  0 0 0 

 A/chicken/Califor- 
 nia/32213–1/2000 

A(H6N2) EPI1915583 109.2 14.97 15.05 15.08  0 0 0  0 0 0 
 103.2 34.19 32.52 32.49  0 0 0  0 0 0 

 A/feline/New	 
 York/16-040082- 
 1/2016 

A(H7N2) EPI985440 1010.2 15.76 15.94 16.00  0 0 0  0 0 0 
 105.2 28.16 28.30 28.46  0 0 0  0 0 0 

  A/Taiwan/1/2017 A(H7N9) EPI917065 109.5 16.69 16.90 16.99  0 0 0  0 0 0 
 103.5 32.20 33.11 32.53  0 0 0  0 0 0 

 A/Bangladesh/ 
 0994/2011 

A(H9N2) EPI445991 1010.5 18.03 18.14 18.21  0 0 0  0 0 0 
 104.5 34.25 35.32 36.90  0 0 0  0 0 0 

Influenza	B               
 B/Maryland/15/ 
 2016 

B(Victoria) EPI1255266 108.5 0 0 0  13.46 13.49 13.47  0 0 0 
 102.5 0 0 0  30.82 31.07 31.20  0 0 0 

 B/Phuket/3073/ 
 2013 

B	
(Yamagata) 

EPI1799818 108.9 0 0 0  13.66 13.67 13.68  0 0 0 
 102.9 0 0 0  31.87 31.77 32.18  0 0 0 

SARS-CoV-2               
 2019-nCoV/USA- 
 WA1/2020 

Beta-
coronavirus 

MT	576563 104.5 0 0 0  0 0 0  18.34 18.55 18.41 
 

 100.5 0 0 0  0 0 0  33.11 34.15 34.88 
*Multiplex	real-time	reverse	transcription	PCR	for	influenza	A	virus,	influenza	B	virus,	and	SARS-CoV-2.	Evaluation	conducted	in	triplicate.	Con,	
concentration;	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2. 
‡Concentration	in	relation	to	50%	tissue	culture	infectious	dose. 
§GenBank	accession	number. 
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influenza A viruses, influenza B viruses, and SARS-
CoV-2; it does not detect other respiratory pathogens 
or close relatives, including SARS-CoV.

An in silico analysis compared the genomes of 
the emerging SARS-CoV-2 variants B.1.1.7, B.1.351, 
and P.1 with the sequence of the SARS-CoV-2 tar-
get. This analysis demonstrated that during Janu-
ary 2021, most (>99.5%) of the variant virus se-
quencing data was identical to the SARS-CoV-2 
target sequence; of the genomes that had <100% 
match, none except 2 sequences displayed >1 mis-
match for any region of the assay (Appendix Table 
6). Therefore, the Flu SC2 Multiplex Assay should 
accurately detect the B.1.1.7, B.1.351, and P.1 SARS-
CoV-2 variants.

Co-Infection Sensitivity of Flu SC2 Multiplex Assay
We evaluated the analytical sensitivity of the multi-
plex assay in the context of a mock co-infection sce-
nario by testing a mixture of nucleic acids extracted 
from influenza A, influenza B, SARS-CoV-2, and 
A549 cells with the Flu SC2 Multiplex Assay and the 
InfA, InfB, and N1 singleplex assays (7,9). The results 
demonstrated that the multiplex assay can detect all 
4 targets simultaneously at comparable or higher sen-
sitivity levels than each singleplex comparator (Ap-
pendix Table 7).

Performance on Clinical Specimens
We evaluated the clinical performance of the mul-
tiplex assay by using residual clinical respiratory  
specimens. Nucleic acids were extracted from 104 

prospective and retrospective clinical specimens, 
including 33 SARS-CoV-2–positive, 30 influenza A–
positive, 30 influenza B–positive, and 11 negative re-
sidual clinical samples. The samples were tested with 
the Flu SC2 Multiplex Assay; the results were in 100% 
agreement with the expected value for each specimen 
(Table 6; Appendix Tables 8, 9).

Discussion
SARS-CoV-2 emerged in December 2019 and quick-
ly spread, causing the COVID-19 pandemic. As the 
SARS-CoV-2 infection rate increased, the demand 
for viral diagnostic testing also increased. The Flu 
SC2 Multiplex Assay increases throughput and 
uses less reagent than the CDC 2019-nCoV Real-
Time RT-PCR Diagnostic Panel, thus improving 
SARS-CoV-2 testing efficiency. The multiplex as-
say enables laboratories to simultaneously test for 
influenza viruses and SARS-CoV-2, an application 
that is especially useful because influenza virus 
and SARS-CoV-2 infections cause similar signs and 
symptoms (25,26). Although not described in this ar-
ticle, additional enzyme master mix combinations, 
nucleic acid extraction platforms, and an alternative 
manufacturer were added to the assay EUA, fur-
ther improving its utility (15,27). CDC granted the 
right of reference to all data submitted to the FDA 
for EUA authorization of the Flu SC2 Multiplex As-
say. Several commercial providers have leveraged 
the data to produce multiplex kits, including the 
BioSearch Valuepanel (LGC BioSearch Technolo-
gies, https://www.biosearchtech.com), PrimeTime 

Figure. Alignment of SARS-CoV-2-specific PCR with consensus sequences for SARS-CoV-2, SARS-CoV, MERS-CoV, and HuCoV-
OC43. Consensus sequence for SARS-CoV/Urbani-T7 was reverse transcribed from SARS-CoV strain Urbani (GenBank accession no. 
AY278741). HuCoV-OC43, human coronavirus OC43 consensus sequence; MERS-CoV, Middle East respiratory syndrome coronavirus; 
SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

 
Table 6. Clinical	performance	of	the	Influenza	SARS-CoV-2	Multiplex	Assay* 

Specimen	type	(no.) Influenza	A–positive Influenza	B–positive SARS-CoV-2–positive 
Negative for	all	3	
viral	targets 

Influenza	A	(30) 30 0 0 0 
Influenza	B	(30) 0 30 0 0 
SARS-CoV-2	(33) 0 0 33 0 
Negative for	all	3	viral	targets (11) 0 0 0 11 
*Multiplex	real-time	reverse	transcription	PCR	for	influenza	A	virus,	influenza	B	virus,	and	SARS-CoV-2.	SARS-CoV-2,	severe	acute	respiratory	syndrome	
coronavirus	2;	(+),	positive. 
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SARS-CoV-2/Flu Test Integrated DNA Technolo-
gies, Inc., Accuplex (includes assay for human  
respiratory syncytial virus) (SeraCare Life Sciences, 
Inc., https://www.seracare.com), BioRad Reliance 
(Bio-Rad Laboratories, Inc., https://www.bio-rad.
com), and FLU SC2 RT-PCR (InGenuityD Diagnos-
tics, https://ingenuityd.com).

The analytical sensitivity of the Flu SC2 Mul-
tiplex Assay was evaluated; each component was 
comparable to the singleplex versions of each assay. 
The assay detects titers as low as 102.2–100.3 TCID50 
or EID50 (or 10–2.0–10−0.1 TCID50 or EID50/reaction) of 
influenza A viruses, influenza B viruses, and SARS-
CoV-2, or as few as 5 RNA copies/reaction. We ob-
served no cross-reactivity among the targets, even at 
high viral titers; none with the other 6 known human 
coronaviruses, including SARS-CoV and MERS-
CoV; and none with influenza C cultured viruses or 
other common noninfluenza respiratory pathogens 
(28). The Flu SC2 assays manufactured by CDC are 
evaluated to ensure that the LOD of each lot is com-
parable with the LOD established in the EUA. Qual-
ity assessments ensure limited variability: lots that 
have a variance of >2 cycle thresholds from the EUA 
submission data against standard quality control 
virus dilution series are deemed unacceptable for 
distribution (data not shown). These standards en-
sure that sensitivity and specificity are maintained 
through the manufacturing process.

The SARS-CoV-2 target used by the multiplex 
panel was selected from a conserved and vital region 
of the N gene (29). Analytical evaluation and in silico 
analysis demonstrated the target is sensitive and spe-
cific to SARS-CoV-2 and will not detect other human 
coronaviruses, including SARS-CoV and MERS-CoV. 
The in silico analysis of 376,469 SARS-CoV-2 sequenc-
es available in GISAID in January 2021 indicated 
that >99.9% of the viruses have <1 mismatch within 
a single primer or probe of the SARS-CoV-2 assay 
(Appendix Table 5). An in silico analysis of genomes 
from the emerging SARS-CoV-2 B.1.1.7, B.1.351, and 
P.1 variants demonstrated that the target is identical 
to the genome sequence for >99.5% of these variant 
genomes (Appendix Table 6). The Flu SC2 Multi-
plex Assay should detect these emerging variants 
because the mutations associated with these variants 
are located within a different region of the genome  
than the target.

The Flu SC2 Multiplex Assay was evaluated us-
ing a reference panel developed by the FDA for as-
sessing diagnostic nucleic acid amplification tests 
for SARS-CoV-2 (30,31). The panel consisted of ref-
erence SARS-CoV-2 material, blinded samples, and 

a protocol provided by the FDA. The evaluation  
included range finding and confirmatory studies for 
LOD, as well as blinded sample testing to establish 
specificity and further confirmation of the LODs. 
The LOD of the Flu SC2 Multiplex Assay using the 
FDA panel was 5.7 × 103 nucleic acid amplification 
test detectable units/mL, with no observable cross-
reactivity with MERS-CoV (32).

In summary, the Flu SC2 Multiplex Assay demon-
strates a high level of specificity and sensitivity. In a 
single reaction, it can detect and distinguish 3 major 
respiratory viruses as well as the human quality con-
trol target, thereby increasing the testing throughput. 
Additional advantages of the Flu SC2 Multiplex Assay 
include fewer freeze-thaw cycles, decreased potential 
for contamination through a reduction in the number 
of reactions, and fewer opportunities for pipetting er-
rors. With this multiplex assay, users can rapidly test 
large amounts of samples. Although the influenza sea-
son for 2020–21 had historically few cases, this assay 
will be beneficial in upcoming influenza seasons when 
influenza might co-circulate with SARS-CoV-2.
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Tuberculosis (TB) is a major killer, causing ≈1.4 
million deaths worldwide annually (1), making it 

second only to coronavirus disease (COVID-19) as the 
biggest cause of infectious disease deaths in 2020 (2). 
In addition to the direct health effects of COVID-19, 

the secondary effects of the COVID-19 pandemic, 
including lockdowns, economic turmoil, healthcare 
worker illness and attrition, overwhelmed health fa-
cilities, and fear of healthcare facilities, might affect 
delivery of health services (3). Concerns have been 
raised that COVID-19 could adversely affect TB dis-
ease diagnosis, treatment, and prevention, reversing 
recent progress in improving TB case detection and 
reducing deaths, although protective measures used 
for COVID-19 also could reduce TB transmission 
(1,3,4). Initial modeling published in May 2020 sug-
gested that healthcare service disruption worldwide 
could lead to 6.3 million additional TB cases and 1.4 
million additional TB deaths from 2020 through 2025 
because of TB underdiagnosis and interruptions in 
TB treatment (5). Empirical data from settings with 
high TB burdens are urgently needed to examine the 
effects of COVID-19 on TB and to determine mitiga-
tion strategies (4).

According to the World Health Organization, 
Malawi is 1 of 30 countries that have high TB and 
HIV burdens (1). In Blantyre, in the southern re-
gion of Malawi, a citywide electronic TB register 
has been maintained in partnership by the Malawi 
Liverpool Wellcome Trust, Malawi National Tuber-
culosis Programme, and Blantyre District Health Of-
fi ce (6). We used these data to investigate the effects 
of COVID-19 on citywide TB case notifi cations. We 
hypothesized that the direct and indirect effects of 
the COVID-19 epidemic in Malawi would reduce TB 
case notifi cations and that effects might have been 
experienced disproportionately at different health 
system levels and by certain population groups, in-
cluding persons living with HIV. Our primary objec-
tive was to estimate the number of missed TB case 

 Eff ects of Coronavirus Disease 
Pandemic on Tuberculosis 

Notifi cations, Malawi
Rebecca	Nzawa	Soko,1	Rachael	M.	Burke,1	Helena	R.A.	Feasey,	Wakumanya	Sibande,	
Marriott	Nliwasa,	Marc	Y.R.	Henrion,	McEwen	Khundi,	Peter	J.	Dodd,	Chu	Chang	Ku,	

Gift	Kawalazira,	Augustine	T.	Choko,	Titus	H.	Divala,	Elizabeth	L.	Corbett,2	Peter	MacPherson2

Author	affi		liations:	Malawi	Liverpool	Wellcome	Clinical	Research	
Programme,	Blantyre,	Malawi	(R.	Nzawa	Soko,	R.M.	Burke,	
H.R.A.	Feasey,	W.	Sibande,	M.	Nliwasa,	M.Y.R.	Henrion,	
M.	Khundi,	A.T.	Choko,	T.H.	Divala,	E.L.	Corbett,	P.	MacPherson);	
London	School	of	Hygiene	and	Tropical	Medicine,	London,	UK	
(R.	Nzawa	Soko,	R.M.	Burke,	H.R.A.	Feasey,	M.	Khundi,	
T.H.	Divala,	E.L.	Corbett,	P.	MacPherson);	University	of	Malawi	
College	of	Medicine,	Blantyre	(M.	Nliwasa);	Liverpool	School	
of	Tropical	Medicine,	Liverpool,	UK	(M.Y.R.	Henrion,	
P.	MacPherson);	University	of	Sheffi		eld,	Sheffi		eld,	UK	(P.J.	Dodd,	
C.C.	Ku);	District	Health	Offi		ce,	Blantyre	(G.	Kawalazira)

DOI:	https://doi.org/10.3201/eid2707.210557

1These	fi	rst	authors	contributed	equally	to	this	article.
2These	last	authors	contributed	equally	to	this	article.

The	 coronavirus	disease	 (COVID-19)	 pandemic	might	
aff	ect	tuberculosis	(TB)	diagnosis	and	patient	care.	We	
analyzed	a	citywide	electronic	TB	 register	 in	Blantyre,	
Malawi	and	interviewed	TB	offi		cers.	Malawi	did	not	have	
an	offi		cial	COVID-19	lockdown	but	closed	schools	and	
borders	on	March	23,	2020.	In	an	interrupted	time	series	
analysis,	we	noted	an	immediate	35.9%	reduction	in	TB	
notifi	cations	 in	 April	 2020;	 notifi	cations	 recovered	 to	
near	prepandemic	numbers	by	December	2020.	How-
ever,	 333	 fewer	 cumulative	 TB	 notifi	cations	 were	 re-
ceived	than	anticipated.	Women	and	girls	were	aff	ected	
more	(30.7%	fewer	cases)	than	men	and	boys	(20.9%	
fewer	 cases).	 Fear	 of	 COVID-19	 infection,	 temporary	
facility	closures,	inadequate	personal	protective	equip-
ment,	and	COVID-19	stigma	because	of	similar	symp-
toms	to	TB	were	mentioned	as	reasons	for	fewer	people	
being	diagnosed	with	TB.	Public	health	measures	could	
benefi	t	control	of	both	TB	and	COVID-19,	but	only	if	TB	
diagnostic	services	remain	accessible	and	are	consid-
ered	safe	to	attend.
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notifications. Our secondary objective was to deter-
mine whether missed notifications were affected by 
sex, health facility, or HIV status. Finally, to investi-
gate and explain the underlying causes of under noti-
fication of TB, we performed a qualitative study with 
TB officers, the cadre of healthcare workers who pro-
vide most TB services in Malawi.

Methods

Data Sources
To estimate population denominators for Blantyre 
District, we obtained age- and sex-specific back-
ground mortality rates and fertility rates from 2008–
2020 World Population Prospect data (7). We used 
the cohort-component method to combine these data 
into local estimates from the 2008 and 2018 Malawi 
national population censuses.

In Blantyre, TB officers working at all primary 
health centers and the city’s main hospital, Queen 
Elizabeth Central Hospital (QECH), record demo-
graphic and clinical characteristics of all TB patients 
who register for treatment by using an electronic case 
record form. Data collected includes date and clinic of 
registration, age, sex, HIV status, residential address, 
and TB characteristics, such as pulmonary versus ex-
tra-pulmonary TB and microbiological classification. 
Records are reconciled with the Ministry of Health 
National Tuberculosis Programme treatment regis-
ters every quarter. Each month, a randomly selected 
5% sample of people who registered for TB treatment 
undergoes home tracing for data validation purposes.

Statistical Modeling
To investigate the effects of COVID-19 on TB case 
notification in Blantyre, we conducted an interrupted 
time series analysis (8). The Malawi government de-
clared a state of emergency because of COVID-19 on 
March 23, 2020, and the first COVID-19 cases were 
diagnosed on April 2, 2020. We assumed that CO-
VID-19 restrictions and the government and public 
response to the emerging epidemic would cause both 
an immediate step change in TB case notifications 
and a slope change leading to different month-by-
month trends than those seen before COVID-19 (8). 
Using a negative binomial distribution to account for 
overdispersion, we modeled monthly counts of TB 
cases as a function of month, COVID-19, and month-
given-COVID-19, with an offset term to account for 
underlying population (Appendix, https://wwwnc.
cdc.gov/EID/article/27/7/21-0557-App1.pdf). We 
used TB notification data from June 2016, when the 
country began a universal test-and-treat program 

to provide antiretroviral therapy for persons with 
HIV and started using the Xpert MTB/RIF assay (9), 
which rapidly diagnoses Mycobacterium tuberculosis, 
the bacterium that causes TB disease, and rifampin 
resistance in <2 hours (10).

We estimated trends in TB case notification rates 
(CNRs) by using estimated Blantyre census popula-
tion denominators to convert model-fitted monthly 
numbers of notified cases to annualized equivalent 
cases per 100,000 population. We used the model to 
predict TB CNRs from April 2020 on under a coun-
terfactual situation in which COVID-19 had not oc-
curred and background trends from April 2016 and 
March 2020 continued linearly. We defined numbers 
of missed TB cases as the difference between the ob-
served numbers of notified cases and numbers ex-
pected under the counterfactual no–COVID-19 situ-
ation, acknowledging that some of the missed cases 
might be diagnosed later and thus be delayed rather 
than entirely missed. We estimated the 95% CI for 
the total number of missed TB cases through 1,000 
parametric bootstrap replications. We took observed 
cases as-is and predicted cases under the counterfac-
tual scenario from a normal distribution on the link 
scale with the mean equal to model prediction for 
given month under the counterfactual and SD equal 
to model SE for predictions for the given month un-
der the counterfactual scenario.

For the secondary objective, we modeled the dif-
ferential effect of COVID-19 on TB case notifications 
by sex, HIV status, and whether TB was diagnosed at 
the QECH or primary care level (Appendix). Because 
a small amount of data were missing for HIV status 
and sex, we performed multiple imputations using 
chained equations with predictive mean matching by 
using the mice package in R software (11).

All decisions about the expected effect model 
(i.e., a step and slope change), the date of change (i.e., 
April 2020), and the covariates in model 2 (i.e., age, 
sex, and primary care vs. QECH) were made a priori 
on the basis of knowledge about likely effects of CO-
VID-19 and covariates known to differentially affect 
access to TB healthcare (12). To assess the statistical 
significance of the change in TB notifications con-
current with COVID-19 epidemic in Malawi, we ex-
tracted residuals from a regression that did not model 
changes due to COVID-19. We compared the sum of 
the residuals for the 9 months during the COVID-19 
epidemic in Malawi, April–December 2020, with the 
distribution of this statistic from 1 million randomly 
permuted residuals. We also computed this statistic 
for all 9-month windows, excluding COVID-19 with-
in the data.
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Sensitivity Analysis
TB exhibits seasonality related to climate and weather 
conditions (13). Therefore, we performed a sensitivity 
analysis by adding seasonal effects to the interrupted 
time series model by using a harmonic term with 2 
peaks every 12 months.

Qualitative Analysis
During October 21–December 14, 2020, we conducted 
in-depth interviews with 12 TB officers from health-
care facilities in Blantyre, 2 from QECH and 10 from 
primary healthcare centers, to ascertain the main rea-
sons for changes in TB case notifications during the 
COVID-19 pandemic. A local social scientist with ex-
perience of qualitative interviewing conducted inter-
views in Chichewa, the local language. Data were re-
corded and simultaneously transcribed and translated 
to English. We developed a thematic framework from 
the initial 4 interviews, which we applied across all 
subsequent interviews. Coding and data analysis were 
done using NVIVO (QSR International, https://www.
qsrinternational.com). Interviews were continued until 
saturation of themes was reached. We did not inter-
view persons attending clinics to receive healthcare.

Ethics Approval
Participants provided oral consent for their data to 
be recorded in the enhanced surveillance dataset. A 
waiver of requirement for written consent was ap-
proved by London School of Hygiene and Tropical 
Medicine and College of Medicine, University of Ma-
lawi, both of which provided ethical approval for the 
Blantyre enhanced TB surveillance system and quali-
tative interviews. TB officer participants in the in-
depth interviews provided informed written consent.

Results

Interrupted Time Series
During June 2016–December 2020, a total of 10,274 
people starting TB treatment were notified in Blantyre. 
During June 2016–March 2020 (i.e., before COVID-19), 
annualized Blantyre TB CNRs fell by ≈1% per month, 
reaching a peak of 405 cases/100,000 persons in Novem-
ber 2016 and declining to 137 cases/100,000 persons in 
October 2019. A total of 9,199 TB cases were notified in 
Blantyre during the pre–COVID-19 period (June 2016 
to December 2020), 3,561 among women and girls and 
5,611 in men and boys; 27 cases were missing data on 
sex. Persons living with HIV represented 5,820 (63.3%) 
TB notifications and 3,279 (35.6%) HIV-negative persons 
were among notified TB cases; 100 TB cases had miss-
ing data or unknown HIV status. TB notifications were 

split almost evenly between QECH (4,889 notifications; 
53.1%) and primary health facilities (4,310 notifications; 
46.9%). Children <14 years of age comprised 920 (10%) 
notifications. The median age among adults with diag-
nosed TB was 35 (interquartile range [IQR] 28–44) years 
for women and 37 (IQR 30–45) years for men.

The declaration of a national COVID-19 disaster 
led to an abrupt 35.9% (95% CI 22.1%–47.3%) decline 
in TB notifications in April 2020 (Figure 1). However, 
subsequent TB notifications increased at a rate of 4.40% 
(95% CI 0.59%–8.36%) per month. The effect of the ini-
tial decline at the start of the COVID-19 pandemic was 
that observed Blantyre TB annualized CNRs pre–CO-
VID-19, in March 2020, were 240 cases/100,000 persons 
and rates after the COVID-19 disaster declaration were 
152 cases/100,000 persons in April 2020. By compari-
son, the predicted April CNR in the counterfactual sce-
nario without COVID-19 was 230 cases/100,000 person-
years. However, by November 2020, observed Blantyre 
TB CNRs were 205 cases/100,000 person-years and De-
cember 2020 rates were 156 cases/100,000 person-years, 
compared with a predicted CNR of 213 cases/100,000 
person-years in November and 211 cases/100,000 per-
son-years in December in the counterfactual scenario.

During April–December 2020, a total of 1,075 TB 
cases were notified in Blantyre, equivalent to 196 cas-
es/100,000 person-years (Table 1). Under the counter-
factual situation of no COVID-19 epidemic, we would 
expect 1,408 (95% CI 1,366–1,451) TB cases would 
have been notified, equivalent to annualized case 
notification rate of 221 cases/100,000 person-years. 
Therefore, we estimate that the COVID-19 epidemic 
directly and indirectly led to 333 (95% CI 291–376) 
fewer TB notifications, a 23.7% (95% CI 21.4%–26.0%) 
reduction in TB notifications.

As a secondary objective, we modeled which popu-
lation groups were most affected by disruption to TB 
services (Figure 2). This model incorporated sex, HIV 
status, and healthcare facility (QECH vs. primary care 
clinics) and estimated that 352 (95% CI 319–385) TB 
cases were missed during April–December 2020. Men 
and boys accounted for a slightly larger number of 
missed TB diagnoses with 183 (95% CI 158–209) missed 
cases compared with 170 (95% CI 151–188) missed 
cases among women and girls. However, women and 
girls had a larger proportional decline, 30.7% (95% CI 
28.4%–33.0%) than did men and boys, 20.9% (95% CI 
18.5%–23.3%). Notifications at primary healthcare cen-
ters also were disproportionately reduced compared 
with hospital notifications, as were notifications for 
HIV-negative persons compared with those living with 
HIV (Table 2). The nonoverlapping confidence inter-
vals for these groups indicated statistically significant  
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differences in effects of COVID-19 by gender, HIV sta-
tus, and healthcare setting.

The drop in TB notifications during April–Decem-
ber 2020 was greater than that for any other 9-month 
period observed, and the sum of the residuals during 
this period was more negative than expected by ran-
dom chance (p = 0.004). The sum of residuals in other 
9-month periods was significantly more negative than 
anticipated from random resampling (p<0.05), indicat-
ing a unique statistically significant drop in cases during 
April–December 2020. Sensitivity analysis around sea-
sonality of TB did not materially affect the conclusions.

Qualitative Results
Of the 12 in-depth interviews with healthcare provid-
ers, 9 participants were female and 3 were male; ages 

were 34–53 years. Most (10/12) participants had sec-
ondary-level education. Themes that emerged from 
the in-depth interviews related to both an overall re-
duction in persons attending health facilities and to 
TB-specific issues.

Reduced Attendance at Healthcare Facilities
In addition to reduced attendance at healthcare fa-
cilities among the general public from fear of being 
infected with COVID-19, participants mentioned that 
several healthcare workers tested positive for CO-
VID-19 during the epidemic (Table 2). The facility-
based COVID-19 outbreaks led to temporary closures 
for disinfection. Facility closures not only affected 
the number of persons attending the health facilities 
on the days of closure but also led to greater fear of 

Figure 1. Effects of coronavirus 
disease (COVID-19) pandemic 
on monthly TB case notification 
rates in Blantyre, Malawi. Circles 
represent the observed number 
of cases each month. Solid 
blue line represents the fitted 
model with both step and slope 
change due to COVID-19; teal 
shaded area represents 95% 
CI. Pink dotted line represents 
counterfactual expected TB rates; 
pink shaded area represents 
95% CI. Gray shaded area on 
the right indicates timeframe in 
which the COVID-19 emergency 
was declared in Malawi. TB, 
tuberculosis.

 
Table 1. Modeled	effects	of	coronavirus	disease	pandemic	on	tuberculosis	case	notifications,	April–December	2020,	Blantyre,	Malawi* 

Models 

Observed	no.	
notified	TB	cases	
with	COVID-19 

Median	counterfactual	model-
estimated	no.	notified	TB	cases	
without	COVID-19	(95%	CI) 

 
%	Difference	(95%	CI) 

Absolute Relative 
Model	1     
 Overall 1,075 1,408	(1,366–1,451) 333	(291–376) 23.7	(21.4–26.0) 
Model	2     
 Sex     
  M 692 875	(848–901) 183	(156–209) 20.9	(18.5–23.3) 
  F 383 553	(534–571) 170	(151–188) 30.7	(28.4–33.0) 
 Primary	health	centers 488 761	(737–785) 273	(249–297) 35.9	(33.9–37.9) 
 Queen	Elizabeth	Central	Hospital 587 666	(645–688) 79	(58–101) 11.9	(9.10–14.7) 
 HIV	status     
  HIV-positive 660 820	(796–845) 160	(136–185) 19.6	(17.2–21.9) 
  HIV-negative 415 607	(586–627) 192	(171–212) 31.6	(29.3–33.8) 
*COVID-19,	coronavirus	disease;	TB,	tuberculosis. 
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infection at healthcare facilities and, in 1 instance, ru-
mors that the clinic was closed for a longer period 
than it was (Table 2). Finally, health facility worker 
strikes and sit-ins over risk allowance payments and 
lack of personal protective equipment (PPE) also re-
sulted in temporary closures of facilities (Table 2).

Effects of COVID-19 Prevention Measures on  
Healthcare Access
Government COVID-19 prevention measures that 
required use of facemasks and social distancing also 
were reported to have contributed to reduced access 
to health services. Mandatory use of face masks at 
health facilities was introduced during the epidemic, 
but TB officers cited the inability to afford a mask and 
the feeling that masks “suffocate them” as reasons pa-
tients did not want to wear masks (Table 2). Patients 
who tried to attend facilities without having a mask 
were sent away (meaning that they were not seen by a 
healthcare worker) and often did not return (Table 2). 
Public transportation in Blantyre also had a limit on 

vehicle capacity, which led to doubled transport costs 
and limited clinic access (Table 2).

TB-Specific Issues
Because TB and COVID-19 both have symptoms of 
cough and fever, TB officers reported issues around 
TB testing. First, persons with fever and cough report-
edly were afraid of being tested for COVID-19 if they 
went to healthcare facilities. TB officers said patients 
were more afraid of COVID-19 than TB because they 
knew that TB could be cured and that patients with 
COVID-19 might need to be placed under facility iso-
lation (Table 2). The similarity of symptoms also led to 
persons who normally would have been tested for TB 
being turned away from healthcare facilities and told 
to go home and call the COVID-19 help line (Table 2).

Reduced Healthcare Worker Capacity
TB officers also spoke of their own fear of contract-
ing COVID-19 from presumptive TB patients. TB of-
ficers reported changing how they interacted with  

Figure 2. Effects of coronavirus disease (COVID-19) on monthly TB case notifications in Blantyre, Malawi, by HIV status, registration 
site, and sex. A) TB notifications at primary healthcare centers. B) TB notifications at Queen Elizabeth Central Hospital. Dots indicate 
observed number of cases per month. Solid lines indicate fitted model with both step and slope change due to COVID-19; shaded areas 
indicate 95% CI. Vertical dotted lines indicate time that COVID-19 emergency was declared in Malawi. TB, tuberculosis.
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symptomatic persons, including interacting less di-
rectly and not supervising sputum collection as closely 
(Table 2). In addition, many TB officers reported that 
the lack of PPE in health facilities forced them to tem-
porarily stop conducting TB tests or supervising spu-
tum collection at all. For those patients who did submit 
sputum, results could be delayed because, as a TB offi-
cer reported, laboratory staff “were taught that sputum 
has the highest concentration of COVID-19” (Table 2).

Discussion
In addition to directly causing millions of deaths, 
the COVID-19 pandemic has directly and indirectly 
affected delivery of health services globally (14). In 
our analysis of the effects of the COVID-19 pandem-
ic on TB notifications in Blantyre, Malawi, we found 
a substantial immediate decline in TB case notifi-
cations concurrent with the start of the COVID-19 
epidemic in Malawi. Our findings are consistent 

 
Table 2. Quotations	from	in-depth	interviews	with	health	officers	about	reasons	for	reduced	tuberculosis	notifications	due	to	
coronavirus	disease	epidemic	in	Malawi,	June–December	2020* 
Theme,	quote	no. Participant	no.,	sex Quote 
Fear	of	COVID-19	contagion	at	health	facilities 
 Q1 02,	F “People were afraid of getting infected if they come to the facility.” 
 Q2 09,	F “… they were afraid saying that if the workers are found with COVID, so if we go there 

they will infect us.” 
COVID-19	related	health	facility	closures  
 Q3 03,	F “…they were told that the clinic had been shut down and people are not being assisted… 

which	means	people	were	just	staying	in	their	homes	and	the	TB	was	just	being	spread	
amongst them.” 

 Q4 02,	F “Our facility wasn’t closed, but there was a certain week that we were just going but we 
were	not	working	because	there	was	no	PPE,	so	people	were	afraid.	There	were	no	

gloves,	no	masks	how	were	we	going	to	work?	So	a	sit-in happened.” 
 Q5 05,	F “Yes we had	a	strike	at	this	hospital	and	the	strike	occurred	in	all	health	centres.	The	

reason	behind	the	strike	was	that	COVID-19 was at its peak but we didn’t have PPE	
which was putting us at risk.” 

 Q6 07,	M “The first strike was against shortage of PPEs and the	second	strike	was	organized	by	
Interns	who	were	complaining	that	they	are	making	them	work	on	this	dangerous	

disease	of	COVID-19 yet they are not being employed… And the other strike was about 
risk allowance.” 

Effects	of	COVID-19	prevention	measures	on	healthcare	access 
 Q7 04,	F “…then government announced that wearing of mask is mandatory some people who 

couldn’t manage wear the mask were making a decision of not going to the hospital 
instead,	some	were	complaining	that	they	suffocate	in	a mask.” 

 Q8 08,	F “…all patients should be wearing masks when coming here but some patients were 
ignoring	and	when	we	send	them	back	to	go	and	get	a	mask	some	patients	were	ending	

up not coming back.” 
 Q9 08,	F “Some people travel from far communities	to	come	here	and	the	increase	in	transport	

fare also influenced some people to fail to come to the hospital.” 
Similarity	of	TB	and	COVID-19	symptoms	leading	to	reduced	access	to	TB	care 
 Q10 02,	F “… sometimes they think that if they test positive [for COVID-19],	people	will	discriminate	

them, they have fear of unknown. So during this period people weren’t coming to say I 
have	a	cough,	test	me,	they	were	just	staying	at	home	buying	Bactrim	and	drinking it at 

home.” 
 Q11 06,	F “the signs and symptoms of COVID-19	and	TB	were	somehow	similar	so	because	the	

signs	were	similar	people	were	scared	to	come	to	the	hospital	because	they	were	
assuming	that	instead	of	testing	them	for	TB	we	will	test	them	for	COVID-19” 

 Q12 07,	M “They were communicating that if a person has fever then that is a sign of COVID-19	
and	that	particular	person	is	required	to	go	into	isolation	so	people	were	afraid	to	come	
to	the	hospital	when	they	have	fever	because	of	the	messages	that	they	may	be	isolated	

with their families.” 
 Q13 01,	M “… they were expecting that someone who has COVID-19	coughs	and	sneezes	

severely,	and	has	fever	and	headaches,	so	when	they	ask	about	those,	the	same	things	
that	a	TB	patient	presents,	that	was	when	those	people	were	being	sent	back	to	go	

home	and	call	the	COVID-19 help line.” 
Reduced	healthcare	worker	capacity	to	support	TB	testing 
 Q14 05,	F “… we were no longer asking many questions once the person tells us that she has dry 

cough	we	were	running away from that person… Because if the person has dry cough 
the	first	thing	that	we	were	thinking	of	is	COVID-19.” 

 Q15 11,	F “I was scared because it was difficult to know if the patient is coughing because of TB or 
COVID-19.” 

 Q16 01,	M “… in the laboratory… the ones that are involved in the testing, they were refusing to 
handle	sputum	because	they	were	taught	that	sputum	has	the	highest	concentration	of	

COVID-19 so some were dodging which was resulting in delays.” 
*COVID-19,	coronavirus	disease;	PPE,	personal	protective	equipment;	TB,	tuberculosis. 
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with initial reports on COVID-19 effects on HIV and 
TB diagnosis and care from other settings (15–22). 
However, we show that, after an initial decline, TB 
CNRs increased and reached near prepandemic 
levels within 9 months. Overall, we estimate that 
333 fewer cases of TB were notified, equivalent to 
39 cases/100,000 persons, during April–December 
2020 than would have been expected in the absence 
of the COVID-19 epidemic. For the affected persons, 
the missed or delayed diagnoses likely will have se-
vere consequences, and for public health programs 
the consequences might hinder progress toward TB 
elimination. The reduction in TB case notifications 
also could be indicative of more general disruption 
of a range of primary healthcare services.

To put these results into context, Malawi has high 
HIV and TB burdens. Estimated prevalence of TB in 
urban Malawi was 988 cases/100,000 persons at the 
last national survey in 2013 (4). TB in Malawi is de-
clining in response to concerted efforts from the na-
tional and district TB and the HIV programs. In June 
2016, Malawi introduced a test-and-treat program for 
HIV, which involved starting antiretroviral therapy 
for persons who had positive HIV tests regardless of 
CD4 cell count. Malawi is coming close to achieving 
United Nations AIDS/HIV 90-90-90 goals (23). How-
ever, TB remains one of the leading causes of death 
and years of life lost in Malawi (24).

We hypothesize that the major reason for the 
drop in TB notifications during the COVID-19 pan-
demic is that persons with true TB disease had their 
TB diagnosis missed or at least delayed. This hy-
pothesis is consistent with data from our qualita-
tive interviews with TB officers, who noted that, in 
the immediate period after the Malawi COVID-19 
epidemic began, access to health facilities was ex-
tremely challenging. Alternative explanations are 
that persons with diagnosed TB started on treat-
ment, but their cases were not notified to the na-
tional program, or that the true incidence of TB 
declined. However, we consider these explanations 
unlikely. TB treatment cannot be accessed in Mala-
wi outside of TB registration centers, and our elec-
tronic TB surveillance system is cross-referenced 
with paper ledgers that confirm the same trends 
in notifications. Reduced incidence of other respi-
ratory pathogens, notably influenza, has resulted 
from the nonpharmaceutical interventions for CO-
VID-19, which possibly also resulted in a decline in 
TB transmission. However, the prolonged interval 
between infection and onset of symptoms for TB 
makes an immediate effect on notifications in <3 
months implausible, particularly because Malawi 

has had less stringent COVID-19 prevention mea-
sures than many other countries.

Our qualitative interviews indicate that, in addi-
tion to general restrictions on healthcare access during 
the COVID-19 epidemic, TB testing and notifications 
particularly were affected because of the similarity 
in clinical presentation of TB and COVID-19. The TB 
officers considered that persons with TB symptoms 
were less likely to attend facilities for fear of a CO-
VID-19 diagnosis and possible consequences, such 
as isolation. In addition, TB officers believed that at 
least some persons with possible TB who went to 
healthcare facilities were turned away and directed 
to COVID-19–specific services where they would be 
unlikely to be assessed for TB. In countries with high 
TB burdens, alignment of COVID-19 and TB diagno-
sis, prevention, and care will likely lead to improved 
outcomes for both diseases.

Women and girls had disproportionately higher 
reductions in case notifications than men and boys, 
as did HIV-negative compared with HIV-positive pa-
tients and notifications from primary care clinics com-
pared with the central hospital. We hypothesize that 
women and girls faced greater barriers to accessing 
healthcare during COVID-19 than men and boys be-
cause of greater requirements of women to stay home 
to school children; social gender norms, meaning that 
men were more likely to disregard COVID-19 public 
health restrictions; and perhaps economic require-
ments for men leave the house to work, meaning men 
could more easily continue to access TB services (25).

Primary healthcare centers were more affect-
ed than QECH, both in terms of initial step change 
(drop in TB cases notified at the start of COVID-19) 
and with slower recovery in the period after the ini-
tial phase of COVID-19 epidemic in Malawi. Reasons 
for the difference in reporting rates could include 
QECH being prioritized for PPE, thus remaining 
more functional than healthcare centers; in addition, 
patients with TB diagnosed at QECH tend to have 
more severe illness and potentially were unable to 
delay seeking healthcare.

TB cases among HIV-negative persons declined 
more than among persons living with HIV, which also 
could be associated with site of TB diagnosis. QECH 
has the largest number of HIV-positive persons regis-
tered for antiretroviral therapy in the city, and so per-
sons living with HIV may have accessed TB services 
through the ART clinic. Alternatively, persons living 
with HIV can have more severe TB symptoms and be 
less able to defer healthcare seeking.

Limitations to our study include uncertainty 
around the counterfactual conditions; during June 
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2016–March 2020, TB case notifications were declin-
ing in Blantyre, and for the counterfactual condition, 
no COVID-19 scenario we modeled TB notifications 
as continuing to decline at the same rate. Since De-
cember 2020, Malawi has had a second wave of COV-
ID-19. Our electronic enhanced surveillance data are 
entered in real time, but data are monitored and veri-
fied on a quarterly basis, so we do not yet have infor-
mation on the effects of the second wave of COVID-19 
in Malawi. Finally, we only interviewed healthcare 
workers; we did not directly capture perspectives of 
patients about their difficulties accessing healthcare.

Malawi is fortunate to have well-functioning TB 
and HIV programs that are more resilient to COV-
ID-19 than programs in other countries. Malawi did 
not introduce any substantial restrictions on popu-
lation movement and gathering due to COVID-19, 
so no legal restrictions hindered travel to TB clinics. 
Therefore, our data are not necessarily generalizable 
to other settings in southern Africa or elsewhere.

In conclusion, the effects of missed or delayed TB 
diagnoses likely will be severe for affected persons 
and households. However, the initial COVID-19–re-
lated decline in TB case notification was not sustained, 
and the Malawi National Tuberculosis Programme 
had a relatively quick recovery after the first wave of 
COVID-19. We observed a shorter period of disrup-
tion than earlier modeling of COVID-19 effects on TB 
assumed (5). COVID-19 or TB diagnosis, treatment, 
care, and public health measures should not be con-
sidered in isolation. Rather, public health and health-
care officials should seek opportunities to combine 
resources to tackle both COVID-19 and TB. Through 
improved infection prevention and control at health 
facilities, strengthened laboratory infrastructure, 
and community engagement to address stigma and 
provide sources of information about both diseases, 
communities can create a setting of universal health 
coverage.

Data and code to recreate analyses are freely available at 
https://github.com/rachaelmburke/tbcovidblantyre.
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EID Podcast
Telework during  

Epidemic  
Respiratory Illness

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

The COVID-19 pandemic has caused us 
to reevaluate what “work” should look like. 
Across the world, people have converted 
closets to offices, kitchen tables to desks, 
and curtains to videoconference back-
grounds. Many employees cannot help but 
wonder if these changes will become a 
new normal.

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

In this EID podcast, Dr. Faruque Ahmed, 
an epidemiologist at CDC, discusses the 
economic impact of telework.
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Non–C. diffi  cile Clostridioides	Bacteremia,	France

Obligate anaerobic bacteremia is a rare event, 
accounting for ≈0.1%–10% of positive blood 

cultures; Clostridioides spp. bacteremia represents 
8%–46% of the cases (1–4). Clostridioides (formerly 
Clostridium) species are ubiquitous, gram-positive, 
spore-forming (most species), and toxin-producing 
bacteria (3). The most well-known toxins, C. per-
fringens α and θ toxins, induce platelet aggregation, 
diffuse formation of thrombi, cell lysis, and gas gan-
grene (5). Anaerobic bacteria are not only found in 
the soil or rotting vegetation but also are commensal 
constituents of the human microbiome, especially in 
the gastrointestinal tract or genital organs of women 
(3,6). Humans are usually infected by direct entry of 
the bacteria through a wound (C. tetani, C. perfrin-
gens) or by contaminated food (C. botulae). However, 
contamination of a wound by spores is not suffi cient 
to generate the infection because Clostridioides spp. 
need hypoxic and acidic conditions to proliferate. 
Conditions such as vascular trauma, atherosclerosis, 
or malignancies may induce tissue hypoxia. More-
over, the liberation of both α and θ toxin, which 
induce the formation of occlusive thrombi, may in-
crease tissue hypoxia, sometimes leading to gas gan-
grene formation (3,7–9).

Thus, Clostridioides infections are especially 
known to cause myonecrosis with rapid extension 
and gas gangrene formation, which, if not treated 
rapidly, may be fatal. This outcome has largely been 
described in the context of war wounds, trauma, and 
surgery (10–12). Although C. perfringens is mostly in-
volved in gas gangrene, other Clostridioides subspe-
cies can also be responsible for such infections (13).

Clostridioides bacteria can also cause primary 
bacteremia, with or without gas gangrene (2,6). Clos-
tridioides bacteremia are usually fulminant and life-
threatening infections. Data focusing on Clostridioi-
des bacteremia rely mainly on case reports (14–16), 
case series on selected populations (17,18), or larger 
epidemiologic series that contain microbiological 
data but few clinical descriptions (2,19,20). Although 
Clostridioides bacteremia often leads to sudden and 
massive organ failure requiring transfer to a hospi-
tal intensive care unit (ICU), no study has focused 
on Clostridioides bacteremia in the ICU . Therefore, 
we conducted a multicenter retrospective study of 
case-patients who were positive for all Clostridioides
species except C. diffi cile to investigate Clostridioi-
des bacteremia in the ICU; we described the clinical 
spectrum of critically ill patients, ICU admission 
conditions, microbiological characteristics, and out-
comes. We aimed to identify risk factors associated 
with mortality.

Methods

Ethics
This study was approved by an Institutional Review 
Board (Comité d’Ethique de la Société de Réanima-
tion de Langue Française no. CE-SRLF 18–38) in ac-
cordance with the French regulation on noninter-
ventional studies, which waived the need for signed 
informed consent for patients included in this data-
base. No data allowing identifi cation of the patients 
included in the study were recorded. The study was 
conducted in accordance with the Declaration of Hel-
sinki principles.

Study Populatio n
We retrospectively recorded cases of Clostridioides 
bacteremia in the period July 2003–December 2018 in 
15 ICUs in France. Patients were identifi ed by review 
of ICU medical records and hospital microbiological 
databases; we selected only cases with >1 positive 
blood culture for all Clostridioides species except C. 
diffi cile. Blood samples had been collected with spe-
cifi c anaerobic blood culture bottles and incubated 
in automated systems, in accordance with routine 
practice (21). Anaerobes were identifi ed using the 
API System (bioMérieux, https://www.biomerieux.
com) until 2010; as of 2010, matrix-assisted laser de-
sorption/ionization time-of-fl ight mass spectrometry 
methods were used in most of the centers to identify 
anaerobic bacteria (3,22). Antimicrobial susceptibility 
test results of Clostridioides species, evaluated by dif-
fusion methods according to guidelines of the Comité 
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Usually	responsible	for	soft	tissue	infections,	Clostridioi-
des species	can	also	cause	bacteremia,	life-threatening	
infections	often	requiring	intensive	care	unit	(ICU)	admis-
sion.	We	conducted	a	multicenter	retrospective	study	to	
investigate	Clostridioides bacteremia	in	ICUs	to	describe	
the	 clinical	 and	 biologic	 characteristics	 and	 outcomes	
in	 critically	 ill	 patients.	We	 identifi	ed	 135	 patients	 with	
Clostridioides bacteremia,	which	occurred	almost	exclu-
sively	(96%)	in	patients	with	underlying	conditions.	Sep-
tic	 shock	 and	 digestive	 symptoms	 were	 the	 hallmarks	
of Clostridioides bacteremia	 in	 the	 ICU.	 We	 identifi	ed	
16	 diff	erent	 species	 of	Clostridioides,	 among	which	C. 
perfringens	 accounted	 for	 31%	 of	 cases.	 Despite	 the	
high	sensitivity	of	Clostridioides	to	common	antimicrobial	
drugs,	mortality	 rates	were	high:	 52%	 for	 ICU	patients	
and	 71%	overall	 at	 3	months.	 In	multivariate	 analysis,	
the	most	important	factor	associated	with	increased	risk	
for	death	was	the	presence	of	hemolysis.	Clostridioides 
bacteremia	often	leads	to	multiple	organ	failures,	which	
have	high	mortality	rates.
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de l’Antibiogramme de la Société Française de Micro-
biologie, were also collected for our study.

We reviewed ICU medical records of selected 
patients for age, sex, underlying diseases, clinical 
and biologic symptoms at ICU admission, the need 
for organ support, antimicrobial drug treatment, and 
outcome. We recorded Charlson index, simplified 
acute physiology score (SAPS2), and sequential or-
gan failure assessment (SOFA) scores as previously 
defined (23–25). We defined septic shock according 
to the Sepsis-3 consensus definition (26) and hemo-
lysis as low hemoglobin level associated with other 
hemolysis parameters, such as an increase of lactate 
dehydrogenase (LDH) or unconjugated bilirubin and 
reduced haptoglobin levels.

Statistical Analysis
We described categorical variables as counts and per-
centages and quantitative variables as median and 
interquartile range. We estimated mortality rate at 28 
days and 90 days after the date of bacteremia, as a 
binary variable, and examined factors associated with 
overall survival as a time-to-event endpoint. We de-
fined overall survival as the time between the date of 
Clostridioides bacteremia and the date of death or last 
follow-up, whichever occurred first. We performed 
survival analysis using a Cox regression model, esti-
mating hazard ratios (HR) and 95% CIs. We checked 
the proportional hazards (PH) assumption and the 

log-linearity assumptions for the models; if the PH 
assumption was not valid, we used time-dependent 
coefficient for time-varying effect over time; we used 
a step function, with time-intervals defined based on 
the Schoenfeld’s residuals. Factors which were asso-
ciated to OS with a p<0.1 in univariate analysis were 
candidates for a multivariate adjusted model. We se-
lected the adjusted model using a backward stepwise 
procedure, based on the Akaike criterion. All tests 
were 2-sided; p<0.05 was considered significant. We 
performed analyses by using the R statistical platform 
version 3.6.1 (https://www.r-project.org).

Results

Clinical and Biologic Manifestations 
In total, 135 patients with Clostridioides bacteremia 
were identified in 15 ICUs in France during the study 
period (Table 1); 60% (n = 81) of the patients were 
men. Median age at diagnosis was 64 years. Most 
(96%) patients had >1 underlying medical condition; 
among patients >65 years of age, diabetes mellitus, 
neoplasms, and chronic obstruction pulmonary dis-
ease (COPD) were the most frequent. Thirty-four 
(26%) patients had an underlying solid tumor from 
digestive (n = 14, 41%), gynecological (n = 7, 21%), 
and pancreatic or biliary (n = 4, 12%) origins. Three 
patients (9%) had urinary tract tumors, 2 (6%) neu-
roendocrine tumors, 1 (3%) an Ewing tumor, 1 (3%) 
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Table 1. Global	characteristics	of	patients	with	Clotristridioides bacteremia,	France* 
Characteristic Baseline	population, n	=	135 Survived,	n	-=	65 Died	in	ICU,	n	=	70 
Age    
 Age	at	diagnosis,	median	(IQR) 64	(51–75) 62	(50–70) 66	(54–79) 
 Age	at	diagnostic	>65	y 67	(50) 27	(42) 40	(57) 
Sex     
 M 81	(60) 43 (66) 38 (54) 
 F 54	(40) 22	(33) 32	(46) 
All	underlying	conditions 130 (96) 62 (95) 68 (97) 
 Diabetes	mellitus 34 (26) 19 (31) 15 (22) 
 Neoplasm 34 (26) 17 (27) 17 (25) 
 Chronic	obstructive	pulmonary	disease 33 (25) 15 (24) 18 (26) 
 Alcoholism 26 (20) 11 (18) 15 (22) 
 Heart	failure 26 (20) 9 (15) 17 (25) 
 Hematological	malignancy 19 (15) 7 (11) 12 (18) 
 Liver	cirrhosis 13 (10) 4 (6) 9 (13) 
 Chronic	renal	failure 10 (8) 8 (13) 2 (3) 
 Arteriopathy 9 (7) 3 (5) 6 (9) 
 Autoimmune	diseases 7 (5) 4 (6) 3 (4) 
 HIV 1 (1) 0 1 (1) 
Other	predisposing	conditions    
 Surgery	or	trauma	in	the	previous	15	d 13 (10) 10 (16) 3 (4) 
 Digestive	surgery 10 (77) 7 (70) 3	(100) 
 Trauma 3 (23) 3 (30) 0 
Immunosuppressive	agents    
 Patients	receiving	Immunosuppressive	agents 38 (28) 18 (28) 20 (29) 
 Steroids 20 (53) 9 (50) 11 (55) 
 Chemotherapy 20 (53) 9 (50) 11 (55) 
 Immunosuppressive	drugs 10 (26) 6 (33) 4 (20) 
*Data	are	no.	(%)	unless	otherwise	indicated.	 
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oral cancer, and 1 (3%) testicular cancer. In all, 94% 
of tumors were active at the time of the bacteremia. 
Nineteen (15%) patients had also received diagnoses 
of hematological malignancies (7 lymphoma, 4 acute 
lymphoblastic leukemia, 4 myelodysplastic syn-
drome, 3 acute myeloid leukemia, and 1 myeloprolif-
erative disorder); 3 of those patients had undergone 
bone marrow transplantation. Thirty-eight patients 
(28%) had been treated with immunosuppressive 
agents. In addition, 13 (10%) patients had experienced 
recent surgery or trauma, and these situations were 
associated with a better outcome in univariate anal-
ysis (Appendix Figure 1, http://wwwnc.cdc.gov/
EID/article/27/7/20-3471-App1.pdf). However, this 
difference was not significant in multivariate analysis 
(HR 0.41, 95% CI 0.13–1.32; p = 0.13) (Figure 1).

Clostridioides bacteremia manifested with septic 
shock at ICU admission in 115 patients (85%), and 
26 (19%) patients experienced a cardiac arrest in the 
ICU (Table 2). Indeed, Clostridioides bacteremia causes 
severe illness, as assessed by high SAPS2 and SOFA 
scores, high lactate levels, and substantial need for or-
gan supports during an ICU stay. Of note, digestive 
symptoms were the main symptoms associated with 
Clostridioides bacteremia (62% of patients), whereas 
myonecrosis represented only 16% of ICU admis-
sions. Acute hemolysis, a distinctive biologic signa-
ture of Clostridioides bacteremia, was present in 22 
(17%) cases (Appendix Table 1). Median hemoglobin 
level was significantly lower in the hemolysis group 

(4.9, IQR 3.6–7.0) compared with the rate in patients 
without hemolysis (10.9, IQR 9.3–12.6; p<0.001). Mul-
tiple organ failure, experienced as hepatic cytolysis, 
acute kidney injury and thrombocytopenia (Table 2), 
was also common. Of note, aspartate aminotransfer-
ase levels were higher than alanine aminotransfer-
ase levels, which is commonly found in case of he-
molysis. Twenty-seven patients (28%) had <4 × 109 
leukocytes/L; 23 (85%) of those had an underlying 
solid tumor or a hematological malignancy.

Documentation of Infectious Species
In total, 16 different Clostridioides species were identi-
fied by blood cultures, including C. perfringens in one 
third of the patients (Table 3; Figure 2). In univariate 
analysis, documented C. perfringens infection was not 
associated with a worse outcome than other Clostridi-
oides species (HR 0.78, CI 95% 0.49–1.23; p = 0.285) 
(Appendix Figure 2). Blood cultures were mainly 
performed by peripheral venipuncture (58%), fol-
lowed by central venous catheter puncture (23%) and 
arterial catheter puncture (17%). One blood culture 
revealed Clostridioides bacteremia in 87% of cases. Of 
note, 49 cases of Clostridioides bacteremia were poly-
microbial bacteremia, yielding the presence of >1 type 
of bacteria in blood cultures, balanced between gram-
negative, gram-positive, and other anaerobic bacteria. 
Nine patients had both gram-negative and gram-pos-
itive bacteria cultures. Hematogenous spread with 
gas-forming abscess was one particular complication, 
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Figure 1. Survival analysis with Cox regression model for patients with Clostridiodes bacteremia, France. A) Forest plot of multivariate 
factors associated with overall survival. Predisposing conditions were trauma or surgery. B) Kaplan-Meier curve of mortality depending 
on hemolysis. HR, hazard ratio; ref, referent; SOFA, sequential organ failure assessment.
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found in 9 patients and leading to death in 5 in the 
ICU (Figure 3, panels A–C). As suggested by clinical 
symptoms, cases of bacteremia were mostly from the 
gastrointestinal tract (74%), followed by myonecrosis 
(16%) (Figure 3, panels D–E). In total, 110 (91%) of the 
patients were treated with antimicrobial drugs in the 
ICU, and 64 (47%) patients underwent surgery that 
was mostly gastrointestinal surgery (67% of surgery 
interventions).

Most strains of Clostridioides were sensitive to 
β-lactam drugs. Clostridioides species were sensitive 
to clindamycin in 69% of the cases. Two species (C. 
tertium and C. septicum) were resistant to metronida-
zole. We did not find any association between specific 
antimicrobial agents used to treat Clostridioides bacte-
remia and mortality (HR 1.01, 95% CI 0.57–1.77; p = 
0.977) (Appendix Table 2).

Outcomes and Mortality Risk Factors
Although Clostridioides spp. were for the most part 
efficiently treated by common antimicrobial drugs, 
Clostridioides bacteremia remained very aggressive 
and life-threatening; the overall mortality rate at 6 
months was 71%. Of 135 patients, 84 died; 70 (52%) of 

all patients died in the ICU. The 28-day mortality rate 
was 55% (95% CI 45%–64%), and the 90-day mortal-
ity rate was 71% (95% CI 60%–79%). The rapid need 
for hospitalization after the occurrence of the first 
symptoms (median days 0, IQR 0–1) highlighted the 
aggressiveness of Clostridioides bacteremia; direct ICU 
transfer was necessary in most cases (median time be-
tween hospitalization and ICU transfer 0 days, IQR 
0–2). Median length of stay in ICU was 2 days for 
patients who did not survive (IQR 1.25–5.75) and 11 
days for survivors (IQR 5–23).

In multivariate analysis for overall survival, fac-
tors associated with increased risk for death were in-
creasing age (in 5-year increments) (HR 1.19, 95% CI 
1.08–1.31; p<0.001), increasing SOFA score (per point) 
(HR 1.12, 95% CI 1.06–1.19; p<0.001), and presence 
of hemolysis (HR 2.39, 95% CI 1.31–4.38; p = 0.005). 
On the other hand, male sex was associated with a 
reduced risk for death (HR 0.56, 95% CI 0.34–0.91; p = 
0.02) (Figure 2).

Discussion
In our study, we found that Clostridioides bacteremia 
is an aggressive and rapidly life-threatening infec-
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Table 2. Clinical	and	biologic	characteristics	of	patients	with	Clostridiodes bacteremia,	France* 

Characteristic 
All	patients,	n	=	135 

 
Survived,	n	=	65 

 
Died	in	ICU,	n	=	70 

No. Result No. Result No. Result 
Temperature 75 37	(36–39) 

 
30 38.5	(37.3–39) 

 
45 37	(35.6–38.7) 

Clinical	manifestations	associated	with	bacteremia	at	ICU	admission 
      

 Septic	shock 115 85% 
 

49 75% 
 

66 94% 
 Digestive	symptoms 84 62% 

 
42 65% 

 
42 60% 

 Acute	respiratory	failure 41 30% 
 

15 23% 
 

26 37% 
 Coma 38 28% 

 
6 9% 

 
32 46% 

 Cardiac	arrest 26 19% 
 

2 3% 
 

24 34% 
 Myonecrosis 21 16% 

 
11 17% 

 
10 14% 

Prognostic	scores	at	ICU	admission 
        

 Charlson	score 135 5	(3–6) 
 

65 5	(2–7) 
 

70 4.5	(3–6) 
 SAPS2	score 106 63	(44–88) 

 
47 45	(33–57) 

 
59 82	(63–97) 

 SOFA	score 105 10	(7–14) 
 

47 8	(5–10) 
 

58 12	(9–15) 
Organ	support	in	ICU 

        

 Vasopressors,	n	=	132 108 82% 
 

42 66% 
 

66 97% 
 Mechanical	ventilation,	n	=	133 105 79% 

 
41 63% 

 
64 94% 

 Renal-replacement	therapy,	n	=	131 44 34% 
 

17 26% 
 

27 41% 
Biologic	parameters	at	ICU	admission 

        

 Leukocytes,	 109/L 97 9.5	(2.8–17.8) 
 

49 9.5	(6.1–20.2) 
 

48 9.3	(1.6–16.0) 
 Platelets,	 109/L 93 141	(76–214) 

 
45 143	(73–217) 

 
48 138	(84–206) 

 Hemoglobin,	g/dL 92 10.3	(7.8–12.2) 
 

45 10.2	(8.8–12.2) 
 

47 10.3	(7.0–11.9) 
 Hemolysis,	n	=	130 22 17% 

 
6 9% 

 
16 24% 

Acute	renal	failure,	n	=	107 
        

 KDIGO	classification	1 14 13% 
 

10 20% 
 

4 7% 
 KDIGO	classification	2 34 32% 

 
19 38% 

 
15 26% 

 KDIGO	classification	3 59 55% 
 

21 42% 
 

38 67% 
Other	         
 Aspartate	aminotransferase,	U/L 80 92	(41–269) 

 
38 71	(41–172) 

 
42 134	(44–346) 

 Alanine	aminotransferase,	U/L 81 54	(25–142) 
 

39 47	(21–125) 
 

42 69	(27–152) 
 Bilirubin,	µmol/L 69 22	(10–45) 

 
34 27	(10.3–52.3) 

 
35 19.5	(10.5–35.7) 

 Lactatemia,	mmol/L 93 5.3	(2.3–8.8) 
 

40 3.2	(1.5–5.2) 
 

53 8	(4.9–12) 
 pH 93 7.29	(7.13–7.4) 

 
40 7.38	(7.32–7.43) 

 
53 7.18	(7.05–7.31) 

*Results	are	given	as	percentages	or	median	(interquartile	range).	ICU,	intensive	care	unit;	KDIGO,	Kidney	Disease:	Improving	Global	Outcomes	
(https://kdigo.org);	SAPS2,	simplified	acute	physiology	score	(SAPS2);	SOFA,	sequential	organ	failure	assessment. 
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tion, occurring mainly in patients with underlying 
conditions. Septic shock with digestive symptoms is 
the usual manifestation. Despite rapid transfer to the 
ICU, large use of organ support, and active antimicro-
bial treatment, Clostridioides bacteremia remains high-
ly lethal; 52% of ICU patients died. Massive intravas-
cular hemolysis, associated with fatal complications, 
should alert clinicians to the possibility of sepsis.

Data on Clostridioides bacteremia consist mainly 
of case reports (14–16,27) or case series that include 

a small number of patients (17,28–30). Larger pub-
lications focusing on anaerobic bacteremia do not 
provide details on patients’ characteristics and out-
comes (2,19). Furthermore, we could find no previ-
ous publications on Clostridioides bacteremia in ICU 
patients, even though anaerobic bacteremia is fre-
quent in this population (2,31). Our study provides 
a thorough description of the clinical and biologic 
characteristics as well as the outcomes of this seri-
ous condition.
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Table 3. Characteristics	of	non–C. difficile bacteria	in	cases	of	Clostridioides bacteremia,	France 

Characteristic 
No.	(%)	patients 

All	patients,	n	=	135 Survived,	n	=	65 Died	in	ICU,	n	=	70 
Clostridium species 

      

 Perfringens 42 (31) 16 (25) 26 (37) 
 Ramosum 18 (13) 10 (15) 8 (11) 
 Any Clostridioides sp. 16 (12) 6 (9) 10 (14) 
 Tertium 14 (10) 9 (14) 5 (7) 
 Clostridiforme 12 (9) 8 (12) 4 (6) 
 Septicum 10 (7) 2 (3) 8 (11) 
 Innocuum 6 (4) 5 (8) 1 (1) 
 Butyricum 4 (3) 2 (3) 2 (3) 
 Paraputrificum 3 (2) 2 (3) 1 (1) 
 Baratii 2 (1) 1 (2) 1 (1) 
 Orbiscindens 2 (1) 1 (2) 1 (1) 
 Sporogenes 2 (1) 1 (2) 1 (1) 
 Cadaveris 1 (1) 0 (0) 1 (1) 
 Novyi 1 (1) 1 (2) 0 (0) 
 Sordellii 1 (1) 0 (0) 1 (1) 
 Symbosium 1 (1) 1 (2) 0 (0) 
No.	positive	blood	cultures	for	Clostridioides spp. 

    

 1	 117 (87) 52 (80) 65 (93) 
 2	 13 (10) 9 (14) 4 (6) 
 3	 5 (4) 4 (6) 1 (1) 
Other	microbes	associated	with	Clostridioides bacteremia,	n	=	49 27 22 
 Gram-negative	bacteria 33 (67) 20 (74) 13 (59) 
 Gram-positive	bacteria 24 (49) 12 (44) 12 (55) 
 Candida fungemia 1 (2) 1 (4) 0 (0) 
Effectiveness	of	tested	antimicrobial	drugs	against	Clostridioides species 
 Penicillin,	n	=	84 83 (99) 37 (100) 46 (98) 
 Clindamycin,	n	=	67 46 (69) 22 (67) 24 (71) 
 Vancomycin,	n	=	67 67 (100) 33 (100) 34 (100) 
 Metronidazole,	n	=	84 82 (98) 36 (97) 46 (98) 
Patients	receiving	drugs 110 (91) 64 (98) 46 (82) 
 Beta-lactams 102 (94) 60 (94) 42 (95) 
  Amoxicillin/clavulanic	acid 9 (9) 6 (10) 3 (7) 
  Piperacillin/tazobactam 46 (45) 25 (42) 21 (50) 
  Cephalosporins 22 (22) 15 (25) 7 (17) 
  Carbapenems 26 (25) 15 (25) 11 (26) 
 Aminoglycoside 58 (54) 34 (53) 24 (55) 
 Anti–gram	positive	bacteria 46 (43) 29 (45) 17 (39) 
 Metronidazole 39 (36) 26 (41) 13 (30) 
 Others 10 (9) 5 (8) 5 (11) 
Missing	data 2 0 2 
Origin	of	bacteremia 

      

 Digestive	origin 87 (74) 43 (70) 44 (79) 
 Bowel	pathology 33 (28) 14 (23) 19 (34) 
 Mesenteric	ischemia 25 (21) 7 (11) 18 (32) 
 Peritonitis 19 (16) 16 (26) 3 (5) 
 Pancreatic	or	biliary	origin 10 (9) 6 (10) 4 (7) 
 Myonecrosis 19 (16) 11 (18) 8 (14) 
 Abscess 8 (7) 5 (8) 3 (5) 
 Pneumonia 3 (3) 2 (3) 1 (2) 
Missing	data 18 4 14 
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Our results are consistent with earlier reports; 
most Clostridioides bacteremia cases occur in patients 
>65 years of age, and prevalence is higher in men 
(17,29,31). Diseases such as diabetes, chronic kidney 
disease, heart failure, and COPD, which maintain a 
baseline degree of organ ischemia and cause chronic 
organ failure, can lead to Clostridioides proliferation 
and consequently to bacteremia (1,19,29,31). Cancer 
patients or patients with hematological malignan-
cies are also at high risk (18,32). Chemotherapy-in-
duced cytopenia may result in neutropenic entero-
colitis (33); this impairment of the natural digestive 
barrier favors the development of Clostridioides 
bacteremia. Digestive symptoms that have been de-
scribed as hallmarks of this condition (1,17,29) were 
frequently associated with Clostridioides bacteremia 
in the ICU. Of note, although Clostridioides bactere-
mia is mostly from digestive origins, myonecrosis 
was identified as the origin of the bacteremia in 16% 
of the cases in our study, which is consistent with 
previous reports (17,18,29,31).

Among Clostridioides species, C. perfringens was 
more often identified as the source of bacteremia, 
as previously published (1,19,34). Fifteen other Clos-
tridioides species have been identified; distribution is 
similar to the one described by Leal et al. (19). In this 
study, we chose to exclude C. difficile infections be-
cause this pathogen is mainly responsible for health-
care-associated digestive infections. C. difficile can still 
present as extradigestive infections; however, few 
cases of bacteremia have been reported (35,36).

Data on incidence of anaerobic and Clostridioides 
bacteremia are conflicting. Some authors report an 
increasing incidence of anaerobic bacteremia since 

the 1990s, whereas other report decreasing trends 
(2,6,20,37). The incidence of anaerobic bacteremia 
depend on patients’ age and underlying conditions 
(especially cancer or cardiovascular illness), and anti-
biotic selection pressure driven by antimicrobial drug 
use and environmental conditions. In addition, as 
suggested by Morris et al. (38), blood cultures for an-
aerobic bacteria may be influenced by patients’ back-
ground and clinical symptoms. Indeed, in a recent 
study evaluating anaerobic bacteremia, 39.7% of the 
positive blood cultures were considered to be blood-
stream infections; the remaining 60.3% were attrib-
uted to contaminants (39). The evolution of microbio-
logic techniques, including growing use of automated 
techniques and matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry, might have 
also influenced the increasing isolation of anaerobic 
bacteremia. Although we cannot rule out that some 
infections may have been overestimated, the severity 
of clinical presentations in our cohort suggests that 
these cases resulted from true bloodstream infections.

Of note, Clostridioides bacteremia can present ei-
ther as a single microbial bacteremia or as a polymi-
crobial bacteremia (2,28,30,31). Enterobacteriaceae were 
the most commonly associated bacteria, followed by 
Staphylococcus species. Cultures for multiple microbes 
were positive for Clostridioides spp. in 18 patients. Com-
parable results were also found by Fujita et al. (17). 
Clostridioides species are largely susceptible to common 
antimicrobial drugs, except for clindamycin; suscep-
tibility for clindamycin has been reported as reduced 
by 73%–96% (1,3,5,19,31). High susceptibility to peni-
cillin should alert clinicians to rapidly initiate treat-
ment in identified cases of Clostridioides bacteremia. 
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Figure 2. Flowchart of the repartition of Clostridioides bacteremia in patients in France according to the presence or absence of 
hemolysis. Hemolysis was associated with a high mortality rate.
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Because 94% of the patients in our study received ad-
equate antimicrobial drugs within 24 hours of ICU 
admission, we were not able to find any statistical as-
sociation between early initiation of drugs and death. 
However, in a recent study published by Stabler et 
al. (34), adequate empiric antimicrobial therapy was 
associated with a better outcome. This result was also 
highlighted previously by Zahar et al. (18).

Mortality rates for Clostridioides bacteremia re-
ported in the literature were 15%–48% (17–19,28–
31), which is lower than the mortality rates reported 
in our study. Indeed, Yang (31) and Fujita (17) re-
vealed that patients who developed shock and re-
quired transfer to the ICU had worse outcomes than 
other patients. In those studies, shock was statistical-
ly associated with increased deaths. The prognosis 
for Clostridioides bacteremia patients is also related 
to underlying conditions that predispose to Clos-
tridioides bacteremia and possibilities of therapeutic 
interventions in addition to prompt and appropri-
ate antimicrobial drugs. As demonstrated by Rech-
ner et al. (1), patients who required medical inter-
vention to treat Clostridioides bacteremia had lower 
survival rates than patients who were managed by 

surgery. Conversely, the presence of massive intra-
vascular hemolysis is a marker of extreme severity, 
despite appropriate management (16,40). Hemolysis 
is induced by Clostridioides toxin A (29), which hy-
drolyzes phospholipids in erythrocyte membranes, 
causing spherocytosis and subsequent intravascular 
hemolysis. Present in 17% of patients in our cohort, 
hemolysis is associated with a dramatic increase in 
mortality rate and remains a strong prognostic factor 
identified in our study. Finally, Clostridioides bacte-
remia in the ICU is associated with a higher mortal-
ity rate than that for classic septic shock in the ICU 
(41,42), which makes Clostridioides bacteremia a par-
ticularly difficult infection to deal with in the ICU.

The first limitation of our study is its retrospec-
tive nature and the inherently associated bias, such 
as missing data and unidentified confounding factors 
that may have been overlooked in the data collection. 
However, because of the rarity of Clostridioides bacte-
remia, prospective studies would hardly be feasible. 
Second, there are no standardized ICU admission 
policies for these patients, and patient recruitment 
patterns may have influenced the findings. Given the 
rapidity of the onset of symptoms and the severity 
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Figure 3. Several examples of 
hematogenous spreads or myonecrosis 
related to Clostridioides bacteremia in 
patients in France. All these localizations 
were associated with air formation. A) 
Brain abscess (asterisk) associated 
with pneumocephalus (stars) and gas 
embolism in the superior sagittal sinus 
(arrow). B) Splenic abscess (asterisk) with 
gas formation. C) Hepatic abscess (arrow) 
with gas formation. D) Massive pelvic 
gangrene (asterisk) identified as the origin 
of the bacteremia in a patient. E) Cervical 
cellulitis (asterisks), identified as the origin 
of the bacteremia in a patient.



RESEARCH

of illness, rapid ICU management was the rule in the 
participating centers. However, we could not exclude 
that some patients, because of their advanced age or 
underlying conditions, were considered too sick for 
admission to the ICU and may have been denied  
intensive care.

In conclusion, Clostridioides bacteremia is an ag-
gressive infection that often leads to failure of multi-
ple organs, requiring prompt intensive care manage-
ment. Particular attention should be paid to patients 
who have underlying conditions and are experienc-
ing hemolysis. Early administration of antimicrobial 
agents active against Clostridioides bacteremia is es-
sential, considering that most Clostridioides species 
are sensitive to β-lactams drugs. Even with prompt 
and appropriate management, however, Clostridioi-
des bacteremia is associated with a high mortality 
rate in the ICU.
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Triclabendazole is the only medication recom-
mended by the World Health Organization for 

treatment of Fasciola hepatica liver fl uke infection in 
humans (1). Triclabendazole use in human infections 
was initially reported in Europe in 1986 (2). Several 
studies in Bolivia, Peru, and Egypt have documented 
effi cacy of 80%–100% after 1 or 2 doses (3–5). The rec-
ommended triclabendazole treatment regimen is 1–2 
doses of 10 mg/kg with a fatty meal in patients >6 
years of age (1,6). Triclabendazole has been adminis-
tered at higher doses and in children <6 years of age 
despite limited safety and effi cacy data (3,8–10).

The widespread use of triclabendazole in live-
stock that have fascioliasis has been associated with 
decreasing effi cacy. Triclabendazole resistance in 
cattle was fi rst reported from Australia in 1995 (11). 
Since then, >11 countries have reported triclabenda-
zole resistance in livestock (12). A reported case of 
triclabendazole resistance in a farmer from the Neth-
erlands was described in 2012 (13). Other human cas-
es have been described in Chile, Peru, Portugal, and 
Turkey (14–16). Decreasing triclabendazole effi cacy 
is a threat to public health and livestock industry in 
disease-endemic regions. However, little is known 
about triclabendazole treatment failure rates in hu-
man fascioliasis (12).

We conducted a large epidemiologic study on the 
prevalence and effect of F. hepatica infection among 
children from 26 communities in the Cusco region of 
Peru; ≈10% of children had evidence of Fasciola infec-
tion (16). Children given a diagnosis of fascioliasis in 
that study were provided open-label treatment with 
triclabendazole. We retrospectively describe the out-
comes of triclabendazole treatment among children 
with chronic fascioliasis from rural communities in 
Cusco, Peru.

Materials and Methods

Study Population
The initial study cohort consisted of children with 
chronic fascioliasis from 26 communities of the An-
cahuasi, Zurite, and Anta Districts of the Cusco re-
gion in Peru (16). Informed consent was provided 
by parents of 2,958 children 3–16 years of age who 
had no history of previous treatment for F. hepatica 
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We	 conducted	 a	 retrospective	 cohort	 study	 of	 children	
who	had	chronic	 fascioliasis	 in	 the	highlands	of	Peru	 to	
determine	 triclabendazole	 treatment	 effi		cacy.	 Children	
passing	Fasciola	 eggs	 in	 stool	were	off	ered	directly	 ob-
served	triclabendazole	treatment	(>1	doses	of	10	mg/kg).	
Parasitologic	 cure	 was	 evaluated	 by	 using	 microscopy	
of	stool	1–4	months	after	each	 treatment.	A	 total	of	146	
children	who	 had	 chronic	 fascioliasis	 participated	 in	 the	
study;	 53%	were	 female,	 and	 the	mean	±	 SD	 age	was	
10.4	±	3.1	years.	After	the	fi	rst	treatment,	55%	of	the	chil-
dren	 achieved	 parasitologic	 cure.	Cure	 rates	 decreased	
after	 the	 second	 (38%),	 third	 (30%),	 and	 fourth	 (23%)	
treatments;	17	children	 (11.6%)	did	not	achieve	cure	af-
ter	 4	 treatments.	Higher	 baseline	 egg	 counts	 and	 lower	
socioeconomic	 status	were	 associated	with	 triclabenda-
zole	treatment	failure.	Decreased	triclabendazole	effi		cacy	
in	disease-endemic	communities	threatens	control	eff	orts.	
Further	 research	on	 triclabendazole	 resistance	and	new	
drugs	to	overcome	it	are	urgently	needed.
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infection to participate in an epidemiologic study. 
We studied children for evidence of F. hepatica in-
fection by using a serum Fas2 ELISA for Fasciola 
antibodies (Bionoma, https://www.dnb.com) and 
microscopy of 3 consecutive stool samples by using 
1 Kato-Katz test and 1 Lumbreras sedimentation test 
per specimen. The Lumbreras sedimentation test has 
been demonstrated to have high sensitivity for de-
tecting helminths ova in human feces (17). We evalu-
ated the likelihood of living under the US $3.75/day 
poverty line by using the Simple Poverty Scorecard 
validated for Peru (18). We calculated this likelihood 
by comparing the score obtained in a standardized 
household questionnaire against a table of probabili-
ties of living under a certain poverty line assigned to 
questionnaire score intervals (18).

Intervention
The Ministry of Health offered triclabendazole treat-
ment to all children who had >1 positive test result 
for F. hepatica infection. We defined chronic fas-
cioliasis as having Fasciola eggs in >1 stool sample. 
Children who had chronic fascioliasis and received 
directly observed treatment with >1 triclabendazole 
dose and attended follow-up were included in the 
retrospective cohort. We defined a triclabendazole 
dose as the oral administration of 10 mg/kg with a 
fatty meal (≈350 calories).

The local Ministry of Health provided 250 mg 
scored triclabendazole tablets (Egaten; Novartis 
Pharma AG, https://www.novartis.com). The num-
ber of triclabendazole doses was determined by an 
expert panel advising the Ministry of Health with no 
input from the investigators. The selection was based 
on age, weight, and the number of treatment rounds 
previously received. Doses were rounded up to the 
next half or full tablet. Children whose parents did 
not consent for treatment before any round were re-
ferred to the local health center for follow up.

Assessment of Response
We tested children who received  >1 dose of tricla-
bendazole for treatment response by using micros-
copy for 3 stool samples collected between 1 and 
4 months after treatment. We assessed response to 
treatment by using parasitologic cure and egg re-
duction rate. We defined parasitologic cure as the 
absence of Fasciola eggs in 3 stool samples each 
tested by using 1 Kato Katz test and 1 Lumbreras 
rapid sedimentation test (17). The arithmetic mean 
for the Kato Katz egg count was calculated for each 
child by using the values from the 3 stool samples 
tested. Some children who had negative Kato Katz 

test results (0 eggs/gram of stool) were given a di-
agnosis of chronic fascioliasis on the basis of only 
the Lumbreras rapid sedimentation test. We calcu-
lated the geometric mean egg count for the popula-
tion before and after each treatment. The egg reduc-
tion rate (ERR) was calculated by using the formula: 
ERR  =  (geometric mean pretreatment egg count – 
geometric mean posttreatment egg count)/(geomet-
ric mean pretreatment egg count) × 100 and was pre-
sented as a percentage. Children who did not achieve 
parasitologic cure were offered additional treatment 
courses as needed to achieve cure. After the fourth 
triclabendazole treatment, children were considered 
to have failed treatment with triclabendazole and to 
harbor drug-resistant F. hepatica parasites.

Statistical Analysis
We used SPSS Statistics 25.0 (IBM Corp., https://
www.ibm.com) for statistical analysis. For univari-
ate analysis, we calculated frequencies, mean ± SD, 
median with interquartile range (IQR), and geometric 
means with 95% CIs to determine the distribution of 
the variables. Parasitologic cure after each round of 
treatment was recorded and used to estimate the ef-
ficacy of triclabendazole. We defined efficacy as the 
proportion of all children who were cured after each 
round and treatment regimen and calculated the egg 
reduction rate for each treatment round. Children 
who were lost to follow-up or whose parents refused 
further testing after treatment were excluded from 
the analysis of efficacy. We compared demographic 
information, socioeconomic status, and epidemiolog-
ic information between children with parasitologic 
cure and children without cure by using the Student 
t-test, Mann-Whitney U test, or χ2 test when appropri-
ate. A p value <0.05 was considered significant for all 
statistical tests.

Ethics
The study was approved by the Institutional Ethics 
Committee of Universidad Peruana Cayetano He-
redia and the University of Texas Medical Branch. 
Informed consent was obtained in Quechua or 
Spanish language from the children’s parents or 
guardians. In addition, children >6 years of age 
provided verbal assent before any study procedure 
in the parent study.

Results
A total of 228 (7.7%) of 2,958 children had >1 posi-
tive test result for Fasciola. A total of 166 (5.6%) chil-
dren were passing eggs in the stool and met criteria 
for chronic fascioliasis, and 146 (88%) children met  
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criteria to participate in the retrospective cohort (Fig-
ure). Most (77/146, 53.0%) children female; mean ± 
SD age was 10.4 ± 3.1 years (Table 1) The geomet-
ric mean egg count was 25 (95% CI 19.5–32.2) eggs/
gram of stool (range 0–820 eggs/gram of stool). 
Twenty children had an egg count of 0 eggs/gram 
of stool by the Kato Katz test but were given a di-
agnosis by the Lumbreras rapid sedimentation test, 
which is not quantitative. The median eosinophil 
count was 290 cells/µL (IQR 195–425 cells/µL). A 
total of 72% (104/146) of the children had a positive 
Fas2 ELISA result for Fasciola antibodies.

First Treatment
During the initial round of treatment, 139/146 (95.2%) 
children received 1 dose of triclabendazole and 7/146 
(4.8%) children received 2 doses separated by 24 
hours. The median number of days from treatment 
to assessment of response was 88 (IQR 56–114). Over-
all, 80/146 (55%) children achieved parasitologic cure 
after the first round of treatment, including 75/139 
(54%) treated with 1 dose of triclabendazole and 5/7 
(71%) treated with 2 doses (Table 2).

Children who had a positive pretreatment Fas2 
ELISA result (p = 0.026) and a higher egg count (p = 
0.001) were more likely to fail the first round of tri-
clabendazole (Table 3). The baseline geometric mean 
egg count of children who achieved parasitologic 
cure was less than half the geometric mean egg count 
of children who failed to be cured (17, 95% CI 11.9–
24.5 vs. 40.9, 95% CI 30.3–55.4) eggs/gram of stool. 
No significant differences by age (p = 0.76), sex (p = 
0.54), district (p = 0.9), socioeconomic score (p = 0.54), 
baseline height-for-age Z score (p = 0.19), or baseline 
hemoglobin level (p = 0.97) were evident between 
those who failed treatment and those who responded 
to the first round of treatment. The overall ERR af-
ter the first round of treatment was 84.8%. The ERR 
among those who failed the first round of treatment 
was 53%.

Second Treatment
A total of 4 (6.1%) of the 66 children eligible to receive 
a second round of treatment were lost to follow-up or 
their parents refused further treatment. The geomet-
ric mean egg count before the second round of treat-
ment was 19 (95% CI 12.3–29.5) eggs/gram of stool 
(range 0–287 eggs/gram of stool). During the second 
round, 11 (17.7%) of 62 children received 1 dose of 
triclabendazole, 48 (77.0%) of 62 received 2 doses, and 
3 (4.8%) of 62 received >2 doses. The median time be-
tween the second round of treatment and the assess-
ment of response was 49 (IQR 34–65) days. Overall, 23 
(38.0%) of 60 children achieved parasitologic cure af-
ter the second round of treatment, including 5 (46.0%) 
of 11 children who received 1 dose, 17 (37.0%) of 46 
children who received 2 doses, and 1 (33.0%) of 3 chil-
dren who received >2 doses. Two children did not 
provide stool samples for assessment of parasitologic 
cure. The overall ERR after the second round of treat-
ment was 60.6%. However, the ERR for those who 
failed the second round of treatment was only 4.6%.

Third Treatment
A total of 36 (97.3%) of the 37 children eligible for a 
third round of treatment received triclabendazole 
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Figure. Flowchart of selection and treatment for participants in 
study of triclabendazole treatment failure for Fasciola hepatica 
infection among preschool and school-age children, Cusco, Peru. 
DOT, directly observed therapy.
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again and 33 (83.3%) of 36 children were prescribed 
treatment regimens containing >2 doses (Table 2). 
The geometric mean egg count before the third round 
of treatment was 35.8 (95% CI 22.9–56.4) eggs/gram 
of stool (range 0–387 eggs/gram of stool). Three chil-
dren did not provide follow-up specimens. Parasito-
logic cure was achieved by 10 (30%) of 33 children. 
One child did not receive triclabendazole and was 
given nitazoxanide (500 mg 2×/d for 6 d) without 
achieving parasitologic cure. The overall ERR after 
the third round of treatment was 58%, and the ERR of 
those who failed the third round was 34.7%.

Fourth Treatment
A total of 23 children who failed treatment again were 
administered >2 doses of triclabendazole for a fourth 
round of treatment. One child did not provide a fol-
low-up specimen. The pretreatment geometric mean 
egg count was 29.6 (95% CI 16–55.3) eggs/gram of 
stool (range 0–833 eggs/gram of stool). Parasitologic 
cure was achieved by 5 (23.0%) of 22 children. The 
overall ERR after the fourth round of triclabendazole 
was 23.6%. For children who were not cured, the geo-
metric mean egg count increased by 89.3%.

Triclabendazole Failure
A total of 17 (11.6%) of 146 children given triclaben-
dazole were considered to have failed triclabendazole 
treatment and harbored drug-resistant F. hepatica par-
asites. The median age of the children was 8.5 (IQR 
6.4– 12.3) years and 10 (58.8%) of 17 were female. All 
households had less than a 50% likelihood of living 
under a US $3.75/day poverty line. Almost one third 
(6/17, 35.3%) were infected with other gastrointesti-
nal parasites at enrollment. A total of 11 (65.0%) of 17 
children received additional treatment courses with-
out achieving parasitologic cure (Table 4). Children 
who were cured after the first round of treatment 

when compared with children who had drug-resis-
tant parasites were less likely to live in Anta district, 
more likely to live under the poverty line, and more 
likely to have a lower baseline egg count (Table 3).

Discussion
Fascioliasis imposes a large burden on impoverished 
human populations, and triclabendazole is the only 
medication recommended for treatment and control. 
In our cohort of children who had chronic fasciolia-
sis, the efficacy of triclabendazole was low, especially 
after treatment with a single dose. The overall drug 
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Table 1. Characteristics	of	participants	in	study	of	triclabendazole	
treatment failure for Fasciola hepatica infection	for	146	preschool	
and	school-age	children,	Cusco,	Peru* 
Characteristic Value 
Sex  
 F 77	(52.7) 
 M 69	(47.3) 
District  
 Ancahuasi 81	(55.5) 
 Anta 53	(36.3) 
 Zurite 12	(8.2) 
Other	parasites†  
 0 83	(56.8) 
 1 47	(32.2) 
 2 16	(11.0) 
Fas2	ELISA	test	result‡  
 Positive 104	(72.7) 
 Negative 39	(27.3) 
Likelihood	of	poverty‡§  
 <50% 112	(83.0) 
 >50% 23	(17.0) 
Eosinophil	count,	cells/µL‡ 290	(195–425) 
Baseline	hemoglobin,	g/dL¶ 12.9	(12.2–13.7) 
Baseline	(IQR)	HAZ‡ −1.57 (−2.16 to −0.94) 
Median	age	 SD,	y 10.4	( 3.14) 
Geometric	mean	(95%	CI)	baseline	egg	
count/g	of	stool 

25	(19.5–32.2) 

*Values	are	no.	(%),	median	(IQR),	or	mean	 SD	unless	otherwise	
indicated.	HAZ,	height-for-age Z score;	IQR,	interquartile	range. 
†Gastrointestinal parasites.  
‡Does not add up to 146	because	of	missing	data.	 
§Likelihood	of	living	at	a	level	<US	$3.75/day.	 
¶Uncorrected	at	enrollment. 

 

 
Table 2. Triclabendazole	treatment	outcomes	per	round	for	study	of	triclabendazole	treatment	failure for Fasciola hepatica infection	for	
146	preschool	and	school-age	children,	Cusco,	Peru 
Round Regimen,	no.	doses Parasitologic	cure,	no.	(%) Parasitologic	failure,	no.	(%) 
1 1 75	(54) 64	(46)  

2 5	(71) 2	(29) 
 Overall 80/146	(55) 66/146	(45) 
2 1 5	(46) 6	(55)  

2 17	(37) 29	(63)  
>2 1	(33) 2	(67) 

 Overall 23/60	(38) 37/60	(62) 
3 1 0	(0) 3	(100)  

2 2	(67) 1	(33)  
>2 8	(30) 19	(70) 

 Overall 10/33	(30) 23/33	(70) 
4 2 0	(0) 3	(100)  

>2 5	(26) 14	(74) 
 Overall 5/22	(22.7) 17/22	(77.3) 
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efficacy after 1 round of treatment was 55%, and it de-
creased further after subsequent rounds to 38%, 30%, 
and 23%, respectively. Overall, 11% of the children 
failed to respond to >4 triclabendazole treatment 
rounds. The overall ERR rates were lower after each 
round of treatment and modest in children who failed 
each triclabendazole round. Higher pretreatment egg 
counts, higher socioeconomic status, and living in the 
Anta district were associated with failure to achieve 
parasitologic cure.

Factors underlying failutre of triclabendazole 
treatment for chronic fascioliasis might include poor 
medication quality and bioavailability. We used Egat-
en in this study, which is the human formulation of 
triclabendazole donated by Novartis Pharma to the 
Peruvian Ministry of Health. This medication was ad-
ministered to children well before its expiration date. 
In addition, children received a standard fatty meal 
before each triclabendazole dose. Food increased 
triclabendazole bioavailability between 2-fold and 
3-fold in pharmacokinetic studies (8). However, 
scarce information on triclabendazole population 
pharmacokinetics in Fasciola-infected persons from 
disease-endemic areas is available.

We based the chronic Fasciola diagnosis on the 
presence of eggs in stool and tested for parasitologic 
cure at 1–4 months posttreatment by using the same 
type and number of stool tests as those used to diag-
nose the infection. This period is within the duration 

of the migratory phase of Fasciola parasites when im-
mature parasites have not reached the bile ducts or 
produce eggs. Thus, our approach in an area with 
moderate prevalence of fascioliasis and low inten-
sity of infection decreased the possibility of reinfec-
tion as a cause of persistent positive results for stool 
microscopy (19).

The poor response to triclabendazole contrasts 
with previous reports from the highlands of South 
America. Maco et al. reported parasitologic cure rates 
of 100% after 2 doses of 7.5 mg/kg of triclabendazole 
in 24 hours and 95% after a single dose of 10 mg/kg 
of triclabendazole among children with fascioliasis 
in highlands of Peru (5). A study in the Altiplano of 
Bolivia, near the border with Peru, reported parasi-
tologic cure rates of 78% and 98% among chronically 
infected children after 1 and 2 rounds of treatment 
with a single 10 mg/kg dose of triclabendazole, re-
spectively (3). No recent large treatment studies are 
available from South America with which to compare 
our results, but increasing reports of triclabendazole 
failure in the area support the idea of decreasing ef-
fectiveness and raise concern for the lack of alterna-
tive medications.

A higher pretreatment egg count was found for 
children who failed >1 rounds of treatment. This ob-
servation has been described for other trematode in-
fections, such as schistosomiasis. Black et al. studied 
a cohort of 200 men who had occupational exposure 
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Table 3. Response	to	first	round	of	triclabendazole	treatment	for	Fasciola hepatica infection	among	preschool	and	school-age	children	
compared	with	failure	to	respond	to	first	or	fourth	round	of	treatment,	Cusco,	Peru* 

Characteristic 
Cured	after	first	round,	

n	=	80 
Failed	after	first	
round,	n	=	66 p	value† 

Failed	after	fourth	
round,	n	= 17 p	value† 

District      
 Anta 27	(34) 26	(39) 0.48 12	(71) 0.005 
 Other 53	(64) 40	(61)  5	(29)  
Fas2	ELISA	result      
 Negative 27	(35) 12	(18) 0.02 2	(12) 0.08 
 Positive 50	(65) 54	(82)  15	(88)  
Likelihood	of	poverty‡      
 <50% 56	(70) 56	(89) 0.08 17	(100) 0.03 
 >50% 16	(30) 7	(11)  0	(0)  
Other	parasites§      
 No 42	(53) 41	(62) 0.24 11	(65) 0.35 
 Yes 38	(48) 25	(38)  6	(35)  
Sex      
 F 44	(55) 33	(50) 0.54 10	(59) 0.77 
 M  36	(45) 33	(50)  7	(41)  
Age,	y,	mean	 SD 10.5	 2.9 10.4	 3.4 0.85 9.0	 3.6 0.06 
Baseline	egg	count,	eggs/g	of	stool 33.3	(6.6–53.3) 48.3	(25–87.5) 0.001 60	(26–100) 0.005 
Baseline	hemoglobin,	g/dL¶ 12.9	(12.1–13.7) 12.9	(12.3–13.4) 0.97 12.3	(12–13) 0.08 
Baseline	HAZ# −1.6 (−2.2 to −1.0)# −1.5 (−2.0 to −0.9)# 0.19 −1.2 (−1.9 to −0.7) 0.17 
Eosinophil	count,	cells/L 300	(190–460)# 265	(197–412) 0.36 310	(230–500) 0.64 
*Values	are	no.	(%)	or	median	(interquartile range)	except	as	indicated.	HAZ,	height-for-age Z score. 
†By	Mann-Whitney	U	test. 
‡Likelihood	of	living	under	US	$3.75/day	poverty	line	(18). 
§Gastrointestinal	parasites. 
¶Uncorrected	at	enrollment. 
#One	or	2	persons	were	missing	information	for	this	variable. 
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to schistosomiasis in Lake Victoria, Kenya, and pro-
posed that even with drug efficacies >90%, persons 
who had a high burden of infection might still be 
infected with enough surviving egg-producing par-
asites to have positive results for stool microscopy 
(20). The mesoendemic area we studied showed a 
moderate Fasciola prevalence, and egg burden was 
not as high as those described in hyperendemic ar-
eas around Lake Titicaca, where the egg count geo-
metric mean can reach 700 eggs/gram of stool (21). 
For that reason, it is unlikely that triclabendazole 
failure could be explained by surviving parasites de-
spite high drug efficacy.

Survival of juvenile parasites migrating through 
the liver has been proposed as a cause for persistent 
infection after treatment. In Fasciola infection mod-
els, juvenile parasites have reduced susceptibility to 
triclabendazole compared with established infection 
with mature parasites (22). No clinical trials of tricla-
bendazole treatment of acute fascioliasis have been 
published, and the clinical experience in published 
case series is inconsistent. After 2 triclabendazole 
doses, some authors reported low efficacy (Ramadan 
et al., 55% efficacy [23]) and some authors reported 
high efficacy (Chen et al., 96% efficacy [24]). How-
ever, ascertainment bias is a major issue in acute 
fascioliasis case series because there is no consensus 
on case definition and treatment response measures. 
In our community-based study, only 0.4% of chil-
dren had acute fascioliasis defined by negative stool 
test results, positive results for Fasciola antibodies, 

eosinophilia (>500 cells/µL), and elevated levels of 
aminotransferases (16). Thus, we believe that the 
potential contribution of the survival of migrating 
parasites to the persistence of infection in our treat-
ment cohort is negligible.

Persons from Anta district and with <50% chance 
of living in poverty were more likely to fail a fourth 
round of treatment. The Anta district is the district 
closest to Cusco and has one of the lowest poverty 
levels in the province (25). We hypothesize that access 
to veterinary triclabendazole to give to cattle might 
be associated with higher urbanization and socio-
economic status in our cohort. It is likely that drug 
resistance emerges first in livestock under constant 
triclabendazole selective pressure but also under in-
consistent dosing because of lack of quality control of 
veterinary products or training of farmers (14,26,27). 
Subsequently, the proportion of drug-resistant para-
sites shed by cattle in the environment might reach a 
threshold, leading to transmission to humans. How-
ever, further studies are needed to evaluate the as-
sociation between drug resistance in cattle, environ-
mental contamination with drug-resistant isolates, 
clonal expansion in intermediate hosts, and the emer-
gence of triclabendazole resistance in humans.

A major limitation of this study was the lack of 
established dosing schemes. A consultant from the 
Ministry of Health made dosing decisions after re-
viewing the child’s age, weight, and previous treat-
ment courses. These decisions were outside the con-
trol of the study investigators and introduced some 
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Table 4. Clinical	characteristics	of	17	children	who	failed	4	rounds	of	triclabendazole treatment for Fasciola hepatica infection	among	
preschool	and	school-age	children,	Cusco,	Peru* 

Child Community District Age,	y/sex 
Other	

parasites HAZ 

Living	under	
US	

$3.75/day ERR,	%† 

Total	drug	
dose,	
mg/kg‡ 

Additional	
treatment 
received 

1 Anta Anta 6.8/F Yes −0.6 25 0§ 90 1	more	round 
2 Anta Anta 14.1/M No −2.3 25 40 90 2	more	rounds 
3 Conchacalla Anta 10.5/M No −1.8 13 67 210 Nitazoxanide 
4 Conchacalla Anta 3.2/F No −2.4 36 40 50 2	more	rounds 
5 Conchacalla Anta 6.0/F No −0.4 36 0§ 210 None 
6 Inquilpata Anta 8.5/M No −0.9 36 30 50 2	more	rounds 
7 Inquilpata Anta 9.7/F No −1.2 36 43 50 2	more	rounds 
8 Inquilpata Anta 3.3/M Yes −1.2 49 +275 210 None 
9 Izcuchaca Anta 13.9/F No −0.6 36 +574 150 1	more	round 
10 Izcuchaca Anta 7.4/M No −0.6 25 63 150 1	more	round 
11 Mantoclla Anta 7.3/F Yes −2.0 25 10 150 None 
12 Mantoclla Anta 9.2/F Yes −1.9 25 31 150 None 
13 Caccahuara Ancahuasi 13.1/F No −1.5 25 17 210 Nitazoxanide 
14 Caccahuara Ancahuasi 15.5/F No −1.9 13 +50 210 None 
15 Caccahuara Ancahuasi 7.8/M No −1.1 25 +100 210 Nitazoxanide 
16 Chaquillccasa Ancahuasi 11.5/M Yes −0.9 25 +250 210 None 
17 Chaquillccasa Ancahuasi 5.5/F Yes −2.1 49 63 210 1	more	round 
*ERR,	egg	reduction	rate;	HAZ,	height-for-age	Z	score. 
†Between	baseline	and	after	the	fourth	round	of	treatment,	as	estimated	by	the	number	of	eggs	in	Kato	Katz	tests.	+	signs	indicate	the	percent	increase	in	
the	egg	count. 
‡Total	cumulative	dose	received	after	the	fourth	round	of	treatment 
§Diagnosed	only	by	Lumbreras	rapid	sedimentation	test	and	a	negative	Kato	Katz	test	result. 
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heterogeneity in the dosing. However, after failing tri-
clabendazole, some children received treatment with 
multiple doses, well above the recommended dosing 
regimens in the triclabendazole package insert. We 
did not note increased effectiveness with regimens 
containing >2 doses of triclabendazole, but the small 
numbers treated precluded a statistical comparison. 
A more cautious approach was used with children <6 
years of age because fewer data support the safety of 
triclabendazole for this age group.

A potential limitation when evaluating drug ef-
ficacy is in the ability to distinguish persistent infec-
tions from reinfections in disease-endemic areas. In 
addition, the low sensitivity of stool microscopy and 
variability of egg shedding could hinder ascertain-
ment of treatment outcomes, particularly ERR. Test-
ing >1 stool sample and combination of microscopy 
methods was necessary to increase sensitivity. The 
timing for assessment of cure for fascioliasis has not 
been well established. Intervals between determina-
tion of treatment failure and the next round of treat-
ment lasted several months for some children be-
cause of triclabendazole shortages. Thus, we cannot 
exclude increased parasite burdens before treatment 
among children caused by rapidly occurring reinfec-
tions. However, considering that we studied an area 
with a moderate infection prevalence, these reinfec-
tions probably occurred rarely if at all.

There are no established alternatives to triclaben-
dazole for treatng fascioliasis. Nitazoxanide has been 
used in some studies. This drug was used for children 
who had repeated triclabendazole treatment failures 
but was not effective. In Egypt, Ramadan et al. report-
ed a cure rate of 30% for nitazoxanide among persons 
who had acute fascioliasis who failed 2 triclabenda-
zole doses (23). There are wide regional variations 
in reported nitazoxanide cure rates among Fasciola-
infected persons (28,29). We previously reported a 
case series of triclabendazole-resistant fascioliasis 
in Cusco and noted a lack of nitazoxanide effective-
ness among persons previously failing multiple tri-
clabendazole treatments (14). Although we provided 
treatment with nitazoxanide to only 4 children with 
nitazoxanide in the current cohort study, our results 
do not support the use of nitazoxanide as rescue treat-
ment for persistent Fasciola infections.

In this cohort, we have demonstrated decreased 
response rates to triclabendazole among children with 
chronic fascioliasis, including poor egg reduction rates 
and low parasitologic cure rates with single triclaben-
dazole doses. In addition, we have documented high 
levels of drug resistance in children treated several 
times with increasing doses of triclabendazole. The 

absence of effective alternative medications and lack 
of interventions to overcome drug-resistance mecha-
nisms are of concern in disease-endemic areas. Tricla-
bendazole use stewardship in humans and livestock 
is urgently needed to prevent further decrease in in-
fectiveness. In this setting, it is unclear whether mass 
drug administration control strategies might aggra-
vate the problem. Ongoing research in the Cusco area 
is evaluating the mechanisms of triclabendazole resis-
tance. Clinicians should be aware of alternative drugs 
and the interactions between triclabendazole-resistant 
parasites in livestock, human, and the environment 
that drive transmission to children.
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Paramyxoviridae encompasses a group of large 
(300–500 nm in diameter), enveloped, pleomor-

phic viruses with RNA genomes of 14.6–20.1 kb. The 
family comprises 4 subfamilies and 17 genera that 
contain >70 species and includes global human and 
animal viral pathogens of concern (1). Currently, the 
genus Morbillivirus, in subfamily Orthomyxovirinae, 
contains measles virus (MeV), rinderpest virus (RPV), 
peste des petits ruminants virus (PPRV), canine dis-
temper virus (CDV), phocine distemper virus (PDV), 
cetacean morbillivirus (CMV), and feline morbillivi-
rus (FeMV) (2,3). 

Morbillivirus genomes encode 6 structural pro-
teins in the following order: nucleocapsid (N) protein, 
phosphoprotein (P), matrix (M) protein, hemaggluti-
nin (H) protein, fusion (F) protein, and large poly-
merase (L) protein (2). Two nonstructural proteins, C 
and V, are expressed from the P open reading frame 

and are thought to interfere with the innate immune 
response in at least a subset of members of the family 
Paramyxoviridae (4).

Morbilliviruses cause respiratory and gastroin-
testinal disease and profound immune suppression 
(5). Morbillivirus host species experience a similar 
pathogenesis; infection occurs through inhalation, di-
rect contact with body fl uids, or fomites or vertical 
transmission (6–8). Carnivore morbilliviruses readily 
invade the central nervous system (CNS), and all mor-
billiviruses produce intranuclear viral inclusion bod-
ies containing nucleocapsid-like structures (1,9,10).

Paramyxoviruses known to naturally infect 
swine include porcine rubulavirus, Menangle virus, 
Nipah virus, and porcine parainfl uenza virus (11–16). 
Less well-characterized paramyxoviruses associated 
with central nervous and respiratory disease in pigs 
also have been reported (17–20), but none of these vi-
ruses are classifi ed in the genus Morbillivirus. Using 
histopathology, metagenomic sequencing, and RNA 
in situ hybridization (ISH), we identifi ed a novel 
morbillivirus in swine as the putative cause of an out-
break of reproductive disease characterized by fetal 
mummifi cation, encephalitis, and placentitis. 

Materials and Methods

Clinical Background and Samples
In early 2020,  the Iowa State University Veterinary 
Diagnostic Laboratory (Ames, IA, USA) received 22 
porcine fetuses from 6 litters (A–F) that originated 
from a commercial breeding herd in northern Mexi-
co for routine diagnostic investigation (Table 1). The 
breeding herd comprised 2,000 sows and reported 
reproductive clinical signs characterized by an in-
creased percentage (18% reported) of mummifi ed fe-
tuses and stillbirths. For negative controls, we used 
fetal tissues from 2 litters from a 3,000-head sow farm 
in the United States that was experiencing increased 
mummifi ed fetuses and stillborn fetuses.
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Morbilliviruses	 are	 highly	 contagious	 pathogens.	 The	
Morbillivirus genus	includes	measles	virus,	canine	dis-
temper	 virus	 (CDV),	 phocine	 distemper	 virus	 (PDV),	
peste	des	petits	ruminants	virus,	rinderpest	virus,	and	
feline	morbillivirus.	We	detected	a	novel	porcine	mor-
billivirus	 (PoMV)	 as	 a	 putative	 cause	 of	 fetal	 death,	
encephalitis,	 and	 placentitis	 among	 swine	 by	 using	
histopathology,	 metagenomic	 sequencing,	 and	 in	 situ	
hybridization.	Phylogenetic	analyses	showed	PoMV	is	
most	closely	 related	 to	CDV	 (62.9%	nt	 identities)	and	
PDV	 (62.8%	 nt	 identities).	 We	 observed	 intranuclear	
inclusions	 in	 neurons	 and	 glial	 cells	 of	 swine	 fetuses	
with	 encephalitis.	 Cellular	 tropism	 is	 similar	 to	 other	
morbilliviruses,	 and	 PoMV	 viral	 RNA	was	 detected	 in	
neurons,	respiratory	epithelium,	and	lymphocytes.	This	
study	provides	fundamental	knowledge	concerning	the	
pathology,	 genome	 composition,	 transmission,	 and	
cellular	 tropism	of	a	novel	 pathogen	within	 the	genus	
Morbillivirus	 and	opens	 the	door	 to	 a	 new,	 applicable	
disease	model	to	drive	research	forward.
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Pathology
At necropsy, we recorded the condition, including 
neonatal morality, mummified fetus, moderate autol-
ysis, or stillbirth, and the crown-to-rump length (CRL) 
of each fetus or piglet in the case record (Appendix, 
https://wwwnc.cdc.gov/EID/article/27/7/20-
3971-App1.pdf). We processed fixed tissues by stan-
dard technique, stained tissues by using hematoxylin 
and eosin, and performed histologic evaluations. We 
used sections from the paraffin blocks for ISH.

Porcine Morbillivirus ISH and PCR
At Iowa State University Veterinary Diagnostic Labo-
ratory, we used RNAscope 2.5 HD Reagent Kit (Ad-
vanced Cell Diagnostics [ACD] bio-techne, https://
acdbio.com) to perform RNA ISH according to the 
manufacturer’s instructions for formalin-fixed par-
affin-embedded samples (Appendix). We prepared 
fetal thoracic tissue homogenate from each litter, 
extracted nucleic acids, and performed PCR similar 
to previously described methods (21). We used fetal 
heart and lung to perform PCRs for porcine circovi-
rus 2 and 3 (PCV2 and PCV3), porcine parovirus 1 
(PPV1), and porcine reproductive and respiratory vi-
rus (PRRSV). We used kidney tissue for Leptospira sp. 
PCR (Appendix).

We developed a real-time reverse transcription 
PCR (RT-PCR) specific for PoMV by using the MBLV-
900F and MBLV-988R primers and the MBL-959P 
probe (Appendix Table 2). In addition, we performed 
a previously described real-time RT-PCR (22) to rule 
out porcine rubulavirus coinfection (Appendix).

Metagenomics and Bioinformatics Analysis
We extracted total nucleic acid of 2 pooled fetal tho-
racic tissue samples and prepared sequencing librar-
ies, as described previously (23). The first pool con-
sisted of litters A and B; the second pool consisted 
of litters D and E. We used the MiSeq platform (Il-
lumina, https://www.illumina.com) to sequence the 
libraries by using the MiSeq 600-Cycle Reagent Kit v3 
(Illumina). We preprocessed raw sequencing reads 
and classified reads by using Kraken version 0.10.5-β 
(24) with the standard database. We used Kaiju ver-

sion 1.6.2 (25) to classify unclassified reads, and used 
KronaTools-2.6 (26) to generate the interactive html 
charts for hierarchical classification results. We ex-
tracted reads of the virus of interest, morbillivirus, 
from the classification results for de novo assembly by 
using ABySS version 1.3.9 (27), iva version 1.0.8 (28), 
and Spades version 3.11.1 (29). We manually refined 
the resulting contigs, and then curated and elongated 
contigs by using BLAST (https://blast.ncbi.nlm.nih.
gov), SeqMan Pro (https://seqman.software), and in-
tegrated genomics viewer for visualization (30). We 
closed the genome gap by conventional RT-PCR with 
specifically designed primers.

We used ClustalW (http://www.clustal.org) to 
generate multiplex sequence alignments. We con-
structed phylogenetic trees based on whole-genome 
sequences and amino acid sequences of the L protein 
from aligned sequences by the maximum likelihood 
model in MEGA version X (https://www.megas-
oftware.net). We used L protein sequences because 
paramyxoviruses currently are classified based on 
the sequence comparison of L protein, the RNA-de-
pendent RNA polymerase. We evaluated the robust-
ness of the phylogenetic tree by bootstrapping using 
500 replicates. We used interactive Tree of Life (iTOL, 
https://itol.embl.de) to display, manipulate, and an-
notate bases of the whole-genome sequence and L 
protein amino acid sequence trees (31).

Genome Gap Closure and Whole Genome Sequencing
We used conventional RT-PCR to close the genome 
gap and confirm the genome sequence assembled 
from next-generation sequencing (NGS). We used 1 
pair of primers to close the genome gap and 14 pairs 
to confirm the genome sequence (Appendix Table 2). 

Results

Gross Pathology and Pathogen Detection 
Among 22 porcine fetuses from the 6 litters (A–F) 
submitted for diagnostic investigation, CRL length 
varied from 7 to 29.5 cm (Table 1). We noted the lit-
ter identification, sow parity, CRL by individual fe-
tus and piglet, and total number born and number of 
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Table 1. Clinical	data	and	gross	pathology	in	instances	of	novel	porcine	morbillivirus among	pig	litters* 
Litter	
ID Sow	parity Crown	to	rump	length,	cm	(condition	of	fetuses	submitted) 

Total	
born 

No.	mummified	
fetuses 

No.	
stillbirths 

A 6 24	(S) 13 0 4 
B 4 24	(N) 12 0 4 
C 6 29.5	(S) NA NA NA 
D 2 7	(M),	9	(M),	14	(M),	15	(M),	28	(Mod),	26	(Mod) 9 6 0 
E 1 7	(M),	7	(M),	9	(M),	12	(M),	14	(M),	14	(M),	15	(M),	15	(M),	15	(M),	26	(Mod) NA NA NA 
F 1 16	(M),	23	(Mod),	19	(S) 9 3 0 
*M,	mummified	fetus;	Mod,	fetus	with	moderate	autolysis;	N,	neonatal	mortality;	NA,	not	available;	S,	stillborn	fetus. 
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affected fetuses in each litter as reported by the sow 
farm (Table 1). Submitted fetuses were 1 neonatal 
death, in which necropsy revealed aerated lungs; 3 
stillbirths, all of which were full-term, fresh-type fe-
tuses but had fetal atelectasis; 14 mummified fetuses, 
in which in utero death occurred with sufficient time 
for complete dehydration of tissue; and 4 fetuses with 
moderate autolysis, in which in utero death occurred 
without sufficient time for complete dehydration of 
tissue. Gross evaluation of stillbirths and the single 
neonatal death was unremarkable. 

To address differential diagnoses, we used quan-
titative PCR (qPCR) to detect known swine viral and 
bacterial reproductive pathogens. We did not detect 
PCV2, PCV3, PRRSV, PPV1, or Leptospira sp. by qPCR 
or quantitative RT-PCR (qRT-PCR) in any litter.

Metagenomic Sequencing
We pooled samples of fetal thoracic tissue from lit-
ters A and B (A–B), both of which had encephalitis 
noted histologically. We also pooled fetal thoracic tis-
sue from litters D and E (D–E), which had leukocytes 
in the epicardium noted histologically. We performed 
NGS on the 2 pooled samples by using the MiSeq plat-
form (Illumina). After using an in-house bioinformat-
ics analysis pipeline, we detected and identified 693 
paramyxovirus-like reads in A–B and 118,772 in D–E. 
No reads of other pathogens were identified. De novo 
assembly obtained 2 contigs with 4,869 and 10,456 nt 
from pooled sample A–B and another 2 contigs from 
pooled sample D–E. The nucleotide sequences of the 
contigs from A–B and D–E were 100% identical but 
the contigs assembled from pooled sample D–E were 
slightly longer, 5,042 and 10,705 nt. Sequence analysis 
of the 4 contigs suggested the presence of a previous-
ly undescribed paramyxovirus of genus Morbillivirus. 
The 2 shortest contigs had <40% nt identity to PDV 
(GenBank accession no. KC802221) and CDV (Gen-
Bank accession no. AF014953) at the 3′ end. The 2 lon-
ger contigs had >60% nt identity to PDV and CDV at 
the 5′ end. We propose this paramyxovirus be named 
porcine morbillivirus (PoMV).

Genome Sequence Characterization
A complete genome sequence of PoMV (GenBank 
accession no. MT511667) was obtained by using RT-
PCR to fill the gap between the 2 contigs. We designed 
14 pairs of primers according to the obtained genome 
sequence and sequenced the RT-PCR products again, 
confirming the accuracy of the whole-genome se-
quence. The genome size of PoMV is 15,714 bases and 
has a G+C content of 45.19%. The 3′ leader sequence 
of the PoMV is 55 nt with 13/20 initial nt being highly 

conserved among morbilliviruses (Appendix Figure 
1). PoMV has a 5′ trailer sequence of 41 nt, similar 
to other morbilliviruses that have a trailer sequence 
of 40 or 41 nt (Appendix Figure 1), except for FeMV, 
which has an unusually long trailer sequence of 400 
nt. The last 11 nt of 5′ trailer sequences are conserved 
in all morbilliviruses.

The genome of PoMV contains 6 genes, 3′-N-
P/V/C-M-F-H-L-5′, similar to other morbilliviruses. 
The pairwise alignment of the predicted gene and 
gene products in PoMV and other paramyxoviruses 
showed the highest nucleotide and amino acid identi-
ties with members of the genus Morbillivirus (Table 2). 
Nucleotide identities were 56.3%–66.6% for N, 44.3%–
61.4% for P, 62.4%–68.4% for M, 50.2%–64.1% for F, 
31.7%–52.7% for H, and 58.1%–68.1% for L; amino 
acid identities were 56.3%–70.3% for N, 26%–50.1% 
for P, 60.9%–78.8% for M, 42.2%–65.5% for F, 15.7%–
45.4% for H, and 56.2%–75.8% for L. PoMV had the 
highest identities to PDV and CDV and the lowest to 
FeMV (Table 2).

We noted PoMV included the conserved N termi-
nal motif MA(T/S)L in morbilliviruses containing the 
sequence MASL in the nucleoprotein (N) (Appendix 
Figure 2). We identified a leucine-rich motif at aa po-
sitions 4–11 and 70–77 in the N protein of PoMV (Ap-
pendix Figure 2). We identified 2 initiation codons in 
the P/V/C gene of PoMV; the first translates P and V 
and the second translates C. In addition, we identi-
fied a UC-rich editing site, ttaaaagggg, in the P/V/C 
gene of PoMV. We detected a conserved cleavage site, 
RRQKRF, ≈114 aa residues from the N terminus of the 
F protein. The F protein of PoMV also contains 9/10 
Cys residues and 3 potential N-glycosylation sites.

Phylogenetic Analyses
We constructed phylogenetic trees by using the 
whole-genome sequences (Figure 1, panel A) and 
the predicted aa sequences of the L gene, the RNA-
dependent RNA polymerase gene of PoMV and 
other members of Paramyxoviridae (Figure 1, panel 
B). In both phylogenetic trees, PoMV clustered with 
other morbilliviruses, with high bootstrap support-
ing a distinct subgroup (Figure 1). Both phylogenetic 
analyses also confirmed the findings from the results 
of pairwise alignment and demonstrated that PoMV 
was most closely related to CDV and PDV; closely 
related to CMV, PPRV, MeV, and RPV; and most 
distantly related to FeMV in the genus Morbillivirus 
(Figure 1). Overall, these data further support that 
PoMV is a previously undescribed member in the 
genus Morbillivirus, subfamily Orthoparamyxovirinae, 
and family Paramyxoviridae.

1860	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021



Novel Morbillivirus among Swine

Histopathology and PoMV ISH
We performed histologic examination and RNA ISH 
by litter (Table 3). For all 6 litters, the positive control 
probe, Ss-PPIB, was positive and the negative control 
probe, DapB, was negative on the single slide assayed 
(data not shown). PoMV RNA was not detected by 
ISH in the cerebrum and cerebellum of 2 stillborn fe-
tuses from unaffected litters used as negative controls 
(data not shown). 

The single stillborn fetus submitted from litter 
A had multifocal areas of mineralization associated 

with neuronal necrosis and rarefaction in the cere-
brum and brainstem (Figure 2, panel A). Cerebral 
vessels were occasionally surrounded by lympho-
cytes. Eosinophilic intranuclear and intracytoplas-
mic viral inclusion bodies were in neurons (Figure 2, 
panel A) and glial cells in the cerebrum and internal 
granular layer of the cerebellum. Rarely, respiratory 
epithelium lining bronchi and bronchioles contained 
intranuclear viral inclusion bodies. Histologic evalu-
ation of the heart, spleen, and kidney was diagnosti-
cally unremarkable. Moderate autolysis of the liver 
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Table 2. Pairwise	identities	of	predicted	gene	and	gene	products	of	porcine	morbillivirus	compared	with	other	paramyxoviruses* 

Paramyxovirus 
N 

 
P 

 
M 

 
F 

 
A	(H) 

 
L 

CS AA CS AA CS AA CS AA CS AA CS AA 
Morbillivirus (Orthoparamyxovirinae)     
 CDV 65.8 69.0  61.4 48.3  67.3 77.6  62.5 64.2  52.7 45.4  68.1 75.2 
 PDV 66.6 70.3  61.3 50.1  68.0 78.8  62.4 62.6  51.5 44.6  67.5 75.8 
 CMV 62.7 66.4  57.2 43.9  68.4 77.9  64.1 65.5  48.2 39.9  65.3 72.0 
 PPRV 60.6 64.9  54.9 41.0  65.6 72.5  62.8 62.9  45.6 34.5  64.5 69.7 
 RPV 62.8 66.0  54.5 39.7  65.2 73.1  61.9 63.1  44.8 32.6  65.3 70.6 
 MeV 63.1 65.4  54.2 37.9  65.7 74.6  60.9 63.9  45.3 34.5  65.3 70.2 
 FeMV 56.3 56.3  44.3 26.0  62.4 60.9  50.2 42.2  31.7 15.7  58.1 56.2 
Salemvirus (Orthoparamyxovirinae)      
 Salem	virus 50.7 45.0  33.5 21.2  53.8 47.9  45.9 35.5  27.1 11.9  52.6 46.8 
Narmovirus (Orthoparamyxovirinae)      
 TupPV 44.0 32.3  37.3 19.6  51.6 43.5  46.0 33.3  27.1 10.9  54.2 49.5 
 MosPV 43.7 36.0  36.7 20.9  54.1 48.8  46.0 35.9  30.1 10.9  54.4 49.6 
Jeilongvirus (Orthoparamyxovirinae)      
 Tailam	virus 45.4 35.4  38.9 18.4  53.9 46.8  43.5 33.8  30.3 12.6  52.8 48.1 
 MmlPV 46.5 34.0  39.0 21.5  52.5 46.4  44.3 32.1  31.2 11.9  53.2 47.8 
Henipavirus (Orthoparamyxovirinae)      
 Nipah	virus 42.1 30.3  34.4 18.8  52.7 45.2  45.3 32.1  30.8 11.7  51.2 46.2 
 Bat	Paramyxovirus 42.9 33.1  34.6 16.9  52.8 43.3  46.4 32.6  26.8 9.4  51.1 45.0 
Ferlavirus (Orthoparamyxovirinae)      
 FdlPV 41.7 25.7  35.1 13.3  46.1 34.9  42.9 29.0  28.1 10.9  48.2 39.6 
Aquaparramyxovirus (Orthoparamyxovirinae)     
 AsaPV 38.8 23.0  30.4 11.4  45.2 36.7  43.2 30.4  29.1 9.9  47.9 39.0 
Respirovirus (Orthoparamyxovirinae)      
 BpiPV-3 37.1 20.2  31.5 12.8  45.0 35.7  40.9 25.8  30.4 11.7  48.2 37.3 
 HPIV-1 38.1 20.4  31.1 11.2  45.2 37.1  42.9 26.8  29.8 9.7  47.9 38.7 
Pararubulavirus (Rubulavirinae)      
 Tioman	virus 38.5 24.7  33.6 15.3  38.3 23.3  38.5 23.5  30.3 9.6  40.9 29.4 
Orthorubulavirus (Rubulavirinae)      
 SipPV 37.5 23.7  34.5 11.9  37.7 18  38.1 24.1  30.2 10.1  41.1 29.3 
 PrPV 38.0 23.8  32.8 12.8  37.6 18.6  39.2 28.6  29.9 10.1  40.8 28.5 
Orthoavulavirus (Avulvirinae)      
 NDV 37.0 23.1  33.8 13.2  34.4 20.8  40.5 25.2  28.7 11.5  40.2 27.1 
 ApPV 37.3 24.5  33.2 ND  33.7 19.6  41.7 26.2  28.2 11.2  39.9 27.2 
Paraavulavirus (Avulvirinae)      
 AviPV-3 38.4 23.7  33.2 17.1  35.5 17.4  38.3 21.7  29.3 13.4  39.5 26.4 
Mataavulavirus (Avulvirinae)      
 AviPV-2 38.8 26.9  35.2 13.9  35.7 20.8  42.0 26.8  27.2 13.6  39.6 26.8 
Synodovirus (Metaparamyxovirinae)      
 WtlPV 34.9 18.2  ND ND  39.2 23.7  40.8 27.1  27.1 10.6  44.0 34.3 
Unassigned	to	a	genus	or	subfamily      
 WtPV 34.7 15.8  ND ND  38.4 16.6  36.5 20.2  ND 8.2  41.8 26.3 
 WhPV 35.7 15.1  ND ND  35.1 17.4  30.0 8.9  28.6 11.2  40.4 25.1 
 WpssPV 34.8 17.2  ND ND  29.5 ND  35.7 19.0  27.3 8.7  42.7 26.7 
*AA,	amino	acid	sequence;	AsaPV,	Atlantic	salmon	paramyxovirus;	APV,	Antarctic	penguin	virus	A;	AviPV-2,	avian	avualavirus	2;	AviPV-3,	avian	
avualavirus	3;	BpiPV-3,	bovine	parainfluenza	virus	3;	CDV,	canine	distemper	virus;	CMV,	cetacean	morbillivirus;	CS,	coding	sequence;	FdlPV,	Fer-de-
lance	virus;	FeMV,	feline	morbillivirus;	HPIV-1,	human	parainfluenza	virus	1;	MeV,	measles	virus;	MmlPV,	Mount	Mabu	Lophuromys	virus	1;	MosPV,	
Mossman	virus;	ND,	not	detected;	NDV,	Newcastle	disease	virus	(Avian	avualavirus	1);	PDV,	phocine	distemper	virus;	PPRV,	peste	des	petits	ruminants	
virus;	PrPV,	porcine	rubulavirus;	RPV,	Rinderpest	virus;	SipPV,	simian	parainfluenza	virus;	TupPV,	Tupaia	paramyxovirus;	WhPV,	Wenling	hoplichthys	
paramyxovirus;	WpssPV,	Wenzhou	Pacific	spadenose	shark	paramyxovirus;	WtlPV,	Wenling	triplecross	lizardfish	paramyxovirus;	WtPV,	Wenling	
tonguesole	paramyxovirus.	 
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precluded a thorough histologic evaluation. ISH 
detected extensive PoMV RNA in the cerebellum in 
the external granular layer, molecular layer, internal 
granular layer, and white matter (Figure 2, panel B) 
and in neurons and axons in the cerebrum (Figure 
2C). We also detected PoMV RNA in clusters of re-
spiratory epithelium lining bronchi and bronchi-
oles, scattered lymphocytes and aggregates of lym-
phocytes in periarteriolar lymphoid sheaths in the 
spleen, and aggregates of tubular epithelium in rare 
tubules within the cortex of the kidney. ISH did not 
detect PoMV RNA in the heart or liver.

The single full-term piglet submitted from litter 
B had multifocal mineralization and rare satellitosis 
in the cerebrum (Figure 2, panel D). Adjacent to the 
lateral ventricle, marked neuropil rarefaction, min-
eralization, neuronal necrosis, and leukocyte infil-
tration were visible. Numerous viral inclusion bod-
ies could be seen in neurons (Figure 2, panel D) and 
glial cells. Histologic evaluation of the cerebellum, 

lung, heart, spleen, liver, and kidney was diagnos-
tically unremarkable. PoMV was detected by ISH 
in the gray matter of the cerebrum with extensive 
labeling; and in the white matter with less but still 
abundant labeling (Figure 2, panel E). PoMV also 
was detected by ISH in low to moderate numbers 
of respiratory epithelium in multifocal bronchi and 
bronchioles, and individual lymphocytes were not-
ed in the spleen. PoMV RNA was not detected in the 
heart, kidney, or liver.

Litter C also was represented by a single stillbirth 
in which histologic evaluation of the cerebrum, cer-
ebellum, lung, heart, and kidney was diagnostically 
unremarkable. Moderate autolysis of the liver and 
spleen precluded a thorough histologic evaluation. 
However, PoMV was detected by ISH in the endothe-
lial cells of a single vessel in the cerebrum, scattered 
cells within alveolar septa and numerous lympho-
cytes within the spleen (Figure 2, panel F). PoMV was 
not detected by ISH in the heart.
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Figure 1. Phylogenetic analysis of novel porcine morbillivirus (PoMV, star) detected among infected swine. A) Phylogenetic analysis 
of whole genome sequence. B) Phylogenetic analysis of L amino acid sequence. The trees were constructed by maximum likelihood 
method with bootstrap values calculated from 500 trees and rooted on midpoint. Scale bars indicate nucleotide substitutions per site. 
WhPV, Wenling hoplichthys paramyxovirus; WpssPV, Wenzhou pacific spadenose shark paramyxovirus; WtlPV, Wenling triplecross 
lizardfish paramyxovirus; WtPV, Wenling tonguesole paramyxovirus.

 
Table 3. Summary	of	histopathology	and	RNA	in	situ	hybridization	in	investigation	of	novel	porcine	morbillivirus	in	pig	litters* 
Litter	
ID 

Cerebrum  Cerebellum  Lung  Heart  Spleen  Kidney  Liver  Placenta 
Histo ISH Histo ISH Histo ISH Histo ISH Histo ISH Histo ISH  Histo ISH Histo ISH 

A N, M, I +++  I +++  I ++  U Neg  U +  U +  Auto Neg  NA NA 
B N,	M,	I,	S +++  U ND  U ++  U Neg  U +  U Neg  U Neg  NA NA 
C U +  U ND  U +  U Neg  Auto +++  U ND  Auto ND  NA NA 
D NA NA  NA NA  U ++  L Neg  Auto +++  U +  Auto Neg  L + 
E NA NA  NA NA  U +++  L +  NA NA  U +  NA NA  NA NA 
F U ND  U ND  U ++  U Neg  U Neg  U ND  U ND  L +++ 
*Auto,	autolysis;	Histo,	histopathology;	I,	inclusions;	ID,	identification;	ISH,	in	situ	hybridization;	L,	leukocytes;	M,	mineralization;	N,	necrosis;	NA,	not	
available;	ND,	not	done;	S,	satellitosis;	U,	unremarkable;	+,	minimal	labeling;	++,	moderate	labeling;	+++,	abundant	labeling. 
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Litter D was represented by 3 mummified fetuses 
and 2 fetuses with moderate autolysis. In a single sec-
tion of the heart from a fetus with moderate autolysis, 
we noted mononuclear leukocytes in the epicardium. 
Lung and kidney of fetuses with moderate autolysis 
were unremarkable. Autolysis of the spleen and liver 
from these fetuses and lung, kidney, and heart from 
mummified fetuses precluded histologic evaluation. 
Despite severe autolysis and mineralization, leukocytes 
were observed in the allantoic connective tissue of the 
placenta. PoMV was detected by ISH in the alveolar 
septa, bronchi, and bronchioles of the lung of both fe-
tuses with moderate autolysis as well as bronchi and 
bronchioles of a mummified fetus. PoMV RNA also 
was detected in scattered lymphocytes in one fetus with 
moderate autolysis and abundant lymphocytes in the 
spleen of the other. Mononuclear leukocytes in the al-
lantoic connective tissue and allantoic epithelium of the 
placenta also contained PoMV RNA (Figure 2, panel G) 
as did rare renal tubular epithelium and endothelium of 
a vessel adjacent to the renal pelvis in a mummified fe-
tus (Figure 2, panel H). PoMV was not detected by ISH 
in the heart or liver of moderately autolyzed fetuses.

Litter E consisted of 9 mummified fetuses and 1 
fetus with moderate autolysis. In a single section of 1 
heart, the epicardium contained multifocal mononu-
clear leukocyte aggregates. The lung and kidney were 
unremarkable in the fetus with moderate autolysis. 
Autolysis of the heart, lung, and kidney of mummi-
fied fetuses precluded histologic evaluation. PoMV 
was detected by ISH extensively in the conducting 
airway epithelium and alveolar septa of the lung (Fig-
ure 2, panel I), renal tubules, and in rare leukocytes in 
the epicardium of the fetus with moderate autolysis. 
ISH was not performed on mummified fetal tissues.

Litter F was represented by a mummified fetus, 
a fetus with moderate autolysis, and a stillborn fetus. 
Abundant mononuclear leukocytes were expanding 
the allantoic connective tissue of the placenta. Histo-
logic evaluation of the cerebrum, cerebellum, spleen, 
and liver of the stillborn fetus was diagnostically unre-
markable. Kidney and lung of the stillborn and mod-
erately autolyzed fetuses were unremarkable. The 
heart was unremarkable in all fetuses. Autolysis of 
the mummified fetus precluded evaluation of the lung 
and kidney. PoMV was detected in the epithelium of 
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Figure 2. Histologic lesions and porcine morbillivirus (PoMV) RNA in situ hybridization (ISH, red) of tissue of infected swine. A) Histologic 
section of cerebrum from fetus A stained by hematoxylin and eosin. Arrowheads indicate neuronal necrosis; arrows indicate mineralization 
and viral inclusion bodies in a neuron and glial cell. B) Cerebellum of fetus A with extensive detection of PoMV by ISH. C) Cerebrum of 
fetus A; arrowheads indicate ISH labeling within the cytoplasmic and nuclear compartment of neurons; arrow indicates ISH labelling in an 
axon. D) Cerebrum of fetus B; arrows indicate multiple viral inclusion bodies in neurons; inset displays satellitosis. E) Cerebrum of fetus B 
showing extensive PoMV detection by ISH. Arrowheads indicate the border of white and gray matter. F) Detection of PoMV by ISH in the 
spleen of fetus C. G) Detection of PoMV by ISH in a placenta from litter D; arrowhead indicates allantoic epithelium. H) Detection of PoMV 
by ISH in a renal vessel of a fetus from litter D; arrows indicate the endothelium and arrowhead indicates the vessel lumen. I) Detection of 
PoMV by ISH in conducting airways (arrowheads) and alveolar septa in the lung of fetus from litter E. J) Detection of PoMV by ISH in the 
allantoic connective tissue of the placenta and leukocytes from litter F; arrowhead indicates infiltration of leukocytes.
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conducting airways and alveolar septa of the mummi-
fied fetus and the fetus with moderate autolysis. We 
noted extensive labeling in the allantoic connective 
tissue and mononuclear leukocytes throughout the 
placenta (Figure 2, panel J). PoMV was not detected in 
the lung, heart, or spleen of the stillborn fetus or heart 
of the fetus with moderate autolysis.

PoMV Real-Time RT-PCR
Fetal thoracic tissues from litters A, B, D, and E were 
further subjected to real-time RT-PCR to approximate 
the viral load by litter. All were positive for PoMV 
with fetal thoracic tissues from litters A and E having 
a higher viral load. Litter A had a quantification cycle 
(Cq) value of 19.7; the Cq for litter E was 19.4. Fetal 
thoracic tissues from litters B and D had a lower viral 
load values; B had Cq of 23.4 and D had Cq of 20.2. 
PoMV was not detected by real-time RT-PCR in the 
fetal thoracic tissues of 2 litters of unaffected fetuses 
selected as negative controls. In addition, porcine ru-
bulavirus was not detected in any sample by RT-PCR.

Discussion
We report a novel porcine morbillivirus, PoMV, as 
a cause of fetal death, encephalitis, and placentitis 
among 6 swine litters. The synchronous use of 3 in-
dependent and complementary lines of evidence, 
pathology, metagenomic sequencing, and in situ 
hybridization, aided in PoMV discovery. Although 
several paramyxoviruses have been found, the exis-
tence of a naturally occurring morbillivirus in swine 
previously was unknown. Analyses of predicted nt 
and aa sequences of 6 genes revealed that PoMV has 
the highest nucleotide (31.7%–68.1%) and amino acid 
(26%–75.2%) identities with members in the genus 
Morbillivirus in the N, P, M, F, H, and L genes (Table 
2). Phylogenetic analyses based on the whole genome 
sequence (Figure 1, panel A) and amino acid sequence 
of the L gene (Figure 1, panel B) further demonstrated 
that PoMV forms a distinct cluster in morbillivirus 
and is most closely related to PDV and CDV.

Experimental inoculation of CDV and PPRV in do-
mestic pigs has resulted in infection (32,33), but no mor-
billivirus previously has been known to infect swine 
naturally. Other viruses within the family Paramyxoviri-
dae that infect swine include porcine rubulavirus (genus 
Orthorubulavirus, subfamily Rubulavirunae), Menangle 
virus (genus pararubulavirus, subfamily Rubulavirunae), 
Nipah virus (genus Henipavirus, subfamily Orthopara-
myxovirinae), and porcine parainfluenza virus 1 (genus 
Respirovirus, subfamily Orthoparamyxovirinae). Among 
these, only porcine rubulavirus and Menangle virus are 
thought to cause fetal mummification and stillbirths, as 

observed with PoMV (34,35). Histologic lesions noted 
for PoMV are similar to Menangle virus and included 
encephalitis, viral inclusion bodies, and nonsuppura-
tive myocarditis (36).

Similar to our findings with PoMV, MeV has been 
reported to be transmitted vertically resulting in pre-
mature stillbirth, stillbirth, premature birth, neonatal 
death, or congenital measles (6,37,38). Viral inclusion 
bodies have been observed in human congenital MeV 
infection and MeV was detected in placenta and splenic 
lymphocytes by immunohistochemistry (39). Herein, 
viral inclusion bodies were commonly observed in the 
cerebrum and cerebellum (Table 3; Figure 2, panels 
A,D) and rarely in the respiratory epithelium lining 
conducting airways. ISH demonstrated presence of 
PoMV in the placenta (Figure 2, panels G, J) and splenic 
lymphocytes (Figure 2, panel F), and in the cerebrum 
(Figure 2, panels C, E), cerebellum (Figure 2, panel B), 
lung (Figure 2, panel I), and to a lesser extent in the kid-
ney (Figure 2, panel H) and heart. Of note, the degree 
of viral involvement within the monochorionic placenta 
and effects of MeV on human monozygotic twins was 
inconsistent; 1 in utero death at 32 weeks gestation and 
1 surviving infant with no clinical signs of MeV infec-
tion (39). This observation, along with the placentation 
of swine, large litter size, and observations from other 
swine viral reproductive pathogens (40), likely accounts 
for the variable effects on litters, which were character-
ized by fetal and piglet death at various stages of gesta-
tion and resulted in fetal mummification, in utero death, 
and stillbirth, along with the variability of ISH staining 
observed among fetuses and between litters.

Cellular tropism of PoMV determined by ISH 
aligns with other morbilliviruses, including MeV. A 
common entry receptor for morbilliviruses is CD150 
or signaling lymphocytic activation molecule (SLAM), 
which is expressed on activated lymphocytes, dendrit-
ic cell subsets, and macrophages and cells in the alveo-
lar lumen and lining the alveolar epithelium (41–44). 
PoMV RNA was observed in the alveolar septa, lym-
phocytes of the spleen, and mononuclear leukocytes 
in the placenta and epicardium, which suggest that 
PoMV also might use CD150. Morbilliviruses infect 
epithelia by using nectin-4, which is expressed on the 
basolateral surface (45,46). We detected PoMV RNA in 
the allantoic epithelium of the placenta, epithelium of 
bronchi and bronchioles, and in rare instances the re-
nal tubular epithelium. In addition, we detected PoMV 
in the endothelium of a cerebral and renal vessel, 
and the most extensive staining was in the cerebrum 
and cerebellum, including neurons. Previous studies 
have shown that no detectable expression of SLAM 
was found in human neurons (47) and extremely low  
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expression of nectin-4 was detected in central nervous 
system cells and tissues (48). In contrast, CD46 is a 
widely distributed complement regulatory protein ex-
pressed on all nucleated cells with labeling noted in the 
cerebral endothelium as well as ependymal cells, neu-
rons, and oligodendrocytes (47). Accordingly, PoMV 
also could use CD46 as seen in some MeV strains.

Our study provides essential information about 
a newly discovered pathogen within the Morbillivirus 
genus, but much is left to learn. The geographic distri-
bution and species susceptibility of PoMV currently is 
unknown. Virus isolation to facilitate research, in vi-
tro studies evaluating cell entry receptors, and in vivo 
studies to further elucidate pathogenesis and generate 
samples of known status for diagnostic assay develop-
ment and evaluation are needed. Nonetheless, this dis-
covery opens the door to a new and possibly more ap-
plicable model of disease to drive research forward (49).
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Streptococcus pneumoniae causes both invasive 
and noninvasive disease. Since the introduc-

tion of 7-valent and 13-valent protein-polysaccha-
ride conjugated pneumococcal vaccines (PCV7 and 
PCV13, respectively) for children, vaccine serotype

disease has been nearly eliminated among children 
and reduced indirectly among adults through herd 
effect (1–4). PCV7, administered as a 3-dose prima-
ry series plus a booster (3+1 dosing schedule) was 
introduced in Alberta, Canada, in 2002, followed 
in 2010 by PCV13 (2+1 dosing schedule); both vac-
cines include serotype 4. In Alberta Province and 
throughout Canada, invasive pneumococcal dis-
ease (IPD) has continued to decline in children <5 
years of age since 2010, after PCV13 vaccine intro-
duction, but among older age groups, IPD incidence 
has remained steady (5,6). No pediatric cases of IPD 
caused by S. pneumoniae serotype 4 have been diag-
nosed in Calgary, Alberta, Canada, since 2007 (3), al-
though recent data from Calgary showed low levels 
of serotype 4 carriage in children identifi ed by using 
PCR but not by using conventional culture (7). 

In 2011, IPD caused by S. pneumoniae serotype 4 
began to increase in adults in the province of Alber-
ta, particularly among persons who were homeless. 
A previous outbreak in Alberta in 2005–2007 includ-
ed serotypes 5 and 8, primarily in persons experienc-
ing homelessness and those using illicit drugs (8). 
Homelessness is overrepresented as a factor in adult 
IPD cases: 18.8% of adults with IPD are homeless, 
despite only 0.2% of adults in Calgary being home-
less (9). We conducted this study to examine clinical 
and demographic factors associated with serotype 4 
IPD and to conduct molecular characterization and 
phylogenetic analysis from whole-genome sequenc-
ing (WGS) data on the serotype 4 isolates collected 
during the outbreak. Our goal was to clarify the dy-
namics of an outbreak of serotype 4 IPD in a post-
vaccine community setting where serotype 4 had 
previously been uncommon. 

Whole-Genome Analysis of 
Streptococcus pneumoniae 

Serotype 4 Causing Outbreak 
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After	 the	 introduction	 of	 pneumococcal	 conjugate	 vac-
cines	for	children,	invasive	pneumococcal	disease	caused	
by	 Streptococcus pneumoniae	 serotype	 4	 declined	 in	
all	 ages	 in	Alberta,	Canada,	 but	 it	 has	 reemerged	 and	
spread	in	adults	in	Calgary,	primarily	among	persons	who	
are	experiencing	homelessness	or	who	use	illicit	drugs.	
We	conducted	clinical	and	molecular	analyses	to	exam-
ine	 the	cases	and	 isolates.	Whole-genome	sequencing	
analysis	 indicated	 relatively	 high	 genetic	 variability	 of	
serotype	 4	 isolates.	 Phylogenetic	 analysis	 identifi	ed	 1	
emergent	sequence	type	(ST)	244	lineage	primarily	as-
sociated	within	Alberta	and	nationally	distributed	clades	
ST205	 and	 ST695.	 Isolates	 from	 6	 subclades	 of	 the	
ST244	 lineage	 clustered	 regionally,	 temporally,	 and	 by	
homeless	status.	In	multivariable	logistic	regression,	fac-
tors	associated	with	serotype	4	 invasive	pneumococcal	
disease	were	being	male,	being	<65	years	of	age,	experi-
encing	homelessness,	having	a	diagnosis	of	pneumonia	
or	empyema,	or	using	illicit	drugs.
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Methods

Population
An inception cohort including all adult case-patients 
with serotype 4 IPD was identified through population-
based surveillance during 2010–2018 in Calgary (2018 
population 1,648,385) and Edmonton, Alberta (2018 
population 1,393,380). Epidemic curves were generated 
for Calgary and Edmonton from the number of cases 
of serotype 4 IPD reported each year during 2000–2018 
(Figure 1). We performed WGS to analyze isolates from 
all patients. We included all adults (≥18 years of age) 
with IPD reported in the Calgary S. pneumoniae Epide-
miology Research (CASPER) (4) study during 2010–
2018 in the clinical analysis.

Data Collection and Ethics
IPD is a reportable disease to the Ministry of Health 
in Alberta; therefore, all culture-confirmed cases of 
serotype 4 IPD in Calgary and Edmonton were iden-
tified. All pneumococcal isolates identified by diag-
nostic microbiology laboratories in Alberta must be 
submitted to Alberta Precision Laboratories–Public 
Health for pneumococcal serotyping. Serotyping was 
performed by quellung reaction (10). Clinical infor-
mation was obtained from chart reviews in Calgary 
as part of the CASPER study. Ethics approval was 
provided for the clinical study by the Conjoint Health 
Research Ethics Board of the University of Calgary. 

Analysis of Clinical Factors
We collected clinical data on all pneumococcal dis-
ease cases in Calgary identified through the CASPER 
study. Clinical data were not available for cases from 
Edmonton, so we included only cases from Calgary 
in the clinical analysis. We used tests of proportions 

to compare serotype 4 IPD with non–serotype 4 IPD 
in a univariable analysis to determine clinical and 
demographic factors and outcomes. We used the Stu-
dent 2-tailed t-test to compare risk by age as a con-
tinuous variable. We chose clinical, demographic, 
and outcome factors a priori on the basis of biologic 
plausibility and clinical relevance. For underlying 
health conditions we sorted patients into 3 groups: 
those having no underlying conditions increas-
ing risk for IPD; those with underlying conditions 
but immunocompetent; and those with underlying 
conditions and immunocompromised, according to 
Public Health Agency of Canada recommendations 
for immunization (11). For factors with multiple 
possible responses (e.g., disease manifestation, un-
derlying conditions), which were therefore not pos-
sible to collapse into 2 groups, we ran a Fisher χ2 
test to determine p value. However, although p<0.05 
indicates a significant difference between >2 groups, 
it does not provide information on where the differ-
ence occurs.

We used stepwise multivariable logistic regres-
sion to analyze clinical and demographic factors and 
determine adjusted odds ratios and 95% CIs for fac-
tors associated with infection from IPD serotype 4 
compared with IPD from all other serotypes. We 
included age as a dichotomous variable: <65 or ≥65 
years of age. We did not include indigenous back-
ground, intensive care unit (ICU) admission, death, 
or hospitalization as variables in the model: indige-
nous status because it is a difficult factor to determine 
from chart reviews, which are often missing large 
amounts of data, but its effect was not significant in 
univariable analysis; ICU admission, death, and hos-
pitalization because they are outcomes and we were 
interested in clinical factors associated with serotype 
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Figure 1. Epidemic curve for Streptococcus pneumoniae serotype 4 versus non–serotype 4 causing invasive pneumococcal disease, 
among adults >18 years of age, Alberta, Canada, 2010–2018. A) Calgary zone of Alberta Health Services; B) capital health zone 
(Edmonton) of Alberta Health Services.
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4 IPD. We removed smoking status because of non-
significance and a large amount of missing data.

Bacterial Identification
We screened isolates using optochin disk suscepti-
bility (Oxoid, http://www.oxoid.com) and tube bile 
solubility analyses (12,13). We performed serotyping 
by quellung reaction using commercial antiserum 
(Statens Serum Institut, https://en.ssi.dk; SSI Diag-
nostica, https://www.ssidiagnostica.com) (10). We 
used PCR to test isolates for the presence of the cpsA 
gene if a quellung reaction was not observed (14); we 
verified species identification using rpoB (β subunit of 
RNA polymerase gene) sequence typing (15,16). 

We determined antimicrobial susceptibilities us-
ing Sensititer STP6F (Trek Diagnostics, http://www.
trekds.com) broth microdilution panels according to 
Clinical and Laboratory Standards Institute guidelines 
(17,18). We used meningitis resistance breakpoints for 
nonsusceptibility to penicillin (≥0.12 μg/mL), ceftriax-
one and cefotaxime (≥2 μg/mL), and parenteral resis-
tance breakpoints for cefuroxime (≥2 μg/mL). 

Whole Genome Sequencing Analyses
We conducted WGS analyses on S. pneumoniae sero-
type 4 isolates from Calgary and Edmonton as well as 
background serotype 4 isolates collected from other 
provinces in Canada at the National Microbiology 
Laboratory in Winnipeg, Manitoba, as described else-
where (19). We prepared DNA samples using Epicen-
ter MasterPure Complete DNA and RNA Extraction 
Kit (Mandel Scientific, https://www.mandel.ca) and 
created libraries using Nextera sample preparation 
kits (Illumina, https://www.illumina.com) with 300 
bp (n = 140) and 150 bp (n = 50) paired-end indexed 
reads generated on the Illumina NextSeq platform. 
We submitted read data for all S. pneumoniae sero-
type 4 isolates from Alberta to the National Center 
for Biotechnology Information Short Read Archive 
(BioProject accession no. PRJNA693536). We assessed 
the quality of the reads using FastQC version 0.11.4 
(20) and assembled using Shovill (Galaxy version 
1.0.4+galaxy0) programs (21).

We conducted core single-nucleotide variant 
(SNV) phylogenetic analysis by using a custom Gal-
axy version SNVPhyl version 1.0.1b Paired-End (22) 
phylogenomics workflow with minimum cover-
age = 7, minimum mean mapping quality = 30, and 
alternative allele ratio = 0.75; we removed highly re-
combinant regions containing >5 SNVs/500 bp. We 
visualized phylogenetic trees using FigTree version 
1.4.3 (23). We determined phylogenetic clades by 
cluster analysis using ClusterPicker (24) with these 

settings: initial and main support thresholds = 0.9, ge-
netic distance threshold = 0.045, and the large cluster 
threshold = 10. We used WGS data to identify the pres-
ence of macrolide (ermB, ermTR, mefA/E), tetracycline 
(tetM, tetO), chloramphenicol (cat), trimethoprim/
sulfamethoxazole (folA, folP), penicillin (pbp1a, pbp2b, 
pbp2x), and fluoroquinolone (gyrA S81, parC S79/
D83/N91) molecular antimicrobial resistance mark-
ers (8–12). We queried virulence factors including 
pspA (pneumococcal surface protein A), ply (pneumo-
lysin), pavA and pavB (pneumococcal adhesion and 
virulence A and B), lytA, lytB and lytC (autolysins A, 
B and C), nanA and nanB (neuraminidase A and B), 
rrgA (pilus-1), sipA (pilus-2), cbpA, cbpD, cbpG, and pce 
(choline binding proteins A, D, G and E), hasA (hyal-
uronate lyase), and zmpC (immunoglobulin A1 prote-
ase) (13,14). We determined the presence or absence 
of molecular marker genes in the isolates by query-
ing reference nucleotide sequences against assembled 
contig files using BLAST (15) with the E-value cutoff 
option set to 10e-100. We used the SNVPhyl workflow 
program to determine the number of 23S rRNA allele 
mutations, using an allele of S. pneumoniae R6 (locus 
tag sprr02) as a mapping reference and interrogating 
the allele counts at nucleotide position 2061 from the 
resultant variant call files (.vcf). We determined mul-
tilocus sequence type (MLST) allelic profiles in silico 
and queried them using the open-access PubMLST S. 
pneumoniae database (25) located at the University of 
Oxford to determine sequence types (ST).

Results

Populations
We identified 190 IPD serotype 4 cases in adults (96 
from Calgary, 94 from Edmonton) during 2010–2018 
and used WGS to analyze isolates obtained from 
those patients. A total of 1,008 adults sought treat-
ment at Calgary hospitals with IPD during 2010–2018; 
of these, 100 (10%) cases involved serotype 4 IPD. For 
clinical analysis, we completed chart reviews for 97% 
of the 1,008 IPD cases. For cases without full chart re-
views, we collected basic demographic information 
from notifiable disease reports and laboratory reports 
and included the information in the analysis when 
possible. Of the 30 cases without a full chart review, 
57% were because of patient refusal to participate in 
the study. Twelve percent of chart reviews were miss-
ing large amounts of information because smoking 
status was not consistently reported; 56% of reviews 
lacked clear indication of indigenous status. We in-
cluded the 967 patients with full information avail-
able in the multivariable analysis. 
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Epidemic Curves
In Calgary, after PCV7 introduction, serotype 4 had 
almost disappeared by 2009–2010. The outbreak 
among adults peaked in 2015–2016 (Figure 1, panel 
A). The number of cases of serotype 4 decreased and 
no cases occurred after July 2018, suggesting resolu-
tion of the outbreak. In Edmonton, the decline of sero-
type 4 after PCV7 introduction was less pronounced 
and the outbreak had 2 peaks, a smaller one in 2011 
and a larger one in 2016–2017 (Figure 1). Serotype 4, 
which was originally prevalent, declined in the initial 
period after PCV7 introduction but then increased in 
2011 after PCV13 was introduced.

Clinical Analysis
Homelessness, illicit drug use, alcohol abuse, and 
smoking were overrepresented as risk factors among 
patients with cases of serotype 4 IPD in data from the 
univariable analysis (Table 1). Persons with underly-
ing conditions who were immunocompromised were 
underrepresented among those with serotype 4 IPD 
(Table 1). People with serotype 4 IPD were also young-
er (mean age 47.0 years, 95% CI 44.2–49.8 years) than 
those with non–serotype 4 IPD (mean age 58.4 years, 
95% CI 57.2–59.5 years) during 2010–2018 (t-test p val-
ue <0.001). The most common diagnosis for serotype 
4 IPD was bacteremic pneumonia (82%). All serotype 
4 IPD cases that occurred during 2010–2018 were sus-
ceptible to penicillin, ceftriaxone, and erythromycin. 

In results from multivariable logistic regression, we 
found that being male, being <65 years of age, experi-
encing homelessness, having a diagnosis of pneumo-
nia or empyema, or using illicit drugs were associated 
with serotype 4 IPD (Table 2). Alcohol abuse was not 
significantly associated with serotype 4 IPD in the mul-
tivariable logistic regression, indicating that the asso-
ciation seen in the univariable analysis was because of 
confounding by another factor (Table 2).

WGS
We conducted WGS analyses on 96 S. pneumoniae se-
rotype 4 isolates from Calgary, 94 from Edmonton, 
and 37 background serotype 4 isolates from the Na-
tional Microbiology Laboratory, collected from other 
provinces in Canada (19). Illumina MiSeq sequencing 
yielded an average 817,775 reads/genome, and aver-
age genome coverage was 91X. De novo assembly re-
sulted in an average contig length of 45,875 nt and an 
N50 length of 85,135 nt.

The 190 S. pneumoniae serotype 4 genomes from 
Alberta clustered into 3 major phylogenetic clades 
(Figure 2); each clade was associated with an MLST. 
The largest number 93.7% (n = 159) of isolates were 
located in clade A and were MLST type ST244. Iso-
lates in clade A were geographically relatively evenly 
distributed between Calgary (n = 69) and Edmonton 
(n = 90) and temporally after 2010 (n = 4); ≈19 iso-
lates per year were found during 2011–2019. Clade B 
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Table 1. Results	of	univariable	tests	of	proportions	of	patient	demographics	and	clinical	characteristics	of	Streptococcus pneumoniae 
serotype	4	versus	non–serotype	4	causing	IPD,	Calgary,	Alberta,	Canada,	2010–2018* 

Characteristics 
Serotype	4,	 
no.	(%) 

Non–serotype	4,	
no.	(%) %	Difference	(95%	CI) p	value 

Total	cases,	n	=	990 100 890 NA	 NA 
Age ≥65 y 7	(7.5) 311	(34.9) 27.9	(22.0–33.8) <0.001 
Homelessness 47	(47.5) 129	(14.8) 32.6	(22.5–42.8) <0.001 
Illicit	drug	use 47	(58.0) 156	(22.5) 35.6	(24.4–46.8) <0.001 
Alcohol	abuse 50	(61.7) 238	(34.2) 27.5	(16.3–38.6) <0.001 
Indigenous 13	(40.6) 105	(29.4) 11.2	(–6.4	to	28.9) 0.1862 
Current	or	former	smoker 85	(89.5) 579	(74.1) 15.3	(8.4–22.2) 0.001 
Severity 
 Death ≤30 d 7	(7.0) 114	(12.9) 5.9	(0.5–11.4) 0.09† 
 Hospitalization 88	(88.0) 775	(88.1) 0.1	(–6.6	to	6.8) 0.9 
 ICU	admission 29	(29.6) 224	(25.9) 3.7	(–5.8	to	13.2) 0.4 
Underlying condition an indication for pneumococcal vaccination‡ (11)   <0.001§ 
 No	underlying	condition	 46	(46.5) 279	(31.9) NA NA 
 Underlying	condition,	but	immunocompetent 44	(44.4) 356	(40.7) NA NA 
 Underlying	condition,	immunocompromised 9	(9.1) 237	(27.4) NA NA 
Primary	diagnosis     0.02§ 
 Bacteremia 1	(1.0) 89	(10.0) NA NA 
 Other	IPD 1	(1.0) 38	(4.3) NA NA 
 Bacteremic	pneumonia 82	(82.0) 613	(68.9) NA NA 
 Empyema 11	(11.0) 86	(9.7) NA NA 
 Pericarditis 7	(0.79) 1	(1.0) NA NA 
 Meningitis 4	(4.0) 56	(6.3) NA NA 
*IPD,	invasive	pneumococcal	disease;	NA,	not	applicable. 
†p value >0.05 but 95% CI does not cross 0, therefore significant. 
‡Underlying conditions exclude alcohol and drug abuse. 
§p	value	from	2 test;	overall	comparison	made	between	groups	but	not	for	each	level	within	groups	because	of	multiple	levels. 
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included 2 isolates from Edmonton, collected in 2010 
and 2012, and 1 from Calgary, collected in 2018, that 
were ST695, a triple-locus variant of ST244 and an-
cestor of newly emergent serotype 19A/ST695 clone 
(26). Clade C was associated with ST205 (n = 23) and 
ST15531 (n = 2), a single-locus variant of ST205. Twen-
ty-three of the 24 isolates in clade C were collected 
from the Calgary region. Although another ST205 iso-
late from Edmonton and the TIGR4 reference strain 
(National Center for Biotechnology Information ac-
cession no. NC_003028.3) were proximal to clade C 
in the phylogenetic tree, ClusterPicker excluded them 
from the clade based on the clustering thresholds 
used. A further 2 isolates from Calgary and a third 
from Edmonton were distant phylogenetic outliers 
of ST2213, ST7776, and ST11662. Most national back-
ground isolates collected from other provinces (n = 
36) clustered within the ST205 clade C lineage (n = 
23), but the ST244 clade A lineage was predominantly 
associated with Alberta, with fewer national isolates 
present (n = 10) (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/27/7/20-4403-App1.pdf).

Further phylogenetic analysis of the ST244 iso-
lates from Alberta identified 6 major clades with 
isolates clustered by city (Figure 3). Isolates from Ed-
monton mainly comprised clades A1 (19 of 21) and 
A2 (8 of 8), but isolates from the Calgary area com-
prised clades A3 (9 of 10), A4 (21 of 25), A5 (19 of 19), 
and A6 (5 of 5). Clade A1 emerged in Edmonton in 
2011, and clade A2 followed 4 years later in 2015; in 
Calgary, clade A6 was first seen in 2011, followed by 
clades A4 in 2013, and A3 and A5 in 2014, with A5 
expanding in 2015 (Appendix Figure 2).

Additional information about homelessness, 
death, ICU admittance, and risk factors was available 
for case-patients from Calgary. Clade A1 had the high-
est proportion of isolates associated with homelessness 

(7 of 9 isolates), whereas clade A4 had the lowest (7 of 
21 isolates; Figure 3). There was also a relatively high 
number of isolates (3 of 5) in clade A6 and from the 
miscellaneous nonclustered strains from Calgary (10 
of 14) associated with homelessness. Although only 
about half of the isolates in clade A5 were associated 
with homelessness (10 of 19), a subgroup of 7 highly 
related isolates associated with homelessness were 
identical to each other (no SNV difference). Among the 
ST205 isolates, 6 of the 23 Calgary isolates were associ-
ated with homelessness. We observed no clustering of 
isolates associated with the other background informa-
tion (death, risk factors, or ICU admittance). 

WGS Antimicrobial Susceptibility
Using in silico molecular characterization we found 
antimicrobial resistance determinants in 7 of the 190 S. 
pneumoniae serotype 4 isolates including single ParC 
D83 aa substitution (n = 2), ermB and tetM determi-
nants (n = 1), sole folA I100L (n = 2), folA I100L, a folP 
amino acid insertion, and tetM (n = 1), and a SAMK 
motif in pbp2x and the folA I100L and folP insert (n 
= 1). All virulence factors we analyzed were present 
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Table 2. Results	of	multivariable	logistic	regressions	of	clinical	and	demographic	factors	associated	with	Streptococcus pneumoniae 
serotype	4	versus	non–serotype	4	causing	IPD,	Calgary,	Alberta,	Canada,	2010–2018	(n	=	967)* 
Factors associated with serotype 4† Odds	ratio	(95%	CI) p	value 
Male	sex 2.1 (1.2–3.7) 0.007 
Age ≥65 y 0.3 (0.1–0.7) 0.003 
Homelessness 2.4 (1.4–4.1) 0.001 
Illicit	drug	use 2.3 (1.4–3.8) 0.001 
Alcohol	abuse 0.9 (0.5–1.5) 0.698 
Underlying	condition	an	indication	for	pneumococcal	vaccination	(11) 
 No	underlying	condition	increasing	risk	for	IPD Referent Referent 
 Underlying	condition,	but	immunocompetent 0.9 (0.6–1.5) 0.731 
 Underlying	condition,	immunocompromised 0.3 (0.1–0.7) 0.003 
Primary	diagnosis 
 Bacteremia or other invasive condition‡ Referent  Referent 
 Pneumonia	or	empyema 3.6 (1.1–12.0) 0.034 
 Meningitis 2.8 (0.6–13.4) 0.202 
*IPD,	invasive	pneumococcal	disease. 
†Smoking status included in initial model but	result	was	not	significant	and	a	large	amount	of	data	was	missing,	so	it	was	removed	from	final	model.	 
‡For example, pericarditis, peritonitis, abscess, endophthalmitis. 

 

Figure 2. Maximum-likelihood core SNV unrooted phylogenetic 
tree of 190 Streptococcus pneumoniae serotype 4 isolates 
collected from patients in Alberta, Canada, 2010–2018. A total 
of 3,097 sites were used in the phylogeny, and 80.7% of the 
core genome was included. S. pneumoniae TIGR4 (arrow; 
National Center for Biotechnology Information accession number 
NC_003028.3) was used as a mapping reference. Cluster analysis 
did not group 1 ST205 isolate and TIGR4 with the other clade C 
strains. SNV, single nucleotide variant; ST, sequence type.
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Figure 3. Maximum-likelihood core SNV phylogenetic 
tree of 159 Streptococcus pneumoniae serotype 4 
ST244 isolates collected in Alberta, Canada, 2010–
2018. A total of 615 sites were used in the phylogeny, 
and 97.4% of the core genome was included. An 
internal isolate SC19-3744-P (oldest outlier) was used 
as a mapping reference and root. Red nodes indicate 
isolates from the Calgary region, blue nodes those 
from Edmonton; triangles indicate association with 
homelessness. Scale bar indicates genetic distance. 
SNV, single nucleotide variant; ST, sequence type.
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in the isolates except cbpA and sipA (pilus-2), which 
were absent in all strains; rrgA (pilus-1) or zmpC were 
absent in the phylogenetic outliers (n = 3).

Discussion
Outbreaks of IPD have been described most often in vul-
nerable populations and groups living in crowded con-
ditions, but only a few serotypes have been described 
in association with outbreaks (27). Outbreaks of disease 
can be characterized as a temporal increase of disease 
from epidemiologically linked cases. The temporal re-
lation can vary depending on the causative organism. 
Pneumococcal outbreaks may occur over a period of 
several years. In this study, phylogenetic analyses were 
used to support epidemiologic information linking a 
susceptible population with a particular serotype.

In Calgary we have observed 2 large outbreaks 
of IPD that particularly affected homeless persons. 
The one during 2005–2007 was largely caused by 
serotype 5, although an increase in serotype 8 was 
also observed (8). In the more recent outbreak dur-
ing 2010–2018, the incidence of serotype 4 increased. 
Phylogenetic analysis indicated relatively high ge-
netic variability among the serotype 4 isolates col-
lected over this period. Previously, we conducted 
WGS on a small sample of serotype 5 cases associ-
ated with the 2005–2007 outbreak; results indicated 
that all isolates were from the same genetic clone 
(8). In our analysis of the predominant serotype 4 
ST244 clone in Alberta, we observed higher diver-
sity with some clustering regionally in Calgary and 
Edmonton, as well as some temporal clustering and 
clustering in homeless persons during 2014–2016. 
There were also some genetically diverse isolates 
of S. pneumoniae serotype 4 broadly disseminated 
throughout the community, including among per-
sons who were not homeless. No clustering was 
observed by age group, gender, site of bacterial iso-
lation, or disease severity, which may indicate that 
the rise in disease was not because of the emergence 
of a single, more transmissible clone of serotype 4. 
Because of the longer temporal period over which 
pneumococcal outbreaks occur, some degree of ge-
netic drift is expected, with strains being disseminat-
ed among the susceptible population and sublineag-
es emerging more acutely in pockets that facilitate 
transmission, forming diversified subclades within 
the overall outbreak. The relative diversity among 
subclades can be thought of as smaller outbreaks of 
more clonal strains within the overarching dissemi-
nation of the original strain.

From a genetic perspective, the phylogeny repre-
senting the nationwide breadth of serotype 4 strains 

had a maximum 1,472 SNVs and an average 192 SNVs 
between strains (Appendix Figure 1), in contrast with 
the larger overall outbreak lineage (clade A) with a 
maximum 148 SNVs and average 22 SNVs. Further 
clonality can be seen among the subclades with each 
having ≈5 SNVs difference within and ≈10 SNVs be-
tween subclades (Appendix Table). A recent report of 
an outbreak of serotype 5 IPD in British Columbia, 
Canada stated that its strains differed by only ≈10 
SNVs over a 3.5-year period (28).

The rise of serotype 4 IPD cases occurred during 
a period of widespread PCV13 use in children, raising 
questions about the reservoirs of this strain. Before 
that period, during the period of PCV7 use in children, 
serotype 4 was largely controlled at all ages, reflect-
ing direct immunity in vaccine recipients and indirect 
immunity in unvaccinated adults. The reemergence 
of serotype 4 cases, primarily among adults, suggests 
reduced herd immunity. When Alberta switched 
from PCV7 to PCV13 in 2010, there was also a switch 
from a 4-dose schedule of PCV7 to a 3-dose PCV13 
schedule for children. This change raises a question 
about whether the reduced-dose schedule in children, 
although still providing direct protection, might be 
less effective in reducing nasopharyngeal carriage, 
leading to asymptomatic transmission and reduced 
herd immunity. A study of pneumococcal carriage 
among children in Calgary has previously shown the 
near elimination of serotype 4 carriage after the in-
troduction of PCV7, supporting this possible expla-
nation (29). More recent studies in children in 2016 
and 2018, well after the introduction of PCV13, found 
that serotype 4 IPD was not identified in any sample 
tested by conventional culture but was identified in 
3.5% of children by using PCR (7). It is also possible 
that PCV13 may not reduce nasopharyngeal carriage 
and asymptomatic carriage of all vaccine serotypes as 
effectively as PCV7 did, regardless of the change in 
number of doses. In support of this possibility, PCV13 
has known limited effectiveness to reduce serotype 
3 IPD and possibly nasopharyngeal carriage, as de-
scribed in a 2019 review (30).

Serotype 4 IPD was associated with being male or 
a current user of illicit drugs or experiencing homeless-
ness. Serotype 4 IPD case-patients had lower odds of 
having an immunocompromising illness, which may be 
partially associated with being younger, although the as-
sociation remained when we adjusted for age. We previ-
ously reported that IPD is significantly overrepresented 
in homeless persons compared with the general popu-
lation, regardless of season (9). Although the 23-valent 
pneumococcal polysaccharide vaccine is recommended 
for homeless persons in Canada, among those for whom 
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we were able to obtain records, vaccination rates were  
very low (9,11).

The main limitation of this study is that we had 
complete clinical data only from Calgary. In addi-
tion, the total population of the surveillance area was 
3,041,765 and for a relatively rare disease like IPD, lo-
cal random variation in prevalent serotypes may limit 
the generalizability of our results.

Similar to serotype 5 during the 2005–2007 out-
break, serotype 4 also migrated across a large geo-
graphic area in western Canada and was seen in Victo-
ria, British Columbia (31,32). Pneumococcal outbreaks 
have been reported in overcrowded jails, homeless 
shelters, and care homes (8,31,33–36). One study found 
recurrent infections were 5-fold higher among persons 
who were homeless than those who were not (37). An-
other study found most outbreaks of pneumococcal 
disease occurred in crowded settings (38). It is clear that 
homelessness and drug use are risk factors for illness 
and should be considered indicators for vaccination. 
Although we acknowledge the challenge of delivering 
vaccines to homeless persons, on the basis of these re-
sults, we recommended a public health initiative, cur-
rently under consideration by public health officials in 
Alberta, to target the homeless population of Calgary 
for publicly funded vaccination with both PCV13 and 
23-valent pneumococcal polysaccharide vaccine. 
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Shiga toxin–producing Escherichia coli (STEC) infec-
tion is an environmental foodborne or waterborne 

disease that causes bloody diarrhea. Approximately 
5%–20% of cases are complicated by hemolytic uremic 
syndrome (HUS) (1,2). Shiga toxins (Stx) can cause 
acute microvascular injury, leading to thrombotic 
microangiopathy (TMA), which is characterized by 
hemolytic anemia and thrombocytopenia, and in the 
scenario of HUS, associated with acute kidney injury 
(3). Researchers estimate that the global prevalence of 
STEC infection is ≈43.1 acute illnesses/100,000 per-
son-years, causing ≈3,890 annual cases of STEC-asso-
ciated HUS (4). STEC-associated HUS occurs mostly 
in children; sporadic cases are rare in adults.

Among children, STEC-associated HUS is the 
most frequent form of TMA and the leading cause 
of acute renal failure (3). In France, surveillance for 
STEC-associated HUS in children <15 years of age 
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We	 conducted	a	 retrospective	 study	on	hemolytic	 uremic	
syndrome	 caused	 by	 Shiga	 toxin–producing	 Escherichia 
coli	 (STEC)	 in	96	adults	enrolled	 in	 the	cohort	of	 the	Na-
tional	Reference	Center	for	Thrombotic	Microangiopathies	
network	in	France	during	2009–2017.	Most	infections	were	
caused	by	STEC	strains	not	belonging	to	the	O157	or	O104	
serogroups.	Thirty	(31.3%)	patients	had	multiple	risk	factors	
for	thrombotic	microangiopathy.	In	total,	61	(63.5%)	patients	
required	dialysis,	50	(52.1%)	had	a	serious	neurologic	com-
plication,	34	 (35.4%)	 required	mechanical	ventilation,	and	
19	(19.8%)	died	during	hospitalization.	We	used	multivariate	
analysis	to	determine	that	the	greatest	risk	factors	for	death	
were	underlying	immunodefi	ciency	(hazard	ratio	3.54)	and	
severe	neurologic	events	(hazard	ratio	3.40).	According	to	
multivariate	analysis	and	propensity	score-matching,	eculi-
zumab	treatment	was	not	associated	with	survival.	We	found	
that	underlying	conditions,	especially	immunodefi	ciency,	are	
strongly	associated	with	decreased	survival	 in	adults	who	
have	hemolytic	uremic	syndrome	caused	by	STEC.
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has existed since 1996. This surveillance system com-
prises 32 pediatric healthcare centers, including all 21 
university hospital units specializing in pediatric ne-
phrology. These centers notify public health authori-
ties of cases of STEC-associated HUS. The National 
Reference Center for Escherichia coli, Shigella and Sal-
monella at the Institut Pasteur (NRC-Ec; Paris, France) 
and its associated laboratory at the Robert Debré 
University Hospital (Paris, France) confirm and char-
acterize STEC infections in children and adults. This 
surveillance network estimated the annual incidence 
of HUS in France to be 1.00 case/100,000 child-years, 
causing a ≈1% death rate during 2007–2016 (5).

Despite the much lower incidence of HUS among 
adults than children, most deaths caused by STEC-as-
sociated HUS occur among persons >60 years of age 
(2,6). The French national health authorities do not 
have a dedicated surveillance system for STEC-asso-
ciated HUS in adults. In 2011, a large STEC outbreak 
in Europe sickened 3,816 persons in Germany, caus-
ing 845 cases of HUS and 54 deaths; 24 persons were 
affected in the Bordeaux region of France, including 
9 who had HUS, 8 of whom were adults (7,8). The 
outbreak was linked to an atypical hybrid pathotype 
E. coli O104:H4 strain characterized by enteroaggre-
gative and enterohemorrhagic virulence; the strain 
also produced an extended spectrum β-lactamase. 
Most (88%) patients involved in this outbreak, which 
was associated with consumption of organic fenu-
greek sprouts, were adults, and the median age was 
42 years. Publicity surrounding this outbreak raised 
awareness of STEC-associated HUS in adults. How-
ever, cases of STEC-associated HUS in adults remain 
rare (9,10). Hence, the clinical characteristics of adult 
STEC-associated HUS and the effects of therapeutic 
strategies on outcome remain uncertain. We describe 
the epidemiologic and clinical features of adults with 
STEC-associated HUS, identify predictors of patient 
outcomes, and assess the effectiveness of therapeutic 
interventions in this population.

Methods

Study Design, Settings, and Data Sources
We conducted a retrospective cohort study of STEC-
associated HUS cases in adults registered during 
January 2009–December 2017 in France by the Centre 
National de Référence des Microangiopathies Throm-
botiques (CNR-MAT; https://www.cnr-mat.fr). We 
reviewed all medical files from the CNR-MAT data-
base. This work was part of the TMA study approved 
by our institutional review board (Comité pour la 
protection des personnes Ile-de-France; approval no. 

CPP04807) in accordance with the Declaration of Hel-
sinki and the French Data Protection Authority.

Diagnostic Criteria
The diagnosis of HUS required the coexistence of 
TMA (i.e., thrombocytopenia [platelet levels <150,000 
cells/µL] and microangiopathic hemolytic anemia 
[hemoglobin levels <12 g/dL]) and an acute kidney 
injury (AKI). We included all TMA patients >18 years 
of age in the CNR-MAT cohort who had an AKI and 
a positive PCR result for the Stx genes stx1, stx2, or 
both. We considered patients to have fever if they had 
a temperature of >38°C within 24 hours after admis-
sion.

Microbiological Data
Participating laboratories conducted PCR specific 
for stx1 and stx2 on E. coli strains isolated from stool, 
blood, and urine samples. Laboratory technicians also 
cultured samples from stx-positive stools. To charac-
terize the isolated STEC strains, technicians used an 
O-serogroup multiplex PCR selective for the 10 most 
frequent serogroups affecting humans in France: 
O157, O26, O145, O55, O103, O104, O111, O91, O121, 
and O80 (11). Strains belonging to other serogroups 
were characterized by PCR of the restriction fragment 
length polymorphism of the O operon, rfb (rfb-RFLP) 
(12). In April 2017, NRC-Ec and local laboratories also 
began to characterize strains using whole-genome se-
quencing, when available. If a strain was stx-positive 
but its serogroup was not identified by culture, we 
classified that strain as not isolated.

Variables
Participating laboratories and physicians submit-
ted data on each patient’s medical history, clinical 
and biological features, microbiological findings, 
and treatment at admission and during hospitaliza-
tion (13). We retrospectively calculated each patient’s 
age-weighted Charlson Comorbidity Index (CCI) (14) 
and classified AKI according to the Kidney Disease: 
Improving Global Outcomes (KDIGO) criteria pub-
lished by the International Society of Nephrology 
(15). We investigated ADAMTS13 and complement 
alternative pathway (CAP) activity as previously de-
scribed (16).

Treatments and Outcomes
Treatment consisted mainly of therapeutic plasma 
exchange (TPE) or best supportive care (BSC) accord-
ing to the discretion of the treating physician. The 
C5 complement blocker eculizumab (Soliris; Alex-
ion Pharmaceuticals, Inc., https://alexion.com) also 
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was given at the discretion of the treating physician; 
however, physicians were encouraged to discuss ecu-
lizumab use with a member of the CNR-MAT team. 
The primary outcome of this study was patient sur-
vival at the time of most recent follow-up.

Statistics
We reported qualitative variables as frequencies 
and percentages; we reported quantitative discrete 
and continuous variables as medians and interquar-
tile ranges (IQRs). We estimated survival using the 
Kaplan-Meier method. We used Cox proportional 
hazards regression to identify factors independently 
associated with survival. The proportional hazard as-
sumption was supported by a nonsignificant relation-
ship between scaled Schoenfeld residuals and time 
and refuted by a significant relationship using an al-
pha (α) risk set at 5%. We reported the results using 
hazard ratios (HRs) and 95% CIs, using an α risk set 
at 5% statistical significance. To quantify the effect of 
eculizumab on survival, we calculated and compared 
the propensity scores of patients who did and did 
not use eculizumab (Appendix, https://wwwnc.cdc. 
gov/EID/article/27/7/20-4638-App1.pdf). We used 
R software version 3.6.1 (The R Project for Statistical 
Computing, https://www.r-project.org) for statisti-
cal analysis. For propensity score analysis, we used 
MatchIt package (17).

Results
Of the 4,048 patients in the CNR-MAT cohort, we first 
identified 61 adult STEC-associated HUS patients with 
complete data during January 2009–December 2017. Af-
ter comparing the NRC-Ec and CNR-MAT surveillance 
data, we identified 35 additional patients to be included 
in the study cohort. In total, the study cohort comprised 
96 patients (Appendix Figure 1). This cohort included 
patients from hospitals throughout France, most of 
which were part of the CNR-MAT network (Figure 1, 
panel A). The women-to-men ratio was 1.7 and median 
age was 60.5 years (IQR 47.0–71.0 years) (Figure 1, pan-
el B). Geographic, temporal, and microbiological char-
acteristics of the cases suggested an outbreak among 13 
patients (Figure 1). The cohort also included 8 patients 
affected by the 2011 O104:H4 outbreak in France de-
scribed previously (8). We found a patient in our cohort 
who was infected in a family cluster of STEC-associated 
HUS in 2014, but the strain could not be identified. We 
also found 4 patients (2 in Marne, 1 in Nord, 1 in Paris) 
who tested positive for STEC O91 in summer 2013 but 
did not share a known infection source.

In total, 69 (71.9%) patients had underlying condi-
tions; the median CCI was 2.00 (IQR 1.00–4.25) (Table 

1). Of the 96 patients, 27 (28.1%) had an underlying 
immunodeficiency and 30 (31.3%) had >1 condition 
that might contribute to TMA.

Most (83.3%) patients had diarrhea and nearly 
half (49.0%) had bloody diarrhea; 11 patients had 
severe colitis, including 4 who required emergency 
surgery (Table 2). All patients had renal impairment. 
In 2011, 2 patients with STEC O104:H4 infection had 
proteinuria (i.e., >1 g/L) but not serum creatinine 
elevation; these patients also had microangiopathic 
hemolytic anemia and peripheral thrombocytope-
nia (8). The other 94 patients all had AKI stage 1 
or higher according to KDIGO criteria, of which 61 
(63.5%) required dialysis. Of 12 patients who under-
went kidney biopsy, 11 showed signs of TMA. Most 
(76%) patients had neurologic symptoms, mainly 
confusion (56.3%) and headache (18.8%). Approxi-
mately half (52.1%) of patients had a serious neu-
rologic complication such as seizure, coma, or focal 
deficiency. In addition, 34 (35.4%) patients required 
mechanical ventilation. In total, 42 patients had high 
blood pressure (>150/90 mm Hg) at admission; se-
vere hypertension (>170/110 mm Hg) subsequently 
developed in 11 patients and hypertensive retinopa-
thy developed in 6 patients. Only 2 patients had hy-
potension (<90/60 mm Hg) at admission. In total, 
41 (42.7%) patients had cardiac events; in 26 of 43 
cases with available data, patients had troponin lev-
els above the defined threshold of their respective 
laboratory (Table 2).

CAP measurements during the acute phase of ill-
ness were recorded in 69 patients. Of these patients, 
36 (52.2%) had values within the reference range 
(Table 2). Less than 10% of patients had low levels of 
C3, C4, factor H, or factor I, whereas 26 (38.8%) pa-
tients had low levels of CH50. CD46 levels were low 
in 65.7% (23/35) patients. Two patients had low lev-
els of anti-factor H antibodies (242 and 800 arbitrary 
units) (Table 2). ADAMTS13 activity was detectable 
(>10%) in all 69 patients in whom it was tested. 

Among the 84 cases in which stx type was de-
tected, stx1–/stx2+ was the most common genotype 
(85.7%). The stx1+/stx2– genotype was significantly 
associated with increased CCI and immunodeficiency 
(Appendix Table 1). As expected, the most common 
STEC isolation site was stool (93.8%), whereas only 
10 patients had STEC-positive urine or blood sam-
ples. Seven (7.3%) patients had STEC-positive urine 
samples, including 5 who had a urologic infection 
without associated colitis. Four patients had STEC-
positive blood samples, including 1 patient for whom 
STEC was identified in blood samples only. In total, 5 
patients had a multisite infection. 
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Most (60; 62.5%) had a serogroup typable by the 
NRC-Ec; 7 (7.3%) patients had an untypable sero-
group. The most common serogroups were O91 (12; 
17.9%) and O157 (10; 14.9%) (Table 2). The STEC iso-
lates from urine samples belonged to the O104, O91, 
O106, O126, O174, and O148 serogroups; isolates 
from blood samples belonged to the O80, O103, and 
O128 serogroups (Appendix Table 2).

In total, 19 (19.8%) patients died during hos-
pitalization (Figure 2, panel A; Appendix Table 3). 
Patients died 3–152 days after admission and had a 
median follow-up period of 112 days (IQR 49–238). 
After follow-up, 1 patient had HELLP (hemolysis, 
elevated liver enzymes, low platelets) syndrome; the 
patient was STEC-negative at the time of the episode. 
None of the surviving patients had a further episode 
of TMA during follow-up.

Patients were treated mainly with BSC, TPE, or 
eculizumab; 3 patients also received immunoadsorp-
tion treatment (Appendix Table 4). Of the 61 patients 
who required dialysis, 17 (25.4%) died. At the end of 
the follow-up period, 6 (9.8%) patients still required 
dialysis, including 4 who had a follow-up period of 
>90 days. Patients who received dialysis were treated 
for a median duration of 13.5 days (IQR 8–28 days); 38 
patients no longer required dialysis at the end of the 
follow-up period. After a median follow-up period of 
34 days (IQR 23–75 days), the median serum creatinine 
value was 92 µmol/L (IQR 74–124 µmol/L). Of the 
50 patients with a severe neurologic complication, 14 
(28.0%) died. Of the 25 surviving patients with avail-
able data, 8 (32.0%) patients had neurologic sequelae, 
including persistent sensorimotor deficit (7, 28.0%), 
epilepsy (2, 8.0%), and cognitive impairment (2, 8.0%).

Figure 1. Distribution of adults with Shiga toxin–associated hemolytic uremic syndrome, France, 2009–2017. A) Geographic distribution 
of cases and thrombotic microangiopathy reference centers. The Centre National de Référence des Microangiopathies Thrombotiques 
is a national network comprising 1 coordination center, 5 constitutive centers, and 21 competence centers. B) Age and sex distribution of 
cases. C) Bimonthly distribution of cases according to serogroup. Of patients with minor serogroups, 4 had strains belonging to O106, 3 
to O128, 3 to O174, 2 to O113, 1 to O100, 1 to O126, 1 to O148, 1 to O177, 1 to O78, 1 to O84, and 7 to an O serogroup not typable at 
the time of identification. ND, not determined.
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In total, 26 (27.1%) patients were treated with 
macrolides, including 3 who received the treatment 
to prevent infectious meningoencephalitis associated 
with eculizumab. Fifty-seven (59.4%) patients received 
β-lactam antimicrobial drugs, aminoglycosides, or qui-
nolones; 22 (22.9%) patients received metronidazole.

After unadjusted analysis, we found that age 
(HR 1.04, 95% CI 1.01–1.07; p = 0.01), CCI (HR 1.15, 
95% CI 1.03–1.28; p = 0.02) (Figure 2, panel B), under-
lying immunodeficiency (HR 4.36, 95% CI 1.72–11.07; 

p<0.01), and associated digestive disease (HR  4.07, 
95% CI 1.63–10.14; p<0.01) were significantly associ-
ated with death of all causes (Table 3). We also found 
that severe neurologic events (HR 2.90, 95% CI 1.04–
8.06; p = 0.04), mechanical ventilation (HR 2.71, 95% 
CI 1.09–6.74; p = 0.03), and dialysis (HR 5.57, 95% CI 
1.29–24.16; p = 0.02) were predictive of death. High 
troponin levels and stx types were not associated 
with survival (Table 3). Most patients who died had 
STEC strains belonging to non-O104 and non-O157 

 
Table 1. Characteristics	of	adults	with	Shiga	toxin–associated	hemolytic	uremic	syndrome,	France,	2009–2017* 
Characteristic Value 
Median	age,	y	(IQR) 60.5	(47.00–71.00) 
Sex  
 M 35	(36.5) 
 F 61	(63.5) 
Median	age-weighted	Charlson Comorbidity	Index	(IQR) 2.00	(1.00–4.25) 
Tobacco	use	within	previous	3	y 12	(12.5) 
>1	underlying	condition 69	(71.9) 
 Cardiovascular	disease 48	(50.0) 
 Arterial	hypertension 38	(39.6) 
 Diabetes	mellitus 12	(12.5) 
 Venous	thromboembolic	disease 11	(11.5) 
 Heart disease† 20	(20.8) 
 CKD‡ 15	(15.6) 
  History	of	kidney	transplant 5	(5.2) 
  Stage	2	CKD 4	(4.2) 
  Stage	3	CKD 8	(8.3) 
  Stage	4	CKD 3	(3.1) 
 Digestive	disorder§ 29	(30.2) 
 Gastrointestinal	disorder 18	(18.8) 
 Biliopancreatic	disorder	 9	(9.4) 
 Hepatic	disorder 4	(4.2) 
 Autoimmune	or	inflammatory	disease¶ 11	(11.5) 
 Immunodeficiency 27	(28.1) 
 History	of	bone	marrow	or	solid	organ	transplant# 8	(8.3) 
 Hematologic	disease** 8	(8.3) 
 Active cancer†† 8	(8.3) 
 HIV‡‡ 3	(3.1) 
 Primary	immunodeficiency§§ 2	(2.1) 
 Neuropsychiatric	disorder¶¶ 18	(18.8) 
Treatment  
 Immunosuppressive	treatment 12	(12.5) 
 Corticosteroids 11	(11.5) 
 Calcineurin	inhibitors 7	(7.3) 
 Azathioprine	or	mycophenolate	mofetil 7	(7.3) 
*Values	are	no.	(%)	patients	except	as	indicated.	CKD,	chronic	kidney	disease;	IQR,	interquartile	range. 
†8 patients had hypertensive	disease,	4	had	ischemic	disease,	4	had	hypertensive	and	ischemic	disease,	2	had	valvular	cardiopathy,	1	had	pulmonary	
hypertension,	and	1	had	unspecified	heart	disease. 
‡According to Kidney	Disease	Improving	Global	Outcomes	guidelines	(15). 
§8	patients	had	gastric,	small	bowel,	or	colonic	resection;	2	had	history	of	bariatric	surgery;	3	had	chronic	diarrhea	from	diverticulosis;	1	had	graft-versus-
host	disease;	1	had	colonic	endometriosis;	1	had	microscopic	colitis;	1	had	AA	amyloidosis;	1	had	neurovegetative	disorder	(1 each);	3	had	recurrent	
pyogenic	cholangitis;	1	had	sclerosing	cholangitis;	2	had	a	double	kidney-pancreas	transplantation;	3	had	chronic	pancreatitis;	2	had	cirrhosis;	1	had	
history	of	liver	transplant;	and	1	had	autoimmune	hepatitis. 
¶2	patients	had	mixed	connective	tissue	disease,	1	had	systemic	sclerosis,	1	had	sclerosing	cholangitis,	1	had	microscopic	polyangiitis,	3	had	type	1	
diabetes,	1	had	multiple	sclerosis,	and	2	had	psoriasis. 
#3	patients	had	a	history	of	kidney,	2	of	double	kidney–pancreas,	2	of	bone	marrow,	and	1	of	liver	transplant. 
**1 patient had acute myeloid leukemia, 1 had chronic lymphocytic leukemia, 1 had Hodgkin’s lymphoma,	1	had	clonal	B-cell	lymphocytosis,	1	had	
monoclonal gammopathy of undetermined significance, 1 had Waldenström’s disease, 1 had myeloproliferative disorder,	and	1	had	myelodysplastic	
syndrome. 
††3 patients had breast cancer, 1 had metastatic lung cancer, 1 had a gastrointestinal stromal cell tumor, 1 had bladder cancer,	1	had	cervical	cancer,	
and	1	had	gastric	cancer. 
‡‡3 patients had AIDS, including 2 patients	who	received	HIV	diagnoses	during	treatment. 
§§2	patients	had	hypogammaglobulinemia,	including	1	patient	who	had	ICF1	syndrome	caused	by	a	DNMT3b	germinal	mutation. 
¶¶5 patients had stroke sequelae, 3 had Parkinson’s disease, 1 had multiple sclerosis, 4	had	cognitive	impairment	(including	1	patient	who	had	Korsakoff	
syndrome	and	1	who	had	vascular	dementia),	1	had	epilepsy,	1	had	chronic	polyradiculoneuropathy,	and	5	had	major	depressive	or	bipolar	disorder. 

 



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021	 1881

 Shiga Toxin–Associated Hemolytic Syndrome, France

serogroups (Figure 2, panel C; Appendix Table 3). We 
found that overall survival was comparable among 
patients treated by different combinations of BSC, 

TPE, and eculizumab (p = 0.43 by log-rank test) (Ta-
ble 3; Figure 2, panel D). The use of macrolides was 
not associated with survival (p = 0.77).

Figure 2. Kaplan-Meier survival plots of adults with Shiga toxin–associated hemolytic uremic syndrome, France, 2009–2017. A) Overall. 
B) By age-weighted Charlson comorbidity index. C) By STEC serogroup. D) By treatment. Plots show time from admission to death. p 
values determined using log-rank test. BSC, best standard of care; CCI, age-weighted Charlson comorbidity index; ECZ, eculizumab; 
TPE, therapeutic plasma exchange.
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Multivariate analysis showed that underlying 
immunodeficiency (HR  3.54, 95% CI 1.24–10.14; p = 
0.02) and severe neurologic events (HR  3.40, 95% CI 
1.05–11.04; p = 0.04) were negatively associated with 
survival (Table 3). After adjustment of determinants 
retained for the multivariate analysis, we found that 
eculizumab was not associated with survival (HR 0.77, 
95% 0.25–2.33; p = 0.64). Propensity score-matching 
also indicated that eculizumab was not associated with 
survival (p = 0.34) (Appendix Table 5, Figure 2).

Discussion
We found that 20% of adults who had STEC-associ-
ated HUS died during hospitalization, in agreement 
with previous findings (9,10); however, <1% of chil-
dren who had STEC-associated HUS died in France 
during the same years, 2007–2016 (5). In addition, 
adults had cerebral involvement 3 times more fre-
quently than children (2); 52.1% of adult patients had 
severe neurologic manifestations, similar to the obser-
vations of Karpac et al. (10). Renal recovery was slow 
and inconsistent; 4 patients still required dialysis 90 
days after hospitalization (9). One third of patients re-
quired mechanical ventilation. These findings empha-
size that, in adults, STEC-associated HUS is a severe 
systemic disease that can cause multiple organ fail-
ure. However, inclusion in the CNR-MAT registry re-
lied on voluntary physician reporting; thus, this case 
series is not exhaustive and might disproportionately 
reflect the most severe cases. As previously observed 
for children (18), most cases in this cohort were spo-
radic and, for unclear reasons, in women. In regard to 
age distribution, STEC-associated HUS has a U curve 
from birth to old age (6,9,10,19). During the study 
period, 1,095 STEC-associated HUS cases in children 
were reported to Santé Publique France through the 
country’s pediatric surveillance network (5). By com-
parison, this disease appears to be much rarer among 
adults, although underreporting is probable.

Our findings on underlying conditions and deaths 
by age group resemble those of the FoodNet registry 
of elderly adults with STEC-associated HUS (9). The 
risk for death from STEC-associated HUS increases for 
persons age >40 years, suggesting that young and mid-
dle-aged adults have similar clinical courses to those 
observed in children. We found a strong association 
between underlying conditions and decreased sur-
vival, especially for patients with immunodeficiency 
(9,20–23). The prevalence of antibodies against Stx de-
creases for persons >40 years of age (24), which might 
account for the more severe forms of STEC-associated 
HUS in elderly persons. The expression of glomerular 
globotriaosylceramide (Gb3), the main receptor of Stx, 

was thought to decrease with age; however, research-
ers now believe that expression levels remain stable 
throughout a person’s lifetime (25). Renal and neuro-
logic signs similar to those caused by HUS develop 
in immunocompromised mice after STEC inoculation 
or Stx exposure, whereas wild-type mice are natu-
rally resistant to this disease (26,27). Together, these 
findings highlight the role of the immune system in 
preventing STEC-associated HUS. Immunodeficiency 
probably contributes to disease severity.

The 2011 outbreak in Europe illustrated that mi-
crobiological characteristics play a key role in STEC-
associated HUS (7). The distribution of serotypes 
among adults in our study was slightly different than 
in a study on pediatric HUS in France in the same 
timeframe (5). Non-O157 strains were more prevalent 
in the pediatric series (5) and in ours, whereas O157 
and O26 were more commonly observed among chil-
dren than adults (23% among children vs. 15% among 
adults for O157; 11% among children vs. 6% among 
adults for O26) (5). A similar overall distribution was 
observed among children and adults with STEC in-
fection in Norway (23% for O157, 10% for O26) (28). 
By contrast, serogroups O91 and O104 have been 
mainly found among adults (29,30). The data might 
have been skewed by the 2011 outbreak caused by a 
strain belonging to the O104 serogroup; this outbreak 
caused infections in younger persons who had fewer 
underlying conditions, which could account for the 
better outcomes of those patients. Other serogroups, 
especially O80, O26, and O91, are emerging and might 
be associated with increased pathogenicity (2,18). 
STEC O91 was also the most common serogroup 
among adults with STEC infections in Germany (30), 
which raises the question of increased pathogenicity 
in adults and in persons >40 years of age.

In agreement with previous reports of STEC-as-
sociated HUS in adults (29,31), we found that stx1+/
stx2– strains were more prevalent among adults 
(14.3%) than had been previously documented among 
children (2.0%) (5). One possible explanation for this 
distribution might be that in some patients, HUS was 
concurrent with but unrelated to infection or coloni-
zation by stx1+/stx2– STEC; however, this scenario is 
unlikely because STEC-positive patients had typical 
features of HUS in an infectious context. We cannot 
exclude the possibility that the stx2 gene could have 
been lost in human hosts during infection or ex vivo 
during subculture, as already described for STEC O26 
(32). In this series, all stx1+/stx2– strains belonged to 
non-O157 serogroups. These findings are similar to 
those of Käppeli et al. (29), who found that 15.8% of 
cases of non-O157 STEC–associated HUS were caused 
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by stx1+/stx2– strains, which could suggest that dif-
ferent serogroups might pose different risks for HUS 
associated with particular stx genotypes. Last, most 
(83%) patients with stx1+/stx2– genotypes had under-
lying immunodeficiency; one explanation could be 
that immunodeficient patients are more susceptible 
to Stx1. The alleles stx1 and stx2c have been associ-
ated with a lower risk for severe STEC infection and 
HUS (28). However, stx1a is associated with higher 
risk for severe STEC infection (33). We did not have 
data on stx subtypes in our study.

We observed CAP abnormalities similar to those 
previously reported in a cohort of 113 cases of STEC-
associated HUS in children (16). We found that 65.7% 
of patients had low CD46 and 38.8% had low CH50 
levels. However, a decrease in the concentration of 
complement factors, the interpretation of which re-
mains equivocal, might be attributable to kidney dam-
age and STEC-associated HUS (16). The presence of an 
inflammatory syndrome further complicates the in-
terpretation of these data. In contrast to atypical HUS, 
pediatric STEC-associated HUS has not been linked to 
a constitutional or acquired dysregulation of the CAP. 
Screening for variants in complement genes is not usu-
ally conducted among children with STEC-associated 
HUS. Similarly, it seems unlikely that STEC infection 
reveals underlying CAP abnormalities in many adults.

We found that 7% of patients had STEC-positive 
urine samples, an underrecognized finding docu-
mented by Lavrek et al. (34). Although urine samples 
might be easily contaminated, especially in patients 
who have diarrhea, these findings encourage system-
atic STEC-specific PCR screening and culture con-
firmation of stool or other biological samples (in the 
event of extraintestinal E. coli infection) from adult 
TMA patients (2,34).

Because the effectiveness of specific treatments 
remains unclear, BSC is the cornerstone of STEC-as-
sociated HUS treatment (2,35,36). Univariate analysis 
indicated that TPE was not associated with overall 
survival improvement, although other studies have 
concluded differently (37–39). However, considering 
the substantial overlap between the signs and symp-
toms of STEC-associated HUS in adults and TMA of 
other etiologies, some researchers believe that plasma 
therapy should be given until TTP or atypical HUS 
are ruled out (13,40). Whether TPE should be con-
tinued after the determination of stx status remains 
unclear. As previously reported, we did not find a 
clear survival benefit from eculizumab (38,41). How-
ever, the small sample size and the strong differences 
between patients who did and did not receive eculi-
zumab treatment preclude definitive conclusions.

The benefits of antimicrobial drugs in treating 
STEC-associated HUS are unclear (42,43). Previous 
studies suggest that the use of antimicrobial drugs dur-
ing early stages of STEC infection is associated with 
the development of HUS. However, the effects of an-
timicrobial drugs administered after HUS diagnosis 
remain unknown (42). A retrospective study reported 
that azithromycin administered during STEC infection 
might reduce the duration of STEC carriage (43). We 
found that use of macrolides was not associated with 
survival. This observation might have been confounded 
by possible unreported administration of antimicrobial 
drugs before hospitalization, treatment for unstandard-
ized indications at the discretion of the practitioner, or 
other variables. We also found that the prescription of 
multiple antimicrobial drugs was a common practice, 
especially in cases of severe infection.

In conclusion, STEC-associated HUS is rarer 
among adults than among children but causes more 
severe disease and death. Underlying conditions, es-
pecially immunodeficiency, are strongly associated 
with decreased survival. The severity of the disease, 
a probably underestimated prevalence, and the risk 
for outbreaks of emerging STEC-associated HUS pro-
vide strong arguments for active epidemiologic and 
microbiological surveillance of this disease.
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In North America, eastern equine encephalitis virus 
(EEEV) causes disease in equids, domestic birds, 

and humans (1,2). The virus is maintained in an enzo-
otic cycle between passerine avian amplifi cation hosts 
and Culiseta melanura mosquitoes as the principal 
mosquito vectors (3). EEEV infections in humans and 
equids result from spillover from the enzootic trans-
mission cycle or by the bites of bridge vectors that can 
become infected during epizootics. In humans and 
equids, viremia does not develop at suffi cient levels 
to infect additional mosquito vectors; however, the 
disease can be severe because of the neurotropic na-
ture of the virus (4).

In the New England region, cases of eastern equine 
encephalitis (EEE) resulting from EEEV infection in 

humans are seasonal and are typically reported dur-
ing July–October (5); in Florida, EEEV transmission 
persists all year (6). The fi rst case of EEE in a human 
was identifi ed in Massachusetts in 1938 after an epizo-
otic among horses (2). Before 2019, the last major EEE 
epidemic occurred in New Jersey in 1959; a total of 32 
cases in humans were reported (7). During 2003–2018, 
an average of 8 (range 4–21) EEE cases/year in humans 
were reported to the Centers for Disease Control and 
Prevention (CDC) (8). Although reports of EEE in hu-
mans are rare and the proportion of inapparent infec-
tions is high (7), the case-fatality rate for patients with 
reported cases of neuroinvasive EEE is estimated to be 
30% (9) and the rate of long-term sequalae in survivors 
is high, making EEEV infections a substantial public 
health concern. In 2019, an unprecedented epidemic of 
EEE across the eastern and upper midwestern United 
States resulted in 38 confi rmed cases in humans, most 
in Massachusetts and Michigan (8).

EEEV is highly genetically conserved; a single 
major lineage has been circulating since 1933 (10). 
Phylogenetic studies have shown substantial genetic 
diversity among isolates of Madariaga virus, the vi-
rus most closely related to EEEV (11). A recent study 
demonstrated more EEEV genetic diversity among 
strains in Florida, most likely resulting from year-
round transmission and more geographic mixing of 
EEEV than what is seen in northern states (12). 

We investigated the molecular epidemiology of 
EEEV sequences from 1 patient infected with EEEV in 
Alabama, an area with historically limited genetic in-
formation about EEEV. In addition, we evaluated in-
trahost virus diversity of EEEV in the patient and re-
port genetic diversity of virus in the blood compared 
with the central nervous system (CNS). All methods 
followed manufacturer’s recommended protocols un-
less otherwise noted.
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Eastern	 equine	 encephalitis	 virus	 (EEEV)	 is	 an	 arbovi-
rus	 in	the	family	Togaviridae, genus Alphavirus,	 found	in	
North	America	and	associated	with	freshwater/hardwood	
swamps	in	the	Atlantic,	Gulf	Coast,	and	Great	Lakes	re-
gions.	EEEV	disease	in	humans	is	rare	but	causes	sub-
stantial	 illness	 and	 death.	 To	 investigate	 the	 molecular	
epidemiology	 and	 microevolution	 of	 EEEV	 from	 a	 fatal	
case	in	Alabama,	USA,	in	2019,	we	used	next-generation	
sequencing	of	serum	and	cerebrospinal	fl	uid	(CSF).	Phy-
logenetic	inference	indicated	that	the	infecting	strain	may	
be	 closely	 related	 to	 isolates	 from	Florida	 detected	 dur-
ing	2010–2014,	suggesting	potential	seeding	from	Florida.	
EEEV	 detected	 in	 serum	 displayed	 a	 higher	 degree	 of	
variability	 with	more	 single-nucleotide	 variants	 than	 that	
detected	in	the	CSF.	These	data	refi	ne	our	knowledge	of	
EEEV	molecular	epidemiologic	dynamics	in	the	Gulf	Coast	
region	and	demonstrate	potential	quasispecies	bottleneck-
ing	within	the	central	nervous	system	of	a	human	host.
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Methods

The Patient
The patient was a woman in her 60s who had lym-
phoma, for which she was receiving rituximab. She 
was active and working outdoors until September 
2019, when she experienced lethargy and malaise. 
Approximately 1 week after symptom onset, she was 
found at home unresponsive and was transferred 
to the hospital. Her evaluation at the hospital indi-
cated suspected viral encephalitis, but test results for 
numerous viral and bacterial etiologies, including 
testing of cerebrospinal fluid (CSF) by BioFire panel 
(BioFire Diagnostics, LLC, https://www.biofiredx.
com), were negative; CNS lymphoma also was ruled 
out. The patient received broad-spectrum antimicro-
bial drugs and intravenous immunoglobulin, but her 
condition did not improve. She lapsed into a coma 
and never regained consciousness. Life support was 
discontinued, and she died 43 days after initial ill-
ness onset.

Samples
We extracted RNA from 140 µL of serum and CSF 
from the patient by using the QIAamp Viral RNA 
Mini Kit (QIAGEN, https://www.qiagen.com). We 
performed real-time reverse transcription PCR (RT-
PCR) to detect viral RNA from the endemic encepha-
litic arboviruses, West Nile virus (WNV), and EEEV. 
We performed EEEV real-time RT-PCR as previously 
described (13) by using 10 µL of RNA and a Quanti-
Tect Probe RT-PCR Kit (QIAGEN).

Library Preparation and Sequencing
We generated complementary DNA by using the 
Ovation RNA-Seq System V2 (NuGen, https://
www.nugen.com). For whole-genome sequencing, 
we used the Ion Torrent Personal Genomic Ma-
chine system. We prepared libraries by using the 
Ion Plus Fragment Library Kit barcoded with the 
Ion Xpress Barcoding Kit and quantified by using 
the Ion Library TaqMan Quantitation Kit (all by 
Thermo Fisher Scientific, https://www.thermo-
fisher.com). We prepared sequencing templates 
by using the Hi-Q View OT2 kit with the Ion One 
Touch 2 system (both by Thermo Fisher Scientific) 
and completed sequencing by using a Hi-Q View 
Sequencing Kit (Thermo Fisher Scientific). We load-
ed templated ion sphere libraries onto 318 Chips V2 
and sequenced them by using the Ion Torrent PGM 
system (both by Thermo Fisher Scientific). We de-
posited virus sequences from this study into Gen-
Bank (accession nos. MT782294 and MT782295).

Whole-Genome Analysis
We loaded Fastq files (quality phred Q>20) into the CLC 
genomic workbench version 12 (QIAGEN) and assem-
bled genomes by using de novo assembly. We identified 
viral contigs by using BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) and completed alignments by using 
the de novo assembled consensus sequences (GenBank 
accession nos. MT782294 and MT782295) and Bowtie2 
version 2.3.4.1 (https://github.com/BenLangmead/
bowtie2) with paired-end, sensitive local parameters. 
We removed PCR duplicates with MarkDuplicates 
(Picard Tools; Broad Institute, https://broadinstitute.
github.io/picard). We calculated mutational frequency 
by using custom R scripts over possible nucleotide vari-
ables (A, U, C, G, –) according to the method described 
by Matsushita et al. (14) and called variants by using de-
fault settings of the software LoFreq (v2.0) requiring 2% 
frequency with a minimum of 100 reads (15).

We inferred phylogenies by using MEGA v7 (16). 
We downloaded reference EEEV complete genomes 
from GenBank (December 4, 2019) and codon aligned 
complete coding sequences by using ClustalW (16). 
We completed phylogenetic inference by using a 
maximum-likelihood algorithm with 1,000 boot-
strap replicates and the general time-reversible 
model with gamma distributed rate variation and 
invariable sites, as determined by the model fit 
test in MEGA (https://www.megasoftware.net). 
We used Bayesian inference with BEAST (https://
beast.community) and a Markov chain Monte Carlo 
approach of 100 million generations to confirm the 
maximum-likelihood tree topologies.

Results

Encephalitic Arboviruses in Clinical Samples
Serum and CSF specimens collected on day 24 of the 
patient’s illness were sent to the CDC Arboviral Diag-
nostic and Reference Laboratory (Division of Vector-
Borne Diseases, National Center for Emerging and 
Zoonotic Infectious Diseases, Fort Collins, CO, USA), 
for further evaluation of potential arboviral etiolo-
gies. Serum was negative for IgM against La Crosse 
virus, Jamestown Canyon virus, Powassan virus, and 
EEEV; neutralizing antibodies against EEEV were not 
detected. Test results for WNV and Saint Louis en-
cephalitis virus IgM performed at another laboratory 
were reportedly negative. CSF was negative for IgM 
against Powassan virus and EEEV. Because the pa-
tient was receiving rituximab therapy, which can sup-
press antibody production, real-time RT-PCR testing 
was performed and found to be negative for WNV 
RNA; however, EEEV RNA was detected in serum 

Variation of Eastern Equine Encephalitis Virus 
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and CSF. Quantification cycle (Cq) values were 27.9 
(serum) and 20.5 (CSF).

Genomic and Phylogenetic Analyses
Complete genome sequences of EEEV were obtained 
from each specimen: serum (520× coverage) and CSF 
(2,689× coverage). The EEEV consensus sequence 
from the serum shared 99.79% nt identity with EEEV 
sequences from Florida isolated in 2010 (GenBank ac-
cession no. KU840313) and 2014 (GenBank accession 
no KU840338). The EEEV consensus sequence from the 
CSF shared 99.81% nt identity with these same reference 
sequences. Maximum-likelihood phylogenetic analysis 
supported these findings and placed the derived se-
quences from the serum and CSF in a well-supported 
clade with EEEV isolated from northern Florida in 2013 
and 2014 (Figure 1). These data suggest that the virus 
sequences obtained in this study are similar to EEEV 
circulating in the southeastern United States since 2010.

Intrahost Variability of EEEV in Serum and CSF
Intrahost variability was measured by detecting single-
nucleotide variants (SNVs) in each specimen (Table). 
We detected 19 SNVs in the serum: 11 in the nonstruc-
tural genes, 7 in the structural genes, and 1 in the 3′ un-
translated region (UTR). Of the 19 SNVs identified in the 
serum, 4 were synonymous. In contrast, 12 SNVs were 
identified in the CSF: 3 in the nonstructural genes, 5 in 
the structural genes, and 4 in the 3′ UTR. Of the 12 SNVs 
in the CSF, 1 was synonymous. When comparing the se-
rum and CSF, we identified 4 SNVs in both specimens: 1 
synonymous SNV at position 1322 in nonstructural pro-
tein 1 (NSP1), 2 nonsynonymous SNVs at positions 4443 
in NSP3 and 9200 in envelope protein 2 (E2), and 1 SNV 
in the 3′ UTR at position 11312.

Three consensus nucleotides found in the serum 
were not found in the CSF; however, the correspond-
ing minor SNV populations at positions 775 (NSP1), 
5291 (NSP3), and 8728 (E2) in the serum were detect-
ed in the CSF with 100% frequency. These consensus 
level viral populations in the serum resulted in 1 syn-
onymous nucleotide substitution at nt 5921 in NSP3 
and 2 nonsynonymous changes at 775 in NSP1-I251T 
and 8728 in E2-L62S compared with sequences from 
the CSF and reference EEEV isolates (Figure 2, panels 
A, B). These data suggest intrahost variability on mi-
nor viral populations as well as intrahost variability 
at the consensus level between the specimen sources.

Discussion
EEEV causes a severe meningoencephalitis in equids, 
domestic birds, and humans. In 2019, the number of 
reported cases in humans increased substantially; 38 

cases were confirmed, in contrast with the annual av-
erage of 8. We confirmed EEEV infection in an im-
munocompromised person; deep sequencing of the 
viral RNA directly from the patient’s serum and CSF 
showed genetic relatedness to recent EEEV isolates in 

Figure 1. Maximum-likelihood phylogeny of eastern equine 
encephalitis virus from a woman in Alabama, USA, 2019 (solid 
circles), and reference sequences, based on complete coding 
region sequences. Nucleotide coding sequences of the full genome 
of eastern equine encephalitis viruses isolated during 1951–2019 
were codon aligned and phylogenies inferred with general time 
reversible plus gamma plus proportion of invariable sites. Taxa 
are labeled with year of isolation, host, US state of isolation, and 
GenBank accession number. Branches are labeled with bootstrap 
support values as a percentage of 1,000 replicates. Branches 
with <50% bootstrap support are collapsed; only branches with 
>60% support are labeled. Branch lengths are drawn to scale and 
measured in the number of substitutions per site. 
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northern Florida and uniquely demonstrated EEEV 
intrahost variability in a human.

Very few sequences of EEEV isolates from Alabama 
have been described. The sequences from our study 
cluster within the FL4 (12,17) monophyletic clade with 
EEEV isolates from northern Florida collected during 
2010–2014. These data support findings of a previous 
study that evaluated partial coding sequences of 3 iso-
lates from mosquitoes in Alabama that suggest EEEV 
gene flow between Alabama and Florida (18). Of note, 
the EEEV sequences derived in our study did not phylo-
genetically associate with those from similar geographic 
areas in the Florida panhandle, which have been shown 
to have a unique spatial structure (17). This finding sug-
gests a potentially complex ecologic association unre-
lated to geographic proximity. Future surveillance of 
EEEV in the region will help clarify whether similar FL4 
clade strains continue to circulate or become extinct, as 
has often been observed in northern states (12).

Advances in sequencing have improved our 
knowledge of intrahost virus variation, or quasispe-
cies, in several arboviruses, including WNV (19,20), 
dengue viruses (21), Venezuelan equine encephalitis 
virus (22,23), and Ross River virus (24); however, few 
studies have evaluated intrahost genetic variation for 
EEEV (25). Sequencing reads from the serum sample 

exhibited more viral variation, and sequencing reads 
from the CSF specimen identified fewer SNVs, espe-
cially in coding regions. Our data suggest that EEEV 
might face a genetic bottleneck between the blood and 
central nervous system because the genetic variability 
in the CSF was more limited. The reduction in genetic 
variability in the CNS could potentially result from a 
genetic bottleneck and subsequent founder effect be-
cause of transmission across the blood–brain barrier as 
has been observed with poliovirus (26). Alternatively, 
the genetic variability could be indicative of continued 
selection for viruses capable of replication in neuronal 
cells, possibly resulting in neurovirulence (27).

In addition to intrahost quasispecies diversity, 
we also observed variation in the consensus sequenc-
es derived from each specimen. The consensus se-
quence derived from serum had 2 nonsynonymous 
nucleotide changes compared with that of the CSF. 
One amino acid change, NSP1-I251T, is located in an 
amphipathic peptide that has been shown to play a 
role in the membrane association of NSP1 (28), pos-
sible cell-to-cell transmission, and pathogenicity of 
alphaviruses (29,30). The second change, E2-L62S, is 
within the A domain in the wing region (31). This do-
main has been implicated in neutralization epitopes 
for several alphaviruses (32–35) and has also been 

 
Table. Comparison	of	intrahost	variability	of	eastern	equine	encephalitis	virus	variants	in	serum	and	cerebrospinal	fluid from	a	woman	
in Alabama,	USA,	2019* 
Reference	
position† 

Serum	
consensus/SNV 

Serum	SNV	
frequency,	% 

CSF	
consensus/SNV 

CSF	SNV	
frequency,	% Protein 

Serum SNV	amino 
acid	substitution 

CSF SNV	aa 
substitution 

646 T/C 4.42 T/– 
 

NSP1 I208T 
 

775 C/T 14.40 T/– 
 

NSP1 T251I 
 

778 T/A 9.13 T/– 
 

NSP1 L252Q 
 

1322 T/C 12.18 T/C 6.52 NSP1 P433 P433 
1326 A/C 5.46 A/– 

 
NSP1 T435P 

 

2719 T/– 
 

T/C 3.23 NSP2 
 

L366P 
2866 G/A 5.59 G/– 

 
NSP2 R415H 

 

2871 G/C 6.74 G/– 
 

NSP2 E417Q 
 

4443 T/C 7.75 T/C 7.34 NSP3 W147R W147R 
4445 G/A 14.05 G/– 

 
NSP3 W147‡ 

 

5291 T/C 4.21 C/– 
 

NSP3 A429 
 

5546 G/– 
 

G/A 4.87 Capsid 
 

T514 
7768 C/– 

 
A/C 6.71 Capsid 

 
A66V 

7774 G/– 
 

G/A 6.21 Capsid 
 

R68H 
8662 C/T 41.71 C/– 

 
E2 A40V 

 

8728 C/T 6.38 T/– 
 

E2 S62L 
 

8827 A/G 4.17 A/– 
 

E2 H95R 
 

9195 A/G 4.29 A/– 
 

E2 T218A 
 

9200 T/A 6.37 T/A 3.05 E2 D219E D219E 
9356 T/C 4.49 T/– 

 
E2 P271 

 

10603 C/– 
 

C/A 3.81 E1 
 

T210N 
11091 A/G 2.72 A/– 

 
E1 S373G 

 

11303 A/– 
 

T/C 4.82 3′ UTR 
  

11312 C/A 15.18 C/A 12.14 3′ UTR 
  

11450 T/– 
 

T/C 6.90 3′ UTR 
  

11456 C/– 
 

A/G 36.61 3′ UTR 
  

*Underlining	indicates	consensus	nucleotide	changes	present	in	the	serum	compared	with	CSF	sample.	CSF,	cerebrospinal	fluid;	NSP,	nonstructural	
protein;	SNV,	single-nucleotide	variants;	UTR,	untranslated	region.	Blank	cells	indicate	not	applicable	in	respective	specimens. 
†Reference	genome	position	based	on	isolate	with	GenBank	accession	no.	KX029239. 
‡Stop	codon. 
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demonstrated to be involved with heparin sulfate re-
ceptor binding in neuronal cells (36,37).

When evaluating both intrahost virus variants 
and consensus-level majority variation, we found 
decreased variation in the CNS is not altogether un-
expected because of potential bottlenecks and selec-
tion. It is noteworthy that consensus level amino acid 
changes observed in the serum are not reflected in 
the CNS. Stochastic generation of virus variants and 
lack of immune selection cannot explain fixation of 2 
nonsynonymous amino acid changes in the periph-
eral compartment. It is possible that this scenario fits 
the quasispecies model of cooperative interaction in 

the virus population as described for poliovirus (38). 
Applying our observations to the quasispecies model 
(39) leads to the suggestion that the virus diversity in 
the periphery could contribute to systematic spread 
by maintaining the viral subpopulations that might 
facilitate CNS invasion and replication in this unique 
compartment. Although this study and observation 
are limited by a single description of EEEV in human 
serum, future surveillance and sequencing will add to 
our knowledge of EEEV disease and virus diversity.

The virus sequences generated in this study were 
derived from serum and CSF specimens from an immu-
nocompromised person with no detectable serologic 

Figure 2. Amino acid sequence alignments depicting variation in the eastern equine encephalitis virus from a woman in Alabama, 
USA, 2019, compared with reference viruses. Open reading frames from 46 eastern equine encephalitis virus complete genomes were 
translated and aligned with ClustalW (16). Amino acid alignments show variants in the 2019 sequence in the nonstructural protein I251T 
(A) and structural E2 protein L62S (B). Green shading indicates changes unique to the virus sequence obtained from serum compared 
with cerebrospinal fluid. Reference viruses are labeled with year of isolation, host, state of isolation, and GenBank accession number.
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antibody response to EEEV, probably because of 
rituximab therapy for lymphoma. Patients receiving 
B cell–depleting monoclonal antibody therapy may 
be predisposed to severe neuroinvasive disease and 
death after arbovirus infection. Cases have been as-
sociated with prolonged RNA detection in serum and 
CSF or brain tissue and lack of serologic response 
(40,41). This unique circumstance enabled us to se-
quence EEEV directly from the serum and CSF with-
out amplification and report the complete EEEV se-
quence derived from human serum. The patient’s Cq 
values of EEEV in serum were low, and viral genome 
diversity was broad. Although the relative Cq values 
observed in this study are similar to those found in 
Cs. melanura mosquitoes with high EEEV titers (42), 
they are below virus titers that have been observed 
in experimentally infected birds (43). It is unknown if 
the viral load in immunocompromised persons could 
lead to subsequent acquisition and transmission of the 
virus by a mosquito, but we can speculate that these 
persons could be hosts for mosquitoborne viruses, 
given higher viral loads and more prolonged viremias 
than those observed in dead-end hosts (44–46). 
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Acute rheumatic fever (ARF) is a rare infl am-
matory condition triggered in response to un-

treated group A Streptococcus infection. ARF rates 
peak among children 5–14 years of age (1). ARF may 
permanently damage cardiac valves, producing 

chronic rheumatic heart disease (RHD), a serious, 
sometimes fatal, condition that may require surgery 
(2). Approximately half the children who experience 
an initial episode of ARF sustain cardiac damage, 
which persists as RHD for ≈15%–50% (3). Repeated 
ARF attacks (recurrent ARF) can produce new, and 
worsen existing, cardiac damage. If long-term pro-
phylaxis (intramuscular injections of benzathine 
penicillin G [BPG]) is not administered regularly, 
≈50% of ARF patients will experience recurrent ARF 
(4). Secondary prophylaxis is complicated by access 
to healthcare, cultural appropriateness of care deliv-
ery, injection-related discomfort, and health literacy. 
RHD can also develop without any previously rec-
ognized ARF (6,7). The World Health Organization 
recommends establishing patient registers to as-
sist with best-practice patient management in areas 
where ARF persists. New Zealand lacks a national 
ARF register, despite a signifi cant disease burden (5). 

In most high-income countries, ARF is rare; rates 
declined sharply from the 1960s. This decline is large-
ly attributed to improved socioeconomic and living 
conditions that reduce group A Streptococcus infec-
tions and to increased use of antimicrobial drugs to 
treat infections before ARF onset (1,8–10). Pacifi c Is-
landers make up 7% of the New Zealand population; 
migration between New Zealand and other Pacifi c Is-
land countries occurs regularly (11). ARF rates for in-
digenous Australian, New Zealand Māori, and Pacifi c 
Islander populations are among the highest in the 
world (12,13). In New Zealand, deaths from ARF are 
uncommon, but RHD causes ≈140 deaths and ≈600 
hospitalizations annually; Māori and Pacifi c Islander 
persons are overrepresented (14). 

In New Zealand, the National Health Index 
number (NHI), a unique identifi er, can identify and 
link a person’s information across health datasets. 
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We investigated outcomes for patients born after 1983 
and hospitalized with initial acute rheumatic fever 
(ARF) in New Zealand during 1989–2012. We linked 
ARF progression outcome data (recurrent hospitaliza-
tion for ARF, hospitalization for rheumatic heart dis-
ease [RHD], and death from circulatory causes) for 
1989–2015. Retrospective analysis identifi ed initial 
RHD patients <40 years of age who were hospitalized 
during 2010–2015 and previously hospitalized for ARF. 
Most (86.4%) of the 2,182 initial ARF patients did not 
experience disease progression by the end of 2015. 
Progression probability after 26.8 years of theoretical 
follow-up was 24.0%; probability of death, 1.0%. Pro-
gression was more rapid and ≈2 times more likely for 
indigenous Māori or Pacifi c Islander patients. Of 435 
initial RHD patients, 82.2% had not been previously 
hospitalized for ARF. This young cohort demonstrated 
low mortality rates but considerable illness, espe-
cially among underserved populations. A national pa-
tient register could help monitor, prevent, and reduce 
ARF progression.
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However, information regarding the extent to which 
ARF patients experience poor health outcomes is lim-
ited (18). Patient register data (which includes echo-
cardiographic records) from Northern Territory, Aus-
tralia, show that RHD developed within 10 years of 
a new ARF diagnosis for 61% of indigenous patients 
(19). In New Zealand, ARF is legally notifiable; how-
ever, considerable historic undernotification impairs 
the usefulness of surveillance data. Thus, epidemio-
logic analyses often rely on hospital admission data 
in the national minimum dataset (NMDS), which 
contains data on all publicly funded hospitalizations. 
The NDMS is affected by misdiagnosis and miscod-
ing and is estimated to be 80% sensitive for detecting 
true ARF patients (20). NMDS specificity for identify-
ing RHD is also an issue. Historically, patients who 
have valve disease without known cause were as-
signed International Classification of Diseases (ICD) 
codes for RHD (21). Analyses of ICD codes for RHD 
can thus overestimate true cases, particularly in high-
income countries, where as few as 32% of patients 
assigned RHD codes have genuine probable/pos-
sible RHD (22). The ARF diagnosis can be complex 
and easy for clinicians to miss (2). Mild-to-moderate 
RHD may not necessitate hospital admission, and 
outpatient records are not compiled on a national 
level. Although it is recommended that persons with 
initial or recurrent ARF are hospitalized for optimal 
management (2), adult patients with minimal or no 
symptoms are often reluctant to be admitted. These 
issues make evaluating ARF prevention and control 
activities challenging (5).

The prognosis for patients with subclinical RHD 
is unclear. These patients may not experience clinical-
ly apparent ARF but rather experience cardiac chang-
es consistent with RHD, detectable using echocar-
diography only. Without prophylaxis, some patients 
may experience further cardiac damage, eventually 
resulting in clinically evident RHD. Therefore, echo-
cardiographic screening of high-risk children to iden-
tify subclinical RHD cases and provide prophylactic 
treatment/monitoring may be needed to effectively 
reduce the RHD burden (23,24).

Given the absence of a national patient register 
from which to monitor New Zealand ARF patient 
outcomes, our first aim was to quantify the propor-
tion of patients with initial ARF who progressed to 
hospitalization with recurrent ARF or RHD or died 
from circulatory causes (circulatory death) and to in-
vestigate their risk for disease progression according 
to selected demographic and clinical characteristics. 
Our second aim was to determine the proportion of 
patients with initial RHD who were hospitalized with 

previous ARF. Ethics approval was provided by the 
University of Otago Human Ethics Committee (HD 
17/452), including a waiver of consent to use deiden-
tified health data.

Methods

Aim 1: Determining Progression of Initial ARF to  
Recurrent ARF, RHD Hospitalization, and Early Death
In New Zealand, NMDS data with universal use of 
the NHI are available from 1988 on (25).; we extracted 
hospital admission data for 1989–2015. We extract-
ed mortality data for 1989–2015 from the national 
Mortality Collection, which classifies the underly-
ing cause of death for all registered deaths (26). We 
excluded from analysis non–New Zealand residents 
and all hospital transfers. 

RHD Dataset
We extracted NMDS data for patients hospitalized with 
RHD for the first time during 1989–2015 (Figure 1, Ini-
tial RHD). These patients had not previously received 
a diagnosis of RHD or a concurrent diagnosis of ARF.

Initial ARF Dataset
We extracted NMDS data for patients who were hos-
pitalized and assigned a principal diagnosis of ARF 
during 1989–2012 (Figure 1, Initial ARF). To maxi-
mize data accuracy and completeness, we excluded 
patients born before January 1, 1984. Included pa-
tients would therefore have been <5 years of age at 
the start of the study period. Because ARF is very 
rare in children <4 years of age, all ARF hospitaliza-
tions would be captured in this cohort (27,28). To in-
crease the average follow-up time, we excluded pa-
tients hospitalized for initial ARF after December 31, 
2012. Consequently, the oldest possible participant 
age by the end of the follow-up period (December 
31, 2015) was 31 years and the youngest possible age 
was 3 years.

We excluded persons who had concurrent RHD 
and initial ARF (Figure 2, panel A). Concurrent cases 
were identified when an encrypted NHI correspond-
ing to an initial ARF hospitalization was matched to 
the RHD dataset and both hospitalizations occurred 
within 180 days of each other. The 180-day cutoff 
point was selected by using clinical advice from a pe-
diatric cardiologist experienced in treating ARF and 
RHD. A data subset of initial ARF patients was creat-
ed, as was a data subset of concurrent cases. Patients 
were considered to have had carditis if ICD codes 101, 
102, 1020, 391, 392, or 3920 were listed with their ini-
tial ARF hospitalization.
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Recurrent ARF Dataset
The encrypted NHI identified all repeated hospi-
talizations occurring within 180 days of each other 
for which ARF was the principal diagnosis during 
1989–2015 (Figure 1, Recurrent ARF). A data subset 
for patients with recurrent ARF was created (Figure 
2, panel A).

RHD Progression Dataset
We used the encrypted NHI to match persons in the 
initial ARF dataset with the RHD dataset (Figure 1, 
Progression to Initial RHD). We created a data subset 
of patients with initial ARF that progressed to hospi-
talization for RHD (Figure 2, panel A).

ARF Mortality Datasets
We used the encrypted NHI to match the initial ARF 
dataset with the Mortality Collection. When a match 
was made, we extracted the date and cause of death. 
We identified initial ARF patients who died before 

January 1, 2016. We noted when the primary cause of 
death was attributed to diseases of the circulatory sys-
tem (Figure 1, Circulatory Death; codes 390–459 from 
ICD 9th Revision, 100–199 ICD 10th Revision). We 
created a data subset of initial ARF patients who died 
from circulatory causes (Figure 2, panel A).

Any Progression Dataset
We combined data subsets of patients with initial 
ARF who progressed to hospitalization with recur-
rent ARF or RHD, to circulatory death, or both (Fig-
ure 1, Progression [Any]). The resulting dataset iden-
tified initial ARF patients who experienced disease 
progression before January 1, 2016. We tabulated key 
demographic and clinical characteristics of patients 
who did and did not progress.

Aim 2: Determining Proportion of RHD Patients  
with Previous ARF
Initial RHD patients were identified in NMDS data 
when an ICD code corresponding to RHD (Figure 1, 
Initial RHD) was applied for the first time as a prin-
cipal diagnosis during January 1, 2010–December 31, 
2015. To maximize chances of detecting the first hos-
pitalization with ARF/RHD as a primary diagnosis, 
we excluded RHD patients >39 years of age. We ap-
plied inclusion and exclusion criteria when identify-
ing initial RHD patients who had and had not been 
hospitalized with previous ARF (Figure 2, panel B).

We used the 180-day separation to distinguish 
ARF progression from patients who concurrently had 
ARF and RHD (aim 1) and from patients with mul-
tiple ARF hospitalizations for their first ARF episode 
(aim 2). When observing ARF progression, patients 
with ICD code(s) corresponding to initial RHD as 
principal diagnosis <180 days from their initial ARF 
hospitalization were classified as having concurrent 
ARF and RHD (aim 1). When RHD preceded ARF, 
patients with diagnostic code(s) corresponding to 
ARF applied as principal diagnosis <180 days of their 
initial RHD hospitalization were classified as having 
concurrent ARF and RHD (aim 2).

Statistical Analyses
We used R software version 3.1.0 throughout our anal-
ysis (29). Demographic data analyzed included patient 
age at hospitalization, New Zealand resident status, 
sex, prioritized ethnicity, and 2006/2013 New Zealand 
Deprivation Index (NZDep06/NZDep13), all of which 
were encoded by the NHI. Prioritized ethnicity identi-
fies persons belonging to multiple ethnic groups and 
reallocates a single ethnic group by using a prioritized 
order of Māori, Pacific Islander, Asian, and other (30). 

Figure 1. Definitions of terms used in study of ethnically disparate 
disease progression and outcomes among acute rheumatic fever 
patients in New Zealand, 1989–2015.



RESEARCH

1896	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021

The NZDep06/NZDep13 classification system mea-
sures socioeconomic deprivation in small geographic 
areas by using census data (31). Quintile 1 represents 
persons living in the least deprived neighborhoods; 
quintile 5, the most deprived neighborhoods.

To investigate whether reported proportions dif-
fered significantly between groups, we used the χ2 
test. We used the Mann-Whitney U test to compare 
differences in progression time from initial ARF hos-
pitalization to RHD progression (aim 1) and time from 
preceding ARF to initial RHD hospitalization (aim 
2). We used Kaplan-Meier modeling to estimate the 
probability of disease progression over a theoretical 
9,791-day (i.e., 26.8-year) follow-up period by extrapo-
lating observed progression rates. This period was the 
maximum time that any person in the dataset was ob-
served. Outcomes were investigated individually and 
together as the “any progression” group. Observations 
were right censored at the end of the study period.

Generalized linear models calculated odds ra-
tios (ORs) and 95% CIs of progression outcomes by 
selected characteristics. Cox-proportional hazard ra-
tios (HRs) and 95% CIs described whether initial ARF 
patients with certain characteristics tended to experi-
ence disease progression sooner than others. We con-
sidered p<0.05 to be significant.

Results

Aim 1: Study Population
During 1989–2012, a total of 4,623 ARF patients were 
hospitalized with ARF for the first time; 2,182 met 
the inclusion criteria (Figure 2, panel A). The median 
follow-up time for this cohort was 10.4 years (range 
3.0–26.8 years, interquartile range [IRQ] 6.4–15.3 
years). Most initial ARF patients were 5–14 years of 
age (83.3%), male (57.9%), and of Māori (54.4%) or 
Pacific Islander (36.4%) ethnicity. Most (66.9%) were 
from NZDep06 quintile 5 (the most deprived neigh-
borhoods). Just over half (51.9%) had carditis (Table 1).

Of the initial ARF patients hospitalized for RHD, 
42% (125/298) had RHD concurrently and were ex-
cluded (aim 1). Similarly, of the initial RHD patients 
who experienced ARF, 46% (65/142) had concurrent 
ARF (aim 2) and were excluded. The time distribu-
tion to progression supports use of the 180-day cutoff 
(Appendix Figure 1, panels A, B, (https://wwwnc.
cdc.gov/EID/article/27/7/20-3045-App1.pdf).

Aim 1A: Risk for Progression from Initial ARF to Recurrent 
ARF or RHD Hospitalization and Early Death
A total of 297 (13.6%) of the 2,182 patients with ini-
tial ARF experienced disease progression before 

January 1, 2016. Of these, 142 (6.5%) were hospital-
ized with recurrent ARF and 173 (7.9%) with RHD; 
24 were hospitalized for both. Fifteen initial ARF 
patients died, 8 from circulatory causes (Figure 2, 
panel A).

The median time from initial ARF to recurrent 
ARF hospitalization was 3.2 years (IQR 1.9–8.4 years) 
and to RHD hospitalization was 4.0 years (IQR 1.9–
8.4 years). The median time to circulatory death was 
10.4 years (IQR 3.3–12.8 years).

Figure 2. Progression of ARF and RHD among acute rheumatic 
fever patients in New Zealand, 1989–2015. A) Identification of 
patients with initial ARF and disease progression. B) Identification 
of patients with initial RHD and previous ARF. ARF, acute 
rheumatic fever; RHD, rheumatic heart disease.
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The overall probability of experiencing disease 
progression (to hospitalization with recurrent ARF/
RHD or to circulatory death) within a theoretical 
9,791 days from the initial ARF hospitalization was 
24.0%. When progression outcomes were considered 
individually, the probability of recurrent ARF hospi-
talization was 23.5%, as was the probability of being 
hospitalized for RHD. The risk for death was low: 
1.0% (Figure 3).

Aim 1B: Risk Factors for Progression from Initial ARF 
Risk for disease progression was higher for Māori 
(OR 1.68, 95% CI 1.10–2.67) and Pacific Islander (OR 
2.12, 95% CI 1.37–3.39) patients than for persons of 
European or other ethnicities. Progression occurred 
sooner for Māori (HR 1.89, 95% CI 1.24–2.88) and 
Pacific Islander (HR 2.35, 95% CI 1.54–3.60) patients. 
Disease progression was twice as likely for patients 
with carditis (OR 2.00, 95% CI 1.57–2.54) than without 
carditis, and progression occurred sooner (HR 1.94, 
95% CI 1.55–2.43). We noted no significant differences 
in risk for disease progression by sex, age, or NZDep 
06 quintile (Table 2). No factors in Table 2 were found 
to be significant predictors of recurrent ARF.

Risk for disease progression to RHD hospitaliza-
tion was higher for Māori (OR 2.09, 95% CI 1.09–4.52) 
and Pacific Islander (OR 3.64, 95% CI 1.91–7.86) pa-
tients than for patients of European or other ethnici-

ties and occurred sooner (HR 2.54, 95% CI 1.27–5.10 
for Māori; HR 2.53, 95% CI 1.27–5.05 for Pacific Is-
landers). Initial ARF patients with carditis were more 
likely to experience RHD (OR 5.19, 95% CI 3.52–7.89) 
than those without carditis. Patients with initial ARF 
whose condition progressed to recurrent ARF were 
more likely to experience progression to hospitaliza-
tion for RHD than patients who did not experience re-
current ARF (OR 3.10, 95% CI 2.07-4.55). Small patient 
numbers meant that no factors predicted circulatory 
death, with the exception of carditis (OR 6.52, 95% CI 
1.16–122.00; Appendix Table 2).

Aim 2: Proportion of Initial RHD Patients  
with Preceding ARF
A total of 3,836 patients were hospitalized with RHD 
during 2010–2015; of these, 435 patients with initial 
RHD met the inclusion criteria (Figure 2, panel B), 102 
of whom were also included in the initial ARF data-
set for aim 1. Most patients were female (229, 52.6%), 
Pacific Islander (207, 47.6%), or Māori (176, 40.5%) 
and were from the most deprived neighborhoods 
(271 [62.3%] NZDep13 quintile 5). Previous hospi-
talization for ARF (i.e., >180 days before initial RHD 
hospitalization) was detected for 77 patients (17.8%; 
Figure 2, panel B). Of the 335 initial RHD patients <30 
years of age, 19.4% had been previously hospitalized 
for ARF.

 
Table 1. Key	demographic	and	clinical	characteristics	of	initial	ARF	patients	born	after December 31, 1983, and	hospitalized	during	
1989–2012,	New	Zealand,	outcomes	through December	31, 2015* 

Patient	
characteristics 

All	initial	ARF	
patients,	no. 

No.	(%)	patients 
Did	not	

experience	ARF	
progression 

Experienced	
ARF	

progression 
Recurrent	ARF	
hospitalization 

RHD	
hospitalization 

Died	from	
any	cause 

Died	from	
circulatory	
causes 

Total 2,182 1,885	(86.4) 297	(13.6) 142	(6.5) 173	(7.9) 15	(0.7) 8	(0.4) 
Age	group,	y	        
 0–4 77 70	(90.9) 7	(9.1) 4	(5.2) 4	(5.2) 1	(1.3) 0 
 5–9 798 694	(87.0) 104	(13.0) 56	(7.0) 55	(6.9) 2	(0.3) 2	(0.3) 
 10–14 1,019 871	(85.5) 148	(14.5) 63	(6.2) 95	(9.3) 1	(0.1) 0 
 15–19 201 174	(86.6) 27	(13.4) 14	(7.0) 13	(6.5) 6	(3.0) 1	(0.5) 
 20–29 87 76	(87.4) 11	(12.6) 5	(5.7) 6	(6.9) 5	(5.7) 5	(5.7) 
Sex        
 M 1,264 1,123	(88.8) 141	(11.2) 72	(5.7) 78	(6.2) 10	(0.8) 5	(0.4) 
 F 918 762(83.0 156	(17.0) 70	(7.6) 95	(10.3) 5	(0.5) 3	(0.3) 
Ethnicity	(prioritized)       
 Māori  1,189 1,025	(86.2) 164	(13.8) 80	(6.7) 97	(8.2) 8	(0.7) 4	(0.3) 
 Pacific	Islander 795 681	(85.7) 114	(14.3 50	(6.3) 68	(8.6) 6	(0.8) 4	(0.5 
 European/other 198 179	(90.4) 19	(9.6) 12	6.1) 8	(4.0) 1	(0.5) 0 
NZDep06	quintile        
 1 68 59	(86.8) 9	(13.2) 5	(7.4) 9	(13.2) 0 0 
 2 102 88	(86.3) 14	(13.7) 6	(5.9) 5	(4.9) 0 0 
 3 187 155	(82.9) 32	(17.1) 11	(5.9) 12	(6.4) 2	(1.1) 2	(1.1) 
 4 353 315	(89.2) 38	(10.8) 19	(5.4) 22	(6.2) 3	(0.8) 1	(0.3) 
 5 14,60 1,259	(86.2) 201	(13.8) 99	(6.8) 124	(8.5) 10	(0.7) 5	(0.3) 
 Unknown 12 9	(75.0) 3	(25.0) 2	(16.7) 1	(8.3) 0 0 
Carditis        
 No 1,050 951	(90.6) 99	(9.4) 59	(5.6) 48	(4.6) 5	(0.5) 1	(0.1) 
 Yes 1,132 934	(82.5) 198	(17.5) 83	(7.3) 125	(11.0) 10	(0.9) 7	(0.6) 
*ARF,	acute	rheumatic	fever;	NZDep06	index,	2006	New	Zealand	Deprivation	Index;	RHD,	rheumatic	heart	disease. 
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Of the Māori patients, 21.6% were previously 
hospitalized for ARF, as were 18.4% of Pacific Island-
er patients. A significantly lower proportion (1.9%) of 
patients of European and other ethnicities were pre-
viously hospitalized for ARF (p<2.2 × 10–16). A lower 
proportion of female patients (11.4%) were previously 
hospitalized for ARF than were male patients (24.8%; 
p = 2.565 × 10–6). Of the patients from NZDep quintile 
5, a total of 19.9% were previously hospitalized for 
ARF, as were 15.4% of patients from other quintiles 
(p = 0.048; Appendix Table 1). There was no differ-
ence in overall time of progression from initial ARF to 
RHD hospitalization compared with time from initial 
RHD going back to preceding ARF hospitalization 
(p>0.05; Appendix Figure 1).

Discussion
This study demonstrates concerning ethnic inequities 
in ARF progression. By the end of the study period, 
14% of initial ARF patients (with no concurrent RHD) 
had experienced progression to recurrent ARF, RHD, 
or circulatory death. However, ARF progression was 
approximately twice as likely for Māori and Pacific 
Islander patients and occurred approximately twice 
more rapidly. It is concerning that of 435 initial RHD 
patients <40 years of age, <1 in 5 were hospitalized 
with preceding ARF, severely limiting opportunities 
for secondary prevention. Ethnic inequities in ARF 
progression add to extreme ethnic inequities in the 
burden of ARF (27,28). Possible reasons for increased 
illness among Māori and Pacific Islander patients in-
clude the inequitable distribution of the underlying de-
terminants of health, such as access to health services, 
nutrition, and a healthy home environment (32,33). 
Genetic and immunologic factors may also contribute 
(33–36). Similar findings have been reported for indig-
enous patients in Australia (18).

That 14% of the initial ARF cohort experienced 
progression suggests failures in secondary prophy-
laxis to which Māori and Pacific Islander patients may 
experience barriers. We support creating a national 
patient register by drawing on data from regional 
registers. The goal would be to improve secondary 
prophylaxis uptake by coordinating treatment for pa-
tients who are frequently mobile. There is widespread 
support for a national register among stakeholders, 
which could be expanded to monitor patients’ RHD 
status and health outcomes (5,37). Previous attempts 
to set up a national register have failed because of 
privacy concerns. A perceived lack of political will to 
implement such a register has been noted (38,39).

Disease progression for New Zealand ARF pa-
tients overall seems to be considerably less than that 

reported for indigenous patients in Australia (19). 
This difference probably reflects multiple factors, in-
cluding difficulty delivering consistent medical treat-
ment in remote areas and use of echocardiography 
outreach clinics in Australia (which may detect RHD 
sooner than when signs/symptoms otherwise come 
to medical attention) (15,19,40). Our findings may be 
specific to New Zealand. 

Although we did not identify differences in ARF 
progression by sex, these differences have been re-
ported elsewhere (19,41). Our finding that 12% of 
female patients with initial RHD were previously 
hospitalized with ARF, compared with 25% of male 
patients, may suggest that clinical manifestations and 
outcomes for female patients warrant investigation.

More than 80% of young initial RHD patients had 
not been previously hospitalized for ARF, which indi-
cates that many ARF patients do not come to clinical 
attention and miss prophylactic treatment. Increasing 
public and clinician awareness of ARF, echocardio-
graphic screening for high-risk children, and new di-
agnostic tools may improve case identification (24,42). 
If a clear prognostic benefit is demonstrated from echo-
cardiography screening programs, this finding may 
strongly support the use of targeted screening among 
high-risk New Zealand children. It is unlikely that 
RHD detected through echocardiography screening 

Figure 3. Probability of disease progression to recurrent ARF, 
hospitalization for rheumatic heart disease, or circulatory death 
after hospitalization for initial ARF >9,791 days among acute 
rheumatic fever patients in New Zealand, 1989–2015. ARF, acute 
rheumatic fever.
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studies would have affected this analysis because they 
would receive outpatient assessment (43).

The reliance on hospital data is a major limitation 
of, and justification for, this study. In New Zealand, 
gaps in data completeness for ARF/RHD are clos-
ing; however, the study period is affected (44). Some 
patients may have been inappropriately included or 
missed from this analysis, or progression outcomes 
may be misclassified. This study markedly underes-
timates the proportion of ARF patients whose condi-
tion will ultimately progress because of limited fol-
low-up time; furthermore, hospitalization data do not 
capture outpatients (2). Although a prospective study 
design would enable a more nuanced analysis of ARF 
progression, severe outcomes may take many years 
to develop (16). Repeat analyses of this study cohort 
will provide a more complete assessment of progres-
sion risk. Migration of RHD patients into New Zea-
land may account for some occurrences where no 
preceding ARF hospitalization was identified (45). 
The high (94%) proportion of children <10 years of 
age with initial RHD and no preceding/concurrent 
ARF hospitalization may result from miscoding (with 
ARF incorrectly coded as RHD; Appendix Table 1). 
Use of the >180-day window was supported when 
examining time intervals to progression (Appendix) 
and by the small number of studies reporting on ARF 
progression (46,47). A quality systematic patient au-
dit would be valuable for assessing the validity of 
diagnostic coding. It would also be useful to audit a 

sample of initial RHD patients not previously hospi-
talized for ARF to see if diagnostic opportunities had 
been missed. 

A key study strength is use of the encrypted NHI 
to identify persons within and between datasets, 
which permits inclusion of an entire national cohort. 
Hospitalization is the standard of care for all patients 
with suspected initial ARF in New Zealand (2). Am-
bulatory care data and prophylaxis data were not 
available (2). Published data on BPG adherence are 
inconsistently available. A regional study of 77 ARF 
patients identified 51% as fully adherent to BPG pro-
phylaxis (48). An audit from Auckland (where ≈50% 
of patients reside) indicated that ≈96% of ARF pa-
tients were fully adherent in the 2 largest regions, but 
adherence fell from 93% in 1998 to 86% in 2000 in the 
smaller (Waitemata) region (49). The extent to which 
progression rates were affected by ARF patients’ 
adherence to secondary prophylaxis in this analysis  
is unknown.

In summary, our study better defines ARF disease 
progression in New Zealand. After their initial ARF 
hospitalization, 14% of patients were hospitalized with 
recurrent ARF or RHD or died; that proportion will 
probably increase over time. Māori and Pacific Island-
er patients face an increased risk for ARF progression. 
Four fifths of initial RHD patients had no preceding 
ARF hospitalization recorded, thus limiting opportu-
nities for prophylaxis. The need to enhance clinical care 
delivery for underserved groups is strongly indicated. 

 
Table 2. Factors	influencing	the	likelihood	of	disease	progression	to recurrent	ARF, hospitalization for	RHD,	or circulatory	death	after 
hospitalization	for	initial	ARF,	New	Zealand,	1989–2015* 

Factor 
Patient	progression	from	initial	ARF 

Cox-proportional	model,	HR	(95%	CI) Generalized	linear	model,	OR	(95%	CI) 
Age	group,	y   
 <5 0.59	(0.24–1.4) 1.17	(0.45–3.01) 
 5–9 0.88	(0.46–1.7) 1.43	(0.75–3.01) 
 10–14 1.02	(0.54–1.9) 1.54	(0.82–3.23) 
 15–19 1.02	(0.50–2.1) 1.30	(0.62–2.92) 
 20–29 Referent Referent 
Sex   
 F 1.01	(0.81–1.25) 1.02	(0.80–1.28) 
 M Referent Referent 
Ethnicity   
 Māori 1.89 (1.24–2.88) 1.68 (1.10–2.67) 
 Pacific	Islander 2.35 (1.54–3.60) 2.12 (1.37–3.39) 
 European/other Referent Referent 
NZDep06	quintile    
 1 Referent Referent 
 2 0.56	(0.25–1.23) 0.47	(0.19–1.09) 
 3 0.88	(0.47–1.66) 0.77	(0.39–1.58) 
 4 0.70	(0.38–1.27) 0.61	(0.32–1.21) 
 5 0.88	(0.51–1.50) 0.76	(0.42–1.43) 
ARF	diagnostic	code	denoting	carditis   
 Yes 1.94 (1.55–2.43) 2.00 (1.57–2.54) 
 No Referent Referent 
*Boldface	indicates	statistical	significance.	ARF, acute	rheumatic	fever;	HR,	hazard	ratio;	NZDep06	index,	2006	New	Zealand	Deprivation	Index;	OR,	
odds	ratio;	RHD,	rheumatic	heart	disease. 
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A national patient register may improve prophylaxis 
uptake, clinical service coordination, and sector perfor-
mance monitoring. Further research into echocardiog-
raphy screening is needed. Our results show a clear 
need to address the major modifiable determinants of 
health and equity; ARF and RHD represent indicators 
of progress that should be closely monitored.
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Malaria remains a serious global health concern, 
causing ≈405,000 deaths annually, mainly in 

young children in Africa (1). Although substantial 
progress has been made over the past decade to reduce 
the global burden of malaria, several factors threaten 
these gains, including the emergence and spread of an-
timalarial drug resistance (1). Artemisinin-based com-
bination therapies (ACTs) are the fi rst-line treatment 
for uncomplicated malaria caused by Plasmodium falci-
parum parasites, as recommended by the World Health 
Organization (WHO) (2). Unfortunately, resistance 
to ACTs (i.e., delayed parasite clearance and clinical 
treatment failures) has emerged in the Greater Mekong 
Subregion of Southeast Asia, posing a considerable 
risk to malaria control in the region (3). Even though 
clinical resistance to ACTs has not been reported in Af-
rica (1), the threat of its emergence remains.
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The	 spread	 of	 drug	 resistance	 to	 antimalarial	 treat-
ments	 poses	a	 serious	public	 health	 risk	 globally.	To	
combat	this	risk,	molecular	surveillance	of	drug	resis-
tance	is	imperative.	We	report	the	prevalence	of	muta-
tions	in	the	Plasmodium falciparum kelch 13	propeller	
domain	associated	with	partial	artemisinin	resistance,	
which	 we	 determined	 by	 using	 Sanger	 sequencing	
samples	from	patients	enrolled	in	therapeutic	effi		cacy	
studies	 from	 9	 sub-Saharan	 countries	 during	 2014–
2018.	Of	 the	 2,865	 samples	 successfully	 sequenced	
before	 treatment	 (day	 of	 enrollment)	 and	 on	 the	 day	
of	 treatment	 failure,	 29	 (1.0%)	 samples	 contained	
11	 unique	 nonsynonymous	mutations	 and	 83	 (2.9%)	
samples	contained	27	unique	synonymous	mutations.	
Two	samples	from	Kenya	contained	the	S522C	muta-
tion,	which	has	been	associated	with	delayed	parasite	
clearance;	 however,	 no	 samples	 contained	 validated	
or	candidate	artemisinin-resistance	mutations.

1These	authors	contributed	equally	to	this	article.
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As part of antimalarial therapeutic efficacy activi-
ties, WHO recommends molecular surveillance of the 
P. falciparum kelch 13 gene (Pfk13) (with focus on the 
propeller domain region), a molecular marker associ-
ated with delayed clearance of parasitemia after ther-
apy with artemisinin monotherapy or an ACT (3–7). 
Because specific single-nucleotide polymorphisms 
(SNPs) within the propeller domain region of Pfk13 
continue to be discovered, WHO continues to update 
a list of these SNPs on the basis of association with 
delayed parasite clearance and reduced in vitro drug 
susceptibility (Table 1). Nine SNPs are currently con-
sidered validated by WHO to have delayed parasite 
clearance and in vitro data demonstrating partial re-
sistance to artemisinin (3). WHO categorized 11 SNPs 
as candidate mutations, correlated with delayed par-
asite clearance but not validated with in vitro data (3). 
An additional 11 SNPs are listed by WHO as associ-
ated with delayed parasite clearance but without sta-
tistical significance because of limited data (3).

WHO recommends that malaria-endemic coun-
tries perform therapeutic efficacy studies (TESs) every 
2 years to evaluate antimalarial treatments currently 
used in a particular region (8). Surveillance for molec-
ular markers associated with antimalarial resistance is 
a recommended part of a TES to detect the presence 
of mutations associated with resistance (8). As part of 
the US President’s Malaria Initiative, the Centers for 
Disease Control and Prevention (CDC) and the US 
Agency for International Development provide sup-
port to countries in Africa to perform TESs, including 
molecular characterization of antimalarial-resistance 
markers, through the PMI-supported Antimalarial Re-
sistance Monitoring in Africa (PARMA) network (9). 
Established in 2015, this endeavor involves laboratory 
trainees in Africa who bring TES samples from their 
home country to the CDC (Atlanta, Georgia, USA) to 
receive advanced laboratory training and perform mo-
lecular testing for antimalarial-resistance mutations 
(9). In this article, we report Pfk13 mutation data gen-
erated from samples analyzed and collected from TESs 
conducted in 9 countries in Africa during 2014–2018.

Methods

Samples, Ethics Statement, and TES Protocols
Before initiation, all work described in this article was 
approved by the respective institutional ethics review 
committee in each country and the Office of the As-
sociate Director of Science of CDC’s Center for Global 
Health and assigned the following tracking numbers: 
2014–233a and 2014–233b (Angola), 2017–141 (Benin), 
2018–035 (DRC), 2016–046 (Guinea), 6696.0 (Kenya), 
6029.0 (Malawi), 2016–012a (Mali), 2015–073a (Tan-
zania), and 2016–200 (Zambia). Dried blood spots 
were collected from TESs conducted in 9 countries 
in Africa (Angola, Benin, the Democratic Republic 
of the Congo [DRC], Guinea, Kenya, Malawi, Mali, 
Tanzania, and Zambia; Table 2) during 2014–2018. 
The samples included those obtained pretreatment 
(at day of enrollment) and at day of treatment fail-
ure. Day of treatment failure samples came from pa-
tients experiencing a recrudescence or new infection 
during the follow-up period of (usually ending at 28 
or 42 days) after administration of an ACT. TES and 
antimalarial molecular marker results for some of the 
data analyzed have been previously published for 
Angola (10–12), Kenya (13), and Tanzania (14). Re-
sults might differ slightly from previously published 
works because those works might not have reported 
results from all samples, might not have reported 
mutations in mixed infections, or might not have re-
ported synonymous mutation results. Our study was 
a reanalysis of all available sequences using the same 
sequence data analysis quality filters, cut-offs, and 
quality scores for all countries.

Sequencing of Pfk13 Propeller Domain Region
We extracted DNA from dried blood spots us-
ing the QIAamp Blood DNA Kit (QIAGEN,  
https://www.qiagen.com) according to the manu-
facturer’s instructions. We amplified the propeller 
domain region from codon positions 389–649 by 
PCR and Sanger sequenced according to methods 
previously described (15).

 
Table 1. Mutations	in	the	Pfk13 gene	and	WHO	classification related	to	Plasmodium falciparum artemisinin	resistance* 
Validated	Pfk13 mutations Candidate	Pfk13 mutations Non–statistically	significant	associated	Pfk13 mutations 
F446I P441L D452E 
N458Y G449A C469Y 
M476I C469F K479I 
Y493H A481V R515K 
R539T P527H S522C 
I543T N537I N537D 
P553L G538V R575K 
R561H V568G M579I 
C580Y P574L,	F673I,	A675V D584V,	P667T,	H719N 
*Adapted	from	an August	2018	WHO status report on artemisinin	resistance	and	artemisinin-based	combination	therapy	efficacy	(3).	Pfk13, P. falciparum 
kelch 13; WHO,	World	Health	Organization. 
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Data Analysis
We analyzed sequence data by using Geneious 
Prime (Biomatters, https://www.geneious.com). 
We trimmed and quality filtered forward and re-
verse sequence reads for each sample (error probabil-
ity limit 0.05, maximum low-quality bases 30) from 
the 3′ and 5′ ends to remove low-quality bases. We 
aligned trimmed sequences to the Pfk13 National 
Center for Biotechnology Information gene reference 
no. PF3D7_1343700 (https://www.ncbi.nlm.nih.
gov/gene/814205) and assessed for SNPs. We only 
considered SNPs if they had a Phred quality score of 
>30 and were present in both forward and reverse 
strands. Mixed infections were detected by using the 
heterozygous caller plug-in tool in Geneious with a 
threshold of >30%. A second analyst confirmed all 
SNP and heterozygous calls by manual technical re-
view. We submitted all Pfk13 sequences with SNPs 
reported in this study to GenBank (accession nos. 
MN072940–3042). We used R software version 4.0.1 
(R Foundation for Statistical Computing, https://
www.r-project.org) to generate a map showing the 
distribution of mutations in the 9 countries (Figure).

Results
We attempted Pfk13 sequencing on 3,248 samples 
(2,579 pretreatment and 669 day of failure samples) 
from the 9 countries (Table 2); 2,865 were success-
fully sequenced (Table 3). Of those, 2,753 samples 
were wild-type. A total of 11 unique nonsynonymous 
mutations and 27 unique synonymous mutations 
were detected in 2,865 successfully sequenced pre-
treatment and day of failure samples from Angola, 
Benin, DRC, Guinea, Kenya, Malawi, Mali, Tanza-
nia, and Zambia collected during 2014–2018 (Figure, 
Table 4; Appendix 1, https://wwwnc.cdc.gov/EID/
article/27/7/20-3230-App1.pdf).

Of the 2,303 sequenced pretreatment samples, 
2,213 were wild-type and 90 (3.9%) contained muta-
tions (Table 3). Of the 90 pretreatment samples with 
mutations, 10 unique nonsynonymous mutations 
were present in 25 samples from 8 of the 9 countries 
assessed (Table 4) and 25 unique synonymous muta-
tions were present in 65 samples from 8 of the 9 coun-
tries assessed (Appendix 1 Table 1). Two samples 
from Kenya contained the S522C mutation, reported 
by WHO as a less-frequent mutation associated with 
delayed parasite clearance but without statistical sig-
nificance because of limited data (3). Both of these pa-
tients cleared their initial infection. A578S, the most 
commonly found mutation in Africa (not associated 
with resistance) (3), was the most common nonsyn-
onymous mutation we identified. The mutation was 
found in 14 pretreatment isolates: 4 in Angola, 1 in 
DRC, 1 in Mali, 6 in Kenya, 1 in Tanzania, and 1 in 
Zambia (Table 4). No mutations were identified in the 
samples from Malawi. Eight of the 10 unique nonsyn-
onymous mutations in the pretreatment samples have 
been reported previously in other countries, whereas 
2 mutations, P419S (Guinea) and Q613R (Angola), 
were newly identified in our study. No WHO-vali-
dated or candidate Pfk13 mutations were identified.

Of the 669 day of failure samples, 562 were success-
fully sequenced; 107 (16.0%) samples failed to amplify, 
produced poor-quality sequences, or both (Table 3). A 
total of 540 samples were wild-type. Two nonsynony-
mous mutations were found in 4 day of failure samples 
(Table 4) and 10 synonymous mutations (Appendix 1 
Table 2) were identified in 18 day of failure samples 
from 4 countries. Of the nonsynonymous mutations 
in day of failure samples, 2 samples from Kenya and 
1 sample from DRC contained the A578S mutation, 
and 1 sample from DRC contained the S477Y muta-
tion (Table 4). We compiled the complete results of the  

 
Table 2. Summary	of antimalarial therapeutic	efficacy	studies, 9	countries	in	Africa,	2002–2007* 

Country Sites 
Treatments	
studied 

Age	of	patients	
enrolled Year 

Total	no.	samples ACTs 
introduced  D0	+	DF D0 DF 

Angola Benguela,	Zaire,	Lunda	Sul AL,	ASAQ,	DP 6	mo–12	y 2015 379 379 0 2005 
    2017 76 38 38 2005 
Benin Klouanmey,	Djougou AL 6–59	mo 2017 194 175 19 2004 
DRC Kabondo,	Kapolowe,	

Rutshuru,	Mikalayi,	
Kimpese 

AL,	ASAQ,	DP 6–59	mo 2017–2018 633 317 316 2006 

Guinea Maferinyah,	Labè AL 6–59	mo 2016 432 409 23 2004–2005 
Kenya Siaya	County AL,	DP 6–59	mo 2016–2017 417 325 92 2006 
Malawi Machinga,	Nkhotakota,	

Karonga 
AL,	ASAQ 6–59	mo 2014 27 8 19 2007 

Mali Dioro,	Sèlinguè AL,	ASAQ 2–59	mo 2015–2016 410 320 90 2006 
Tanzania Kibaha,	Ujiji,	Mkuzi,	Mlimba AL 6	mo–10	y 2016 417 345 72 2006 
Zambia Gwembe,	Katete,	Mansa AL,	DP >6	mo 2016 263 263 0 2002 
Total     3,248 2,579 669  
*ACTs,	artemisinin-based	combination	therapies;	AL, artemether/lumefantrine;	ASAQ, artesunate/amodiaquine;	D0,	day	of	enrollment	(pretreatment);	DF,	
day	of	failure;	DP, dihydroartemisinin/piperaquine;	DRC;	Democratic	Republic	of	the	Congo. 
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sequence data reanalysis (Appendix 2, https://wwwnc.
cdc.gov/EID/article/27/7/20-3230-App2.xlsx).

Discussion
This work provides an update on Pfk13 genetic 
markers in 9 countries in Africa with endemic ma-
laria. Although clinical resistance to ACTs has yet 
to be confirmed in Africa (1), the early detection 
of Pfk13 mutations through surveillance allows for 
swift action before resistance spreads widely. To 

date, all WHO-validated SNPs detected in Africa 
have been the result of independent emergence as 
opposed to spreading through imported cases from 
Southeast Asia (21). More than 200 Pfk13 mutations 
have been identified in global samples (3,18,21), and 
>74 Pfk13 nonsynonymous mutations have been re-
ported in Africa (22,23). In this study, we report the 
presence of S522C in Kenya, a less frequent muta-
tion that has been previously reported to be asso-
ciated with delayed parasite clearance but lacking  

Figure. Prevalence of Plasmodium 
falciparum kelch 13 mutations in 
pretreatment therapeutic efficacy 
study samples, 9 countries in 
Africa, 2014–2018. A total of 11 
unique nonsynonymous and 27 
unique synonymous mutations 
were detected in 2,865 successfully 
sequenced pretreatment and day of 
failure samples from Angola, Benin, 
Democratic Republic of the Congo, 
Guinea, Kenya, Malawi, Mali, 
Tanzania, and Zambia collected 
during 2014–2018. A total of 2,753 
samples were wild-type. Data from 
Angola includes results from 2 
therapeutic efficacy studies.

 
Table 3. Summary	of	Pfk13 gene	mutations	detected	in	Plasmodium falciparum pretreatment	and	DF	samples,	9	countries	in	Africa,	
2014–2018* 
 No.	samples	pretreatment	(DF) 

Country	(year) 

Total	with	
sequencing	
attempted 

Poor	quality	or	no	
amplification 

Successfully	
sequenced 

Wild-type	
samples 

pretreatment	 

Other	
nonsynonymous	

mutations 
Synonymous	

mutations 
Angola	(2015) 379	(0) 77	(0) 302	(0) 291	(0) 5	(0) 6	(0) 
Angola	(2017) 38	(38) 0	(2) 38	(36) 37	(36) 1	(0) 0	(0) 
Benin	(2017) 175	(19) 20	(1) 155	(18) 151	(18) 1	(0) 3	(0) 
DRC	(2017–2018) 317	(316) 13	(34) 304	(282) 295	(269) 1	(2) 8	(11) 
Guinea	(2016) 409	(23) 20	(1) 389	(22) 380	(22) 1	(0) 8	(0) 
Kenya	(2016–2017) 325	(92) 7	(4) 318	(88) 302	(85) 8	(2) 8	(1) 
Malawi	(2014) 8	(19) 1	(5) 7	(14) 7	(14) 0	(0) 0	(0) 
Mali	(2015–2016) 320	(90) 68	(48) 252	(42) 244	(39) 1	(0) 7	(3) 
Tanzania	(2016) 345	(72) 20	(12) 325	(60) 306	(57) 6	(0) 13	(3) 
Zambia	(2016) 263	(0) 50	(0) 213	(0) 200	(0) 1	(0) 12	(0) 
Total 2,579	(669) 276	(107) 2,303	(562) 2,213	(540) 25	(4) 65	(18) 
*DF,	day	of	failure;	DRC,	Democratic	Republic	of	the	Congo;	Pfk13, Plasmodium falciparum kelch 13. 
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sufficient evidence to be considered a WHO-validat-
ed or candidate mutation (3).

As more molecular surveillance data are collect-
ed, previous results should be reinterpreted to de-
termine the presence of WHO-reportable mutations 
because the importance of these mutations in drug 
resistance might change based on new data (3,24). Al-
though we report only 1 mutation identified by WHO 
to possibly play a role in resistance, other detected 
mutations, such as the other nonsynonymous muta-
tions with unknown resistance status reported in this 
study, might be deemed important in the future as 
more data are collected and validated. In 2017, WHO 
categorized only 5 mutations as validated (N458Y, 
Y493H, R539T, I543T, and 580Y) (24), but in 2018 the 
validated list was updated to include an additional 
4 mutations, including F446I, P553L, and R561H 
(formerly candidate markers) and M476I (formerly 
reported as a less frequent variant associated with 
in vivo or in vitro test results) (3). In addition, the 
Worldwide Antimalarial Resistance Network tracks 
Pfk13 mutations worldwide and strives to detect new 
associations of mutations with delayed parasite clear-
ance, which might inform WHO classifications (18).

We report the presence of 11 unique nonsynony-
mous mutations in Angola, Benin, Guinea, DRC, Ke-
nya, Mali, Tanzania, and Zambia; all were previously 
reported in the literature (Table 4) except P419S and 
Q613R. The most common nonsynonymous mutation 
observed in our study was A578S, a nonsynonymous 
mutation frequently described in Africa (3) and, to a 
lesser extent, Asia (e.g., Thailand [19] and Bangladesh 
[25]). WHO has reported that A578S is not associated 
with partial artemisinin resistance (3). Most muta-

tions detected were synonymous mutations consis-
tent with previous reports (21). Because synonymous 
mutations do not result in an amino acid change, they 
are not associated with resistance. Parasites from Af-
rica have been shown to have a higher prevalence of 
synonymous mutations, which is not surprising given 
that P. falciparum originated in Africa and continues 
to have a high level of transmission in this region (19).

The results described in this article represent 
the collaborative output of the PARMA network, 
which originated in 2015 with the objectives of as-
sisting countries in Africa in testing malaria samples 
from TESs for genetic markers associated with an-
timalarial resistance and supporting training and 
capacity building of collaborators in Africa (9). In 
8 of the 9 countries included in this report (all but 
Angola), the Pfk13 results were generated during a 
6–8-week visit to CDC by trainees from a laboratory 
in the country where the TES was performed. Re-
sults were subsequently shared by the trainee’s labo-
ratory with their national malaria control program 
and other local stakeholders to make decisions re-
lated to antimalarial use. Although the Pfk13 results 
we have described would not be cause for alarm or 
policy change, recent findings in Rwanda suggests 
a substantial presence of the Pfk13 R561H mutation 
(26) that has evolved locally, highlighting the impor-
tance of molecular surveillance for early detection 
of emerging patterns of resistance. In this context, 
PARMA training visits generate a vast amount of 
data from TES samples, ranging from efficacy re-
sults to prevalence of other molecular markers (e.g., 
P. falciparum multidrug-resistant protein 1 and P. 
falciparum chloroquine-resistance transporter) to the 

 
Table 4. Summary	of	Pfk13 nonsynonymous	mutations	detected	in	Plasmodium falciparum pretreatment	and	DF samples, 9	countries	
in	Africa,	2014–2018* 

Mutation Country Codon	change 
No. samples 

pretreatment	(DF) 
Country	or	region	where	previously	

reported	(reference) 
I416V Tanzania ATA	→ GTA 1	(0) Tanzania	(14) 
P419S Guinea CCA	→ TCA 1	(0) NA 
E433D Tanzania GAA	→ GAC 1	(0) Tanzania (14) 
R471S Tanzania CGT	→ AGT 1	(0) Tanzania	(14) 
S477Y DRC TCT	→ TAT 0	(1) Grande	Comore	Island	(16) 
A504V Angola	(2017) GCT	→ GTT 1	(0) Gabon	(17) 
S522C Kenya AGT	→ TGT 2	(0) Africa	(18) 
A569G Benin GCA	→ GGA 1	(0) Gambia (19)	and	Niger	(20) 
A578S Angola	(2015) GCT	→ TCT 4	(0) Africa	(19) 
A578S DRC GCT	→ TCT 1	(1) Africa	(19) 
A578S Mali GCT	→ TCT 1	(0) Africa	(19) 
A578S Kenya GCT	→ TCT 6	(2) Africa	(19) 
A578S Tanzania GCT	→ TCT 1	(0) Africa	(19) 
A578S Zambia GCT	→ TCT 1	(0) Africa	(19) 
Q613R Angola	(2015) CAA	→ CGA 1	(0) NA 
Q613E Tanzania CAA	→ GAA 2	(0) Tanzania	(14) 
Total   25	(4)  
*DF,	day	of	failure;	DRC, Democratic	Republic	of	the	Congo;	NA,	not	available;	Pfk13, Plasmodium falciparum kelch 13. 
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presence of P. falciparum histidine-rich protein 2 and 
3 deletions (which might affect rapid diagnostic test 
performance). Generating phenotypic (i.e., efficacy) 
and genotypic data on the same sample provides an 
opportunity to identify novel mutations associated 
with resistance and enables detection of known mu-
tations in samples with well-characterized efficacy 
outcomes. Because the PARMA network encourages 
standardization of laboratory methods and data re-
porting, such explorations might detect trends over 
time in a single country or produce insightful ob-
servations by using data from multiple countries. 
With the increased use of next-generation sequenc-
ing, the PARMA network has embarked on applying 
these principles of data generation, capacity build-
ing, networking, and standardization to this emerg-
ing technology (27). The ultimate goal of laborato-
ries in Africa independently analyzing their own  
malaria samples.
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African swine fever (ASF) is a highly contagious 
hemorrhagic viral disease that affects domestic 

pigs and wild boars. Since its introduction into China 
in 2018 (1) and subsequently into many other coun-
tries in Asia (2), most of the global pig population 
has been exposed to the ASF virus (ASFV). In the ab-
sence of vaccines and treatments, ASF control relies 
heavily on on-farm biosecurity and on early detec-
tion and containment of infected premises (IPs). It is, 
therefore, essential to identify and target major ASFV 

transmission routes. However, only a few studies 
have assessed the contribution of different transmis-
sion routes to ASF epidemics (3–6), probably because 
detailed epidemiologic data are lacking. Although 
those studies have contributed to knowledge of risk 
factors for ASFV infection, their fi ndings are limited 
by possible bias resulting from underreporting of out-
breaks, absence of information about contact patterns 
between farms, or both.

After ASFV is introduced into domestic pigs, 
contact between farms may contribute greatly to vi-
rus spread (7). Vehicles connect farms through the 
movements of animals, persons, feed, or medical sup-
plies. Such vehicle movements may create conditions 
for large ASF epidemics on pig farms, as has been 
reported for other animal diseases (8–10). However, 
despite their probable epidemiologic role, the role of 
vehicle movements in shaping ASF epidemics has not 
been assessed. Moreover, although the role of live-
stock movements in the dynamics of several animal 
diseases has been assessed in a large body of mod-
eling studies (11,12), other types of contact between 
farms, such as those mediated by vehicles involved 
in farming activities, have rarely been explicitly ac-
counted for.

In 2019, South Korea experienced its fi rst ASF out-
break, which affected domestic pigs and wild boars in 
the northernmost part of the country. At least 1 pig 
was positive for ASFV by reverse transcription PCR 
(13) on 14 farms (IPs) from September 17 through Oc-
tober 9. ASFV infection was also confi rmed by reverse 
transcription PCR for 26 wild boars from October 3 
through November 20. We assessed the contribution 
of vehicle movements and wild boars to the spread of 
ASFV to pig farms during the 2019 epidemic in South 
Korea by combining ASF case data and vehicle move-
ment data generated by nationwide global position-
ing system (GPS) tracking.
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African	swine	fever	(ASF)	is	a	substantial	concern	for	glob-
al	 food	production	and	security.	However,	 lack	of	epide-
miologic	data	in	aff	ected	areas	has	limited	the	knowledge	
of	the	main	drivers	of	ASF	virus	(ASFV)	transmission.	To	
assess	the	role	of	vehicle	movements	and	wild	boar	popu-
lations	 in	 spreading	ASFV	 to	pig	 farms	 in	South	Korea,	
we	combined	data	generated	by	ASF	surveillance	on	pig	
farms	and	of	wild	boars	with	nationwide	global	positioning	
system–based	tracking	data	for	vehicles	involved	in	farm-
ing	activities.	Vehicle	movements	from	infected	premises	
were	associated	with	a	higher	probability	of	ASFV	incur-
sion	into	a	farm	than	was	geographic	proximity	to	ASFV-
infected	wild	 boar	 populations.	Although	ASFV	 can	 spill	
over	from	infected	wild	boars	into	domestic	pigs,	vehicles	
played	a	substantial	 role	 in	spreading	 infection	between	
farms,	 despite	 rapid	 on-farm	 detection	 and	 culling.	This	
fi	nding	highlights	the	need	for	interventions	targeting	farm-
to-farm	and	wildlife-to-farm	interfaces.
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Methods

Data
The Animal Plant and Quarantine Agency (https://
www.qia.go.kr) provided the domestic pig farm reg-
istry and farm case data. The study population in-
cluded all 6,340 registered pig farms (Figure 1). IPs 
were in 4 contiguous municipalities: Ganghwa Island 
(n = 5/35), Gimpo (n = 2/20), Paju (n = 5/93), and 
Yeoncheon (n = 2/80) (13). Any 2 IPs were <84 km 
apart (median 28.5 km) (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/27/7/20-4230-App1.
pdf). By October 16 (i.e., 1 week after the last reported 
IP), 62.7% (143/228) herds in affected municipalities 
had been depopulated (Figures 2, 3).

Most (71.4%) IPs raised >1,000 pigs (Appendix 
Figure 2). Premises were either commercial (n = 
12) or backyard (n = 2) farms: 10 breeding and fat-
tening, 2 breeding, and 2 fattening farms. All IPs,  
except for 1 backyard farm, were registered. Of the 
14 IPs, 11 were detected through farmers’ reports of 
ASF-like clinical signs and 3 were detected by ac-
tive surveillance. At the time of reporting, <5 pigs 
on each farm showed ASF-like clinical signs; these 
clinical signs were observed in ASFV-positive sows 
on 9 IPs.

Data on the movements of GPS-tracked vehi-
cles involved in farming activities (e.g., private and 
government veterinary services; feed, manure, and 
livestock transport) were collated from the Korean 
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Figure 1. Spatial distribution of 
registered domestic pig farms in 
South Korea, indicating African 
swine fever–positive farms 
(IPs); ASFV-positive wild boars, 
confirmed during the study 
period (August 28–October 16, 
2019); and pig farms visited by 
vehicles that had visited IPs >1 
time during the study period. 
ASFV, African swine fever virus; 
IP, infected premises.
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Animal Health Information System (https://www.
kahis.go.kr). Given the low number of symptomatic 
pigs at the time of reporting and the estimated incu-
bation period in pigs (4–13 days) (14), we assumed 
that the length of time between farm infection and 
reporting was <20 days. In addition, because the law 
required that vehicles be disinfected before entering 
farms and when entering and exiting a city, town, 
or village, we assumed that ASFV-contaminated ve-
hicles remained infectious for <1 week. On the basis 
of these assumptions, we considered all movements 
made by vehicles that entered IPs from August 28 
(20 days before the first report of an infected prem-
ise) through October 16 (a week after the last report 
of an infected premise).

The Ministry of Environment (https://me.go.kr) 
provided data on cases in wild boars. From the first 
report of ASFV infection in domestic pigs, surveil-
lance efforts for wild boars progressively increased 
by providing financial incentives for wild boar hunt-
ing, trapping, and carcass reporting and by testing for 
ASFV all wild boars caught or found dead (Appendix 

Figure 3). We assessed spatial clustering of wild boar 
cases by using an elliptic version of the spatial scan 
statistic in SatScan (https://www.satscan.org).

Bayesian Modeling 
To test the hypothesis that vehicle movements and 
ASFV-infected wild boars were the main sources 
of infection for pig farms, we fit a model of ASFV 
transmission to the farm case data. A vehicle was 
considered potentially contaminating if it entered 
farm i within d days after having visited farm j while 
farm j was infectious. For a given farm on a given 
day, the overall force of infection was modeled as 
the sum of the risk for infection resulting from vis-
its by potentially contaminating vehicles, the risk 
resulting from exposure to wild boars in the spa-
tial clusters of ASFV-positive wild boars, and back-
ground risk. Two levels of background risk were 
considered, depending on the location of a farm: in 
municipalities where the virus had been detected 
or across the country. We estimated parameters by 
using a 2-stage Metropolis-Hastings Markov chain 
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Figure 2. Timeline of reporting and culling of African swine fever virus IPs and control measures implemented during the African 
swine fever epidemic in South Korea, 2019. Reddish vertical shades represent movement restriction (standstill) imposed across 
the country (darker shades) or only in the affected municipalities (lighter shades). Numbers on the top represent the time when 
movement restriction was imposed. The colors of horizontal shades refer to IPs’ municipalities. IPs were numbered in the order 
of reporting dates. Over the course of the epidemic, six 48-hour standstill periods (bans on movements of livestock, persons, 
vehicles, and supplies to farms and slaughterhouses) were enforced across the country or in affected municipalities.  
IP, infected premises.
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Monte Carlo algorithm and, because infection dates 
were not observed, a data augmentation technique 
(15–17). The model accounting for the influence of 
vehicle movements and wild boars was compared 
with models accounting for only 1 of these epide-
miologic factors or for only the constant background 
risk (null model) on the basis of their deviance infor-
mation criterion (Appendix).

Results

Vehicle Movement Patterns
During the study period, 208 vehicles visited IPs, 
making 12,671 visits to 832 farms (infected and nonin-
fected). A total of 156 vehicles made 2,824 farm visits 
within 3 days after having visited an IP (assuming that 
vehicles could remain contaminated for 3 days after 
visiting an IP); each vehicle made a median of 3 farm 
visits (interquartile range [IQR] 2–7). Of those farm 
visits, 255 (9.0%) involved other IPs and 2,569 (91.0%) 

involved 360 non-IPs (5.7% of farms in the country). 
The number of farm visits changed with the assumed 
duration of vehicle infectiousness (Figure 4), decreas-
ing from 5 (IQR 2–9) to 2 (IQR 1–4) as the assumed 
duration of infectiousness decreased from 6 days to 1 
day. However, the proportions of movements involv-
ing other IPs and non-IPs remained constant (Appen-
dix Table 3). In terms of movements between IPs, 96 
(37.6%) started from an IP within the 20-day period 
preceding the report of a suspected infection and 
reached another farm within 3 days, before the other 
farm reported a suspected infection. All these move-
ments occurred between 5 (65.6%) IPs on Ganghwa 
Island or between 6 (34.4%) IPs off the island (Appen-
dix Table 4). No vehicle movements were involved at 
2 IPs (IP2 and IP11). Although another IP (IP14) was 
visited by such vehicles, the IP was not a source of po-
tentially contaminating vehicle movements to other 
IPs, even with a vehicle infectiousness duration of 6 
days (Appendix Figure 4).
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Figure 3. Number of farms registered in the government pig farm database that were emptied during the study period by culling 
or government purchase, South Korea, 2019. IP labels are shown on the day they were culled. Herds located within a 3-km radius 
around IPs and herds with an epidemiologic link to IPs (e.g., same ownership) were culled within 3 days after confirmation of 
African swine fever virus infection in IPs. As the epidemic developed, the government further depopulated remaining herds in 
affected municipalities as a preventive measure. *One farm stopped rearing pigs for reasons not associated with the epidemic.  
IP, infected premises.
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Spatial Clustering of ASF-Positive Wild Boars
During September 21–November 20 in 95 of 226 mu-
nicipalities, 1,292 wild boars were tested; the rate of 
testing increased over time (Appendix Figure 3). A 
total of 26 ASFV-positive wild boars were identified 
in Paju (n = 6/57), Yeoncheon (n = 8/130), and Che-
orwon (n = 12/398) (Figure 5). Two clusters of ASFV-
positive wild boars were identified. Of 36 wild boars 
tested in cluster 1 (10.7 km2), 10 were ASFV positive, 
and of 131 in the larger cluster 2 (1,209.4 km2), 13 were 
positive. Wild boars caught or found dead within 
these clusters were 21.8 (cluster 1) and 37.2 (cluster 
2) times more likely to be ASFV-positive than were 
those outside these clusters (p<0.001 for all). Although 
there was no pig farm in cluster 1, there were 6 IPs 
and 112 non-IPs in cluster 2 (Figure 5). The distance 
between an infected premise and the nearest infected 
wild boar was 1.3–37.0 km (Appendix Figure 5).

The Model
For our results, we assumed that a vehicle remained 
infectious for 3 days after having left an IP. Changes 
in this parameter value did not largely affect interpre-
tation of the results (Appendix).

When compared by using the deviance informa-
tion criterion, the model accounting for vehicle move-
ments and for exposure to wild boars in the spatial 
cluster was preferred over models accounting for 
only 1, or none, of those sources of infection (Table; 
Appendix Table 5). Indeed, exposure to these factors 

substantially increased the risk of farms becoming in-
fected. The daily probability of infection on a farm in-
creased 11.1-fold (95% highest density interval [HDI] 
1.1–39.3) after the visit of a potentially contaminating 
vehicle, compared with a farm not visited by such a 
vehicle (Appendix Table 6). For a farm in the spatial 
cluster of ASFV-positive wild boars, the daily proba-
bility of becoming infected was 2.5 (95% HDI 1.0–7.7) 
times as high as for a farm outside this cluster (Ap-
pendix Table 6).

On the basis of the best-fit model, we estimated 
the force of infection exerted on IPs on their estimat-
ed infection dates and the proportion of ASFV incur-
sions attributable to each transmission route. Vehicle 
movements accounted for 41.2% and exposure to wild 
boars in the spatial cluster for 24.0% of viral incur-
sions; the background risk accounted for the remain-
ing 34.8% (Appendix Table 7). The contribution of 
different transmission routes to ASFV incursion into 
IPs varied with the spatial location of the farms. Ve-
hicle movements were the most likely route for ASFV 
introduction into IPs in the southwestern epidemic 
region. In contrast, ASFV was not likely to have been 
spread by vehicles in the northeastern epidemic re-
gion, where wild boars were estimated to be the main 
source of infection for IPs within the ASFV-positive 
wild boar cluster (Figure 5; Appendix Figures 6, 7). 
Indeed, the density of potentially contaminating ve-
hicle movements differed greatly between these re-
gions. After accounting for the posterior predictive 
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Figure 4. Distribution of the 
number of African swine 
fever virus–infected premises 
connections through vehicle 
movements, South Korea, 
2019. IP out-degree represents 
the number of other IPs to 
which an IP sent >1 vehicle; 
IP in-degree represents the 
number of other IPs from which 
an IP received >1 vehicle. 
With 1-day (A), 3-day (B), 
or 6-day (C) assumptions 
for the duration of vehicle 
infectiousness, only the 
movements made up to 20 
days before an exit farm 
reported suspicion of ASFV 
infection and before an entry 
farm reported suspicion of 
infection were considered. In 
the boxplots, center horizontal 
lines represent medians, and 
box limits represent upper and 
lower quartiles. Upper and lower whiskers extend to the largest and smallest values within 1.5× interquartile ranges. The point 
represents an outlier. ASFV, African swine fever virus; IP, infected premises.
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probability that an infected premise was already in-
fected when a vehicle left it, the estimated number 
of potentially contaminating vehicle movements was 
36.6 between IPs and 891.6 from IPs to non-IPs (Ap-
pendix Table 8). Of those movements between IPs, 
94.3% reached IPs in the southwestern (4.3 visits/in-
fected premise) regions and 5.7% reached IPs in the 
northeastern (0.3 visits/infected premise) regions. 
Also, among farms visited by potentially contami-
nating vehicles, the force of infection resulting from 
these vehicle movements was much higher for IPs 
than for non-IPs (Appendix Figure 8). Together, these 
findings indicate that a dense network of potentially 
contaminating vehicle movements was formed be-
tween a small group of farms, despite the short length 
of time between farm infection and reporting (median 
4.3 days, 95% HDI 1.0–15.8) (Table). To avoid an in-
fected farm spreading ASFV to >1 other farm through 
vehicle movements, the average number of vehicles 
visiting a farm in a day and the average number of 
farms visited by a vehicle in a day should be limited 
to 1.3 (Figure 6).

Discussion
Our investigation of the role of vehicle movements 
and of wild boars in ASFV spread to pig farms dur-
ing the 2019 epidemic in South Korea was made 
possible by the availability of vehicle movement 
data generated by integrated GPS tracking and 
case data on wild boars generated by enhanced 
ASFV surveillance. The model that accounted for 
the influence of vehicle movements and wild boars 
best explained the epidemic pattern, suggest-
ing that both transmission routes contributed to  
ASFV spread.

Our model suggests that the main route of 
ASFV introduction into IPs in the southwestern ep-
idemic region was through contaminated vehicles. 
Indeed, most IPs on Ganghwa Island and Gimpo 
were densely connected through vehicle move-
ments. In particular, there were a large number of 
vehicle movements between the 5 IPs on Ganghwa 
Island (IPs 5–9) ≈1–9 days before a suspected ASFV 
infection was reported. These 5 IPs reported pos-
sible ASF outbreaks within a 4-day period; a small 
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Figure 5. Spatial distribution of infected premises (IPs), non-IPs, African swine fever virus (ASFV)–positive wild boars, and potentially 
contaminating vehicle movements between IPs, South Korea, 2019. The duration of vehicle infectiousness was set to 3 days. Circles 
represent IPs; numbers represent the order of reporting dates. Pie charts show the estimated contribution of different transmission 
routes to the infection of each IP. Edge width is proportional to the number of potentially contaminating vehicle movements between 
IPs, weighted by the probability that an exit IP was infectious at the time of the vehicle departure. Edge arrows represent the direction 
of vehicle movements. Pig farm density is shown in reddish colors. Green squares represent the location of ASFV-positive wild boars; 
green-shaded ellipses represent spatial clusters.
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number of pigs showed clinical signs at the time 
of reporting. This finding suggests that the high 
density of vehicle movements probably promot-
ed virus transmission between these IPs. Vehicle 
movements may have increased ASFV spread more 
because of potentially less effective vehicle disin-
fection measures on the island. According to epi-
demiologic investigations, IPs on Ganghwa Island 
seemed to have insufficient disinfection facilities 
for vehicles and personnel. Moreover, although 
farms were relatively close together on this small 
island (total 302.4 km2), most vehicle disinfection 
stations were near 2 bridges connecting the island 
to the mainland. Therefore, vehicle movements on 
the island were likely to bypass these stations.

It is unclear how the virus reached the south-
western epidemic region. No potentially contami-
nating vehicle movements from other affected mu-
nicipalities were recorded, even when the infectious 
period for a contaminated vehicle was extended to 6 
days. No wild boars were caught or found dead, and 
they were therefore unavailable for ASFV testing in 
either municipality. Although the lack of boars for 
testing does not exclude the possibility that ASFV 
circulated in the wild boar population, the number 
of wild boars may be relatively small and the risk 
for ASFV spread from wild boars to domestic pigs 
may be very low in this region. Alternatively, ASFV 
could have been introduced through vehicle move-
ments not captured in this study. We accounted 
only for vehicle movements between farms; we did 
not account for vehicle movements involving other 
types of premises (e.g., slaughterhouses) that could 
have acted as a source of infection.

Our results suggest that exposure to ASFV-pos-
itive wild boars was the main source of infection 
for pig farms in the northeastern epidemic region. 
First, all IPs except 1 (IP1) in Paju and Yeoncheon 
were located in a cluster encompassing almost all 

ASFV-positive wild boars found in those munici-
palities. Second, unlike IPs in the southwestern re-
gion, several IPs in Paju and Yeoncheon were not 
connected, or were only weakly connected, to other 
IPs through vehicle movements. However, the way 
in which ASFV could have spread from wild boars 
to domestic pigs remains unclear. Pietschmann et 
al. (18) showed that ASFV transmission was pos-
sible from wild boars to domestic pigs housed in 
separate pens. Such contact was, however, unlikely 
to have occurred in this setting because the pigs 
were kept indoors in all but IP11, a backyard farm. 
Also, potential biological vectors (Ornithodoros 
spp. ticks) have not been reported in South Korea 
(19,20). Although the exact mode of ASFV trans-
mission remains unknown, the potential for ASFV 
spread from infected wild boars must be addressed 
by ASF prevention and control efforts, a view that 
is supported by a previous study that linked epi-
demics in wild boars and domestic pigs in the Rus-
sian Federation (3).

The nationwide GPS vehicle tracking system 
provided a unique opportunity to investigate the 
role of vehicle movements in virus dissemination 
between farms. Although the estimated length of 
time from farm infection to reporting was short and 
several movement restriction (standstill) periods 
were enforced, a large number of vehicles had al-
ready visited IPs during their estimated infectious 
period and could have spread ASFV to other farms. 
The types of vehicles and the purpose of the farm 
visits were not made available for this study. Ve-
hicles involved in farming activities were required 
by law to be disinfected at multiple sites (e.g., the 
entry point of a city, town, or village) during the 
epidemic and routinely disinfected at the farm en-
trance. These findings suggest that disinfection may 
have been suboptimal. Therefore, restrictions on ve-
hicle movements should be prioritized in the event 
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Table. Posterior	parameter	estimates	and	posterior	predictive	length	of	time	between	infection	and	reporting	of	African	swine	fever, 
South	Korea,	2019* 

Parameters 
Model	output 

Median	(95%	HDI) G-R DIC 
Full	model 
 Potentially	contaminating	vehicle	movement	(Pv) 53.9	(7.4–113.4)	 10−4 1.00 275.8	(null	model:	284.6) 
 Wild	boar	cluster	(Pw) 8.2	(0–19.0)	 10−4 1.00 
 Background	(country,	𝑃𝑃𝐵𝐵1) 0.03	(0–0.1)	 10−4 1.00 
 Background	(epidemic	region,	𝑃𝑃𝐵𝐵2) 5.4	(1.1–11.2)	 10−4 1.00 
 Mean of the	gamma	distribution	() 3.7	(1.0–8.8) 1.00 
 Variance	of	the	gamma	distribution	() 44.6	(5.2–113.5) 1.00 
 Length	of	time	between	infection	and	reporting	(D)† 4.3	(1.0–15.8)   
*DIC,	deviance	information	criteria;	G-R,	Gelman-Rubin	convergence	diagnostic;	HDI,	highest	density	interval;	Pv,	risk	for	infection	resulting	from	1	
potentially	contaminating	vehicle	movement;	Pw,	daily	risk	for	infection	resulting	from	being	located	in	an	African	swine	fever	virus–positive	wild	boar	
cluster;	PB1,	daily	background	risk	(country);	PB2,	daily	background	risk	(epidemic	region). 
†The distribution was obtained by simulating values from the gamma distribution, based on parameters α and β randomly sampled from	their	joint	
distribution. 
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of virus introduction into areas where high on-farm 
biosecurity cannot be guaranteed. The availability 
of contact tracing data could reduce the negative ef-
fect of movement restrictions on farming activities 
by targeting those restrictions to premises that have 
been in contact with IPs. Active surveillance could 
also be focused on these premises, enabling even 
more timely case detection.

The background risk accounted for a substantial 
fraction of the force of infection exerted on several  
IPs. Swill feeding probably did not contribute to 
this background risk because it was banned at the 
start of the epidemic and, according to the out-
break investigations, did not seem to be practiced 
on IPs. Control measures were unlikely to have 
promoted ASFV dissemination. Pigs were culled 
within a few days after confirmation of diagnos-
tic results, and carcasses were placed inside a fi-
ber-reinforced plastic chamber and buried on the 
premise. Vehicles and personnel involved in these 
interventions were not allowed to visit non-IPs 
throughout the epidemic. Regular inspections of 
vehicles visiting feed and manure disposal plants 

suggested that most vehicles involved in farming  
activities were registered and therefore tracked 
by GPS. Nonetheless, some vehicle movements 
not captured in this study could have contributed 
to disease spread. For instance, we did not con-
sider vehicle contamination from visiting other 
types of premises (e.g., slaughterhouses). Private 
vehicles were not GPS tracked, but outbreak in-
vestigations did not identify any connections be-
tween IPs through such vehicles. Wild boars may 
have also substantially contributed to the back-
ground risk. Although these findings strongly sug-
gest that the prevalence of ASFV infection in wild 
boars was much higher within than outside the 
clusters, it was not possible to exclude the possi-
bility that the virus might also have circulated at 
lower prevalence in wild boar populations out-
side the spatial clusters. This source of infection 
might have been plausible for some IPs for which 
most of the force of infection was attributed to  
background risk.

One limitation of this study is that the model did 
not consider the possible heterogeneity in the infec-
tiousness of vehicles and the susceptibility of farms 
to ASFV infection. Farm visits may involve different 
types of contact with persons, equipment, and pigs, 
thereby presenting different transmission risks. In ad-
dition, farms with poor biosecurity could have been 
exposed to an increased risk for infection when vis-
ited by contaminated vehicles. The risk for infection 
from infected wild boars was also likely to have varied 
between farms because of different levels of on-farm 
biosecurity and proximity to wild boar habitats. In ad-
dition, although the model identified an excess risk for 
infection for farms within the spatial cluster of ASFV 
wild boar cases, the spatiotemporal heterogeneity in 
ASFV circulation among wild boars inside and outside 
the cluster may have been underestimated.

Another limitation is that the model assumed 
that the potential for a contaminated vehicle to 
transmit the infection remained constant through-
out the vehicle’s period of infectiousness. Yet be-
cause vehicles were supposed to be disinfected 
when entering a farm, their infectiousness may have 
decreased over time with each additional farm vis-
ited. Accounting for this process would probably 
have increased the estimated probability of virus 
incursion after a visit from a potentially contami-
nating vehicle. However, this process is unlikely to 
have influenced our conclusions because the contri-
bution of vehicle movements to ASFV spread was 
not affected by variations in the assumed duration 
of vehicle infectiousness.
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Figure 6. Expected number of secondary farm cases of 
African swine fever (r) caused by 1 infected farm through the 
movements of vehicles, South Korea, 2019. r is computed as a 
function of the average daily number of vehicles visiting a farm 
(x-axis) and the average daily number of farms visited by a 
vehicle (y-axis). Different lines represent different thresholds for 
the proportion of iterations in which r was <1 (p = 1, 0.99,  
or 0.95). Vehicles were assumed to remain infectious for 3  
days after leaving an infected farm. Appendix Figure 9  
(https://wwwnc.cdc.gov/EID/article/27/7/20-4230-App1.pdf) 
shows the results with different assumptions on the duration of 
vehicle infectiousness.
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The possibility that some wild boars were in-
fected while on IPs cannot be completely excluded. 
However, ASFV was probably circulating among 
wild boars before pig farms were infected, given that 
the first wild boar case was detected in the demilita-
rized zone where no civilians and farms are present, 
and North Korea had already reported the disease. 
Subsequently, the delayed detection of ASFV in wild 
boars probably resulted from the lower sensitiv-
ity of surveillance in wild animals compared with  
domestic animals and from increased surveillance 
efforts among wild boars after disease detection on 
farms. In addition, since the end of the study pe-
riod (November 21, 2019), ASFV infection has been 
confirmed in >700 wild boars and on 3 pig farms 
(2), suggesting that ASFV can continue to circulate 
among wild boars in the absence of virus circulation 
among domestic pigs.

Our models did not account for within-farm 
transmission dynamics. Farm infectiousness was 
likely to vary over time, influencing between-farm 
transmission dynamics. However, given that a small 
number of pigs showed ASF-like clinical signs on 
all IPs at the time of reporting or detection, and that 
herds were culled within 1 or 2 days, the effect may 
have been limited.

In conclusion, our findings suggest that the 
movement of contaminated vehicles and infected 
wild boars contributed to the spread of ASFV to pig 
farms in South Korea. Although the ongoing circula-
tion of ASFV in wild boars poses an ongoing risk for 
virus spillover onto pig farms, vehicle movements 
have the potential to cause large chains of transmis-
sion between farms. Therefore, the timely imple-
mentation of movement restrictions is critical for the 
rapid and effective management of ASFV epidemics. 
In this regard, the tracking of vehicles involved in 
farming activities could guide the targeting of re-
strictions to those at high risk for infection because 
of their recent contacts. High on-farm biosecurity 
and effective vehicle disinfection should be ensured, 
especially in areas where ASFV is circulating among 
wild boars.
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After emerging in Wuhan, China, in December 
2019, coronavirus disease (COVID-19), caused 

by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), rapidly became a serious threat to hu-
man health worldwide (1–3). Italy has experienced one 
of the highest rates of human deaths in the world (4).

Questions concerning the role of companion ani-
mals in the COVID-19 pandemic arose after a dog in 
Hong Kong reportedly tested positive for SARS-CoV-2 
(5). In addition, the World Organisation for Animal 
Health defi ned COVID-19 as an emerging disease in 
animals and began promoting surveys on the preva-
lence of SARS-CoV-2 infections among animals (6). In 
this context, serologic tests are essential for rapid and 
accurate screening of animal populations. 

Few studies have been conducted to clarify the 
effects domestic animals have in sustaining the SARS-
CoV-2 transmission cycle (5,7–9; Q. Zhang et al., un-
pub. data, https://www.biorxiv.org/content/10.110
1/2020.04.01.021196v1). Because Italy suffered high 

COVID-19 incidence rates and the country has >32 
million companion animals, health authorities were 
interested in examining virus transmission between 
humans and animals. We conducted a cross-sectional 
serologic survey among domestic dogs and cats in 
Italy to identify a possible association between SARS-
CoV-2 infection in humans and animals. We used se-
rologic tests to detect specifi c antibodies from animals 
living in close contact with SARS-CoV-2–positive hu-
man patients. 

The Study
Blood was collected from pets during routine ac-
tivities performed by veterinary practitioners, who 
shared serum samples with us. Owners provided 
written consent for research purposes. We used 198 
samples, 130 from dogs and 68 from cats, collected 
during the March–June 2020 COVID-19 epidemic in 
Italy and 100 serum samples, 65 from dogs and from 
35 cats, collected in different regions of Italy before 
2019 as prepandemic controls.

A recombinant antigen corresponding to the 
nucleocapsid (N) protein of SARS-CoV-2 has been 
expressed in human embryonic kidney 293T cells, 
which have been used to develop Eradikit COVID19-
IgG (IN3diagnostic,  https://www.in3diagnostic.
com) a sensitive and specifi c ELISA to detect SARS-
CoV-2 antibodies in human serum samples. How-
ever, our initial attempts to validate the specifi city 
of this ELISA on pet serum samples were unsuccess-
ful. We switched the reaction from solid-phase to 
solution-phase kinetics using the same antigen and 
the specifi city improved. Thus, we used a novel im-
munoassay, xMAP (Luminex Corp., https://www.
luminexcorp.com), which is based on paramagnetic 
beads. We developed a fl ow cytometry-based system 
and applied it to serum samples from cats and dogs.

To defi ne the test’s specifi city, we analyzed pre-
epidemic samples and expressed results as the mean 
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We conducted a serologic survey among dogs and cats 
in Italy to detect antibodies against severe acute respi-
ratory syndrome virus 2 (SARS-CoV-2). We found that 
SARS-CoV-2 seroprevalence was higher among cats 
(16.2%) than dogs (2.3%). In addition, seroprevalence 
was higher among animals living in close contact with 
SARS-CoV-2–positive owners.
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fluorescence intensity (MFI) ratio of a sample-to-posi-
tive control. On the basis of reactivity distribution, we 
set the discriminative cutoff to 40% MFI of the posi-
tive control. Using these specifications, we recorded 
diagnostic specificities of 96.5% (95% CI 87.9%–99.6%) 
for dog serum and 100.0% (95% CI 90.0%–100.0%) for 
cat serum.

Our choice of the viral N protein might raise con-
cern because dogs and cats are susceptible to species-
specific coronaviruses. The amino acid similarity be-
tween SARS-CoV-2 and the canine betacoronavirus, 
canine respiratory coronavirus, is slightly higher than 
canine and feline alphacoronaviruses (10), which 

could explain the suboptimal specificity obtained in 
pre-epidemic dog samples. In fact, 2 serum samples 
gave reactivity slightly over the cutoff value. How-
ever, when potential cross-reactivity of the N protein 
between SARS-CoV-2 and endemic human coronavi-
ruses was evaluated, no reactivity was shown against 
human coronaviruses 229E, OC43, HKU1, or NL63 by 
western blot or ELISA (11), suggesting that similar re-
sults might be expected from phylogenetically related 
feline and canine coronaviruses (12).

Among samples collected during the epidemic 
period, 7.1% (14/198) tested positive by the serolog-
ic test. In all, 147 animals (54 cats and 93 dogs) lived 
in households with SARS-CoV-2–positive owners. 
All 14 seropositive animals lived with SARS-CoV-2–
infected owners and percent positivity was greater 
among cats than dogs (Table 1; Figure 1). Among 
animals living with SARS-CoV-2–infected own-
ers, 20.4% (11/54) of cats and 3.2% (3/93) of dogs  
were seropositive. 

Exact logistic regression analysis indicated a pos-
itive association between owners’ infections and se-
ropositivity in individual animals, after adjusting for 
animal species (Figure 2). The odds of finding >1 sero-
positive animal in a household were positively asso-
ciated with owners’ infection and with an increasing 
number of tested cats (Table 2; Appendix, https://
wwwnc.cdc.gov/EID/article/27/7/20-3314-App1.
pdf). The association with owner infection was only 
statistically significant based on a 1-tailed hypothesis, 
whether the outcome was measured at the animal or 
household level.

Using exact logistic regression, we noted the per-
cent of positive results was greater for animals living 
indoors only than for animals with access to the out-
side (odds ratio 3.4, 95% CI 0.71–35.9), but the asso-
ciation was not statistically significant (p = 0.15). Be-
cause information on living conditions was missing 
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Figure 1. Distribution of 
sample-to-positive severe acute 
respiratory syndrome coronavirus 
2 serology results among dogs 
and cats, Italy, March–June 
2020. Horizontal dashed line 
represents the positive-negative 
discriminatory cutoff. 

 
Table 1. Seropositivity among cats and dogs tested for 
antibodies against severe acute respiratory syndrome 
coronavirus 2, Italy, March–June 2020 
Level of analysis % Positivity among pets 
Individual animal  
 Owners’ status*  
  Infected, n = 147 9.5 
  Not tested, n = 49 0  
 Animal species  
  Cat, n = 68 16.2 
  Dog, n = 130 2.3 
 Living conditions†  
  Indoor, n = 87 12.6 
  Outdoor, n = 51 3.9 
Households tested, n = 156‡  
 Owners’ status  
  Infected, n = 111 10.8 
  Not tested, n = 45 0 
 Cats tested in the household  
  Yes, n = 51 19.6 
  No, n = 105 1.9 
 Dogs tested in the household  
  Yes, n = 114 2.6 
  No, n = 42 21.4 
*Information on owners’ status was missing from 1 cat and 1 dog. Infected 
means positive molecular tests for the detection of SARS-Cov-2 in >1 
owner in a household. Percent positivity at the household level was based 
on finding >1 seropositive animal. 
†Information on pets’ living conditions was missing for 43 dogs and 17 cats. 
‡Households were considered positive if >1 pet was serologically positive. 
Households were divided into those in which >1 cat was tested and those 
in which >1 dog was tested. 

 



Animals with SARS-CoV-2–Infected Owners 

for 60 animals, we did not include this factor in the 
exact logistic regression analysis (Tables 1, 2).

We found the proportion of serologic positiv-
ity increased with increasing length of exposure. We 
recorded the first SARS-CoV-2–positive animals 10 
days after owners’ diagnoses and all 14 seropositive 
cases were classified as positive after >54 days of ex-
posure (Appendix).

Among 5/14 positive animals, owners reported 
that their pets experienced clinical signs concurrent 
with the owner’s COVID-19 illness. In particular, 
a 10-year-old male dog showed respiratory signs 
(cough, sneezing) after which he had vomiting and 
diarrhea in concomitance with the onset of the own-
ers’ symptoms; a 1-year-old dog showed mild respi-
ratory signs characterized by cough and sneezing; a 
12-year-old female cat showed respiratory signs char-
acterized by rhinitis with abundant nasal discharge. 
Furthermore, a 13-year-old female cat was hospital-
ized for a brachial cephalic thrombosis and a 3-year-
old male cat was hospitalized for interstitial pneumo-
nia. Of note, 3 asymptomatic SARS-CoV-2–positive 
cats belonged to a single-family cluster in which both 
owners tested positive and hospitalized.

Conclusions
We detected antibodies against the SARS-CoV-2 N 
protein in pets living with SARS-CoV-2–infected 
owners. A higher percentage of feline samples tested 
positive, confirming a higher susceptibility and prev-
alence in cats than in dogs reported in previous ex-
periments (10,13). The susceptibility of cats to SARS-
related human coronaviruses also was reported in 
2003 when a study confirmed that cats were suscep-
tible to infection and could transmit the virus to other 
in-contact animals (14). The association between sero-
positivity in animals and the confirmed SARS-CoV-2 
infection in >1 of the animal’s owners was statistically 

significant (p<0.05) based on a 1-sided test assuming 
the owner’s infection could not reasonably exert a 
protective effect on pets’ infection. 

We could not draw conclusions concerning the 
direction of viral transmission in this cross-sectional 
study. Nevertheless, our results, coupled with the di-
rection of the association between seropositivity and 
length of exposure to an infected owner and living 
indoors, suggest that the development of antibodies 
in pets might be a consequence of viral transmission 
from their owners. Additional studies with more sta-
tistical power could confirm these relationships.

Based on our results, future studies should fo-
cus on overcoming test limitations by improving 
specificity in dog serum samples through detailed 
epitope mapping of the N protein. Additional stud-
ies also should examine routes and risk factors for 
transmission of SARS-CoV-2 from infected persons to 
susceptible pets and the potential role of pets in the 
COVID-19 pandemic. Clinical and pathological con-
sequences of SARS-CoV-2 infection in cats and dogs 
also warrant further research.

In conclusion, our study on companion animals 
housed with SARS-CoV-2–infected humans con-
firms the susceptibility of domestic cats under nat-
ural exposure. Our data statistically support other 
findings that cats are more susceptible than dogs 
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Figure 2. Distribution of 
sample-to-positive severe acute 
respiratory syndrome coronavirus 
2 serology results among dogs 
and cats exposed and unexposed 
to positive owners, Italy, March–
June 2020. Horizontal dashed line 
represents the positive-negative 
discriminatory cutoff.

 
Table 2. Results of multivariable exact logistic regression of the 
association between severe acute respiratory syndrome 
coronavirus 2 seropositivity among cats and dogs and infected 
owners, Italy, March–June 2020 
Level of analysis Odds ratio (95% CI) p value* 
Individual animal   
 Owners’ status 6.1† (0.97–) 0.055 
 Cat vs. dog 7.6 (1.9–44.4) 0.002 
Household   
 Owners’ status 5.8† (0.9–) 0.068 
 No. tested cats 2.5 (1.3–5.2) 0.008 
*p value based on 2-tailed test. 
†Median unbiased estimate.  
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and that living in contact with >1 SARS-CoV-2–in-
fected person increases the risk for infection in pets. 
These results justify the need to adopt control mea-
sures in SARS-CoV-2–infected pet owners to reduce 
viral transmission to their companion animals.
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Thelaziasis in dogs can be caused by 2 nematodes of 
the genus Thelazia (Nematoda: Spirurida): T. calli-

paeda and T. californiensis (1). The oriental eye worm 
(T. callipaeda) is a helminth that infects a variety of 
domestic and wild carnivores, lagomorphs, rodents, 
and primates (including humans) across Eurasia (2,3). 
In Europe, the T. callipaeda eye worm is an emergent 
vectorborne helminth that has spread steadily across 
all countries over the past 3 decades (2). The Califor-
nia eye worm (T. californiensis) has been reportedly 
found in wild and domestic carnivores, ungulates, 
lagomorphs, and humans; its range is limited to the 
western United States (4). Zoonotic infection of hu-
mans with a third species of eye worm (T. gulosa), 
which infects cattle, has recently been reported in the 
western United States (5). These 3 species of Thelazia 
eye worm with zoonotic potential are morphologi-
cally and biologically distinct (1,5,6).

Thelazia nematodes are found in the conjuncti-
val recesses of the eye (1). Secretophagous dipteran 
intermediate hosts (1,7) ingest fi rst-stage larvae (L1) 
while feeding from the defi nitive host’s eyes. After 

metamorphosis, infective third-stage larvae (L3) are 
passed via the labelum onto the conjunctiva of an-
other suitable host. L3 develop into adults that mi-
grate to the conjunctival recess, lacrimal ducts, or 
both, resulting in conjunctivitis, ocular discharge, 
and blepharospasm. Female worms release more L1, 
seeding ocular secretions of the host, and conclude 
the life cycle (1,2). Intermediate hosts for Thelazia
nematodes are dipteran fl ies of the genera Phortica for 
T. callipaeda, Fannia for T. californiensis, and Musca for 
T. gulosa (1,5,7,8). P. variegata fruit fl ies are widely dis-
tributed across Eurasia and have been found in mul-
tiple areas in the eastern United States (9). In North 
America, they have been experimentally proven to be 
competent vectors for T. callipaeda worms (10), sup-
porting the potential occurrence of T. callipaeda infec-
tion in the United States (2). We report T. callipaeda
eye worm infection detected in a dog in the Western 
Hemisphere in November 2020.

The Case
The patient was a 7.5-year-old Labrador retriever, 
with no relevant medical history. The dog routinely 
received heartworm preventive (Heartgard; Boeh-
ringer Ingelheim Pharmaceuticals, Inc., https://
www.boehringer-ingelheim.com) and fl ea and tick 
preventive (NexGard [Boehringer Ingelheim Phar-
maceuticals, Inc.] and Vectra [Ceva Animal Health, 
https://www.ceva.us]) in accordance with recom-
mended dosing and had never traveled beyond 
Dutchess County, New York, USA. The dog was taken 
to a veterinarian because of a 3-week history of uni-
lateral epiphora and blepharospasm. Treatment with 
an ophthalmic preparation (neomycin, polymyxin B, 
and dexamethasone) produced no demonstrable re-
sponse. Subsequent nasolacrimal duct fl ushing with 
0.3% gentamicin sulfate and 0.2% dexamethasone in 
physiological saline solution, followed by 100 µg/
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We report a case of autochthonous infection of the eye 
worm Thelazia callipaeda in a dog in the northeastern 
United States. Integrated morphologic identifi cation and 
molecular diagnosis confi rmed the species. Phyloge-
netic analysis suggested introduction from Europe. The 
zoonotic potential of this parasite warrants broader sur-
veillance and increased awareness among physicians 
and veterinarians.
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mL ivermectin in physiological saline solution, led to 
recovery of 12 nematodes. After systemic ivermectin 
administration, no recurrence has been noted. 

Four nematodes (3 female, 1 male) were mor-
phologically identified as T. callipaeda eye worms on 
the basis of the cuticular transverse striations (CTS) 
pattern and vulva position (1,6). The 3 female worms 
were 12.7–13.9 mm long and 314–360 µm wide. The 
vulval opening was anterior to the esophageal intesti-
nal junction, and in 1 specimen it was 610.86 µm from 
the cephalic end. The midbodies contained 150–190 
CTS/mm, and the cephalic/caudal region contained 
220–240 CTS/mm. The buccal capsule was wider 
than it was deep. Two protruding phasmids were vis-
ible at the tip of the tail, which did not taper unilat-
erally (Figure 1). The male worm was 8.9 mm long, 
and its width was not measured. The cephalic region 
contained 310 CTS/mm, and the midbody/caudal 
region contained 170 CTS/mm. The small spicules 
measured 147.73 µm; the large spicules, 1721.90 µm.

We subjected a female worm to DNA extraction 
and multilocus PCR (18S rRNA, 12S rRNA, and cyto-
chrome oxidase c subunit 1 [cox1] gene markers) by 
using assays described previously (4,11), followed 
by sequencing. The partial sequences generated for 
18S rRNA matched 99.7%, 12S rRNA 99.4%, and 
cox1 genes 93.3%–100% of the corresponding genes 
of T. callipaeda worms in GenBank. We deposited 

the generated sequences in GenBank (accession no. 
MW570771 for 18S rRNA, MW575766 for 12S rRNA, 
and MW570733 for cox1). Molecular data unequivo-
cally confirmed the parasite as T. callipaeda. Phyloge-
netic analysis of the cox1 gene showed that the T. cal-
lipaeda eye worm found in North America belongs to 
the haplotype-1 prevalent in Europe (100% maximum 
identity), suggesting a possible source of introduction 
(Figure 2).

Conclusions
The discovery of an autochthonous case of T. callipaeda 
eye worm infection in the United States suggests its 
introduction and establishment on a continent where 
natural infection has not been documented. The report 
on the distribution of P. variegata fruit flies in the east-
ern United States and their competence for T. callipaeda 
eye worms has raised concern for eye worm infections 
in animals and humans in this region (10). Our finding 
is in line with previous predictions. Active surveillance 
of all susceptible hosts, coupled with ecologic niche 
modeling as conducted in Europe, can help gauge the 
extent of T. callipaeda eye worm spread in North Amer-
ica (7). Our findings should bring awareness about this 
invasive, zoonotic parasite to veterinary and medical 
ophthalmologists in the Americas. To curtail the poten-
tial spread in the United States, consideration should 
be given to US Department of Agriculture–imposed 
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Figure 1. Integrated diagnostic 
approach for confirming 
Thelazia callipaeda nematodes: 
morphologic identification. 
Specimens were cleared in 
lactophenol before examination 
under an Olympus compound 
microscope (BX53) (https://
www.olympus-lifescience.com). 
Images were taken with an 
Olympus DP73 camera, and 
morphometry was performed 
by using Olympus cellSens 
software. A) Cephalic end 
of a female worm. Black 
arrow indicates esophageal 
intestinal junction; red arrow 
indicates vulval opening. 
Original magnification ×100. B) 
Transverse striations (150–190/
mm) in the cuticle of midbody 
region of a female worm. 
Original magnification ×200. 
C) Buccal cavity of a female 
worm, wider than deep. Note 
tightly spaced cuticular striations 
in the cephalic end. Original 
magnification ×200. D) Caudal 
end of female worm with protruding phasmids in the tip. The tail was not protruding unilaterally. Original magnification ×100.
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requirements for implementing broad and accurate 
parasite diagnostic methods and prophylactic an-
thelmintic treatment to mitigate the introduction of 
exotic parasites before relevant species are imported. 
The One Health model of cooperation among veteri-
narians, wildlife biologists, and physicians is vital for 
assessing the current distribution and mitigating the 
spread of this multihost parasite with zoonotic po-
tential. As this case shows, emergence of T. callipaeda 
parasites requires increased awareness by both human 
medical and veterinary professionals.
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On March 7, 2020, a passenger ship (2,500-passen-
ger and 1,606-bed capacity) with 33 crew mem-

bers sailed from Piraeus, Greece, to Cesme, Turkey, 
where an additional 350 crew members embarked on 
March 8, 2020 (1). For 21 days, the ship sailed without 
any disembarkations or embarkations until the fi rst 
suspected coronavirus disease (COVID-19) case was 
reported to the health authority of the Piraeus port on 
March 28, 2020. We describe results of the outbreak 
investigation, including risk factors for transmission 
of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2).

The Study
We collected data by completing standardized forms 
through interviews and medical examination of all 

travelers onboard and by reviewing the ship records 
and logs. We used descriptive statistics to analyze the 
study variables and performed univariate and multi-
variate analyses.

In conducting clinical management of cases, 
we followed guidelines from the Hellenic Nation-
al Public Health Organization (NPHO) for health 
measures on travelers and repatriation, which were 
based on the European Union Healthy Gateways 
Joint Action advice for management of COVID-19 
cases onboard ships (2) (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/27/7/21-0398-App1.
pdf). NPHO and the Piraeus Port Health Author-
ity provided passengers with information about us-
ing medical facemasks at all times when outside of 
their cabins, as well as handwashing, physical dis-
tancing, and cleaning and disinfecting cabins; ship 
offi cers supervised.

Food preparation and laundry and cleaning ser-
vices were halted; travelers were instructed to clean 
their own cabins and store used linens in plastic bags. 
Cleaning and disinfection of the terminal was done by 
a private company under supervision of the Piraeus 
Port Health Authority, after all travelers disembarked 
the ship at the port of Piraeus. A catering company 
provided packaged meals; personal hygiene supplies 
were also provided (including facemasks and hand 
sanitizer). Methods and results of the environmental 
sampling have been published elsewhere (3).

We collected oropharyngeal specimens from 
all travelers onboard. Molecular tests for SARS-
CoV-2 detection were performed by using the Cobas 
SARS-CoV-2 test qualitative assay and the Cobas 
6800/8800 System (La Roche, https://www.roche.
com). Serologic tests were performed on blood 
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We describe response measures to an outbreak involv-
ing 128 (33.4%) coronavirus disease cases (46.1% as-
ymptomatic) among 383 persons onboard a passenger 
ship. Multivariate analysis indicated that dining in certain 
rooms and bar areas, nationality, working department (for 
crew members), and quarantining onboard the ship were 
signifi cantly associated with infection.
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specimens collected from 116 cases. Serum samples 
were initially tested with the Xiamen Boson Biotech 
(https://www.bosonbio.com) Rapid 2019-nCoV 
IgG/IgM Combo Test Card, a rapid lateral flow (im-
munochromatographic) test, and subsequently with 
the MAGLUMI800 chemiluminescence immunoassay 
(Snibe Diagnostic, https://www.snibe.com).

Our study was a public health response as part of 
activities of the Hellenic NPHO and local authorities 
(i.e., Piraeus Port Health Authority and Port Admin-
istration). Participants provided verbal informed con-
sent for recording and processing of information dur-
ing interviews, and written consent was obtained from 
participants for blood specimen analysis. All required 
ethics considerations were applied according to rules 
of the Hellenic NPHO and the Ministry of Health.

The first 3 symptomatic cases occurred on March 
20 among travelers (passengers and crew) of different 
nationalities and working departments (hotel, dining 
room service, and housekeeping [cabin steward]). 
The peak of the outbreak occurred during March 30–
April 1 (Figure). We conducted laboratory tests for 
SARS-CoV-2 and for antibodies during 3 follow-up 
examinations (Appendix Table 2).

Travelers who tested positive were isolated on-
board (except the first case-patients, who were hos-
pitalized, and 2 travelers who were isolated in ho-
tels designated by the government of Greece for that 
purpose). All travelers onboard who tested negative 
were considered contacts and quarantined individu-
ally in quarantine facilities ashore (hotels designated 
by the government of Greece), except 36 crew mem-
bers who tested negative but quarantined in sepa-
rate decks and facilities onboard to ensure safe ship 
operation. We compiled characteristics of travelers, 

hospitalizations, and quarantine measures (Appen-
dix Table 2), symptom frequency (Appendix Table 
3), and results of univariate analysis for testing risk 
factors (Appendix Table 4). No deaths occurred; 7 
patients were hospitalized, including the first pa-
tient, who was intubated. 

We conducted multivariate analysis, in the form 
of binary logistic regression, using SPSS 25.0 (IBM, 
https://www.ibm.com). For all analyses, we used 
a 5% significance level. Multivariate analysis results 
indicated that test-negative travelers quarantined at 
hotels had lower odds of SARS-CoV-2 infection than 
those who quarantined onboard the ship (odds ratio 
0.07, 95% CI 0.01–0.58). Travelers of nationality A who 
worked in the entertainment department had higher 
odds of infection (odds ratio 3.54, 95% CI 1.03–12.16). 
Multivariate analysis indicated that dining in certain 
rooms and bar areas, nationality, working department 
(for crew members), and quarantine onboard the ship 
significantly associated with infection (Table).

Conclusions
Our findings can be used in COVID-19 prevention 
and control preparedness plans for ports and ships. 
Ongoing transmission can occur onboard ships, af-
fecting a large number of travelers, without any sign 
of symptoms for an extended period, especially in 
cases where most of the travelers are of young age. 
Assuming a serial interval number of 5 days and a 
reproduction number of 2.6, we could conclude that 
1 infectious traveler embarked on the first or second 
day of the voyage, and 21 days later 120 travelers on 
board had been infected (4,5).

Active or passive surveillance for COVID-19 
based on symptoms onboard ships alone cannot 
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Figure. Epidemic curve for symptomatic coronavirus disease case-patients, by date of symptom onset, during an outbreak on a 
passenger ship, Greece, March 20–April 18, 2020. A total of 65 case-patients had a known date of symptom onset.
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be effective for early COVID-19 outbreak detec-
tion because only a small proportion of cases can 
be identified when the disease has already spread 
widely. Screening of incoming travelers and pre-
boarding and regular routine laboratory testing can 
be implemented in addition to surveillance (6). We 
advise laboratory diagnostic testing of passengers 
and crew for SARS-CoV-2 within 72 hours before 
embarkation and a second test the day of embarka-
tion. In addition, for crew members, we advise a 
10-day quarantine period before starting work and 
regular testing of all crew members on board every 
7 days. The preparedness plans of ships and ports 
should ensure laboratory capacity for diagnosis 
of all persons onboard once an outbreak has been 
identified and frequent and regular testing until 
negative results are obtained in accordance with 
port policies (7).

Because of the large proportion of travelers who 
tested positive in this outbreak, the relevant authori-
ties decided that COVID-19 case-patients would be 
isolated onboard the ship, whereas travelers who 
tested negative would disembark and quarantine in-
dividually in hotels. Individual quarantine and isola-
tion in separate facilities was effective in preventing 
further spread (2,6,8–11). These measures contributed 
to preventing intra-cabin transmission, which was 
documented in other COVID-19 outbreaks onboard 
passenger ships (12,13). Halting food preparation 
and service, housekeeping activities in cabins, and 
laundry service stopped transmission onboard. This 
outcome is contrary to the outbreak management 
approach taken onboard another cruise ship, where 
crew continued working duties while passengers 
and crew were isolated in their cabins, resulting in 
further COVID-19 spread (11). In our study, logistic 
regression statistical analysis showed that quarantin-
ing travelers in hotels was a protective factor against 

SARS-CoV-2 infection compared with quarantining 
onboard the ship.

Crew members who worked in the entertain-
ment department, were of a certain nationality, and 
consumed meals and drinks at specific dining and 
bar areas had a higher risk for infection. Dining ar-
eas and bars can be settings for COVID-19 transmis-
sion because of congregation of persons and because 
facemasks are not used while eating or drinking (13). 
Avoiding self-service, encouraging service of meals 
in cabins, staggering meal times, and reconfiguring 
dining room seating to ensure physical distancing are 
recommended to avoid possible transmission within 
ships’ dining rooms (2,11,14).

A coordinated approach from a country’s central 
government, in cooperation with local port authori-
ties, is needed to define the maximum response ca-
pacities of each port and the maximum number of 
ships that can be allowed to call. This approach will 
help to avoid confining travelers on ships for quaran-
tine and isolation and reduce the risk for spread on-
board when outbreaks occur, in line with the World 
Health Organization’s International Health Regula-
tions, which are designed to prevent unnecessary in-
terference with international traffic and trade (7).
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Table. Multivariate analysis of risk factors for SARS-CoV-2 infection during an outbreak on a passenger ship, Greece, March 20–April 
18, 2020* 

Factor 
Area of work (for crew members) Consuming meals and drinks in 

galley/dining area/bar A‡ Food and beverage Housekeeping and hotel Other† 
Nationality 
 A Referent 
 B 0.00 (0.00–0.00) NA NA NA 
 C 1.20 (0.51–2.81) 0.11 (0.02–0.75) 0.03 (0.002–0.42) 0.49 (0.24–0.99) 
 D 0.81 (0.36–1.83) 0.23 (0.05–1.14) NA 0.54 (0.27–1.08) 
 E 0.90 (0.25–3.21) 0.96 (0.10–9.27) NA 0.94 (0.32–2.78) 
 Other† 1.51 (0.41–5.62) 1.02 (0.14–7.20) 0.22 (0.02–2.98) 1.52 (0.59–3.91) 
Consuming meals and drinks in galley/dining area/bar A‡ 
 Referent 2.71 (1.34–5.46) 4.44 (1.81–10.95) NA 
*A total of 120 passengers and crew tested positive during the first specimen collection and testing. Values in bold type are statistically significant. SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2; NA, not applicable. 
†Entertainment, security, shop, hospital, other. 
‡Meals and beverages were prepared and served in galley and dining room and café-bar A (for travelers who embarked at Cesme port) and in galley and 
dining room and café-bar B (for travelers who embarked at Piraeus port). 
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Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) B.1.1.7 lineage (variant of concern 

[VOC] 202012/01 or 20I/501Y.V1) likely emerged 
during autumn 2020 in the United Kingdom and 
quickly became dominant there (E. Volz et al., un-
pub. data, https://www.medrxiv.org/content/10.1
101/2020.12.30.20249034v2). B.1.1.7 carries multiple 
mutations and deletions, including 501Y and deletion 
ΔH69/ΔV70 (del69–70) in the spike protein. B.1.1.7 
reportedly exhibits greater transmissibility and fatal-
ity in the community than non-VOC lineages (here-
after referred to as wild-type virus) (1; E. Volz et al., 
unpub. data). However, increased deaths were not 
seen in hospitalized patients (2).

The fi rst patient infected with B.1.1.7 at the out-
patient SARS-CoV-2 testing site of Charité–Univer-
sitätsmedizin Berlin was identifi ed on January 18, 
2021. We describe lineage prevalence over time and 
demographic and clinical characteristics in outpa-
tients with B.1.1.7 or wild-type virus who sought care 
during January–March 2021. Ethics approval was 

obtained from Charité’s Institutional Review Board 
(EA4/083/20).

The Study
Details of the testing site have been described (3). 
Physicians interviewed patients about demograph-
ics, medical history, and symptoms. If indicated, a 
combined oro-nasopharyngeal swab specimen was 
collected. Specimens were tested by using the cobas 
6800/8800 assay (Roche Diagnostics, https://diag-
nostics.roche.com), targeting open reading frame 1ab 
and the envelope gene (4). All positive samples were 
typed for the N501Y and del69–70 polymorphisms by 
melting curve analysis. Variants including both poly-
morphisms were considered B.1.1.7.

During January 18–March 29, 2021, a total of 349 
SARS-CoV-2–positive patients were seen at the test-
ing site, and the proportion of B.1.1.7 increased from 
2% to >90% (Figure 1). In total, 35.8% (125/349) of 
samples belonged to the wild-type lineage, 57.0% 
(199/349) were B.1.1.7, and 7.2% (25/349) were other 
non–wild-type variants (non-VOCs).

Six patients previously had received >1 SARS-
CoV-2 vaccinations; all were infected with B.1.1.7 
but were excluded from analysis because vaccina-
tion could interfere with viral dynamics and clinical 
manifestation (Appendix Table, https://wwwnc.
cdc.gov/EID/article/27/7/21-0845-App1.pdf). 
We excluded patients carrying lineages other than 
wild-type or B.1.1.7. Half of the patients were female 
(49%); mean age was 36 (SD +15) years. Almost all 
(97%) reported symptoms. Median symptom du-
ration until testing was 3 (interquartile range 2–4) 
days. Symptoms were fatigue (72%), headache 
(69%), and muscle ache (60%). Fifteen percent re-
ported travel outside Berlin in the previous 14 days, 
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Within 5 weeks in 2021, B.1.1.7 became the dominant 
severe acute respiratory syndrome coronavirus 2 lin-
eage at an outpatient testing site in Berlin, Germany. 
Compared with outpatients with wild-type virus infection, 
patients with B.1.1.7 had similar cycle threshold values, 
more frequent sore throat and travel history, and less fre-
quent anosmia/ageusia.
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and half (49%) reported contact with a SARS-CoV-2–
positive person (Table).

Most assessed characteristics did not substantially 
differ between patients with wild-type or B.1.1.7, in-
cluding age, sex, leading symptoms, symptom dura-
tion, contact with a SARS-CoV-2–positive person, and 

time passed since contact (Table). However, B.1.1.7 pa-
tients had traveled more frequently than those with the 
wild-type strain (19% vs. 10%). Patients with B.1.1.7 
more often reported sore throat than did patients with 
wild-type virus (54% vs. 42%) but less frequently re-
ported anosmia or ageusia (24% vs. 38%) (Table).
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Figure 1. Proportion of SARS-
CoV-2 lineages at the Charité–
Universitätsmedizin Berlin testing 
site, Berlin, Germany, January–
March 2021. The numbers on top of 
the bars indicate the total number 
of positive SARS-CoV-2 tests. Six 
(partially) vaccinated outpatients 
are included for completeness. 
Note that calendar week 13 only 
includes 1 day (March 29). SARS-
CoV-2, severe acute respiratory 
syndrome coronavirus 2; VOC, 
variant of concern.

 
Table. Characteristics of severe acute respiratory syndrome coronavirus 2–positive outpatients attending the Charité–
Universitätsmedizin Berlin testing site, by lineages, Germany, January–March 2021* 
Characteristic Wild-type lineage B.1.1.7 variant OR (95% CI) 
Total no. 125 193 NA 
Sex    
 M 69 (55.2) 94 (49.0)  
 F 56 (44.8) 98 (51.0) 1.3 (0.8–2.0) 
Mean age, y (SD) 36.6 (13.8) 34.8 (15.9) 1.8 (−1.5 to 5.1)† 
Any symptoms 122 (97.6) 186 (96.4) 0.7 (0.2–2.6) 
 Self-reported fever in previous 48 h 48 (38.4) 82 (42.5) 1.2 (0.8–1.9) 
 Median self-reported temperature in case of fever, °C (SD) 38.3 (0.6) 38.2 (0.7) 0.1 (−0.2 to 0.4)§ 
 Shortness of breath 12 (9.6) 26 (13.5) 1.5 (0.7–3.0) 
 Fatigue 92 (73.6) 138 (71.5) 0.9 (0.5–1.5) 
 Chest pain 3 (2.4) 2 (1.0) 0.4 (0.1–2.6) 
 Diarrhea 19 (15.2) 24 (12.4) 0.8 (0.4–1.5) 
 Anosmia or ageusia (loss of smell or taste) 47 (37.6) 46 (23.8) 0.5 (0.3–0.9) 
 Muscle aches 75 (60.0) 116 (60.1) 1.0 (0.6–1.6) 
 Sore throat 52 (41.6) 104 (53.9) 1.6 (1.0–2.6) 
 Cough 61 (48.8)  98 (50.8) 1.1 (0.7–1.7) 
 Headache 86 (68.8)  133 (68.9) 1.0 (0.6–1.6) 
 Chills 44 (35.2) 67 (34.7) 1.0 (0.6–1.6) 
 Rhinorrhea 76 (60.8) 102 (52.8) 0.7 (0.5–1.1) 
Median duration of symptoms upon test, d (25%–75% quantile) 3.0 (2.0–4.8) 3.0 (2.0–4.0) 0.0 (−1.0 to 0.0)§ 
Contact with person with confirmed SARS-CoV-2 infection 60 (48.0) 97 (50.3) 1.1 (0.7–1.7) 
 Median time between contact with person with confirmed  
 SARS-CoV-2 infection and test, d (25%–75% quantile) 

4.0 (1.2–7.0) 4.0 (1.0–6.0) 0.0 (−1.5 to 3.0)‡ 

Travel outside Berlin region in previous 14 d 12 (9.6) 36 (18.7) 2.2 (1.1–4.3) 
Median Ct value (25%–75% quantile) 20.2 (17.4–24.1) 20.1 (17.1–22.8) 0.1 (−0.9 to 1.6)‡ 
 Symptom duration <7 d, no. patients (median Ct value  
 [25%–75% quantile]) 

113 (19.9 [17.4–23.5]) 171 (19.5 [16.6–22.6]) 0.4 (−1.0 to 1.7)‡ 

 Symptom duration >7 d, no. patients (median Ct value  
 [25%–75% quantile]) 

6 (30.1 [26.1–31.3]) 11 (26.2 [21.4–31.2]) 3.9 (−5.6 to 10.0)‡ 

*Values are no. (%) except as indicated. Ct, cycle threshold; NA, not applicable; OR, odds ratio; SARS-CoV-2, severe acute respiratory syndrome 
coronavirus 2. 
†Difference in means (95% CI). 
‡Difference in medians (95% CI). The 95% CI for difference in medians was computed by a percentile bootstrap with 1,000 replications. 
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We observed no difference in cycle threshold (Ct) 
values for the envelope gene target between B.1.1.7 
and wild-type samples (median 20.2 vs. 20.1) (Table). 
In patients reporting a symptom duration of >7 days, 
Ct values appeared to be lower for those with B.1.1.7 
(26.2 vs. 30.1 for wild-type), but the difference was 
not significant (p = 0.7 by Mann–Whitney U test) (Ta-
ble; Figure 2).

Finally, we explored which combination of vari-
ables in our dataset best described B.1.1.7 in a logistic 
regression applying a backward stepwise selection on 
the basis of the Akaike information criterion (Appen-
dix). This work identified the best set of associated 
factors as the absence of anosmia or ageusia (p = 0.01), 
longer symptom duration (p = 0.02), sore throat (p = 
0.05), lower Ct value (p = 0.07), travel in the previous 
14 days (p = 0.08), lower age (p = 0.09), and absence 
of rhinorrhea (p = 0.12). We then used the bootstrap 
technique to repeat the variable selection in 1,000 rep-
licated datasets and evaluated how often these vari-
ables were selected with the backward selection. This 
analysis resulted in anosmia or ageusia, 89%; symp-
tom duration, 78%; travel, 73%; sore throat, 68%; Ct 
value, 66%; age, 56%; and rhinorrhea, 51%. Absence 
of anosmia or ageusia, longer symptom duration, and 
travel were selected most often, indicating their asso-
ciation with B.1.1.7 infection. We performed all analy-
ses in R version 3.6.3 (https://cran.r-project.org).

Conclusions
The first B.1.1.7 case in Germany was recorded in late 
December 2020 (5). At our testing site, B.1.1.7 was ob-
served 3 weeks later and replaced wild-type virus as 
the dominant strain within just 5 weeks. The rapid 
emergence and dominance of this lineage likely re-
sults from its increased transmissibility (E. Volz et al., 
unpub. data), which is potentially caused by spike 

protein polymorphisms (including 501Y) conferring 
enhanced mucosal binding (6); 681H, near a region 
vital for transmission (T.P. Peacock et al., unpub. 
data, https://doi.org/10.1101/2020.09.30.318311); 
and deletion 69–70, linked to immune escape (7). 
Viral replication in vitro does not differ from earlier 
strains (J.C. Brown et al., unpub. data, https://doi.
org/10.1101/2021.02.24.432576).

Compared to the wild-type virus, B.1.1.7 is report-
edly associated with more deaths in nonhospitalized 
patients but not in inpatients (1,2). In our young out-
patient study population, we did not observe major, 
lineage-dependent differences in leading symptoms. 
Nevertheless, anosmia and ageusia, among the most 
specific coronavirus disease symptoms (3), were less 
common in patients with B.1.1.7., whereas sore throat 
was more common. A survey in the United Kingdom 
revealed patients with B.1.1.7 experienced anosmia 
and ageusia less frequently but more frequently expe-
rienced sore throat, cough, fatigue, myalgia, and fever 
(8). In contrast, no associations between SARS-CoV-2 
B.1.1.7 and self-reported symptoms, disease dura-
tion, or hospital admissions were seen in another UK 
study (9). The main factors for B.1.1.7 infection pre-
diction in our study appeared to be lack of anosmia or 
ageusia and longer symptom duration, in addition to 
recent travel. The association with recent travel at the 
time of B.1.1.7 spread is probably no longer relevant 
because B.1.1.7 is now the most common variant in 
Berlin and Germany.

With regard to Ct values, one study observed simi-
lar figures in patients with B.1.1.7 and wild-type lin-
eages; however, a longer duration of PCR–positivity 
with B.1.1.7 was suggestive by repeated sampling over 
time (S.M. Kissler et al., unpub. data, https://doi.org
/10.1101/2021.02.16.21251535). Likewise, longer per-
sistence has been observed for B.1.1.7 (10), but lower 
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Figure 2. Comparison of median Ct 
values in severe acute respiratory 
syndrome coronavirus 2 wild-type and 
B.1.1.7 lineage by symptom duration, 
Berlin, Germany, January–March 
2021. A) Symptom duration <7 days. 
B) Symptom duration >7 days. The 
boxplots indicate medians (center) and 
25th (top) and 75th (bottom) percentiles 
(i.e., quartile [Q] 1 and Q3). The upper 
whiskers reach the largest value with 
a maximum Q3 +1.5 interquartile 
range. The lower whiskers reach the 
smallest value with a minimum Q1 –1.5 
interquartile range. The numbers on 
top of the boxplots indicate the total 
number of observations included in the 
comparison. Ct, cycle threshold.
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Ct values (indicating higher viral load) have been ob-
served compared to wild-type samples. Lower Ct val-
ues were also seen in other studies on population (11) 
and inpatient levels (2). In our cross-sectional assess-
ment of recently ill outpatients, we did not observe 
such differences. Still, increased transmissibility may 
result from the variant’s prolonged excretion (10; S.M. 
Kissler et al., unpub. data). Test timing appears crucial 
for interpretation of Ct values. Outpatients are com-
monly tested earlier than inpatients. The combination 
of prolonged viral shedding with different test timing 
might explain increased viral load in B.1.1.7 samples 
in inpatients but not in recently ill outpatients. In out-
patients with ≥7 days symptom duration, Ct values in 
B.1.1.7 samples were suggestively reduced. However, 
comparison groups were small. Our data enabled de-
tection of a maximum effect size on overall Ct values, 
which corresponds to B.1.1.7 Ct values being 1.5 units 
below or 1.0 above those for wild-type virus.

The main limitation of our study was its lim-
ited subgroup sizes, which reduced the likelihood 
of detecting differences between rare characteristics. 
Other limitations are the 1-time assessment, subjec-
tive symptom duration, and the variable manifesta-
tion of SARS-CoV-2 infection (3). Strengths include 
standardized procedures conducted by trained medi-
cal staff and its prospective nature evaluating patient 
groups during the same period, reducing the likeli-
hood of biases because of temporal effects.

In summary, SARS-CoV-2 VOC B.1.1.7 is now the 
dominant lineage in Berlin. In outpatients, no major 
difference in clinical manifestations has been observed.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2021.04.15.21255389v1.
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The coronavirus disease (COVID-19) pandemic 
disproportionally affects socially disadvan-

taged populations because of economic, social, and 
demographic factors, as well as their health condi-
tions and practices (1). Identifying vulnerable com-
munities and effectively allocating ameliorating re-
sources to them are necessary if policy makers are 
to manage the effects of COVID-19. Community 
vulnerability indexes (CVIs) have been increas-
ingly used to assess community social vulnerabil-
ity to a pandemic using community-level socioeco-
nomic and demographic data (2–7). In the United 
States, greater CVI and vulnerability in domains of 
minority status, household composition, housing, 
transportation, and disability at the county level 
were signifi cantly associated with greater risk of 
COVID-19 diagnosis (3,4). We aimed to construct a 
CVI more socioculturally adapted to metropolises 
in Asia to explain the impact of COVID-19 across 
more microgeographic units (i.e., districts) within 
a highly urbanized city, Hong Kong, China. We 
also analyzed the extent that CVI was correlated 
with the evolution of the COVID-19 pandemic 
in Hong Kong.

The Study
Hong Kong has long been regarded as an epicenter 
for many infectious diseases and is predisposed to 
severe COVID-19 impact because of its dense and 
rapidly aging population (8,9). Geographically, Hong 
Kong comprises 3 main regions, New Territories, 
Kowloon, and Hong Kong Island, which are further 
subdivided into 18 administrative districts (10). As 
of August 31, 2020, Hong Kong had experienced 3 
waves of COVID-19 (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/27/7/20-4076-App1.
pdf), reporting 4,811 COVID-19 cases, including 89 
deaths; 76.5% of cases occurred in wave 3 (11). 

Following methods used by the Surgo Founda-
tion (6), we fi rst defi ned 5 domains that contributed 
to an overall CVI: socioeconomic status, household 
composition, housing condition, healthcare system, 
and epidemiologic factors. We included 22 indica-
tors in the 5 domains for calculating domain CVI and 
overall CVI (Table 1). We fi rst ranked each indicator 
by district, with a higher rank indicating greater vul-
nerability. Then, we calculated the percentile rank of 
each district over each indicator using the formula of 
percentile rank = (rank – 1)/(n – 1), where n refers 
to total geographic units (n = 18). A higher percen-
tile rank indicates greater relative CVI of the district 
over the specifi c indicator. We then summed the 
percentile ranks over all indicators within each do-
main, reranked them to calculate domain CVIs, and 
summed the percentile ranks of all domains to cal-
culate an overall CVI for each district. We assumed 
equal weights for indicators within domains and 
for the 5 domains within the overall CVI because of 
a lack of available evidence informing a more opti-
mized weight scheme. Finally, we categorized all dis-
tricts into very high (>80%), high (60%–80%), moder-
ate (40%–60%), low (20%–40%), and very low (<20%) 
vulnerability on the basis of their domain and overall 
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We constructed a coronavirus disease community vul-
nerability index using micro district-level socioeconomic 
and demographic data and analyzed its correlations with 
case counts across the 3 pandemic waves in Hong Kong, 
China. We found that districts with greater vulnerability 
reported more cases in the third wave when widespread 
community outbreaks occurred.
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CVI. We calculated the Pearson correlations of indi-
cator, domain, and overall CVI with COVID-19 case 
counts across districts and pandemic waves. We ana-
lyzed the differences in temporal trends of accumu-
lated COVID-19 counts by districts of different vul-
nerability categories using Poisson regression models 
and plotted the results. We included 3,847 cases re-
ported during January 23–August 31, 2020, for which 
a residence was locatable.

We plotted the spatial distribution of overall 
CVI and case counts (Figure 1) and domain CVI by 
districts (Appendix Figure 2). The 4 districts with 
very high vulnerability districts reported 1,333 CO-
VID-19 cases, accounting for 34.6% (95% CI 33.1%–
36.2%) of the total cases; the 4 districts with very 
low vulnerability reported 491 COVID-19 cases, 
12.7% (95% CI 11.7%–13.9%) of the total. Of the 81 
COVID-19–attributed deaths with recorded resi-
dence, 45.7% (95% CI 34.6%–57.1%) were reported 
in the 4 districts with very high vulnerability and 

34.6% (95% CI 24.3%–46.0%) were reported in the 3 
districts with high vulnerability. Only 2 COVID-19–
attributed deaths were reported from the 7 very low 
or low-vulnerability districts.

By pandemic wave, the correlation between over-
all CVI and case counts was not significant for wave 
1, negative in wave 2, and positive in wave 3, and, 
consequently, positive overall (Table 2). In wave 2, 
the case counts correlated negatively with most indi-
cator and domain CVI but correlated positively with 
distribution of entertainment venues and non-Chi-
nese ethnicities. In wave 3, the case counts correlated 
positively with most indicators and all domain CVIs 
but correlated negatively with non–Chinese ethnici-
ties. Overall, community profile variables that cor-
related positively with case counts over the 3 waves 
included poverty, income, educational level, single-
parent households, area of accommodation, hospital 
beds, population density, obesity, and working out-
side area of residency.
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Table 1. Domains and domain indictors for calculating community vulnerability index in the context of the coronavirus disease 
pandemic, Hong Kong* 
Domain Descriptions of the indicators 
Socioeconomic status†  
 Poverty Proportion of persons below poverty line‡ 
 Unemployment Proportion of persons >15 years of age who are unemployed 
 Income Median income per capita 
 Educational level Proportion persons >15 years of age having education level below high school 
Household composition†  
 Persons >65 years of age Proportion of persons >65 years of age 
 Persons <14 years of age Proportion of persons <14 years of age 
 Single-parent households Proportion of single-parent households among all households 
 Elderly living alone Proportion of elderly (>65 years of age) living alone 
Housing conditions†  
 Household density Mean number of persons per household 
 Area of accommodation Median floor area of accommodation per household 
Healthcare system factors§  
 Hospital beds Proportion of hospital beds per 100,000 persons 
 Intensive care unit (ICU) beds Proportion of ICU beds per 100,000 persons 
 Hospital labor Proportion of hospital labor force (full-time staff employed by Hong Kong Hospital 

Authority) per 100,000 persons 
Epidemiologic factors  
 Population density¶ Estimated persons per square kilometre 
 Obesity# Proportion of persons with BMI ≥25 
 Hypertension# Proportion of persons with hypertension 
 Smoking# Proportion of daily smokers 
 Persons employed in transportation sector† Proportion of persons employed in transportation sector 
 Persons employed in accommodation and 
food catering sectors† 

Proportion of persons employed in accommodation and food catering sectors 

 Working outside residency district† Proportion of persons not working in the district of their residence 
 Entertainment venues** Number of entertainment venues (e.g., bar, karaoke, wine, club house) 
 Non–Chinese ethnicities † Proportion of persons with non–Chinese ethnicities 
*All statistics were calculated at the residential district level of Hong Kong. 
†Data from the 2016 Hong Kong population by-census data (https://www.censtatd.gov.hk/hkstat/sub/so459.jsp). 
‡Monthly household income is below 50% of the median monthly household income in Hong Kong before any government interventions. 
§Data from the 2018–2019 Hospital Authority Annual Report, Hong Kong (https://www3.ha.org.hk/data/HAStatistics/StatisticalReport/2018-2019). 
¶Data from the Hong Kong Statistical Reports: Land area, mid-year population and population density by District Council district, 2019 edition 
(https://www.censtatd.gov.hk/hkstat/sub/sp150.jsp?productCode = D5320189). 
#Data from the 2015 report of a major Family Project Cohort Study comprising 8,000 households in Hong Kong 
(https://familycohort.sph.hku.hk/en/knowledge_exchange.html). 
**Data from OpenRice (https://www.openrice.com/en/hongkong), the most popular restaurant review app, which provides the largest database of food 
venues, bars and other entertainment venues in Hong Kong. 
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We plotted the temporal changes in cumulative 
cases by vulnerability categories (Figure 2). The Pois-
son regression model revealed an overall significant 
effect of vulnerability levels on cumulative cases 
(moderate vulnerability, β = 0.17, p<0.001; high/very 
high vulnerability, β  =  0.31, p<0.001). By pandemic 
wave, districts of high/very high vulnerability 
reported fewer cases in the first 2 waves (β = −0.45, 
p<0.001) but significantly more cases in wave 3 
(β = 0.68, p<0.001).

Conclusion
Adding to existing literature (2–5), our study in-
dicates that community vulnerability is dynamic, 
changing with the evolution of the pandemic. In 
waves 1 and 2, COVID-19 cases were mainly im-
ported cases, including those infecting students and 
domestic helpers returning from overseas, as well as 
business travelers (12). These cases were found main-
ly within more socially privileged families and there-
by an inverse association between socioeconomic 
status and case counts was seen. In Hong Kong, 55% 
of persons with non–Chinese ethnicities are domes-
tic helpers for more socially privileged families and 

another 25% are executives or professionals (13) who 
have greater work-from-home flexibility (12). Subse-
quently, after tightening measures for inbound trav-
elers and because there were more work-from-home 
arrangements in wave 3, the positive correlation be-
tween non–Chinese ethnicities and vulnerability to 
COVID-19 infection in waves 1 and 2 shifted to be 
negative. Entertainment venues constituted a prima-
ry exposure setting that spread COVID-19 in waves 
1 and 2 (14) but ceased to be a major contributor to 
community vulnerability in wave 3 after these venues 
were closed. In wave 3, socioeconomic deprivation, 
poor housing, and dense household composition, 
as well as epidemiologic factors that facilitate viral 
transmission, became more key contributors to com-
munity vulnerability to COVID-19 infection. By April 
2021, Hong Kong had experienced another pandemic 
wave (wave 4), characterized, again, by cases mainly 
in younger persons with higher socioeconomic status, 
linking to the largest local cluster (dancing/singing 
studio cluster) and the second largest cluster (fitness 
center outbreak) (10). Updated analyses found that 
socioeconomic deprivation and poor housing were 
no longer major contributors, whereas entertainment 
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Figure 1. Distributions of community vulnerability index and total case counts of COVID-19 across administrative districts of Hong Kong 
as of August 31, 2020. COVID-19, coronavirus disease.
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venues again became strong contributors to commu-
nity vulnerability in wave 4 (Appendix Table). 

Overall, our study indicates that a COVID-19 
CVI can be applied to district-level data within a 
city to help city-level policy makers in resource al-
location planning, but these measures should be 
viewed as dynamic at different pandemic stages. 
For instance, infection control and prevention 
measures should be intensified, perhaps by more 
strict or substantial social distancing in community  

settings with entertainment venues where persons 
may remove their face masks to exercise, dance, or 
eat and drink when community incidence is lower 
to minimize pandemic resurgence, whereas more 
material resources can be allocated to support social 
distancing measures among more socially disadvan-
taged communities when widespread community 
outbreaks occur. Our analysis focused on the cor-
relation of CVI with COVID-19 case counts rather 
than infection risk (i.e., incidence) or severity (e.g.,  
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Table 2. Pearson correlations of indicator, domain, and overall community vulnerability index for coronavirus disease confirmed cases 
across 3 pandemic waves, as of August 31, 2020, Hong Kong 
Domains and indicators Wave 1 Wave 2 Wave 3 Overall 
Overall index 0.31 −0.49* 0.77‡ 0.71† 
Socioeconomic status 0.01 −0.59* 0.68† 0.58* 
 Poverty 0.26 −0.43 0.75‡ 0.71† 
 Unemployment −0.10 −0.64† 0.50* 0.38 
 Income 0.02 −0.65† 0.60b 0.48* 
 Educational level −0.06 −0.70† 0.64† 0.51* 
Household composition 0.14 −0.51* 0.57* 0.49* 
 Persons >65 years of age 0.59* 0.09 0.30 0.37 
 Persons <14 years of age −0.36 −0.48* −0.11 −0.25 
 Single-parent households 0.25 −0.44 0.73† 0.68† 
 Elderly living alone −0.09 −0.28 0.45 0.41 
 Housing condition 0.16 −0.42 0.49* 0.43 
 Household density 0.07 −0.20 −0.01 −0.05 
 Area of accommodation 0.08 −0.32 0.65† 0.62† 
Healthcare system factors 0.48* −0.07 0.47 0.50* 
 Hospital beds 0.45 −0.33 0.59* 0.57* 
 ICU beds 0.41 0.16 0.39 0.47 
 Hospital labor 0.50* −0.01 0.37 0.41 
Epidemiologic factors 0.45 −0.37 0.68† 0.66† 
 Population density 0.45 0.17 0.51* 0.60† 
 Obesity 0.43 −0.32 0.53* 0.51* 
 Hypertension 0.54* 0.01 0.41 0.46 
 Smoking −0.06 −0.51* 0.19 0.08 
 Employed in transportation sector −0.22 −0.71† 0.26 0.10 
 Employed in accommodation and food catering sectors −0.02 −0.51* 0.48* 0.39 
 Working outside residency district −0.10 −0.56* 0.59* 0.49* 
 Entertainment venues 0.34 0.63† 0.04 0.21 
 Non–Chinese ethnicities 0.002 0.66† −0.71† −0.60† 
*p<0.05 
†p<0.01 
‡p<0.001 

 

Figure 2. Cumulative coronavirus 
disease cases as of August 31, 
2020, by week and districts of 
different vulnerability levels since 
the first case was reported in  
Hong Kong.



Community Vulnerability to COVID-19, Hong Kong

fatalities) because of the relatively small number of 
cases and COVID-19 mortality in Hong Kong. How-
ever, because symptoms are generally mild in most 
cases, the magnitude of the pandemic impact is a 
key determinant for resource allocation.
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Among all biting insects, some are responsible 
only for bite lesions, and others are also vectors 

of diseases (1–3). In both instances, these insects are 
a physical nuisance and sometimes a psychological 
one. The most-described biting insects found in hu-
man dwellings are bed bugs, which are transmitted 
by travel and movement of persons; and fl eas, which 
are transmitted by household pets (3,4). We describe 
patients requesting a dermatologic consultation for 
skin lesions caused by hairs of Anthrenus sp. (carpet 
beetle) larvae.

The Study
During January–March 2020, a total of 11 patients (6 
children 7–17 years of age and 5 adults 19–58 years of 
age) from 7 families living in southern France (Nice 
area) consulted with the Department of Dermatol-
ogy, Centre Hospitalier Universitaire de Nice (Nice, 
France). Each person had a several-week history of 
multiple skin lesions. Clinical examinations showed 
7–35 (median 17) isolated erythematous urticarial 
papules/patient. These papules were pruritic, and 
lasted ≈1 week before disappearing slowly; new pap-
ules then appeared. Erythematous papular lesions 
always appeared fi rst in 1 family member. Then, in 
all cases, dermatitis progressively affected some, but 
not all, family members. Lesions and absence of other 

symptoms did not evoke a specifi c dermatologic con-
dition. Because the scattering of symptoms among 
family members was compatible with insect infes-
tation, patients were referred to the Department of 
Medical Entomology for further examination.

No recent history of travel, purchase of second-
hand items, or presence of infected pets (confi rmed 
by veterinarians) were reported by the families. Ex-
aminations indicated that lesions were located mostly 
under clothing: on the thighs, arms, chest, and abdo-
men (Figure 1). Careful inspection of beds and so-
fas by the families did not fi nd bed bugs or fl eas. In 
addition, the fact that the lesions were scattered all 
over the body, mainly under clothing, was not typi-
cal for bed bugs and fl eas (Table) (4). In this context, 
the medical entomologist visited 2 homes and looked 
for mites or insects responsible for the dermatitis. He 
confi rmed the absence of bed bugs and fl eas, and rap-
idly found larvae and adult insects in clothing, fab-
ric, and upholstery inside the homes (Figure 2, panels 
A–C). These larvae and adult insects were later iden-
tifi ed as specimens of Anthrenus sp. by using a 40× 
binocular magnifi er (Figure 2, panel D). For the other 
families, he asked the patients to look for Anthrenus 
sp. in these same places, showing them pictures of 
carpet beetle adults and larvae (5). All families found 
similar larvae and adult insects and brought them to 
the medical entomologist, who confi rmed Anthrenus 
sp. by morphology.

Anthrenus sp., better known as the carpet beetle, 
belongs to the order Coleoptera and family Der-
mestidae. Adults have a length of ≈3–4 mm, feed 
on nectar and pollen, and are harmless to humans. 
During autumn, female beetles search for hot areas 
and lay their eggs in dark places and cracks, making 
furniture one of their favorite spots (6,7). The larvae, 
which have a length of 4 mm, hatch at the end of 
winter or during spring. They usually live in dark 
drawers and cupboards. Larvae feed on dried or-
ganic matter from plant or animal residues, such as 
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We report patients in their homes in France who had cu-
taneous lesions caused by Anthrenus sp. larvae during 
the end of winter and into spring. These lesions mimic 
bites but are allergic reactions to larvae hairs pegged 
in the skin. These lesions should be distinguished from 
bites of bed bugs or fl eas.
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wool, dust, dead skin cells, feathers, and hairs; thus, 
they are commonly found in wardrobes, on stuffed 
animals, mattresses, or under carpets (6,7). Larvae 
never infest living animals. The larvae of many spe-
cies of carpet beetles are covered with spear-headed 
hairs. These hairs are disseminated throughout the 
interior of a home by a natural air stream or an air 
conditioning system.

We observed for 1 child from the first family a 
large number of lesions (35 papules), probably caused 
by the air conditioning unit located above her bed. 
Two kinds of hairs coexist on these insect larvae. One 
hair is fine and has a terminal arrow, and the other 
hair is thick and has scales (Figure 2, panel E). Among 
the hairs of the Anthrenus sp. larvae, only the fine 
prickly hairs are responsible for lesions. Their spear-
headed shape enable them to get stuck in the skin or 
respiratory mucosa, leading to hypersensitivity reac-
tions in the hosts (8). Few cases of dermatitis caused 
by Anthrenus sp. beetles have been described (6,9,10). 
Even rare cases of asthma could be linked to the pres-
ence of carpet beetle larvae in the house (11).

Several steps (excluding insecticides) were rec-
ommended to quickly help the 7 families eliminate 
their lesions and clean their homes. All patients 
were given antihistamines and topical corticoids.  

Clothing that had direct skin contact and was to be 
worn in the next few days was washed to eliminate 
larvae hairs and stored after drying in airtight bags 
to protect them from the environment. In the homes, 
places where Anthrenus sp. beetles were found were 
inspected and cleaned. Insects were removed me-
chanically. Mattresses and other infested areas were 
vacuumed, and the vacuum bag was put in a plas-
tic bag in the trash. Air conditioning systems present 
in the infested rooms were cleaned to prevent larvae 
hairs from spreading.

After observance of the above protocol, skin le-
sions healed in all affected adults and children in 3 
days. A month later, no other lesions were observed 
in the 7 families.

Conclusions
In our medical experience, infestations by Anthre-
nus sp. beetles have been sporadic. We observed a 
large number of cases during a short period, and a 
new case of Anthrenus sp. infestation was being in-
vestigated when this manuscript was being written. 
The families described in this report lived either in 
houses or apartments. They were not geographically 
near each other, but they all lived near parks or green 
spaces in urban or periurban areas.
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Figure 1. Aspects of lesions 
caused by larvae of Anthrenus 
sp. carpet beetles on 3 members 
of the same family, France. A) 
Thigh of a 33-year-old man; B) 
abdomen of a 5-year-old boy; 
C) leg of an 8-year-old girl (who 
scratched lesions).

 
Table. Characteristics of 3 insects found in dwellings during a study of Anthrenus sp. and an uncommon cluster of dermatitis* 

Insect pest 

Configuration of skin lesions 
Time of 

year 

Harmful 
stage of 
insect 

Location in 
housing 

Treatment for 
housing 

Evolution 
without 

treatment 
Body part 
affected 

Location in 
clothes Grouping 

Bed bugs Face, 
hands, feet 

Uncovered 
areas 

Frequently 
3 or 4 

Any season All Beds, sofas Steam >60°C 
with or without 

insecticide 

Exponential 

Fleas Buttocks, 
legs 

Covered or 
uncovered 

areas 

Frequently 
3 or 4 

Any season Adult Adults: animals; 
larvae: carpets, 

sofas 

Animal 
treatment, 
vacuum 

carpets and 
sofas 

Depending 
on presence 
of infected 

animal 

Anthrenus sp. No specific 
parts 

Mostly 
covered areas 

Isolated Late winter, 
early spring 

Larval Baseboards, 
wardrobes, 

mattresses, old 
carpets, drawers 

Vacuum and 
cleaning of air 
conditioning 

systems 

Possible 
spontaneous 

healing at 
end of spring 

*Treatment for all patients was antihistamines and topical corticoids. 
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Proper detection and identification of specimens 
is a key step in controlling insect pests. Anthrenus sp. 
larvae are responsible for allergic cutaneous reactions 
(not bites) caused by hairs hooked in the skin, lead-
ing to lesions found under clothing in members of the 
same household. The environment should be investi-
gated for this carpet beetle in the case of skin lesions 
mimicking arthropod bites without a central blister. 
Reactions to larvae hairs are different from 1 family 
member to another, and >1 of these family members 
frequently have no symptoms.

Dermatitis caused by Anthrenus sp. larvae 
is underdiagnosed or confused with dermatitis 
caused by bed bugs or fleas. These erroneous diag-
noses can lead to use of insecticides and thus to un-
necessary, tiring, expensive, and toxic procedures. 
Dermatitis caused by Anthrenus sp. larvae has clini-
cal and environmental characteristics relevant to 
ruling out other entomologic causes. It is useful to 
know that lesions caused by this insect are isolat-
ed and located mostly under clothing. Also, these 
insects are found in late winter or during spring, 
and bed bugs or fleas are not found contempora-
neously. This insect pest has been uncommon in 
human medicine, and these cases could indicate its 
emergence. Physicians and dermatologists should 
be better aware of this insect.
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Figure 2. Stages of Anthrenus 
sp. carpet beetle. A) Adult stage 
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clothing and upholstery fabric; 
D) larvae (original magnification 
×40); and E) larvae (original 
magnification ×200) showing 
fine hairs (single arrow) that 
have a spear-headed shape, 
are responsible for human 
hypersensitivity, and are invisible 
to the naked eye. Double arrow 
indicates thick larvae hair.
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Multisystem infl ammatory syndrome (MIS) in 
children (MIS-C) and adults (MIS-A) are febrile 

syndromes with elevated infl ammatory markers that 
usually manifest 2–6 weeks after a severe acute re-
spiratory syndrome 2 (SARS-CoV-2) infection (1–3). 
The Brighton Collaboration Case Defi nition for MIS-
C/A was recently published to be used in the evalu-
ation of patients after SARS-CoV-2 immunization (3); 
some scientists are concerned that vaccination against 
SARS-CoV-2 can trigger MIS-C/A. We report 6 cas-
es of MIS from a large integrated health system in 
Southern California, USA; 3 of those patients received 
SARS-CoV-2 vaccination shortly before seeking care 
for MIS. All 6 patients met the Brighton Collabora-
tion Level 1 of diagnostic certainty for a defi nitive 
case and had MIS illness onset between January 15–
February 15, 2021. The Chief Compliance Offi cer for 
the Southern California Permanente Medical Group 
reviewed this case series and confi rmed that it was 
compliant with the Health Insurance Portability and 
Accountability Act for publication.

The Study
Patient 1 was a 20-year-old Hispanic woman who 
sought care for 3 days of a diffuse body rash, tac-

tile fever, sore throat, mild neck discomfort, and 
fatigue. There was no cough, congestion, headache, 
or abdominal pain. She had vomiting and diarrhea, 
which had subsided 8 days before admission. She 
received her fi rst dose of SARS-CoV-2 vaccine 15 
days before admission. She had no known corona-
virus disease (COVID-19) exposure but was SARS-
CoV-2 PCR and nucleocapsid IgG positive. She was 
hypotensive at arrival to the emergency depart-
ment, requiring inotropic support. She had elevated 
troponin and brain natriuretic peptide (BNP) with 
a left ventricular ejection fraction initially mildly 
reduced at 45% but 30%–35% the following day. 
She responded well to therapy with intravenous 
immunoglobulin (IVIG) and methylprednisolone 
(Table 1).

Patient 2 was a 40-year-old Hispanic man who 
sought care after 6 days of episodic fevers up to 
101.7°F. Associated symptoms included dyspnea on 
exertion, headache, neck pain, lethargy, abdominal 
pain, and diarrhea. No chest pain was present. He 
had a history of SARS-CoV-2 vaccination and labo-
ratory-confi rmed mild to moderate COVID-19, both 
within 48 days before seeking care (Figure). His exam 
was notable for sweats, diffuse abdominal pain on 
palpation, tachycardia, and tachypnea. Patient 2 ful-
fi lled Brighton Level 1 criteria for MIS-A with docu-
mented fevers, gastrointestinal and neurologic symp-
toms, elevated infl ammatory and cardiac markers, 
and electrocardiogram changes that were concerning 
for myocarditis (3). He responded well to treatment 
with dexamethasone (Table 1).

Patient 3 was an 18-year-old Asian American 
man who sought care at the emergency department 
with a history of 3 days of fever as high as 104°F 
with headache, vomiting, diarrhea, and abdominal 
cramping (Figure). He denied any upper respira-
tory symptoms. He had a history of a laboratory-
confi rmed COVID-19 infection 6 weeks before the 
onset of symptoms and received the fi rst dose of 
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We report 3 patients in California, USA, who experienced 
multisystem infl ammatory syndrome (MIS) after immuni-
zation and severe acute respiratory syndrome coronavi-
rus 2 infection. During the same period, 3 adults who were 
not vaccinated had MIS develop at a time when ≈7% of 
the adult patient population had received >1 vaccine.
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the SARS-CoV-2 vaccine 18 days before the onset of 
symptoms. In the emergency department, he was 
found to be hyponatremic and hypotensive (Table 
1). His examination was notable for tachycardia 

and abdominal tenderness. He had elevated inflam-
matory markers, thrombocytopenia, and lympho-
penia. Echocardiogram revealed mild to moderate 
reduced systolic function with an ejection fraction 
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Table 1. Demographic, laboratory, and clinical characteristics of 3 patients who had multisystem inflammatory syndrome after SARS-
CoV-2 immunization, Southern California, USA 
Characteristic Patient 1 Patient 2 Patient 3 
Age, y/sex 20 y/F 40 y/M 18 y/M 
Race/ethnicity Hispanic/Latina Hispanic/Latino Asian/Filipino 
Underlying conditions Asthma Depression, hyperlipidemia Asthma 
Symptoms Fever and rash for 3 d, diarrhea, 

vomiting, cardiogenic shock, 
acute renal failure 

6 d of fevers, malaise, 
diarrhea, neck pain, 
headache, lethargy 

3 d of fever, 2 d of abdominal 
pain, diarrhea, vomiting and 

headache 
Initial vital signs Pulse: 130 beats/min, BP 73/56 

mm Hg, RR 20 breaths/min, 
temp 99.4°F, repeat temp 101.4, 
O2 sats 99% on RA; BMI: 27.85 

Pulse 102 beats/min, BP 
136/88 mm Hg, RR 20 

breaths/min, temp 99.2°F, O2 
sats 97% on RA; BMI: 28.89 

Pulse 96 beats/min, BP 98/58 
mm Hg, RR 20 breaths/min, 

temp 97.9°F, sats 97% on RA; 
BMI: 23.99  

Treatment Vasopressors  3 d, IVIG 100 g, 
methylprednisolone 1 g/d for 3 

d, heparin, broad spectrum 
antibiotics, remdesivir 

Dexamethasone 6 mg/d for 
10 d, ceftriaxone, 

azithromycin, enoxaparin 

IVIG 100 g, methylprednisolone 
1 g/d for 3 d, anakinra 100 

mg/d for 3 d, broad-spectrum 
antibiotics, aspirin 

Imaging TTE: normal LV, mildly reduced 
EF 45% which decreased to 

30%–35% the next day; chest 
radiograph: subtle bibasilar 

ground glass opacities 

EKG: ST depression and T 
wave inversion in inferior 

leads; TTE: normal LV; EF: 
50%–55%; CT angiogram: no 
pulmonary embolism, minimal 

ground glass opacities 

TTE: normal LV size with mild 
to moderately reduced EF 

40%–45%, right ventricle mildly 
dilated with normal systolic 

function; chest radiograph: right 
pleural effusion; CT abdomen 

and pelvis: hepatomegaly, 
splenomegaly, small ascites; 

pericholecystic fluid; 
retroperitoneal adenopathy. 

Length of hospital stay 8 d 3 d 9 d 
First vaccine 12 d before symptom onset  42 d before symptom onset  19 d before symptom onset 
Second vaccine NA 4 d before symptom onset NA 
Previously known COVID-19 
disease 

No 34 d before symptom onset 43 d before symptom onset 

Initial lab results (reference range) 
 Serum leukocytes, × 1,000/mcL 
 (4.5–14.5) 

32.3 11.3 7 

 Lymphocytes absolute,  
 × 1,000/mcL (1.5–6.8) 

0.55 0.94 0.26 

 Neutrophils absolute,  
 × 1,000/mcL (1.5–8.00) 

31.75 12.68 6.28 

 Platelets, × 1,000/mcL  
 (130–400) 

155 312 63 

 Creatinine, mg/dL (<1.00) 2.64 1.12 1.12 
 C-reactive protein, mg/L (<7.4) 378 199.4 185.5 
 D-dimer, µg FEU/mL (<0.49) 3.01 1.15 3.44 
 Ferritin, ng/mL (17–168) 533 1,079.7 3,002 
 Fibrinogen, mg/dL (218–441) 801 875 693 
 Troponin, ng/mL (<0.03) 1.54 0.37 0.06 
 BNP, pg/mL (<99) 1,498 672 106 
 LDH, U/L (<279) 251 156 291 
 AST, U/L (<34) 43 55 59 
 ALT, U/L (<63) 28 83 58 
 Procalcitonin, ng/mL (0.0–0.1) 160.92 0.01 4.41 
 SARS-COV-2 nucleocapsid  
 IgG qualitative 

Positive Positive Positive 

 SARS-COV-2 PCR Positive Positive Negative 
 Blood culture Negative × 2 Negative × 2 Negative × 2 
 Urine culture Negative Not done Negative (after antibiotics) 
 Bacterial GI PCR panel Negative Not done Negative 
*All patients received the Pfizer-BioNTech vaccine (https://www.pfizer.com). ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body 
mass index; BNP, brain natriuretic peptide; BP, blood pressure; CT, computed tomography; EF, ejection fraction; EKG, electrocardiogram; 
GI, gastrointestinal; IVIG, intravenous immunoglobulin; LDH, lactate dehydrogenase; LV, left ventricle; MR, mitral regurgitation; NA, not applicable; 
RA, room air; RR, respiratory rate; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; sats, saturations; temp, temperature; TR, tricuspid 
regurgitation; TTE, transthoracic echocardiogram. 
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of 40%–45%. He responded well to therapy with 
methylprednisolone, IVIG, and anakinra. 

Patient 4 was a 62-year-old Asian American man 
who sought care at the emergency department for 
fever lasting 5 days. For 6 days he had had nausea 
and vomiting, which developed 23 days after a labo-
ratory-confirmed mild to moderate acute COVID-19 
illness that subsided after 1 week. He also had 4 
days of bilateral hearing loss. He was hypotensive, 
requiring inotropic support. He had thrombocyto-
penia, elevated inflammatory markers, and elevated 
troponin with diffuse ST elevations on electrocardio-
gram (Table 2). He responded well to treatment with 
methylprednisolone, including improvement in his 
hearing loss.

Patient 5 was a 29-year-old Hispanic woman who 
experienced fever, chills, headache, and nausea 28 
days after a laboratory-confirmed acute COVID-19 
illness. She sought care at the emergency department 
with hypotension requiring inotropic support. Clini-
cians diagnosed MIS-A on the basis of conjunctivitis, 
evidence of colitis on abdominal imaging, elevated 
inflammatory markers, lymphopenia, and elevated 

BNP. She responded well to treatment with methyl-
prednisolone and IVIG (Table 2).

Patient 6 was a 23-year old Hispanic man who 
experienced fever and abdominal pain 38 days after 
a laboratory-confirmed mild to moderate acute CO-
VID-19 illness. He was hypotensive, requiring inotro-
pic support. He had mesenteric adenitis on abdomi-
nal imaging. He had elevated inflammatory markers, 
neutrophilia, lymphopenia, and a left ventricular 
ejection fracture of 20% on echocardiogram. He was 
treated with IVIG and methylprednisolone (Table 2). 
He died 12 days after admission.

Conclusions
At the time of our study, our medical group was 
only vaccinating healthcare workers and patients 
>75 years of age. The 3 patients that were immu-
nized qualified for early vaccination because they 
either worked or volunteered in a healthcare set-
ting. These cases occurred ≈1 month after the peak 
surge of COVID-19 cases in Southern California. 
At the time these patients sought care, only ≈7% of 
the adult (>18 years of age) population who were 
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Figure. Timeline displaying intervals between coronavirus (COVID-19) vaccine, acute COVID-19 symptom onset, and MIS symptom 
onset in patients in California, USA. MIS, multisystem inflammatory syndrome.
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Table 2. Demographic, laboratory, and clinical characteristics of patients who had multisystem inflammatory syndrome without SARS-
CoV-2 immunization, California, USA 
Characteristic Patient 4 Patient 5 Patient 6 
Age/sex 62 y/M 29 y/F 23 y/M 
Race/ethnicity Asian Hispanic/Latina Hispanic/Latino 
Underlying conditions Hyperlipidemia, gout, atrial 

fibrillation 
Obesity Asthma, obesity 

Signs and symptoms 6 d of fever, vomiting, abdominal 
pain, 4 d of hearing loss; shock, 

acute renal failure 

4 d of fever, headaches, 
vomiting, abdominal pain; 

conjunctivitis, shock,  
acute kidney injury 

4 d of fever, abdominal pain, 
diarrhea, cough, SOB; shock 

Initial vital signs Pulse 121 beats/min, BP 112/63 
mm Hg, RR 20 breaths/min, temp 
101.6°F, O2 sats 98%; within 1 h 
in ER: BP 70/56 mm Hg, pulse 
112 beats/min, RR 28 breaths/ 

min, O2 sat 97%; BMI: 28.1 

Pulse 140 beats/min, BP 
102/71 mm Hg (61/48 mm Hg 
after 5 h of being in ER), RR 

20, temp 105.2°F, O2  
sats 99%; BMI: 31.63 

Pulse 125 beats/min, BP 
87/27 mm Hg, temp 98.2°F, 

O2 sats 98% on RA;  
BMI: 40.3 

Treatment Vasopressors, 
methylprednisolone 125 mg every 
6 h, broad spectrum antibiotics, 

enoxaparin 

Vasopressors, 
methylprednisolone 30 mg 

every 12 h, IVIG 100 g, 
heparin, ceftriaxone, 

ciprofloxacin 

Vasopressors, IVIG 2 g/kg, 
methylprednisolone 1 g daily 

for 3 d, broad spectrum 
antibiotics 

Imaging EKG: diffuse ST elevation; TTE: 
mild concentric LVH, mild LV 

systolic dysfunction, EF 50%; CT 
angiogram: no evidence of 

embolus; increased interstitial 
markings and hazy ground glass 
changes, small bilateral pleural 

effusions; 6 mm pericardiac 
effusion; ultrasound:  
right popliteal DVT 

TTE: LVEF 50%–55%, mild 
TR regurgitation, abdominal 
CT with colitis and enlarged 

lymph nodes 

EKG: sinus tachycardia, no 
ST changes; TTE: LVEF 
20%, global hypokinesis, 

abdominal CT with 
mesenteric adenitis 

Length of hospital stay 7 d 10 d 12 d; deceased 
First vaccine NA NA NA 
Second vaccine NA NA NA 
Previously known COVID-19 23 days before symptom onset 28 d before symptom onset 38 d before symptom onset 
Initial lab results (reference ranges) 
 Serum leukocytes, × 1,000/mcL 
 (4.5–14.5) 

18.4 10.2 6.8 

 Lymphocytes absolute,  
 × 1,000/mcL (1.5–6.8) 

0.00 
 

0.35 0.52 

 Neutrophils absolute,  
 × 1,000/mcL (1.5–8.00) 

17.66 9.66 14.35 

 Platelets, × 1,000/mcL  
 (130–400) 

102 170 185 

 Creatinine, mg/dL (<1.00) 2.24 0.78 2.49 
 C-reactive protein, mg/L (<7.4) 351.7 364.9 246.3 
 D-dimer, µg FEU/mL (<0.49) 7.21 5.79 >4 
 Ferritin, ng/mL (17–168) 5,032 606 1,273 at admission, >18,000 

at its peak 2 days later 
 Fibrinogen, mg/dL (218–441) N/A N/A 454 
 Troponin, ng/mL (<0.03) 0.85 0.06 <0.02 
 BNP, pg/mL (<99) 931 331 228 
 LDH, U/L (<279) 267 N/A 224 
 AST, U/L (<34) 38 N/A 42 
 ALT, U/L (<63) 40 55 8 88 
 Procalcitonin, ng/mL (0.0–0.1) Not done 8.15 29.37 
 SARS-COV-2 nucleocapsid  
 IgG qualitative 

Not done Positive Not done 

 SARS-COV-2 PCR Positive Negative Positive 
 Blood culture Negative x 2 Negative x 4 Negative x 9 
 Urine culture Negative (after antibiotics) Negative (after antibiotics) Negative (after antibiotics) 
 Bacterial GI PCR panel Not done Negative Not done 
*ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BNP, brain natriuretic peptide; BP, blood pressure; CT, 
computed tomography; COVID-19, coronavirus disease; DVT, deep venous thrombosis; EF, ejection fraction; EKG, electrocardiogram; 
GI, gastrointestinal; IVIG, intravenous immunoglobulin; LDH, lactate dehydrogenase; LV, left ventricle; MR, mitral regurgitation; NA, not applicable; 
RA, room air; RR, respiratory rate; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; sats, saturations; temp, temperature; TR, tricuspid 
regurgitation; TTE, transthoracic echocardiogram. 
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members of the Kaiser Permanente patient group 
(≈3,776,000 members) had received >1 SARS-CoV-2 
vaccine, whereas 3 of the 6 patients in this study 
who had MIS were vaccinated. These 6 patients 
were hospitalized at 5 of the 15 Kaiser Permanente 
medical centers across Southern California. We be-
lieve the temporal association after SARS-CoV-2 
immunization is worth noting, given the theoreti-
cal concern of MIS-C/A after vaccination (3). We 
did not identify any patients with MIS  after vac-
cination who did not have recent SARS-CoV-2 in-
fection. It is possible that other case-patients in our 
member population were hospitalized outside of 
our 15 medical centers and thus were not captured 
for this case series.

Overall, MIS is rare in adults. In comparison 
we treated >50 children with MIS-C during January 
2021–February 2021 and >100 since May 2020 among 
a pediatric population of 960,000.

The Centers for Disease Control and Prevention 
(CDC) allows for vaccination after a SARS-CoV-2 
infection after recovery from the acute illness and 
after the isolation period, with no recommended 
minimal interval between infection and vaccination 
(4). Most cases of MIS-C/A occur 2–6 weeks after 
an exposure or infection (1–3), although we have 
seen several children brought for care as late as 
8–10 weeks after a confirmed infection or exposure. 
We need to continue to monitor for MIS-C/A after 
SARS-CoV-2 infection and immunization as more 
of the population are vaccinated, especially as vac-
cines are administered to children who are at high-
er risk for MIS. CDC and the US Food and Drug 
Administration co-manage VAERS (the Vaccine 
Adverse Event Reporting System), which is being 
used to monitor for adverse events after COVID-19 
vaccines. MIS-C/A is listed as a postvaccination 
adverse event of special interest (5) and should be 
reported to VAERS (6).
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Streptococcus pneumoniae (pneumococcus) causes a 
spectrum of disease ranging from mild respirato-

ry infections to severe disease, including meningitis, 
sepsis, and pneumonia (1). Invasive pneumococcal 
disease (IPD) occurs when pneumococcus invades 
normally sterile sites. Pneumococcus is transmit-
ted person-to-person primarily through respiratory 
droplets and is a leading cause of vaccine-preventable 
illness and death (2). Pneumococcal colonization is 
a precursor to disease but does not always result in 
disease (3). Pneumococcal conjugate vaccine (PCV) 
is highly effective in preventing pneumonia in adults 
(4), and pneumococcal disease incidence has declined 
since the introduction of PCV (5). IPD outbreaks 
are rare but can occur in settings with close person-
to-person contact, such as homeless shelters (6) and 
healthcare facilities, in which underlying conditions 
can increase disease risk (7).

 On September 19, 2018, the Alabama Department 
of Public Health (Montgomery, AL) was notifi ed

of an IPD case after identifi cation of S. pneumoniae
in a blood culture from an ill patient incarcerated 
at a state prison. On September 24, a second case of 
IPD was reported in another inmate who received 
a diagnosis of meningitis and sepsis and died that 
morning. We investigated this outbreak to deter-
mine its extent, identify cases among staff and in-
mates, and recommend prophylactic measures to 
reduce spread.

The Study
At the time of the outbreak, facility A, a medium-se-
curity state prison, housed 1,276 male inmates across 
6 dormitories (original capacity 650 inmates; 2018 re-
ported capacity of 1,650 inmates) (8,9). Each dormi-
tory contained multiple large rooms with 4–6 rows of 
beds for 190–255 inmates. Group activities allowed 
mixing of inmates from different dorms until the 
outbreak was recognized; activities were suspended 
around September 26. A clinic within facility A with a 
52-member staff, including 2 nurse practitioners and 
a physician, provided services to inmates through self 
or employee referral.

A suspected case was defi ned as respiratory or 
meningeal symptoms consistent with pneumococ-
cal disease in an incarcerated person or a person in 
prolonged or close contact with anyone incarcer-
ated at facility A during September 1–October 10, 
2018 (Appendix, https://wwwnc.cdc.gov/EID/
article/27/7/20-3678-App1.pdf). Probable cases 
were defi ned as suspected cases with radiographic-
confi rmed pneumonia, clinical sepsis, or cerebro-
spinal fl uid analysis suggestive of bacterial menin-
gitis with unknown etiology. Confi rmed cases were 
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A pneumococcal disease outbreak caused by Strepto-
coccus pneumoniae serotype 12F occurred in a state 
prison in Alabama, USA. Among 1,276 inmates, 40 cases 
were identifi ed (3 confi rmed, 2 probable, 35 suspected). 
Close living quarters, substance use, and underlying con-
ditions likely contributed to disease risk. Prophylaxis for 
close contacts included azithromycin and 23-valent pneu-
mococcal polysaccharide vaccine.
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defined as suspected cases with S. pneumoniae isola-
tion or positive urinary antigen test.

We conducted retrospective case finding among 
inmates who were seen in the clinic during September 
1–September 29 and prospective surveillance during 
September 30–October 10. Cases in which inmates re-
ported respiratory illness, altered mental status, head-
ache, or fever and those without a listed chief com-
plaint were flagged for medical chart review. Inmates 
whose medical records indicated signs or symptoms 
of pneumococcal disease were interviewed by us-
ing a standardized questionnaire to identify clinical 
characteristics, risk factors, and epidemiologic links 
with confirmed cases. For prospective surveillance, 
we screened all inmates who experienced respiratory 
symptoms for pneumococcus and influenza by using 
nasopharyngeal swabs. We tested influenza-negative 
swab specimens for other respiratory pathogens by 
using the BioFire FilmArray Respiratory Panel (bio-
Mérieux, https://www.biomerieux.com). We per-
formed pneumococcal serotyping on nasopharyngeal 
swab specimens from which S. pneumoniae was isolat-
ed. We calculated attack rates by dividing the number 
of identified cases by the at-risk population (i.e., all 
dormitory residents). Specimen culture and antibiotic 
susceptibility testing was performed at laboratories 
in the hospitals in which patients received care and 
confirmed at the Centers for Disease Control and Pre-
vention. Sterile body fluids and nasopharyngeal swab 
specimens were sent to Centers for Disease Control 
and Prevention for species detection, confirmation, 
and serotyping by using real-time reverse transcrip-
tion PCR. Bacterial serotyping and whole-genome 
sequencing (WGS) were performed on pneumococcal 
isolates collected from confirmed cases. We analyzed 
single-nucleotide polymorphisms identified through 
WGS to verify temporal relatedness of the isolates.

Through retrospective case finding, 96 medical 
chart reviews and 52 inmate interviews identified 
40 cases (3 confirmed, 2 probable, and 35 suspected;  

Figure) for attack rates of 3% (40/1,276) within facil-
ity A and 5% (14/255) within dormitory X. All con-
firmed cases occurred in inmates living in dormitory 
X. Suspected cases were identified among inmates 
in all 6 dormitories. No pattern of temporal spread 
was observed among dormitories. Of suspected cas-
es, 26% (9/35) reported lower respiratory symptoms 
(chest pain, shortness of breath, or fever with cough) 
(Table 1). Underlying conditions for which 23-valent 
pneumococcal polysaccharide vaccine (PPSV23) is 
routinely recommended (excluding smoking tobacco) 
(10) were reported in 2/5 (40%) confirmed or prob-
able cases and 6/35 (17%) suspected cases. In 3/35 
(9%) suspected cases, patients were immunocom-
promised. Of the 28/40 (70%) patients who reported 
smoking cigarettes, half (14/28, 50%) reported shar-
ing cigarettes.

Blood (n = 5) or cerebrospinal fluid (n = 4) speci-
mens were collected from 5 patients. Three S. pneu-
moniae isolates were identified from 3 patients (2 from 
cerebrospinal fluid, 1 from blood); all 3 were serotype 
12F. WGS demonstrated a 2–5 single-nucleotide poly-
morphism difference among isolates, indicating all 
confirmed cases were closely related. Antimicrobial 
susceptibility testing confirmed isolate susceptibility.

During prospective surveillance, we collected na-
sopharyngeal swab specimens from 2 inmates; S. in-
fantis serotype 13 was detected in 1 specimen and ad-
enovirus only in the other. No additional cases were 
identified. Prophylaxis with PPSV23, which protects 
against serotype 12F, and 2 doses of azithromycin 
were offered to inmates and close contacts living in or 
assigned to dormitory X, clinic staff, and prison em-
ployees (Table 2).

Conclusions
This investigation highlights the outbreak potential 
of S. pneumoniae and demonstrates that correctional 
facilities remain at risk for pneumococcal outbreaks 
after PCV introduction in the United States. The last 
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Figure. Epidemic curve of 
identified cases among inmates 
in study of pneumococcal disease 
outbreak at a state prison, 
Alabama, USA, September 
1–October 10, 2018. Date of 
first symptom onset is shown. 
Healthcare unit visit date was used 
when symptom onset date was 
not known. Two suspected cases 
without a clear onset date were 
excluded from this graph.



Pneumococcal Disease Outbreak at State Prison

documented pneumococcal disease outbreak at a US 
correctional facility also involved serotype 12F and 
occurred in 1989 in a crowded Texas jail, in which 
46 inmates experienced pneumonia, meningitis, or 
sepsis over a 4-week period (11). Unlike jails, which 
have an average detention length of <2 months, pris-
ons have lower rates of inmate turnover because they 
are designed for long-term incarceration; the aver-
age detention among US state prisoners in 2016 was 
2.6 years (12). However, jails and prisons are similar 
in that they share risk factors for outbreaks, such as 
potential overcrowding and increased medical and 

behavioral risk factors for communicable diseases 
(13). Decreases in pneumococcal disease have been 
observed during outbreaks after administering pro-
phylactic antibiotics and PPSV23 to high-risk persons 
(6,7,11,14). Risk for pneumococcal disease outbreaks 
in prisons can be minimized by offering inmates vac-
cinations per Advisory Committee on Immuniza-
tion Practices recommendations, which recommend 
PPSV23 for persons with chronic heart, liver, or lung 
disease (15). Risk can be further reduced by minimiz-
ing inmate crowding, eliminating indoor smoking, 
and ensuring adequate ventilation (11).
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Table 1. Patient demographics, signs, symptoms, and Streptococcus pneumoniae risk factors by case classification in study of 
pneumococcal disease outbreak at a state prison, Alabama, USA, September 1–October 10, 2018* 
Demographics Confirmed cases, n = 3 Probable cases, n = 2 Suspected cases, n = 35 
Median age, y (range) 46 (44–61) 42 (26–58) 39 (23–64) 
Race       
 Black 3 (100) 0 14 (40) 
 White 0 2 (100) 13 (37) 
 Unknown 0 0 8 (23) 
Signs or symptoms       
 Fever 2 (67) 1 (50) 15 (43) 
 Cough 2 (67) 1 (50) 19 (54) 
 Shortness of breath 1 (33) 2 (100) 4 (11) 
 Chest pain 1 (33) 1 (50) 6 (17) 
 Headache 1 (33) 0 11 (31) 
 Neck stiffness 2 (67) 0 1 (3) 
 Altered mental status 3 (100) 1 (50) 0 
 Congestion 0 0 6 (17) 
Clinical features and risk factors 
 Immunocompromising condition† 0 0 3 (9) 
 Chronic medical condition‡ 1 (33) 1 (50) 6 (17) 
 Substance use: cigarettes, alcohol, or illicit drugs 2 (67) 0 27 (77) 
Assigned housing       
 Dormitory X 3 (100) 0 11 (31) 
 Dormitory Y 0 1 (50) 8 (23) 
 Other dormitories: U, V, W, Z 0 0 16 (46) 
 Healthcare unit 0 1 (50) 0 
*Values are no. (%) except as indicated. Table includes composite statistics from both inmate interviews and medical chart abstractions. All identified 
cases occurred in inmates; no cases were identified among staff members. 
†Includes immune suppression, chronic renal failure, HIV, solid organ transplant, asplenia, sickle cell disease and other hemoglobinopathies, and 
malignancy excluding skin cancer (Centers for Disease Control and Prevention Adult Vaccine Schedule, https://www.cdc.gov/vaccines/acip). 
‡Includes chronic heart, liver, kidney, lung diseases, and diabetes mellitus; excludes documented substance abuse, Hepatitis C infection, and chronic 
osteomyelitis (Centers for Disease Control and Prevention Adult Vaccine Schedule, https://www.cdc.gov/vaccines/acip). 

 

 
 
Table 2. Administration of pneumococcal polysaccharide vaccine and antibiotic prophylaxis to reduce Streptococcus pneumoniae 
transmission in prison inmates during a pneumococcal disease outbreak, Alabama, USA, September 29–October 10, 2018* 

Prophylaxis type Status 
No. (%) 

Inmates, n = 264† Medical staff, n = 52  Prison employees, n = 72 
PPSV23 vaccine Received 206 (78) 32 (62) 62 (86) 

Declined 58 (22) 18 (35) 8 (11) 
Absent or unknown 0  2 (4) 2 (3) 

Dose 1: azithromycin 500 mg‡ Received 232 (88) 11 (21) 70 (97) 
Declined 15 (6) 6 (12) 0  

Absent or unknown 17 (6) 35 (67) 2 (3) 
Dose 2: azithromycin 1000 mg Received 246 (93) 35 (67) 46(64) 

Declined 18 (7) 16 (31) 4 (6) 
Absent or unknown 0 1 (2) 22 (31) 

*Because of rounding, all cells might not sum to 100%. PPSV23, 23-valent pneumococcal polysaccharide vaccine.  
†Inmates assigned to dormitory X (n = 255) or living in dormitory X without an assignment (n = 9) were offered prophylaxis. Not all inmates lived or slept 
in the dorm to which they were assigned. 
‡Initial antibiotic prophylaxis dosing was chosen by the Alabama Department of Corrections as 500 mg offered on September 29 and a planned second 
dose of 500 mg 1 week later. This dose would have provided less antibiotic coverage than previous outbreak regimens. Based on Alabama Department of 
Health recommendations, a higher, single dose of azithromycin (1,000 mg) was offered during October 3–October 10. 
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One limitation of this study was that risk fac-
tor information was collected by self-reporting and 
might be underestimated. Disease etiology was 
not confirmed for most cases because few patients 
had confirmatory laboratory testing for respiratory 
pathogens. Dormitories were not assessed for space, 
capacity, or ventilation.

Pneumococcal colonization among inmates could 
not be widely assessed. We observed decreases in 
pneumococcal disease after prophylaxis administra-
tion, but we cannot determine the direct impact of 
prophylaxis since S. pneumoniae serotype 12F carriage 
was not measured. Pneumococcal carriage studies 
among incarcerated populations could further our 
understanding of pneumococcal disease in correc-
tional facilities.

In our outbreak investigation of pneumococcal 
disease in a state prison, we observed decreases in 
disease after prophylaxis with PPSV23 and azithro-
mycin. Increased pneumococcal disease risk might 
have resulted from close living quarters, substance 
use, and underlying conditions. Improved pneumo-
coccal disease surveillance and proactive vaccination 
of at-risk inmates in accordance with Advisory Com-
mittee on Immunization Practices recommendations 
might mitigate risk for and scale of future outbreaks.
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Resistance to antiviral drugs for infl uenza is an on-
going public health concern. The neuraminidase 

(NA) inhibitor oseltamivir is the most prescribed 
antiviral drug for controlling infl uenza. However, 
during 2007–2009, oseltamivir-resistant infl uenza 
A(H1N1) viruses rapidly spread worldwide (1). Mo-
lecular mechanisms implicated in this event were ac-
quisition of NA-permissive mutations that alleviated 
deleterious fi tness effects of the resistance-conferring 
mutation NA-H275Y (N1 numbering) (2); changes 
that improved balance of hemagglutinin (HA) and 
NA activities (3); and a “hitchhiking” mechanism, 
in which HA antigenic drift promoted the spread of 
oseltamivir-resistant viruses (4). Oseltamivir-resis-
tant H1N1 viruses were later displaced by the 2009 
pandemic virus, infl uenza A(H1N1)pdm09 (pH1N1), 
which was antigenically distinct and oseltamivir 

sensitive (5). The emergence and transmission of 
oseltamivir-resistant pH1N1 carrying a NA-H275Y 
mutation was fi rst reported early in the 2009 pan-
demic (6). In the following years, transmission of os-
eltamivir-resistant viruses within healthcare settings 
and communities, or between close contacts, was 
occasionally observed (1); clusters were reported in 
Australia in 2011 (7) and Japan in 2013 (8). Despite 
these incidents, widespread circulation of oseltami-
vir-resistant viruses has yet to occur.

The Study
The Centers for Disease Control and Prevention 
(CDC) receives infl uenza-positive specimens col-
lected globally for virological surveillance. Viral 
genomes are analyzed using next-generation se-
quencing (NGS) to identify strains of epidemiologic, 
virologic, and clinical importance (9). To supplement 
US national antiviral surveillance, pyrosequencing 
is used by public health laboratories to screen ad-
ditional viruses either in-house or by the National 
Infl uenza Reference Center (10).

During the 2019–20 infl uenza season, the 
pH1N1 subtype predominated in the United States. 
Later in the season, fewer infl uenza samples were 
identifi ed, likely because of COVID-19 pandemic 
mitigation strategies. Of 951 pH1N1 isolates col-
lected nationwide during October 2019–September 
2020, 4 (0.4%) had the NA-H275Y marker. Supple-
mental surveillance, conducted on 282 viruses from 
18 states collected November 2019–March 2020, de-
tected another 6 (2.1%) NA-H275Y viruses, bring-
ing the total detected nationwide to 10 (10/1,233; 
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Four cases of oseltamivir-resistant infl uenza A(H1N1)
pdm09 virus infection were detected among inhabitants 
of a border detention center in Texas, USA. Hemaggluti-
nin of these viruses belongs to 6B.1A5A-156K subclade, 
which may enable viral escape from preexisting immunity. 
Our fi nding highlights the necessity to monitor both drug 
resistance and antigenic drift of circulating viruses.
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0.8%). Of these, 4 (7.7%) were detected among 52 
viruses from Texas. 

An investigation into a potential epidemiologic 
link revealed that these 4 virus isolates were collect-
ed from the same location, a border detention center 
in Webb County, Texas, on the same day (January 
24, 2020). In January 2020, an influenza outbreak 
took place there; 8 cases were reported during Janu-
ary 19–28, 2020. All patients showed similar symp-
toms, such as fever, cough, sore throat, and body 
aches. Oseltamivir was prescribed on the same day, 
following specimen collection. Only 4 nasopharyn-
geal specimens from this outbreak were available 
for analysis; these samples were collected from 
men 25–59 years of age. San Antonio Metropolitan 
Health District Laboratory (San Antonio, TX, USA) 
conducted the initial diagnostic testing by real-time 
reverse transcription PCR and determined the cycle 
threshold (Ct) values as 16.7–25.9, indicating rela-
tively high viral loads. NGS analysis showed that 
the viruses had the oseltamivir resistance-conferring 
mutation, NA-H275Y. To expand testing, the San 
Antonio Laboratory submitted to CDC all remain-
ing pH1N1 positive respiratory specimens (n = 36), 
collected from Webb County residents during No-
vember 2019–March 2020. These specimens were 
collected from 19 male and 17 female patients with 
a median age of 6 years (range 0–65 years); Ct values 
were 21.1–37.5. Pyrosequencing analysis concluded 
that there were no additional specimens with the 
NA-H275Y mutation.

A unique genomic signature can help in trac-
ing the origin and spread of viruses in an outbreak. 
NGS analysis (11) revealed that the codon-complete 
genomes of the 4 cluster viruses were identical at a 
nucleotide level. Although the chain of transmission 
is unknown, considering the close-contact setting, 
this finding might suggest that an oseltamivir-resis-
tant virus was transmitted from a single source. The  

cluster viruses shared 2 rare substitutions, PB1-Q687H 
and PB2-R251G, the combination of which was not 
found in other sequences from the National Center 
for Biotechnology Information and GISAID (https://
www.gisaid.org; accessed October 22, 2020). There-
fore, this virus has a unique genomic signature that 
has not been detected in viruses collected in Texas  
or elsewhere.

We isolated the 4 cluster viruses and propagated 
them in MDCK cells, followed by sequence confir-
mation. We tested the virus isolates for susceptibil-
ity to NA inhibitors using the NA inhibition assay 
(10) and they showed highly reduced inhibition by 
oseltamivir (≈1,300-fold) and peramivir (≈350-fold), 
and normal inhibition by zanamivir and laninamivir 
(Table 1). Markers associated with resistance to the 
polymerase inhibitor, baloxavir, were not detected. 
To confirm baloxavir susceptibility, we tested viruses 
by a high-content imaging-based neutralization test 
(HINT) (12). The concentrations of drug needed to in-
hibit infection by 50% fell in a low nanomolar range 
(mean 1.86 nM, SD 0.26), consistent with a suscep-
tible phenotype.

HA phylogenetic analysis placed the cluster vi-
ruses into the 6B.1A5A-156K subclade, which shares 
additional amino acid substitutions K130N, L161I, 
V250A in HA1 and E179D in HA2 (Figure 1, panel A). 
HA substitutions at residue 156 have been sporadi-
cally detected and shown to affect antigenicity, but no 
widespread circulation of such viruses was observed 
before summer 2019. In the United States, viruses 
with HA-5A-156K were first detected in fall 2019 
and prevailed among pH1N1 by February 2020. Con-
versely, the circulation of another recently emerged 
subclade, 6B.1A5A-187A, 189E, had decreased by 
winter 2020. A/Hawaii/70/2019 virus (HI/70) from 
subclade 5A-187A, 189E, was selected as a pH1N1 
vaccine component for the 2020–21 Northern Hemi-
sphere influenza season; A/Wisconsin/588/2019 
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Table 1. Susceptibility to NA inhibitors of influenza A(H1N1)pdm09 virus isolates from border detention center inhabitants, Texas, 
USA, January 2020* 

Virus 
NA resistance 

marker 
Mean IC50 ± SD, nM (fold difference) 

Zanamivir Oseltamivir Peramivir Laninamivir 
Test 
 A/Texas/26/2020 H275Y 0.29 + 0.01 (2) 200.99 + 21.56 (1,182) 23.34 + 6.18 (333) 0.53 + 0.04 (2) 
 A/Texas/136/2020 H275Y 0.32 + 0.00 (2) 247.44 + 20.52 (1,456) 25.09 + 1.08 (358) 0.59 + 0.04 (3) 
 A/Texas/137/2020 H275Y 0.33 + 0.04 (2) 229.50 + 35.77 (1,350) 23.32 + 0.29 (333) 0.56 + 0.03 (3) 
 A/Texas/138/2020 H275Y 0.31 + 0.02 (2) 228.41 + 27.05 (1,344) 24.15 + 1.10 (345) 0.51 + 0.02 (2) 
Reference 
 A/Illinois/45/2019 Wildtype 0.19 0.17 0.07 0.22 
 A/Alabama/03/2020 H275Y 0.27 (1) 139.71 (822) 12.43 (178) 0.47 (2) 
*The drug susceptibility of MDCK-grown viruses was determined using a NA inhibition assay. Reference viruses are from the Centers for Disease Control 
and Prevention Neuraminidase Inhibitor Susceptibility Reference Virus Panel version 3.0 (Atlanta, GA, USA). IC50 fold increase was determined by 
comparing to wild-type reference virus IC50. According to the World Health Organization Antiviral Working Group criteria, an increase below 10-fold 
constitutes normal inhibition, an increase of 10–100-fold is considered as reduced inhibition and an increase >100-fold is classified as highly reduced 
inhibition. IC50, concentration of drug needed to inhibit NA by 50%; NA, neuraminidase. 
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(WI/588), representing 5A-156K, was selected for the 
2021 Southern Hemisphere vaccine.

We assessed the antigenicity of pH1N1 viruses 
representing distinct HA genetic groups circulat-
ing in the United States for antigenic relatedness 
by HINT and hemagglutination inhibition (HI) as-
says, using postinfection ferret antiserum (13,14). 
We used viruses A/Idaho/07/2019 (ID/07), HI/70, 
and WI/588, representing recent vaccines, and their 
homologous ferret antiserum as references. In the 

HINT assay, we found that the antiserum raised 
to ID/07 showed poor reactivity (65–78-fold re-
duction) to viruses with HA-N156K, including the 
cluster. The HI/70 antiserum reacted even more 
poorly (315–429-fold) against this group but main-
tained good reactivity to other HA groups. Antise-
rum raised to WI/588 (5A-156K) had very high ti-
ters against viruses of the same group, including the 
cluster, and reacted poorly (40–612-fold) to viruses 
of other groups (Table 2). Results obtained by the 
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Figure 1. Evolutionary relationships of the HA (A) and NA (B) genes of influenza A(H1N1)pdm09 viruses circulating in the United States 
during the 2019–20 influenza season compared with reference viruses. We generated phylogenetic trees using MEGA software version 
10.1.8 (http://www.megasoftware.net) and the bootstrap method (1,000 replications). We computed evolutionary distances by using 
the maximum composite likelihood model. Analysis included 40 representative A(H1N1)pdm09 HA and NA gene sequences. Boldface 
indicates oseltamivir-resistant viruses carrying NA-H275Y substitution; asterisks indicate vaccine viruses. A/California/07/2009 virus (the 
first A(H1N1)pdm09 vaccine) is used as a reference for ancestry (root) and numbering. Scale bar represents nucleotide substitutions per 
site. HA, hemagglutinin; NA, neuraminidase.

 
Table 2. Antigenicity of influenza A(H1N1)pdm09 viruses representing distinct HA genetic groups, United States, 2019–2020* 

Virus 
HA subclade 

6B.1A 

Ferret antiserum, titers (fold) 
HINT assay HI assay 

ID/07 HI/70 WI/588 ID/07 HI/70 WI/588 
Reference 
 A/Idaho/07/2018 3 28,421 (1) 23,464 (3) 543 (250) 2,560 (1) 2,560 (1) 160 (16) 
 A/Hawaii/70/2019 5A-187A, 189E 15,132 (2) 69,032 (1) 238 (570) 1,280 (2) 2,560 (1) 160 (16) 
 A/Wisconsin/588/2019 5A-156K 592 (48) 552 (125) 135,765 (1) 80 (32) 80 (32) 2,560 (1) 
Test 
 n = 2 5B 60,007 (2) 83,978 (1) 3,402 (40) 2,560 (1) 5,120 (1) Not tested 
 n = 7 7 37,410 (1) 35,135 (2) 784 (173) 2,560 (1) 2,560 (1) 80 (32) 
 n = 22 5A-187A, 189E 24,863 (1) 88,411 (1) 222 (612) 1,280 (2) 2,560 (1) 80 (32) 
 n = 21 5A-156K 399 (71) 190 (363) 207,958 (1) 320 (8) 320 (8) 5,120 (1) 
*The antigenicity of MDCK-grown influenza A(H1N1)pdm09 viruses, representing different HA genetic groups, was tested by the HINT and HI assays, 
using postinfection ferret antiserum, generated from the influenza A(H1N1)pdm09 vaccine candidate viruses for the Northern Hemisphere during 2019–
2020 (A/Idaho/07/2019; ID/07) and 2020–21 (A/Hawaii/70/2019; HI/70), and the Southern Hemisphere for the 2021 (A/Wisconsin/588/2019; WI/588) 
seasons. In the HINT assay, the neutralization titers were determined by calculating the antiserum dilution factor needed to reduce the infected cell 
population by 50% (average titers are shown) and the HI titers were expressed as the reciprocal of the highest serum dilution that inhibit the 
hemagglutination of 4 HA units of virus (median titers are shown). Italics indicate homologous titers; boldface indicates fold changes determined by 
comparing HINT or HI titers to the respective homologous titers. HA, hemagglutinin; HI, hemagglutination inhibition; HINT, high-content imaging-based 
neutralization test.   
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conventional HI assay corroborated the HA antigen-
ic drift detected by HINT (Table 2). While analyzing 
antigenicity of pH1N1, it is prudent to consider that 
ferret antiserum may preferentially detect changes 
at HA antigenic site Sa, where N156K resides, com-
pared with site Sb, where D187A is located (15). 
Nevertheless, the findings of this study and other re-
ports indicate that viruses carrying HA-N156K may 
escape humoral immunity elicited by previous infec-
tions and vaccinations.

We assessed the in vitro replicative fitness of 
the cluster virus A/Texas/137/2020, and A/New 
York/19/2020, which has identical HA and NA 
amino acid sequences except for NA-H275Y. These 
2 viruses had very similar growth kinetics in MDCK 
and humanized MDCK (hCK) cells. In MDCK cells, 
the growth curves were alike at all time points 
(Figure 2, panel A). In hCK cells, the NA-H275Y-
containing virus had better growth at 8 hours, but 
its titers tapered off slightly at later times (Figure 
2, panel B).

Phylogenetic analysis of NA (Figure 1, panel B) 
showed that the cluster viruses had NA similar to 
the majority of viruses in the 5A-156K group, in-
cluding characteristic substitutions NA-Y66F and 
NA-N222K. However, their NA contained a rare 
substitution, NA-V80M. Studies to evaluate the ef-
fects of these changes on HA–NA functional bal-
ance are ongoing.

Conclusions
Although no evidence of oseltamivir-resistant virus 
transmission outside the detention center was found, 
the properties of the cluster viruses are concerning. 
They belong to an HA antigenically drifted group, 
and escape from preexisting immunity may contrib-
ute to the spread of oseltamivir-resistant viruses in 
coming seasons.
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Figure 2. In vitro replicative fitness of influenza A(H1N1)pdm09 cluster and control viruses. The growth kinetics of the 2 viruses, the 
cluster virus A/Texas/137/2020, and A/New York/19/2020, were assessed using MDCK (A) and hCK (B) cell lines. These viruses have 
identical HA and NA amino acid sequences, except the H275Y substitution in NA. Cell monolayers were infected at a multiplicity of 
infection of 0.002 and the supernatants were harvested at 8, 12, 24, 48, and 72 hours postinoculation. Infectious virus titers were 
determined and expressed as log10 TCID50/mL. The lower limit of virus detection is 1.75 log10 TCID50/mL. Data are shown as mean +SD; 
we used the unpaired t-test with Welch’s correction for statistical comparisons (asterisk indicates p˂0.05). The hCK cell line was kindly 
provided by Dr. Y. Kawaoka (University of Wisconsin, Madison, WI, USA) per material transfer agreement. HA, hemagglutinin; hCK, 
humanized MDCK cells; NA, neuraminidase; TCID50, median tissue culture infectious dose.
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The clinical manifestations of Chagas disease, 
caused by infection with the Trypanosoma cruzi 

parasite, are cardiac in approximately one third of 
patients. Without treatment, the parasite alternates 
between the trypomastigote and amastigote forms 
and causes direct smooth muscle tissue damage, 
myocardial fi brosis, chronic activation of infl am-
matory pathways, and autonomic dysfunction (1). 
This process can lead to progressive heart failure 
years later for some patients. Chagas cardiomy-
opathy patients can seek treatment for malignant 
ventricular arrhythmias, aneurysms, thrombo-
embolism, or sudden cardiac death (2). Despite 
advances in our understanding of the pathogenic 
pathways, why some patients have onset of pro-
gressive cardiac disease whereas others remain in a 
persistent subclinical indeterminate disease remain 
unknown. Identifying infection status early, before 
the onset of heart failure, is critical because chemo-
therapeutics are most effi cacious in the acute and 
early stages of infection.

In the United States, ≈300,000 persons are infect-
ed with T. cruzi parasites (3), and <1% have received 
treatment (4). Because of low physician awareness 
(5), Chagas disease often is underdiagnosed or mis-
diagnosed. Previous cardiac patient seroprevalence 
studies in New York, NY, and Los Angeles, CA, sug-
gest that the rate of undiagnosed T. cruzi infection 
is particularly high (13%–19%) among Latin Ameri-
can immigrants with dilated cardiomyopathy (6,7). 
However, the extent of T. cruzi infection in the United 
States beyond these 2 metropolitan areas is largely 
unknown. We assessed the utility of T. cruzi diagnos-
tic surveillance for Latinx patients with nonischemic 
cardiomyopathy who sought clinical care in a large 
tertiary care facility in Houston, Texas, USA.

The Study
During August 2015–July 2017, we recruited cardiac 
patients for Chagas disease surveillance from Harris 
Health System–Ben Taub Hospital, a large county-
funded tertiary care facility in Houston. Patients with 
known nonischemic cardiomyopathy who sought 
treatment at the outpatient cardiac clinic or who were 
admitted to a cardiac inpatient unit were invited to 
participate in our study. Inclusion criteria required a 
recorded ejection fraction <50% within the past year 
and a recent negative ischemic work-up based on 
stress echocardiography or invasive coronary angi-
ography. We excluded patients of non-Latinx ethnic-
ity and those who were currently incarcerated, had 
prior T. cruzi serologic testing, had evidence of acute 
coronary syndrome suspected to be of Takotsubo 
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To investigate possible cardiac manifestations of Cha-
gas disease, we tested 97 Latinx patients with nonisch-
emic cardiomyopathy in Houston, Texas, USA, for Try-
panosoma cruzi infection. We noted a high prevalence 
of underdiagnosed infection and discrepant results in 
clinical diagnostic assays. Latinx cardiac patients in the 
United States would benefi t from laboratory screening 
for T. cruzi infection.
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origin, or had documentation of an alternative eti-
ology for their nonischemic cardiomyopathy (e.g., 
peripartum, genetic, or alcoholic cardiomyopathy). 
Consent forms were available in English and Spanish, 
and licensed translators ensured that all potentially 
eligible participants were invited to participate. This 
protocol was reviewed and approved by the Baylor 
College of Medicine Institutional Review Board (pro-
tocol no. H-36761).

After consent, participating patients provided a 
blood sample for T. cruzi diagnostic testing and com-
pleted a risk factor questionnaire. The 5-page ques-
tionnaire was administered by a study team member 
and included sections on residential and travel his-
tories, potential triatomine exposures and sources, 
current health symptoms and health behaviors, clini-
cal family history, and knowledge, attitudes, and 
practices regarding Chagas disease. Initial T. cruzi 
diagnostic testing included T. cruzi–specific antibody 
testing using Chagas STAT-PAK Assay (Chembio 
Diagnostic Systems, Inc., https://chembio.com) and 
Hemagen Chagas Kit (Hemagen Diagnostics, Inc., 
https://www.hemagen.com). Confirmation of posi-
tive and discordant results were then performed by 
using Chagatest ELISA Recombinante 3.0 (Wiener 
Laboratorios S.A.I.C., https://www.wiener-lab.
com) and TESA blot by the Centers for Disease Con-
trol and Prevention.

During the 2-year study period, 97 patients with 
nonischemic cardiomyopathy were enrolled out of 
132 eligible patients; 35 refused to participate because 
of lack of interest. The average age of participants was 

52 years (range 28–91 years); 38% of participants were 
female and 62% male. Birth countries for the cohort 
were Mexico (53%), United States (14%), El Salvador 
(12%), Honduras (9%), Guatemala (4%), and other 
Latin America Spanish-speaking countries (8%). Pa-
tients born in the United States originated from Texas 
(n = 9), New York (n = 2), Indiana (n = 1), and Oregon 
(n = 1). Of the cohort, 43% reported having previous-
ly seen the triatomine vector; 20/42 (48%) reported 
sightings in Texas, compared with 31/42 (74%) in a 
Chagas-endemic Latin American country. Further-
more, 12% of the cohort reported a history of triato-
mine bites. Despite high triatomine recognition, only 
8% of the patient cohort had ever heard of Chagas 
disease, and only half of these patients could correctly 
state how Chagas disease is acquired.

Overall, 7% of Latinx nonischemic cardiomyopa-
thy patients seeking treatment for heart failure man-
agement were confirmed positive for T. cruzi infection 
by Centers for Disease Control and Prevention Wie-
ner EIA and TESA blot confirmation testing. Discor-
dant test results were common (Table), complicating 
the clinical decision-making process. All 7 patients 
who had laboratory-confirmed Chagas cardiomyopa-
thy were born in a Latin America country: El Salva-
dor (n = 4), Honduras (n = 1), Mexico (n = 1), and 
Venezuela (n = 1). All 7 confirmed positive patients 
had mothers who were born in or had lived in a Latin 
America country. Three had lived in a house with a 
dirt floor and 2 with a palm leaf thatched roof, which 
are both known risks for triatomine infestations (8,9). 
One participant had received a blood transfusion in 
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Table. Characteristics of patients enrolled in a cross-sectional study of Trypanosoma cruzi infections in Latinx cardiomyopathy patients 
at a tertiary care facility† and results of 4 diagnostic assays, Houston, Texas, USA, 2015–2017* 

ID Age, y/sex State, country of birth 
True 

positive†§ 
BCM testing 

 
CDC testing 

Stat-Pak Hemagen Weiner EIA TESA blot 
CM-013 79/F Guerrero, Mexico No Faint positive –  – NP 
CM-014 66/M La Union, El Salvador Yes + +  + + 
CM-017 62/M San Salvador, El Salvador Yes + +  + + 
CM-037 73/F El Salvador‡ Yes Faint positive –  + + 
CM-048 54/M Texas, USA No Faint Positive –  – NP 
CM-058 68/F Michoacan, Mexico No - +  – NP 
CM-082 70/F Tegucigalpa, Honduras Yes + +  + + 
CM-116 34/M Acapulco, Mexico No Faint positive –  – NP 
CM-121 77/M Maracay, Venezuela Yes + +  + + 
CM-143 42/M San Miguel, El Salvador Yes + +  + + 
CM-155 73/M Unreported‡ No Faint positive –  – NP 
CM-174 78/M Guerrero, Mexico Yes + +  + + 
CM-197 62/M Tamaulipas, Mexico No + –  – NP 
CM-243 54/M Durango, Mexico No Faint positive –  – NP 
*All patients were of White race and Latinx ethnicity. A total of 83 patients tested negative by STAT-PAK (Chembio Diagnostic Systems, Inc., 
https://chembio.com) and Hemagen (Hemagen Diagnostics, Inc., https://www.hemagen.com). This table displays the 14 patients who tested positive on 
>1 of the screener assays, whose samples where then sent to CDC for testing. None of the 83 patients who tested negative by the 2 screening assays 
had samples sent to CDC for confirmation testing. BCM, Baylor College of Medicine; CDC, Centers for Disease Control and Prevention; EIA, enzyme 
immunoassay; ID, identification; NP, not performed; –, negative; +, positive. 
†True positive refers to the CDC guidelines recommending a minimum of >2 positive test results using >2 different diagnostic assay techniques 
(https://www.cdc.gov/parasites/chagas/healthprofessionals/dx.html). 
‡Participants choose not to answer state, country of birth, or both because of personal concerns. 

 



DISPATCHES

their home country. Two were polyparous mothers, 
and none of their children had been tested for Cha-
gas disease. Only 2 of the 7 patients with Chagas car-
diomyopathy had ever heard of Chagas disease, and 
only 1 of these patients knew how Chagas disease 
was acquired.

Conclusions
Our study adds to the growing body of evidence sup-
porting T. cruzi surveillance of Latinx patients with 
nonischemic cardiomyopathy or other risk factors for 
T. cruzi infection in the United States. T. cruzi infec-
tion accounts for a considerable proportion of non-
ischemic cardiomyopathy in foreign-born Latinx 
patients (7%–19%) (4,5), and the timely diagnosis of 
their infection is imperative. 

Our investigation has a few limitations, including 
the inability to perform additional cardiac imaging 
and diagnostic studies or follow patients long-term 
to evaluate prospective identification of underlying 
etiology. As highlighted by our discordant results, 
further work is needed to develop a highly specific 
diagnostic test to prevent clinical confusion regard-
ing accurate disease status. Determining the underly-
ing etiology has a benefit for Chagas cardiomyopathy 
patients despite the limited efficacy of treatment with 
antiparasitics (benznidazole and nifurtimox). Patients 
with Chagas cardiomyopathy might be recommended 
for heart transplant (10) and can positively respond to 
implantable cardioverter-defibrillator placement (11) 
and amiodarone (12). Awareness of infection could 
lead to testing of at-risk family members who might 
respond favorably to early treatment.
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Vascular Q fever, which is caused by Coxiella 
burnetii, is well-described disease; recent pub-

lications on the topic include large studies in France 
and the Netherlands (1–3). Unlike other vascular 
graft and endograft infections, especially of aortic 
and aortoenteric fi stulas, vascular Q fever is usually 
caused by a single microorganism. However, when 
clinical samples (e.g., blood, vascular graft tissue) 
test positive for bacterial infection, no recommen-
dation exists for screening for additional microor-
ganisms. Researchers have documented >5 cases 
of vascular Q fever complicated by polymicrobial 
superinfection, all involving a single co-infecting 
species: Bacteroides fragilis, Streptococcus spp., S. 
anginosus, Yersinia enterocolitica, or Klebsiella pneu-
moniae (4–6). Researchers also have documented 
several cases of Q fever endocarditis complicated 
by an additional microorganism: Enterococcus faeca-
lis, S. viridans, S. mitis, S. gallolyticus, S. salivarius, S. 
crispatus, S. gordonii, or Staphylococcus aureus (7–10). 
We describe 5 cases of vascular Q fever complicat-
ed by polymicrobial superinfection.

The Study
  We retrospectively screened the Bordeaux University 
Hospital Vascular Infections database for patients 
with chronic Q fever treated at Bordeaux Univer-
sity Hospital (BUH; Bordeaux, France) or Bayonne 
District Hospital (Bayonne, France) during January 
2004–June 2020.  To be included in the study, patients 
had to have a C. burnetii phase I IgG titer >6,400 or 
molecular detection in blood or infected tissues, as 
well as clinical signs of a vascular infection or evi-
dence from computed tomography or nuclear imag-
ing scans (6). We conducted an immunofl uorescence 
assay for C. burnetii at BUH and Bayonne Hospital, 
then sent the samples to the French National Refer-
ence Center (Marseille, France) for species confi rma-
tion (6).  When patients had borderline or positive C. 
burnetii serologic results (phase I IgG titer >100), we 
also conducted PCR on an arterial biopsy or vascular 
graft sample. PCR also was conducted at the French 
National Reference Center as previously described 
(6). In accordance with national legislation, surviving 
patients did not object to the analysis of their data for 
research purposes.

Of 425 patients with vascular infections during 
January 2004–June 2020, 16 had Q fever, including 7 
since 2019, when BUH and Bayonne Hospital began 
conducting systematic Q fever serologic assays for all 
patients with vascular infections. In total, 5 patients (1 
with aortitis and 4 with vascular graft and endograft 
infections) had vascular Q fever complicated by poly-
microbial superinfection in the abdominal aorta (Table 
1, https://wwwnc.cdc.gov/EID/article/27/7/21-
0282-T1.htm). Of the 5 cases, 4 had occurred since 2015. 
 All 5 patients had undergone surgery; 4 had an aorto-
duodenal fi stula, and the remainder had intimate con-
tact between the aortic graft and the duodenum.

 In total, 4 patients had  C. burnetii phase I IgG ti-
ters >100 and <6,400. Patient 3 had a borderline re-
sult; therefore, that patient’s sample was not sent to 
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We report 5 cases of vascular Q fever complicated by poly-
microbial superinfection in patients who had no risk factors 
for acute Q fever. Q fever was diagnosed by serologic and 
molecular assays for Coxiella burnetii. We confi rmed ad-
ditional infections using conventional graft cultures.
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the French National Reference Center for species con-
firmation (Tables 1, 2). Four patients tested positive 
by PCR on vascular or graft samples, whereas patient 
5 tested positive by PCR on a vertebral biopsy (Ta-
ble 1). We conducted PCR on serum samples from 2 
patients; the samples tested negative for C. burnetii. 
None of the patients had risk factors for acute Q fe-
ver, such as contact with animals, consumption of 
raw milk, or tick bites. Three of the patients lived in 
the countryside of the Nouvelle-Aquitaine region. We 
isolated 2–10 additional microorganisms using con-
ventional graft cultures, identifying concurrent bacte-
remia in 3 patients (patients 2, 3, and 4) (Table 1). All 
isolated microorganisms were common commensals 
of the oral or gut microflora. Only patient 3 had a fun-
gal co-infection (Candida albicans).

Patients 3 and 5 had been treated for previous 
episodes of vascular Q fever; their infections relapsed 
after the end of treatment. Patient 3 had been treated 
with hydroxychloroquine and doxycycline for 2 years 
for a Q fever aortic graft infection. The infected graft 
was not removed, and the infection relapsed 2 months 
after the end of treatment. Patient 5 had Q fever aor-
titis and spondylodiscitis 4 years before this episode. 
He had been treated with hydroxychloroquine and 
doxycycline for 18 months and had received an aortic 
graft implantation. However, the infection in the aor-
tic graft relapsed 2 years after the end of treatment.

In total, 3 patients died of vascular graft and en-
dograft infections; another died of a different cause. 
Patients 1, 3, and 4 were treated with hydroxychlo-
roquine and doxycycline. Only patients 1 and 3 com-
pleted the 18-month therapy; the other patients died 
before or during treatment (Table 1). All patients also 
had a 6-week course of antimicrobial therapy for the 
other identified microorganisms.

Conclusions
We identified 5 cases of vascular Q fever complicated 
by polymicrobial superinfection in patients with no 
documented risk factors for acute Q fever. Q fever 
was diagnosed by serologic and molecular assays. 
We isolated additional microorganisms from clini-
cal samples from 5 of 16 patients with vascular fever, 
suggesting that co-infections might be more common 
than previously thought. Furthermore, 4 of the cases 
complicated by polymicrobial superinfection were di-
agnosed during the past 5 years, suggesting that this 
condition might be emergent.

All patients had an aortoduodenal fistula or in-
timate contact between the aortic graft and the duo-
denum. The role of C. burnetii in vascular fistulas is 
well-described, especially in aortoenteric fistulas but 
also in aortobronchial, aortocaval, and arteriocuta-
neous fistulas (2,11–13). Death rates among patients 
with chronic Q fever complicated by arterial fistula 
are higher than among those without fistulas (2). Aor-
toenteric fistulas arise from infection and inflamma-
tion of the aortic wall or the perigraft tissues created 
by C. burnetii infection, which erodes the adjacent 
digestive tract. Diagnostic delays might contribute 
to fistula development; therefore, earlier detection 
of vascular Q fever might reduce the incidence of  
these complications.

We found that 31% of patients with vascular Q 
fever in this study also had an aortoenteric fistula, a 
concurrent condition that might have contributed to 
superinfection. This rate is higher than that suggested 
by previously published studies on vascular Q fever 
and aortoenteric fistulas (2). We might have found a 
higher rate because we have conducted systematic Q 
fever screening in every patient with vascular infec-
tion since 2019.
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Table 2. Serologic assay results of patients with vascular Q fever complicated by polymicrobial infections, France, 2014–2020* 
Serologic results, 
time of assay† 

Patient (month of Q fever diagnosis) 
1 (2015 Apr) 2 (2020 Jun) 3 (2015 Jul) 4 (2019 Sep) 5 (2010 Dec) 

Before Q fever 
diagnosis 

NA NA NA NA 2007 Aug 9: 1,600/0/0–
3,200/0/0; 2007 Aug 29: 

1,600/0/0–3,200/0/0; 2007 
Nov: 1,600/0/0–3,200/0/0; 

2008 May: 800/0/0–
1,600/0/0 

At Q fever diagnosis 2015 Apr: 800/0/200–
100/0/0 

 

2020 Jun 15: 
100/0/0–100/0/0; 

2020 Jun 17: 
100/0/0–100/0/0 

Borderline 2019 Sep: 
1,600/0/800–
1,600/0/800 

2010 Dec: 400/0/100–
800/0/200 

After Q fever 
diagnosis 

2015 Jul: 800/0/200–
400/0/0; 2016 Aug: 

800/0/400–200/0/0; 2017 
Dec: 400/0/200–200/0/100 

NA‡ NA NA‡ NA‡ 

*NA, not available. 
†Values are titers against C. burnetti phase I–phase II (IgG/IgM/IgA). 
‡Values NA because of patient death: patient 2 died on day 37, patient 4 died on day 27, and patient 5 died on day 12. 
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In conclusion, we report a small case series of 
vascular Q fever complicated by polymicrobial su-
perinfection. Our findings support systematic screen-
ing for C. burnetii in patients with vascular infections, 
especially when an arterial fistula is suspected or con-
firmed. We believe these screenings should be con-
ducted even when more common microorganisms 
are isolated by culture. The screening should not be 
limited to patients with risk factors for acute Q fever. 
The patients in this study had low C. burnetti phase I 
IgG titers (none >6,400) and all had vascular Q fever 
confirmed by molecular diagnosis. Low phase I IgG 
titers have been described in acute Q fever endocardi-
tis (10,14), suggesting that some of our patients might 
have had acute rather than chronic vascular Q fever. 
Therefore, physicians should conduct PCR selective 
for C. burnetii on vascular grafts or arterial biopsies 
when patients with a vascular infection have a phase 
I IgG titer >100. However, this low cutoff might im-
pair specificity and positive predictive value (15) and 
should be further investigated. We highlight that 
vascular Q fever requires a specific and prolonged 
therapy, including surgery, to prevent relapse and 
other complications. We emphasize the need for sys-
tematic C. burnetii screening in patients with vascu-
lar infections, even when cultures test positive for  
other microbes.
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Middle East respiratory syndrome (MERS) coro-
navirus (MERS-CoV) has the highest lethality 

of all know human coronaviruses; the case-fatality 
rate is 34.3% (1). The virus, fi rst isolated in Saudi Ara-
bia in 2012 (2), most likely originates from bats (3). 
However, several studies suggest that the zoonosis is 
mainly transmitted to humans by dromedary camels 
(Camelus dromedarius) (4–6).

As of January 2020, a total of 2,519 human MERS-
CoV infections and 866 related deaths had been re-
ported to the World Health Organization from 27 
countries. Most of these cases (84.2%), including 788 
related deaths, occurred in Saudi Arabia (1).

Given the close trading links between the Middle 
East and Africa, the risk for transferring the zoono-
sis is high. Tunisia is not a popular trading location, 
which makes undocumented transfers of dromedary 
camels within the country or with neighboring coun-
tries diffi cult to track. Only 3 human MERS cases 
have been imported from Qatar (7), and no autoch-
thonous MERS-CoV infections have been reported for 
Tunisia. However, severe underestimation of human 

MERS cases is highly probable because of the broad 
range of manifestations, from asymptomatic infection 
to acute pneumonia.

Furthermore, epidemiologic surveillance of 
MERS-CoV is limited in Tunisia, and no respective 
data for neighboring countries is publicly available. 
Two studies analyzing MERS-CoV prevalence in 
dromedaries in Tunisia reported high seropositivity 
of the sampled animals (49.0% and 87.3%) (8,9). How-
ever, those studies analyzed dromedary camels from 
livestock markets, slaughterhouses, and meat farms, 
without representing natural habitats. This limitation 
complicates drawing realistic conclusions about geo-
graphic and age-dependent distributions. We inves-
tigated the prevalence of MERS-CoV in dromedary 
camels in Tunisia primarily by sampling animals that 
roam freely through the desert during summer to de-
termine an authentic representation of the distribu-
tion pattern.

The Study
Winter is mating and birthing season for dromedary 
camels. Therefore, animals kept for milk and meat 
production gather in areas that provide access to salty 
plants and other minerals. This environment provides 
an optimal opportunity to catch and examine large 
numbers of animals from different herds and origins, 
given that the camels that roam freely through the 
desert the rest of the year congregate simultaneously.

In January 2020, we collected serum samples and 
nasal swabs of 382 gathered animals in Tunisia. We 
sampled an additional 119 camels used for transport 
or patrol purposes, all of which were males and kept 
enclosed. The specimens were collected from 20 dif-
ferent locations within the Kebili Governorate (Table; 
Figure 1, panel A). Furthermore, serum samples of 22 
camel keepers and 2 veterinarians were obtained. We 
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Free-roaming camels, especially those crossing national 
borders, pose a high risk for spreading Middle East respi-
ratory syndrome coronavirus (MERS-CoV). To prevent out-
breaks, active surveillance is necessary. We found that a 
high percentage of dromedaries in Tunisia are MERS-CoV 
seropositive (80.4%) or actively infected (19.8%), indicat-
ing extensive MERS-CoV circulation in Northern Africa.
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have compiled details of our sampling and testing 
methods (Appendix, https://wwwnc.cdc.gov/EID/
article/27/720-4873-App1.pdf).

We analyzed all 501 dromedary serum samples 
for MERS-CoV–specific antibodies by ELISA and 
found 80.4% to be seropositive for MERS-CoV IgG. 
At 85.7%, MERS-CoV seropositivity was higher in 
female than in male camels (65.6%) (Table; Figure 1, 
panel A).

Although none of the calves (0–6 months of age) 
and 4.9% of the juvenile camels (6–24 months of age) 
were seropositive for antibodies against MERS-CoV, 
relative seropositivity increased with age (Table). 
None of the camel keepers or veterinarians was sero-
positive, indicating no previous MERS-CoV infection.

Screening the dromedary nasal swab specimens 
for active virus infections with real-time reverse tran-

scription PCR revealed MERS-CoV RNA in 19.8%. 
However, cycle thresholds >30 (for all but 6 samples) 
indicated low virus concentrations. Female animals 
(23.0%) actively shed MERS-CoV RNA, whereas 
only 10.7% of the male camel specimens were PCR-
positive. In contrast to the immunologic findings, a 
high percentage (40%) of juvenile camels (<2 years of 
age) shed MERS-CoV RNA, compared with 17.8% of 
the adult camels that tested positive (Table, Figure 1, 
panel A)

In summary, 433 of 501 dromedaries tested posi-
tive for MERS-CoV. A total of 334 animals were sero-
positive for MERS-CoV IgG but did not shed MERS-
CoV RNA. Of these, 30 dromedary swab specimens 
contained MERS-CoV RNA, but no specific anti-
bodies were found in the respective serum samples. 
Sixty-nine PCR-positive dromedary camels also had 
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Table. MERS-CoV IgG seropositivity and viral RNA presence in dromedary camels, by selected sampling parameters, Tunisia* 

Sampling parameter No. dromedaries 
ELISA serologic testing, no. (%) 

positive for MERS-CoV IgG 
Molecular biology rRT-PCR, no. 
(%) positive for MERS-CoV RNA 

Sex    
 M 131 86 (65.6) 14 (10.7) 
 F 370 317 (85.7) 85 (23.0) 
 p value  <0.05 <0.01 
Age group    
 Juvenile 45 2 (4.4) 18 (40.0) 
  0–6 mo 4 0 (0) 1 (25.0) 
  6–24 mo 41 2 (4.9) 17 (41.5) 
 Adult 456 401 (87.9) 81 (17.8) 
  2–6 y 81 62 (76.5) 19 (23.5) 
  6–12 y 179 157 (87.7) 28 (15.6) 
  12–25 y 190 176 (87.9) 32 (16.8) 
  >25 y 6 6 (100) 2 (33.3) 
 p value, juvenile compared with adult <0.00001 <0.01 
Sampling site    
 Ksar Ghilane, n = 6 211 154 (73.0) 49 (23.2) 
  Site 1 28 20 (71.4) 7 (25.0) 
  Site 2 20 8 (40.0) 0 (0) 
  Site 3 30 26 (86.7) 6 (20.0) 
  Site 4 20 19 (95.0) 1 (5.0) 
  Site 5 73 50 (68.5) 25 (34.2) 
  Site 6 40 31 (77.5) 10 (25.0) 
 Bazma, n = 7 168 152 (90.5) 32 (19.1) 
  Site 1 25 24 (96.0) 2 (8.0) 
  Site 2 30 25 (83.3) 8 (26.7) 
  Site 3 15 13 (86.7) 3 (20.0) 
  Site 4 15 14 (93.3) 1 (6.7) 
  Site 5 21 20 (95.2) 4 (19.0) 
  Site 6 16 13 (81.3) 6 (37.5) 
  Site 7 46 43 (93.5) 8 (17.4) 
 Douz, n = 5 53 32 (60.4) 4 (7.5) 
  Site 1a 4 3 (75.0) 0 (0) 
  Site 1b 4 0 (0) 0 (0) 
  Site 2 24 18 (75.0) 3 (12.5) 
  Site 3 18 10 (55.6) 1 (5.6) 
  Site 4 3 1 (33.3) 0 (0) 
 Mahrouga, n = 2 69 65 (94.2) 14 (20.3) 
  Site 1 42 40 (95.2) 3 (7.1) 
  Site 2 27 25 (92.6) 11 (40.7) 
 p value for comparisons among all 4 main sites 0.05 Not significant 
Total 501 403 (80.4) 99 (19.8) 
*MERS-CoV, Middle East respiratory syndrome coronavirus; rRT-PCR, real-time reverse transcription PCR. 
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MERS-CoV antibodies, indicating reinfection (Figure 
1, panel B).

Attempts to cultivate the virus from all respective 
PCR-positive swab specimens were unsuccessful, 
most likely because of the low virus concentrations in 
the samples. Presumably, whole-genome sequencing 
did not work for the same reasons. However, we per-
formed Sanger sequencing of cDNAs obtained from 
PCR-positive samples with the highest viral concen-
trations and subsequently conducted phylogenetic 
analysis with a 720-bp fragment of the spike receptor-
binding protein. The analyzed nucleotide sequences 
from the dromedaries in Tunisia differ from previ-
ously published MERS-CoV sequences and therefore 
form a separate group distinct from strains found in 
Arabia. Two MERS-CoV isolates in Egypt, however, 
cluster in the same clade (Figure 2).

Conclusions
On the continent of Africa, active surveillance, lon-
gitudinal studies, and epidemiologic monitoring 
are scarce, and little is known about the prevalence 
and circulation of MERS-CoV in many regions. 
Whether MERS-CoV lineages in Africa have a low-
er tendency to cross the species barrier and infect 
humans is not fully understood. Therefore, closing 

the gaps in surveillance and virus prevalence data 
remains a focus for all regions with dromedary 
camel populations.

Seroprevalence studies in Egypt, Ethiopia, Ni-
geria, and Kenya all indicate MERS-CoV circulation 
within camel herds, reporting seropositivity rates 
ranging from 30% to 100% (10). For dromedaries in 
Tunisia, only 2 studies have been published, report-
ing 49% and 87.3% MERS-CoV seropositive animals 
and only 0.7% active viral shed (8,9).

However, most studies focus on locations where 
large numbers of camels congregate (e.g., abattoirs, 
large-scale farms, harbors, or livestock markets). At 
these locations, dromedaries are kept at a substantial-
ly increased population density compared with their 
normal habitats. This practice, referred to as crowd-
ing, increases stress for individual animals (11). Un-
der these circumstances, increased intensive animal 
contact can lead to higher transmission rates of vari-
ous microorganisms. Crowding, in combination with 
animal transport, is known to promote infections of 
the upper and lower respiratory tract, especially in 
cattle (12). In contrast, the camels investigated in our 
study represent a rare example of MERS-CoV preva-
lence in animal groups with a natural herd structure 
in northern Africa.
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Figure 1. MERS-CoV prevalence in dromedary camels, Tunisia. A) Overview of seropositive and PCR-positive dromedaries  
from 4 different sampling areas (Appendix, https://wwwnc.cdc.gov/EID/article/27/720-4873-App1.pdf), by sex and age group.  
Blues boxes represent seropositive dromedaries and purple boxes PCR-positive dromedaries. Bars in chart represent total  
number of sampled animals; gray-shaded bar sections represent total number of MERS-CoV–positive animals. In the Douz area, 
all dromedary camels sampled were used for patrol or transport purposes and were exclusively adult male animals. B) Distribution 
of ELISA (blue) and PCR (purple) results, by number. Bright colors represent positive results, dark colors negative results; 
2-colored areas represent animals that are either positive for both ELISA and PCR or negative for both. MERS-CoV, Middle East 
respiratory syndrome coronavirus;
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We found extensive MERS-CoV IgG seropositiv-
ity (80.4%) and high ratios of MERS-CoV RNA (19.8%) 
among dromedaries in Tunisia. Compared with adult 
animals, juvenile camels were more likely to have ac-
tive MERS-CoV infections and less MERS-CoV IgG in 
their serum samples. Furthermore, some dromedaries 

appeared to have MERS-CoV reinfections, explained 
by the fact that coronaviruses tend to establish en-
demic infection patterns with high seroprevalence 
and low but continuous viral shedding in their natural 
host (13). Waning antibodies in combination with an-
tigenic drift of the virus fosters reinfection events (14).

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021	 1967

Figure 2. Phylogenetic analysis of MERS-CoV samples from dromedary camels in Tunisia, conducted by using the spike RBD. We 
used 720-bp fragments of the MERS-CoV spike RBD amplified from nasal swab samples of 13 dromedary camels and published RBD 
sequences of representative MERS-CoV strains from other countries to create the phylogenetic tree using Geneious Prime Tree Builder 
(Geneious Biologics, https://www.geneious.com). Branches are shaded by country: red represents sequences from Tunisia (this study); 
brown represents Morocco, pink Burkina Faso, dark green Nigeria, blue Egypt, dark blue Qatar, green Saudi Arabia, yellow South 
Korea, purple United Arab Emirates, and orange Oman. GenBank accession numbers are provided for reference sequences. Numbers 
indicate bootstrap values (1,000 pseudo-replicates). Scale bar indicates sequence divergence (% nucleotide substitutions). MERS-CoV, 
Middle East respiratory syndrome coronavirus; RBD, receptor-binding protein.
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A limitation of our study is that the low sample 
size of humans tested, comprising 22 camel keep-
ers and 2 veterinarians (data not shown), precludes 
drawing generalized conclusions. Furthermore, no 
nasal swab specimens were collected from camel 
keepers to check for active MERS infections. Also, 
no phenotypic or whole-genome analysis of MERS-
CoV strains from the dromedary camels was pos-
sible because virus growth and next-generation 
sequencing were not successful because of low  
viral concentrations.

In conclusion, the high seroprevalence of MERS-
CoV antibodies and the active shed of MERS-CoV 
RNA indicate the widespread nature of the virus in 
dromedaries in Tunisia. However, more extensive 
studies in the human and dromedary camel popula-
tions and in-depth whole-genome sequence analysis 
of circulating MERS-CoV strains are required to in-
crease epidemiologic understanding of the disease 
and its infection dynamics.
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Kyasanur Forest disease (KFD) is a highly infec-
tious tickborne disease affecting humans and 

monkeys. The etiologic agent of this disease is the 
Kyasanur Forest disease virus (KFDV), a fl avivirus. 
Since its discovery in 1957 in Karnataka State, In-
dia, KFD has expanded to 5 states along the western 
coastline in India (1) and ≈10,000 reported cases of 
KFD in humans, averaging 400–500 cases annually 
(2). After an incubation period of 3–8 days, primary 
clinical symptoms include fever, myalgia, and gastro-
intestinal and bleeding problems. In a small subset 
of patients, a second phase of the disease can include 
neurologic manifestations and fever. If the disease is 
detected early, symptomatic supportive care can im-
prove recovery from the disease. Case-fatality rates 
range from 3% to 15% (1,3). The primary vectors of 
KFDV are Haemaphysalis spinigera and H. turturis 
ticks, which are endemic to southern India and trans-
mit the virus to monkeys and humans (4). Larvae and 
nymphs of these ticks feed on monkeys when the 
monkeys are ground foraging, providing routes of 
infection and spread. In addition, KFDV can be trans-
mitted transovarially in these ticks (Figure 1).

Macaca radiata and Semnopithecus entellus are 2 
monkey species in the KFD-endemic region frequent-
ly associated with KFD; these monkeys can succumb 

to the virus quickly (3). For monkeys, KFDV causes 
nonspecifi c and degenerative changes in abdominal 
organs, hemorrhage, and encephalitis. Experimental-
ly infected monkeys have diarrhea, bradycardia, and 
hypotension and ultimately die (5). Monkey migra-
tion might expand KFDV geographic distribution, in 
which infected ticks are carried across state borders 
through connected natural areas (1,3,4). Although re-
porting of monkey deaths from KFD during the past 
60 years has been unsystematic and inconsistent, the 
data provide valuable information. We summarize 
reports of monkey deaths connected with KFD in In-
dia and evaluate the utility of reporting KFD occur-
rence in monkeys for human disease surveillance.

The Study
We conducted a retrospective review of scientifi c 
literature through Web of Science, PubMed Central, 
and Google Scholar and included data from Pro-
MED Mail, newspapers, and government reports 
issued during 1957–2020. The search keywords in-
cluded KFD, KFDV, monkey fever, Kyasanur Forest 
disease, and mankan kayla (a local term in Karnata-
ka, India). We used 55 peer-reviewed journal articles, 
109 Pro-MED Mail reports, 1 report by the Karnataka 
State government, and 1 newspaper report to gener-
ate estimates. We created a database from all infor-
mation sources; our fi nal dataset (Table 1) contains 
the most updated information for all years from the 
available data.

Information on monkey deaths caused by KFD is 
limited, particularly for species-specifi c deaths. Our 
review of all data sources indicates that >3,314 mon-
key deaths associated with KFD were reported dur-
ing 1957–2020 (Table 1). However, only a subset of 
deaths were tested for KFDV. During this period, 760 
monkeys underwent necropsy, and 334 were labora-
tory-confi rmed to have KFDV infection (Appendix).
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Kyasanur Forest disease (KFD) is a tickborne hemor-
rhagic disease aff ecting primates along the Western 
Ghats mountain range in India. Our retrospective study 
indicated that >3,314 monkey deaths attributed to KFD 
were reported in KFD-endemic states in India during 
1957–2020. These data can help guide surveillance to 
protect animal and human health.
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Of the reported monkey deaths, a total of 1,676 deaths 
occurred in S. entellus monkeys and 400 deaths oc-
curred in M. radiata monkeys; species were not re-
ported for the remaining 1,238 deaths.

We found an early report of KFD in monkeys out-
side of Karnataka in Tamil Nadu state in 2012, which 
could be linked to an outbreak of human cases at the 
Bandipur Tiger Reserve in 2012. Monkeys from Kar-
nataka might have entered Tamil Nadu carrying the 
virus or infected ticks. Subsequently, KFD in monkeys 
was reported in Kerala state in 2014 and Goa and Ma-
harashtra states in 2016. Substantial overlap occurred 
between reported monkey deaths and human cases of 
KFD (Figure 2). We identified the drivers behind KFD 
transmission and geographic expansion based on the 
literature (Table 2).

Higher mortality rates occurred among S. entellus 
monkeys (81% of 1,159 deaths) than among M. radiata 
monkeys during 1957–1964 (7). Most monkey deaths 
were reported in evergreen and semievergreen 

forests in the Western Ghats (8). We found no other 
information associating the frequency of monkey 
deaths to habitat.

The abundance of these primate species in the 
area of interest is difficult to determine because of 
limited studies with inconsistent sampling meth-
ods. In Karnataka, higher encounter rates with M. 
radiata monkeys were reported in wet evergreen 
forests and human-inhabited areas (9). M. radiata 
monkeys were encountered mainly in the Western 
Ghats and the Southern Plateau, whereas S. entellus 
monkeys were abundant in the Western Ghats and 
Northern Plains. Based on a 2001 Environmenta In-
formation System bulletin (10), the national popu-
lation of M. radiata monkeys in India was ≈150,000 
and that of S. entellus monkeys was ≈300,000. Both 
species have suffered population decline because 
of habitat loss, translocation, and hunting, and 
minimal efforts have been undertaken to conserve 
these species (9,11).
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Figure 1. Ecology of Kyasanur Forest disease virus. Reproduced from https://www.cdc.gov/vhf/kyasanur/resources/virus-ecology.html.
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Conclusions
Our study highlights the need for consistent surveil-
lance of monkey deaths. Monkey deaths caused by 
KFDV are harbingers of human cases (1,3,4), making 
these animals potential sentinels for KFD (6). There-
fore, determining these primate species’ relative sus-
ceptibility to KFDV to evaluate the potential to use 
monkey deaths for surveillance is essential. In labora-
tory experiments, higher mortality rates have been re-
ported in S. entellus than M. radiata monkeys (12). Patil 
et al. (13) experimentally infected M. radiata monkeys 
with KFDV and found that only 20% of these pri-
mates had onset of severe clinical signs, but all exhib-
ited viral shedding and a humoral immune response. 
Thus, other factors might contribute to KFD mor-
tality rates under natural conditions, and M. radiata 

monkeys might be less susceptible to KFD than previ-
ously thought. KFDV infection can often be subclini-
cal in nature, explaining why fewer deaths have been 
observed for M. radiata than S. entellus monkeys. By 
shedding the virus through body secretions, M. radi-
ata monkeys might aid in expanding KFDV into new 
areas. This phenomenon underscores the need for 
conducting serum or fecal surveillance of primates to 
determine KFDV epidemiology and transmission.

Most human cases of KFD are typically report-
ed during December–May, the same period during 
which monkey deaths generally occur. Local pub-
lic health authorities often undertake precautionary 
measures on the basis of monkey deaths, includ-
ing spraying acaricide around areas with monkey 
carcasses and vaccination of persons within a 5-km  
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Table 1. Monkey deaths attributed to Kyasanur Forest disease in the southwestern states of India, 1957–2020* 
Year Total no. monkey deaths No. monkey deaths, state of occurrence 
1957 Jan–Sep 105 105, KN 
1957–1958 Oct–Sep 92 92, KN 
1958–1959 290 290, KN 
1959–1960 187 187, KN 
1960–1961 80 80, KN 
1961–1962 114 114, KN 
1962–1963 147 147, KN 
1963–1964 144 144, KN 
1964–1965 109 109, KN 
1965–1966 191 191, KN 
1967–1968 126 126, KN 
1968–1969 138 138, KN 
1969–1970 135 135, KN 
1970–1971 88 88, KN 
1971–1972 75 75, KN 
1972–1973 101 101, KN 
1973–1974 83 83, KN 
1975–1981 No data No data 
1982–1983 >35 <35, KN 
1983–1997 No data No data 
1998 Dead monkeys reported No figure reported† for KN 
1999 No data No data 
2000 Several dead monkeys reported No figure reported for KN 
2001–2002 No data No data 
2003 132 132, KN 
2004 86 86, KN 
2005 53 53, KN 
2006 61 61, KN 
2007 19 19, KN 
2008 23 23, KN 
2009 86 86, KN 
2010 28 28, KN 
2011 >35 <35, KN 
2012 >64 39-64, KN; No figure reported for TN 
2013 50 50, KN 
2014 >131 31, KN; <100, KL 
2015 60 42, KN; 18, KL 
2016 72 3, MH; 69, GA 
2017 >81 <51, KL; <10, GA 
2018 >76 <76, KN; No figure reported for KL or MH 
2019 >15 15, KN; No figure reported for KL 
2020 >2 2, KN; No figure reported for KL 
*GA, Goa; KL, Kerala; KN, Karnataka; MH, Maharashtra; TN, Tamil Nadu. 
†No figure reported indicates that monkey deaths were reported in a state but an exact number was not provided. 
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radius (6,14). The importance of animals as sentinels 
of infectious diseases, environmental hazards, and 
acts of bioterrorism is well documented (15). Because 
monkey deaths are used as sentinels for KFD, estab-
lishing year-round surveillance systems that consis-
tently report KFD-related monkey deaths by date, 
location, and species is essential to better understand 
the epidemiology of the disease and design appropri-
ate public health measures.

One limitation of our review is the inconsistency 
and gaps in the availability of reported monkey deaths 
caused by KFD. Few studies report monkey mortality 
data or provide specific monkey deaths by location, 
year, and species, so assessing whether mortality rates 
have changed over time is difficult. Another limita-
tion is the incomplete data on testing and diagnoses of 
monkey carcasses for KFDV because of challenges such 
as distance to the testing site and delays in discovery. 
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Figure 2. Hotspot areas for human cases and monkey deaths attributable to Kyasanur Forest disease, India,1957–2020. Inset map 
shows the region in context of the Indian subcontinent.
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Further research is needed to develop serosur-
veys specific to KFDV among monkeys, determine 
species-specific vulnerability to KFDV, and assess 
whether KFDV can spread through routes other than 
tick transmission. Testing capacity in KFD-endemic 
states should be strengthened to conduct timely mon-
key necropsies, providing more information on the 
prevalence of KFD in these sentinel animals, to eluci-
date the epidemiology of KFDV and protect monkey 
and human health.
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Table 2. Information about potential drivers of Kyasanur Forest Disease transmission based on review of available literature 
Drivers Source of information (reference) 
Large-scale deforestation for various reasons (e.g., paddy fields and plantations) Ajesh et al., 2017 (1); Pattnaik, 2006 (3) 
Human encroachment into forested areas Pattnaik, 2006 (3); Murhekar et al., 2015 (6) 
Humidity in paddy fields ideal for tick survival Pattnaik, 2006 (3) 
Vector ticks can survive in various kinds of biotypes Sadanandane et al., 2018 (4) 
Number of small mammalian animals that act as reservoirs for the virus and for the 
vector tick 

Pattnaik, 2006 (3) 

Movement of monkeys into new areas Chakraborty et al., 2019 (2); Pattnaik, 2006 (3) 
Cattle may act as amplifying hosts for Kyasanur Forest disease virus and help in 
maintenance and propagation of the tick vector (handling of cows might also be a  
risk factor) 

Chakraborty et al., 2019 (2) 

 



We report a therapy cat in a nursing home in Germany 
infected with severe acute respiratory syndrome corona-
virus 2 during a cluster outbreak in the home residents. 
Although we confirmed prolonged presence of virus RNA 
in the asymptomatic cat, genome sequencing showed 
no further role of the cat in human infections on site.
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Cats are susceptible to severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infection 

and can transmit the virus to other cats (1–3). Howev-
er, the pathophysiology and epidemiologic impact of 
SARS-CoV-2 infection of pets remain poorly under-
stood (4). We report 3 therapy cats living in a retire-
ment home in Germany for which evidence indicated 
naturally occurring human-to-cat transmission dur-
ing SARS-CoV-2 outbreaks.

A total of 21 confirmed human SARS-CoV-2 infec-
tions occurred in the outbreaks, including 3 deaths. Six 
infected care and administrative personnel showed 
mild or no symptoms; 15 infected residents showed 
typical signs of coronavirus disease, including fever 
and severe respiratory disease (cough, pneumonia, 
and dyspnea). The first outbreak occurred on the 
home’s ground floor at the end of March 2020 (Ap-
pendix Figure 1, panel A, https://wwwnc.cdc.gov/

EID/article/27/7/20-4670-App1.pdf); it is assumed 
that the virus was introduced through care person-
nel. One SARS-CoV-2–positive resident (90 years of 
age, given a diagnosis on April 4, 2020), already bed-
ridden, died on April 12. He had been in close contact 
with cat K8, which snuggled in his face.

A strict hygienic plan was implemented to con-
tain the initial outbreak, including using separate 
personnel for each floor. No visitors were allowed. 
All residents were kept in their rooms without social 
contact between them. Despite isolation, the cats still 
had access to all areas and to the outside. 

At the end of April, residents of the first floor 
showed typical COVID-19 symptoms. We tested oro-
pharyngeal swab specimens from the cats on April 
29 (surveillance day 1) (Appendix Figure 1, panel A). 
Although 2 cats (K4 and K9) showed negative results, 
1 (K8) showed positive results for SARS-CoV-2 RNA 
by quantitative reverse transcription PCR specific for 
partial envelope protein gene (Table; Appendix Fig-
ure 1, panel C). 

Because of epidemiologic connections, we specu-
lated whether K8 could have been involved in spread-
ing SARS-CoV-2 to the first floor. We isolated the cats 
in a Biosafety Level 3 facility for surveillance (Appen-
dix Figure 1, panel A) and tested them again on May 4. 
K8 was positive for SARS-CoV-2 RNA and had lower 
quantification cycle values (Table; Appendix Figure 1, 
panels B, C). Cats were housed in single cages during 
the first 4 days of quarantine (surveillance days 6–10), 
then moved into 1 combined cage system (surveillance 
day 11). After 15 days (surveillance day 21), cats were 
transferred to floor housing under Biosafety Level 3 
conditions and permitted free movement and contact. 
Testing at regular intervals of conjunctival, fecal, and 
oropharyngeal swab specimens showed that K4 and 
K9 remained negative, whereas K8 was positive for 
SARS-CoV-2 RNA until day 21 of surveillance. K8 also 
had positive quantification cycle values (range 26.3–
38.5; values <40 were considered positive) (Appendix 
Figure 1, panel B) and ≈5.7 ×104 to 5.0 ×103 RNA cop-
ies/mL (Appendix Figure 1, panel C).

Subsequently, we detected no viral RNA in swab 
samples through day 73. 

These PCR results demonstrated an extended 
period of SARS-CoV-2 infection of the positive cat. 
When serum samples were analyzed for SARS-
CoV-2–neutralizing antibodies (5), K8 showed a posi-
tive titer (range 1:20–1:52) (Appendix Figure 1, panel 
D). Multispecies ELISA results showed serum anti-
bodies against the receptor-binding domain (5). Titers 
peaked by day 35 and decreased but remained posi-
tive until the end of surveillance (Appendix Figure 1, 
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panel E). K4 and K9 remained SARS-CoV-2 seronega-
tive (Appendix Figure 1, panels D, E).

To examine the effects of potential co-infections, we 
analyzed common feline viral infections. All cats were 
negative for feline leukemia virus. However, K8 was 
positive for feline immunodeficiency virus (FIV)–spe-
cific antibodies, and K4 and K9 were positive for feline 
coronavirus–specific antibodies. The marginal serologic 
reactivity of K8 indicated that this cat was not previous-
ly infected with feline coronavirus (Appendix Figure 2).

SARS-CoV-2 genome sequences obtained from K8 
and related human cases in the retirement home (1 from 
the first outbreak and 3 from the second outbreak) dif-
fered from each other by 3 ambiguous sites, indicating 
low-frequency variants within K8, leading to viral qua-
sispecies. Sequences from the second outbreak included 
a constant C→T change (Appendix Figure, panel F). 
These data support direct human-to-cat-transmission 
during the first outbreak but not zoonotic SARS-CoV-2 
transmission from K8 because of the constant viral se-
quence difference within the second outbreak series.

Our data showed human-to-cat SARS-CoV-2 
transmission in a community-acquired cluster out-
break that had multiple infection events. We demon-
strated prolonged shedding of SARS-CoV-2 RNA up 
to day 21 after the first detection, in contrast to a re-
cent study in a naturally infected cat (RNA-positive for 
11 days) (6). We hypothesize a longer period of RNA 
shedding (>21 days) because we do not know the day 

of infection before the start of cat surveillance. Pro-
longed SARS-CoV-2 RNA shedding could be related to 
immune status of individual animals or co-infections 
or immunosuppression as reported for humans (7–9).

Our sequencing data do not suggest zoonotic 
spillback from the SARS-CoV-2–infected cat to hu-
mans, as reported elsewhere (3,10). However, rein-
fections, prolonged virus replication, and transmis-
sion events in cats cannot be excluded, in particular 
if one considers emergence of SARS-CoV-2 variants 
that have potentially increased host range or ability 
to escape preexisting immunity. Thus, cats should be 
considered in surveillance and control measures.
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Table. Overview of cat swab specimen and blood sampling regimen for prolonged SARS-CoV-2 RNA shedding from therapy cat after 
cluster outbreak in retirement home, Germany* 
Day of surveillance Sample type Cq values by RdRp/RdRp gene screen  Cq values by E/E/S gene screen 
1 OPS ND/ND ND/35.56/36.15† 
6 OPS ND/ND ND/26.34/27.06† 
7 OPS 29.66/31.40 30.52/ND 
9 OPS, CS, FS, BS 37.48/no Cq 36.23/ND 
11 OPS, CS, FS 30.95/34.80 34.66/ND 
13 OPS, CS, FS, BS 32.63/35.50 35.98/ND 
15 OPS, CS, FS 31.17/35.10 36.96/ND 
17 OPS, CS, FS, BS 33.12/36.50 35.92/ND 
19 OPS, CS, FS No Cq/no Cq No Cq/ND 
21 OPS, CS, FS, BS No Cq/38.80 No Cq/ND 
28 OPS, CS, FS, BS No Cq/no Cq ND/ND 
31 OPS, CS, FS No Cq/no Cq No Cq/ND 
35 OPS, CS, FS, BS No Cq/no Cq ND/ND 
38 OPS, CS, FS No Cq/no Cq ND/ND 
42 OPS, CS, FS, BS No Cq/no Cq ND/ND 
45 OPS, CS, FS No Cq/no Cq ND/ND 
49 OPS, CS, FS, BS No Cq/no Cq ND/ND 
69 BS No Cq/no Cq ND/ND 
73 OPS, CS, FS, BS No Cq/no Cq ND/ND 
*Results are given for virus-positive cat K8. At day 28, serum samples for analysis of blood were collected (in bold). PCRs were performed between day 1 
and day 6 by using the RealStar SARS-CoV-2 RT-PCR Kit 1.0 (Altona Diagnostics, https://www.altona-diagnostics.com) for initial diagnosis (E gene 
screen and SARS-CoV-2 specific spike gene), and from day 7 by using an RdRP gene SARS-2-IP4 quantitative real-time PCR (World Health 
Organization–recommended assay) and an E gene-specific PCR (see details in Appendix, https://wwwnc.cdc.gov/EID/article/27/7/20-4670-App1.pdf). 
The 2 results in the RdRp and E gene columns indicate that these assays were performed independently in 2 different laboratories (University of 
Veterinary Medicine Hannover and Friedrich-Loeffler Institut). BS, blood sample; CS, conjunctival swab; Cq, quantification cycle; E, envelope; FS, fecal 
swab; ND, not done; OPS, oropharyngeal swab; RdRP, RNA-dependent RNA polymerase; S, spike protein; SARS-CoV-2, severe acute respiratory 
syndrome coronavirus 2. 
†Indicates a third test result for the S gene. 
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In December 2020, the US government issued emer-
gency use authorization for two 2-dose severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) 
vaccines, both estimated to be >94% efficacious in 
preventing symptomatic coronavirus disease (COV-
ID-19) (1–3). The Advisory Committee on Immuniza-
tion Practices immediately recommended the priori-
tization of frontline workers and high-risk subgroups 
(4). As of February 14, 2021, ≈52 million doses have 
been administered (5). We used a mathematical mod-
el of COVID-19 transmission to evaluate the effects of 
vaccine timing, risk prioritization, number of doses 
administered, and uptake rates on population-level 
mortality rates (Figure).

Focusing on Austin, Texas, USA, we projected 
COVID-19 deaths over 8 months for both an infec-
tion-blocking vaccine that prevents infection upon 
exposure (assuming 95% reduction in susceptibil-
ity in vaccinated persons) and a symptom-blocking 
vaccine that prevents symptoms upon infection (as-
suming 95% reduction in symptomatic ratio in vacci-
nated persons). Vaccination would begin on January 
15 or February 15, with 10,000 vaccines administered 
weekly and allocated to cities pro rata. We compare 3 
strategies: no priority groups; 1 of 3 priority groups 
vaccinated before the general public (adults >65 
years of age, adults who have high-risk underlying 

During rollout of coronavirus disease vaccination, poli-
cymakers have faced critical trade-offs. Using a math-
ematical model of transmission, we found that timing of 
vaccination rollout would be expected to have a substan-
tially greater effect on mortality rate than risk-based pri-
oritization and uptake and that prioritizing first doses over 
second doses may be lifesaving.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021	 1977

RESEARCH LETTERS

conditions, or both); and 10 phases that vaccinate 
age–risk groups in order of risk for severe COVID-19 
outcomes. Stochastic simulations assumed that 7.6% 
of the overall population of the Austin–Round Rock 
Metropolitan Statistical Area were immunized by in-
fection before January 15.

If a perfectly risk-prioritized (10-phase) rollout 
of an infection-blocking vaccine were to begin Janu-
ary 15, we estimated that 52% (95% CI 47%–56%) of 
deaths would be averted relative to the baseline of no 
vaccines, assuming 50% uptake, or 56% (95% CI 51%–
60%) of deaths averted assuming 90% uptake (Figure, 
panel A). If rollout were delayed 1 month, 34% (95% 

CI 28%–40%) of deaths would be averted at 50% up-
take, or 38% (95% CI 32%–43%) at 90% uptake. Under 
low (50%) uptake, prioritization has minimal benefit. 
Under high uptake (90%), the 10-stage strategy is op-
timal, followed by prioritizing adults >65 years of age 
and high-risk younger adults. 

Expected differences are magnified with a symp-
tom-blocking vaccine. For a January 15 start and 50% 
uptake, the risk-prioritized 10-phase strategy would 
avert 40% (95% CI 35%–45%) of deaths, whereas un-
prioritized rollout would avert 32% (95% CI 25%–
37%). If a single dose with 82% efficacy (1,2) is ad-
ministered under the 10-phase strategy, we would 

Figure. Projected COVID-19 
deaths and deaths averted 
in the Austin–Round Rock 
Metropolitan Statistical Area 
(Austin, TX, USA) under various 
vaccine rollout scenarios for 
November 8, 2020–September 
17, 2021. A) COVID-19 deaths 
averted after January 15, 
2021, under combinations of 
vaccine uptake of 50% (left) or 
90% (right); type of protection, 
either infection blocking 
(reducing susceptibility) or 
symptom blocking (reducing 
severity); rollout dates, 
either January 15 (circles) or 
February 15 (triangles); and 
risk prioritization, either no 
priority (gray), prioritize all 
adults >65 years of age (light 
blue), adults with high-risk 
underlying conditions (medium 
blue), or the combination of the 
two (dark blue), or a 10-phase 
risk-ordered strategy (green) 
that sequentially vaccinates >65 
y high risk, 50–64 y high risk, 
>65 y low risk, 18–49 y high 
risk, 50–64 y low risk, 18–49 y 
low risk, 0–4 y high risk, 5–17 y 
high risk, 0–4 y low risk, 5–17 
y low risk. Points and whiskers 
indicate the median and 95% 
CI across 200 paired stochastic 
simulations. B) Weekly 
incident COVID-19 deaths per 
100,000 population, assuming 
intermediate (70%) uptake (6) 
without vaccine (black) or under 
a 10-phase risk-based rollout 
of a 95% efficacious infection-
blocking vaccine, starting 
either January 15 (orange) or 
February 15 (purple). The brown line assumes that only first doses are administered starting January 15. Solid lines and shading 
indicate the median and 95% CI across 200 stochastic simulations. COVID-19, coronavirus disease.
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expect a 50% (95% CI 45%–54%) reduction in mortality 
for a symptom-blocking vaccine and 66% (95% CI 
63%–70%) reduction for an infection-blocking vaccine 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/7/21-0118-App1.pdf).

These projections validate the prioritizing of high-
risk groups. In a pessimistic scenario in which a symp-
tom-blocking vaccine rollout began in February 2021 
with 50% uptake, prioritizing high-risk adults and 
adults >65 would avert ≈17,000 (95% CI 0–36,000) more 
deaths in the United States than a nonprioritized cam-
paign. Given the state of the pandemic in early 2021, 
we expected vaccine delays to cost more lives than ei-
ther imperfect prioritization or vaccine hesitancy. 

The United Kingdom and Belgium have priori-
tized first doses over second doses (7), in an effort 
to provide partial immunity to more persons. The 
United States has publicly resisted this approach, 
citing the lack of clinical trial data validating the ap-
proach (8). We found that providing a single (82% ef-
ficacious) dose would be expected to save more lives 
than the corresponding 2-dose strategy, because par-
tially immunizing a large number confers a greater 
degree of population-level protection than more fully 
immunizing half as many. Although a 1-dose cam-
paign may accelerate herd immunity and require far 
fewer resources than a 2-dose campaign, we strongly 
caution that additional data and single-dose trials are 
needed to establish efficacy. If the single-dose efficacy 
is <82%, then we would expect the difference between 
a single-dose strategy and the corresponding 2-dose 
strategy to be smaller. We expect similar reductions 
in mortality rate from both strategies when the single-
dose efficacy is 52% (2) (Appendix Figure 7). We note 
that low-efficacy vaccines may increase the risk for 
vaccine-resistant variants (9) and that there may be 
political, commercial, and societal barriers to shifting 
priorities mid-campaign (10).

We assumed that vaccines provide lasting im-
munity and block either infection or symptoms, 
whereas the reality may be a hybrid of both (Appen-
dix Table 2, Figure 2), along with riskier behavior 
stemming from pandemic weariness or overconfi-
dence in the vaccination campaign. Our estimates 
reflect conditions in the United States in early 2021, 
as cases were surging toward a pandemic peak in 
the absence of effective mitigation. The estimated 
public health benefits of vaccines decrease under 
higher COVID-19 transmission rates that might oc-
cur with relaxed mitigation measures, lower levels 
of immunity before the rollout, or the emergence of 
more transmissible SARS-CoV-2 variants including 
B.1.1.7 (Appendix).

Risk prioritization is a valid approach for maxi-
mizing the impact of vaccines, but not at the expense 
of vaccination speed. Our projections suggest 2 
immediate strategies: hybrid distributions that 
combine active outreach to priority groups with 
passive distribution to the general public; and dis-
tribution of single doses to as much of the popula-
tion as possible, foregoing plans to hold second doses  
in reserve.
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Although airborne transmission of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) 

has been proven possible among humans (1), cats (2), 
ferrets (3), and Syrian hamsters (4), the relative roles 
of droplets and aerosols in the airborne transmission 

of SARS-CoV-2 remain controversial. A recent study 
showed that coronavirus disease (COVID-19) patients 
exhaled millions of SARS-CoV-2 particles during ear-
ly infection stages (5). However, the size distribution 
of SARS-CoV-2 aerosol particles in exhaled breath of 
COVID-19 patients is not clear. 

To analyze size distribution of SARS-CoV-2 aero-
sols shed by cynomolgus monkeys, we inoculated 3 
monkeys with SARS-CoV-2 via a combination of in-
tranasal, intratracheal, and ocular routes. Monkeys 
were kept in individual cages placed in an isolator 
(biosafety housing with HEPA filters and indepen-
dent ventilation system). The exhaled breath and 
air in the isolator were collected by a 6-stage Ander-
sen sampler (https://tisch-env.com) at postinfection 
days 2, 4, and 6, and we quantified the viral RNA cop-
ies in samples (Appendix, https://wwwnc.cdc.gov/
EID/article/27/7/20-3948-App1.pdf). We also deter-
mined size distribution of SARS-CoV-2 particles.

The virus particles monkeys exhaled peaked at 
postinfection day 2 and ranged from 11,578 to 28,336 
RNA copies during a 40-minute period. On average, 
each monkey exhaled 503 virus particles/min and 
209.5 virus particles/L of exhaled breath. At postin-
fection day 4, the number of exhaled virus particles 
decreased substantially, ranging from 3,369 to 5,134 
RNA copies during a 40-minute period. On average, 
each monkey exhaled 106 virus particles/min and 
44 virus particles/L of breath. At postinfection day 
6, no viral RNA was detected in exhaled breath (Fig-
ure, panel A; Appendix Figure 1). At postinfection 
days 2, 4, and 6, viral RNA was detected in air with-
in the isolator housing the monkeys; we detected 
6,182–13,608 RNA copies during a 30-minute period 
(Figure, panel C).

We measured size distribution of SARS-CoV-2 
aerosol particles shed by the monkeys. In exhaled 
breath of inoculated monkeys and in air in the isolator, 
viral RNA was detected in all size bins, 0.65–2.1 mm, 
2.1–4.7 mm, and >4.7 mm, at postinfection days 2 and 4; 
most were concentrated in the 2.1–4.7-mm bin (Figure, 
panels B, D; Appendix Tables 1, 2). For exhaled breath, 
virus particles in each of the 3 size bins accounted for 
27.4%, 49.6%, and 23.0% of the total virus copies/40 
min, respectively; for air in the isolator, virus particles 
in each of the 3 size bins accounted for 3.8%, 75.0%, and 
21.2% of the total virus copies/30 min, respectively 
(Appendix Tables 1, 2,  Figure 3). Most virus particles 
were in the smaller particle size range (0.65–4.7 mm), 
accounting for 77% to 79% of the total virus particles 
shed by the monkeys; droplets (>4.7 mm) accounted 
for ≈21%– 23% (Appendix Tables 1, 2, Figure 3). We 
tried to isolate live virus by sequentially passaging 

We analyzed size of severe acute respiratory coronavirus 
2 (SARS-CoV-2) aerosol particles shed by experimental-
ly infected cynomolgus monkeys. Most exhaled particles 
were small, and virus was mainly released early during 
infection. By postinfection day 6, no virus was detected 
in breath, but air in the isolator contained large quantities 
of aerosolized virus.

1These authors contributed equally to this article.
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these samples in Vero-E6 cells 3 times (Appendix) but 
obtained no live virus and observed no cytopathic ef-
fects; the reasons for this failure are unknown. 

The World Health Organization cites the 2 main 
transmission routes of SARS-CoV-2 as large respira-
tory droplets and contact transmission. However, we 
found that monkeys infected with SARS-CoV-2 emit-
ted large quantities of virus aerosol particles, most 
of which were smaller (<4.7 µm). Ma et al. showed 
that COVID-19 patients exhaled millions of SARS-
CoV-2 particles/hour (5), far more than that noted for 
monkeys. This variation may result from biological 
differences between humans and monkeys and dif-
ferent sampling methods. Respiration is much slower 
in monkeys (2.4 L/min) than in humans (12 L/min). 
In addition, during sampling, monkeys were anes-
thetized and breathed slowly through their nostrils, 
possibly emitting fewer virus particles than when 
awake. The size of airborne particles determines how 
the virus is transmitted. Droplets (>4.7 µm) can travel 
limited distances; smaller particles (<4.7 µm) stay air-
borne longer and spread widely (6,7). Our findings 
suggest that aerosol transmission might contribute 
to SARS-CoV-2 spread. Personal protection requires 
wearing face masks, maintaining social distancing, 
and reducing gatherings. Infection risk in enclosed 
spaces is lowered by natural wind or mechanical air-
flow ventilation.

Cynomolgus monkeys infected with SARS-
CoV-2 emitted most virus particles in early infection 
stages; particles decreased substantially at postinfec-
tion day 6. Zhou et al. demonstrated that COVID-19 
patients emitted fewer virus particles when they 

were recovering and ready for discharge than did 
those in early infection stages (8). At postinfection 
day 6, no virus was detected in the breath of mon-
keys, but air in the isolator housing the monkeys 
still contained large quantities of aerosolized virus. 
These different seemingly noncoherent observations 
can be attributed to monkey activity, air flow, and 
some virus aerosol residues exhaled by monkeys for 
a relatively long period before sampling. Recently, 
Asadi et al. showed that aerosolized fomites (mi-
croscopic particles) played a role in influenza virus 
transmission between guinea pigs (9). SARS-CoV-2 
may be carried and transmitted between humans by 
aerosolized fomites. Most SARS-CoV-2 aerosol par-
ticles exhaled by the cynomolgus monkeys in this 
study were smaller, suggesting that aerosols might 
be a route for SARS-CoV-2 transmission.
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Figure. Viral RNA copies and 
size distribution of severe 
acute respiratory syndrome 
coronavirus 2 aerosols shed 
by experimentally infected 
cynomolgus monkeys. A) Viral 
RNA copies in aerosols directly 
expelled during 40 minutes of 
breathing. B) Size distribution of 
virus aerosols directly expelled 
during 40 minutes of breathing. 
C) Viral RNA copies in aerosols 
from the housing isolator during 
30 minutes of sampling. D) Size 
distribution of virus aerosols in 
the isolator during 30 minutes of 
sampling. dpi, days postinfection. 
The pink dotted line indicates the 
limit of detection.
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Coronavirus disease (COVID-19), caused by infec-
tion with severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2), emerged in humans in Wu-
han, China, in late December 2019, probably because 
of spillover from an unidentified animal host (1). Dogs 
and cats, to which some coronaviruses are endemic 
(2), are also susceptible to SARS-CoV-2 infection (3,4). 
Although the spread of SARS-CoV-2 is maintained 
mainly by human-to-human transmission, the epide-
miologic implications of animal susceptibility remain 
uncertain (4). We characterized the full genome of a 
SARS-CoV-2 isolate detected in a dog. 

A female poodle, who was 1.5 years of age, lived 
with 4 family members in Bitonto, Italy. All family 
members had signs and symptoms of COVID-19, the 
illness caused by SARS-CoV-2 infection. High tem-
perature (37.5°C–38.5°C), coughing, anosmia, and 
ageusia developed in the mother, who was 54 years 
of age, on October 31, 2020. The woman tested posi-
tive for SARS-CoV-2 by a rapid antigen test conduct-
ed on November 3, 2020. The local health authority  

We detected severe acute respiratory syndrome corona-
virus 2 in an otherwise healthy poodle living with 4 family 
members who had coronavirus disease. We observed an-
tibodies in serum samples taken from the dog, indicating 
seroconversion. Full-length genome sequencing showed 
that the canine and human viruses were identical, sug-
gesting human-to-animal transmission.
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collected nasopharyngeal swab samples and used 
molecular testing to confirm SARS-CoV-2 infection in 
the woman’s husband and 2 daughters. Clinical signs 
in the other family members ranged from mild fatigue 
and high temperatures (37.5°C–37.8°C) in the daugh-
ters to moderate respiratory signs and persistent high 
temperature (37.8°C–38.6°C) in the husband. This 
study was approved by the Ethics Committee of the 
Department of Veterinary Medicine at the University 
of Bari (approval no. 15/2020). 

On November 4, 2020, the owners collected oral 
and nasal swab samples from the family’s poodle 
according to our instructions. The pooled samples 
tested positive for SARS-CoV-2 by real-time reverse 
transcription PCR selective for the N gene (5). During 
the next 11 days, the owners collected nasal, oral, and 
rectal swab samples from the dog. Of 20 samples col-
lected during November 6–15, a total of 4 samples (all 
of which were collected during November 6–9) tested 
positive for SARS-CoV-2 (Table). Viral shedding oc-
curred at low titers. We did not isolate the virus. The 
dog did not show any clinical signs, and no other pets 
lived in the household.

We tested a serum sample collected by the dog’s 
veterinarian on November 27 with 2 commercial mul-
tispecies ELISA tests: ID Screen SARS-CoV-2 Double 
Antigen Multi-species ELISA (ID.vet, https://www.
id-vet.com) and Eradikit COVID19-Multispecies (In-
3Diagnostic, http://www.in3diagnostic.com). We 
also conducted a plaque reduction neutralization 
test (PRNT) (4) and a virus neutralization test (VNT) 
(6). We detected antibodies with the Eradikit (23%), 
PRNT (1:80), and VNT (1:10). We used serologic as-

says to confirm the presence of antibodies against 
SARS-CoV-2 in an additional serum sample collected 
on December 12, 2020; the antibody titers were 1:80 
for PRNT and 1:20 for VNT (Table). 

We submitted the positive pooled oral and nasal 
swab samples from the dog and the oropharyngeal 
swab sample from the index patient, all of which 
were collected on November 4, for next-generation 
sequencing (7). Next-generation sequencing obtained 
total reads of 929,736 with a mean coverage of 4,300× 
for the index patient and 969,837 with a mean cover-
age of 1,800× for the dog. Complete genomes were 
obtained using the pipeline SARS-CoV-2 RECoVERY 
in the Galaxy public server ARIES (Istituto Superiore 
di Sanità, https://w3.iss.it/site/aries). The 2 SARS-
CoV-2 genomes shared 100% nucleotide identity. 
The Pangolin COVID-19 Lineage Assigner (https://
pangolin.cog-uk.io) and Nextclade (https://clades.
nextstrain.org) assigned the sequences to the lineage 
B.1.177 (denoted by Nextclade as 20A.EU1) in Eu-
rope. Phylogenetic analysis confirmed the clustering 
of the 2 strains within the GV clade and the B.1.177 
lineage already detected in Italy (Figure).

Despite the massive number of persons with 
SARS-CoV-2, only a few cases of active infection in 
pets have been reported (3). SARS-CoV-2–specific 
antibodies in pets have been reported on a few oc-
casions, and higher seroprevalence rates have been 
found in animals from households in which family 
members have COVID-19 (4,6,8). The scarce reports of 
natural infection in dogs reflect their low susceptibil-
ity to SARS-CoV-2; for this infection, dogs are asymp-
tomatic, produce limited titers, and have a reduced 

 
Table. Molecular and serologic testing of dog with severe acute respiratory syndrome coronavirus 2 infection, Italy, 2020* 
Date of sample 
collection 

Real-time reverse transcription PCR Ct values 
 

Serologic assay results 
Oral Nasal Rectal ELISA ID.vet† ELISA In3Diagnostic‡ PRNT80§ VNT¶ 

2020 Nov 4 35.7** 35.7** ND  ND ND ND ND 
2020 Nov 6 ND 37.64 ND  ND ND ND ND 
2020 Nov 7 35.61 – ND  ND ND ND ND 
2020 Nov 8 ND – 40.71  ND ND ND ND 
2020 Nov 9 ND – 36.04  ND ND ND ND 
2020 Nov 10 – – –  ND ND ND ND 
2020 Nov 11 – – ND  ND ND ND ND 
2020 Nov 12 – – ND  ND ND ND ND 
2020 Nov 13 – – ND  ND ND ND ND 
2020 Nov 14 – – ND  ND ND ND ND 
2020 Nov 15 – – ND  ND ND ND ND 
2020 Nov 27 ND ND ND  – + (23%)†† 1:80 1:10 
2020 Dec 12 ND ND ND  – – 1:80 1:20 
*Ct, cycle threshold; ND, not done; PRNT80, 80% plaque reduction neutralization test; VNT, virus neutralization test; –, negative; +, positive. 
†ID Screen SARS-CoV-2 Double Antigen Multi-species ELISA (ID.vet, https://www.id-vet.com). 
‡Eradikit COVID19-Multispecies (In3Diagnostic, http://www.in3diagnostic.com). 
§Antibody titer expressed as the highest serum dilution with 80% reduction in plaques in inoculated VERO-E6 cells compared with the control.1:20 was 
the lowest serum dilution tested. 
¶Antibody titer expressed as the highest serum dilution preventing the appearance of cytopathic effect in inoculated VERO-E6 cells. 1:10 was the lowest 
serum dilution tested. 
**Pooled oral and nasal swab specimens. 
††Ratio between the optical densities of the tested serum and the positive control (cutoff value = 20%). 
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duration of viral shedding (9). Upon experimental 
infection, dogs shed SARS-CoV-2 at lower titers and 
for a shorter period than cats (10). Patterson et al. (4) 
found no actively infected dog or cat in a sampled 
population of 494 pets, including 67 dogs from house-
holds in which family members had COVID-19; how-
ever, SARS-CoV-2–specific antibodies were detected 
in a small proportion of pets (4). Delayed sampling of 
animals, caused by restrictions on human and animal 
movement during the pandemic, probably contribut-
ed to the negative results of molecular testing in that 
study. The infected poodle we report was monitored 
after the identification of the index case in the family, 
enabling the detection of SARS-CoV-2 RNA in swab 
samples collected during the observational follow-
up. Because the canine virus shared 100% nucleotide 
identity with the virus detected in the index case, we 
believe human-to-dog transmission of the virus prob-
ably occurred in the household. 
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The genus Paenibacillus comprises a growing num-
ber of species of rod-shaped, motile bacteria with 

peritrichous flagella (1). Paenibacillus species share 
89.6% similarity of 16S rDNA gene sequences and 
grow as nonpigmented colonies on tryptic soy agar 
(1). Best known as a nearly ubiquitous environmental 
bacteria, many Paenibacillus species are potential op-
portunistic pathogens in humans (2). We report a case 
of isolated surgical site infection caused by P. thiami-
nolyticus in an otherwise healthy patient.

A 33-year-old woman came to the emergency de-
partment with a fever and reported having a painful 
and fluctuating abdominal wall mass for 3 days. She 
had undergone lipoabdominoplasty in a different hos-
pital 7 days earlier. Laboratory tests showed anemia 
(hemoglobin 88 g/L, hematocrit 0.24 L/L) and isolated 
C-reactive protein elevation (117 mg/L). Computed to-
mography of the abdomen demonstrated a fluid collec-
tion in the abdominal wall measuring 22 × 9.5 × 5 cm. 
The patient was admitted for observation. Blood cul-
tures performed at 38.5°C showed no bacterial growth. 

Empirical intravenous antimicrobial drug ther-
apy for suspected infected hematoma was initiated 
with amoxicillin/clavulanate (2.2 g 3×/d), accord-
ing to local hospital guidelines. Under antimicrobial 
drug treatment, the patient’s fever resolved, but her 
abdominal pain persisted. 

On day 3, we aspirated a sample of the fluid collec-
tion in the abdominal wall for microbiological exami-
nation. The aspirate was cultured on blood agar incu-
bated at 35°C with 5% CO2 for 48 h; on MacConkey 

Paenibacillus thiaminolyticus is a nonvirulent organ-
ism found in human and ruminant microbiota. However,  
P. thiaminolyticus can act as an opportunistic pathogen 
in humans. We describe a case of abdominal wall he-
matoma secondarily infected by P. thiaminolyticus. Our 
findings emphasize the risk for unusual Paenibacillus  
infections in otherwise healthy persons.
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agar incubated at 35°C, aerobic, for 24 h; and on selec-
tive anaerobic agar at 35°C, anaerobic, for 5 days. All 
3 yielded a pure culture of gram variable rod-shaped 
bacteria. We used Biotyper matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF) 
mass spectrometry (Bruker Corporation, https://
www.bruker.com) and the Bruker mass spectra da-
tabase, which returned P. thiaminolyticus with a best-
match score of 2.07 (a score >2 means identification at 
the species level) (3,4). 

On day 7, the patient had bleeding at the surgi-
cal site, and we performed a surgical evacuation with 
drainage of the fluid collection. We took an intraoper-
ative microbiological swab specimen and ran another 
MALDI-TOF mass spectrometry analysis, which con-
firmed the pathogen as P. thiaminolyticus with a best 
match score of 2.17. 

After evacuation of the hematoma, the patient rap-
idly recovered. Because no specific clinical breakpoints 
have been established for Paenibacillus spp., we used 
nonspecies related clinical breakpoints from the Euro-
pean Committee on Antimicrobial Susceptibility Test-
ing pharmacokinetics and pharmacodynamics (Table). 
Intravenous antimicrobial drug therapy was continued 
for a total of 10 days. On day 14, the patient was dis-
charged with oral amoxicillin/clavulanate (1 g 3×/d) 
for another 2 weeks. We decided to perform a clinical 
and laboratory follow up at 2, 4, and 8 weeks after dis-
charge. After 2 months, the surgical wound had healed, 
and the patient was well and without sequelae.

Of the 49 species of Paenibacillus known to cause 
symptomatic infection in humans, the most com-
monly reported are P. alvei, P. phoenicis, P. macerans, 
P. lautus, P. timonensis, P. provencensis, and P. thiamin-
loyticus (2). Clinical manifestation in patients is het-
erogeneous, ranging from paucisymptomatic to se-
vere sepsis. The bacteria usually are found in blood 
with manifest bacteremia (2). In this case, P. thiami-
nolyticus was found in the aspirates of the infected  

abdominal wall hematoma but not in blood cultures 
or other body compartments.

Because Paenibacillus spp. are possible laboratory 
contaminants (5), the organisms should be detected in 
multiple sets to rule out contamination. The absence 
of clear, discriminating phenotypical features calls for 
molecular biology methods to identify the bacterium, 
such as MALDI-TOF mass spectrometry or, when in 
doubt, 16S rRNA gene sequencing (4).

P. thiaminolyticus is reported as potentially re-
sistant to ampicillin alone (2), vancomycin (2), and 
clindamycin (6). In this case, the bacterium showed 
tetracycline resistance. Consequently, antimicro-
bial susceptibility testing is necessary. According 
to the antibiograms reported in the literature, em-
piric therapy with trimethoprim/sulfamethoxa-
zole or amoxicillin/clavulanate is recommended. 
Although this patient’s condition improved with 
intravenous antimicrobial drug therapy, clinical 
resolution occurred only after surgical evacuation 
of the abdominal wall fluid collection. Because of 
reports of persistent infections (7), patients should 
be monitored after treatment.

P. thiaminolyticus was identified in human feces 
in 1951 (8). Anecdotally, its thiaminase activity can 
reduce available thiamin necessary for energy me-
tabolism in the central nervous system, causing poli-
encephalomalacia in ruminants (9). So far, no human 
disease syndrome has been related explicitly to P. 
thiaminolyticus. In 2008, P. thiaminolyticus was report-
ed as the causative agent of bacteremia of unknown 
origin in a dialysis patient with multiple underlying 
conditions and a long-term catheter (6). Since then, 3 
other isolates were reported in blood (2), vitreous hu-
mor (2), and cerebrospinal fluid (10).

In summary, this case is a reminder of the exis-
tence of a rare potential pathogen in our microbiota, 
although the causality might be discussed because 
Paenibacillus spp. remain mostly environmental bac-
teria. Therefore, identification relies on MALDI-TOF 
mass spectrometry or 16S rRNA gene sequencing. 
Surgical debridement of the infection focus also is 
recommended. The microorganism shows a vari-
able antimicrobial susceptibility profile, and trim-
ethoprim/sulfamethoxazole and amoxicillin/cla-
vulanate are possible first choice empiric therapies 
after successful identification.
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Table. Comparison of MIC and SS of antimicrobial drugs in blood 
4 hours after intravenous administration to treat Paenibacillus 
thiaminolyticus in a patient, Switzerland* 
Antimicrobial drug† MIC SSC 
Amoxicillin/clavulanate 0.064 mg/L 1.2 mg/L 
Tetracycline 12 mg/L 2.8 mg/L 
Trimethoprim/sulfamethoxazole‡ <0.094 mg/L 1.5–3 mg/L 
Clindamycin 0.38 mg/L 23 mg/L 
Ciprofloxacin 0.19 mg/L 4.56 mg/L 
*No specific clinical breakpoints have been established for Paenibacillus 
spp. We used European Committee on Antimicrobial Susceptibility Testing 
pharmacokinetics and pharmacodynamics to determine antimicrobial 
susceptibility. SSC, steady state concentration.  
†Antimicrobial drugs were administered at the recommended doses 
reported in the manufacturer the data sheets (compendium.ch, 
https://compendium.ch).  
‡Trimethoprim/sulfamethoxazole is dose dependent. 
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Emerging fungal pathogens of wildlife are rec-
ognized as major threats to global biodiversity, 

causing population declines and extinction events in 
a variety of host species (1). Ophidiomyces ophidiicola, 
the causative agent of ophidiomycosis, is one such 
pathogen recognized as a conservation threat to wild 
snakes (2). The disease first gained attention in 2008 
when fatal infections emerged in eastern massasauga 
rattlesnakes (Sistrurus catenatus) in Illinois, USA (3), 
and has since been documented throughout North 
America and Europe (2,4). The earliest retrospective 
detection of O. ophidiicola in snakes was from 2000 
(5). We report the earliest known confirmed cases of 
ophidiomycosis in free-living snakes in the United 
States, dating back to 1945.

We investigated the historical occurrence of 
ophidiomycosis in snakes in the United States by ex-
amining specimens preserved in formalin or ethanol 
at the University of Wisconsin Zoological Museum 
(UWZM; Madison, WI, USA) and Morehead State 
University Museum Collection (Morehead, KY, USA). 
We visually examined 524 specimens representing 
30 snake species from 19 states in the eastern Unit-
ed States collected during 1900–2012 (Appendix 1, 
https://wwwnc.cdc.gov/EID/article/27/7/20-4864-
App1.xlsx). To reduce risk for cross-contamination, 
we first examined snakes for clinical signs of ophid-
iomycosis within the glass jars in which they were 
stored. When specimens were removed from the 
jars for sampling, new gloves were worn to handle 

Ophidiomycosis represents a conservation threat to wild 
snake populations. The disease was reported in North 
America early in the 21st century, but the history of ophid-
iomycosis has not been investigated. We examined mu-
seum specimens and confirmed cases of ophidiomycosis 
>50 years before the disease’s reported emergence.
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each snake. We observed clinical signs consistent 
with ophidiomycosis (Figure) in 47 (9.0%) snakes 
(6). These specimens represented 12 species from 7 
states with collection dates ranging from 1929 to 1983  
(Appendix 1).

Clinical signs of ophidiomycosis are not pathog-
nomonic, and a confirmed diagnosis requires com-
patible histopathologic lesions and the detection of 
O. ophidiicola (6). Because these confirmatory steps 
involve destructive sampling of museum material, 
we selected a subset of snakes (n = 12) for these analy-
ses. We targeted specimens with large (>0.5 cm2) or  

multiple skin lesions from distant geographic areas 
and collected >25 years before the reported 2008 emer-
gence of ophidiomycosis (3) (Table). From selected 
snakes, we excised and formalin-fixed portions of le-
sioned skin, routinely processed them for light micros-
copy, and stained with periodic acid-Schiff and Gro-
cott methenamine silver methods. We also collected 
small pieces of lesioned skin (≈4 mm2) for PCR-based  
detection of O. ophidiicola. We extracted DNA from de-
hydrated tissue by using the Gentra Puregene Tissue 
Kit (QIAGEN, https://www.qiagen.com); we used 
10 µL of the kit-provided proteinase K per sample. 

Figure. Gross and histologic 
lesions in museum snake 
specimens with confirmed 
ophidiomycosis, United States. 
A, B) Crotalus horridus (A; 
University of Wisconsin Zoology 
Museum [UWZH] accession 
no. 22773) and Cemophora 
coccinea (B; UWZH accession 
no. 13822) specimens with 
thickened necrotic scales 
(arrows). C, D) Histologic 
sections of lesioned skin from 
the same C. horridus (C; UWZH 
accession no. 22773) and C. 
coccinea (D; UWZH accession 
no. 13822) specimens showing 
arthroconidia (arrow) and 
intralesional fungal hyphae 
consistent with Ophidiomyces 
ophidiicola infection. Scale 
bars indicate 20 µm.

 
Table. Museum snake specimens with clinical signs of ophidiomycosis that were subjected to histopathologic examination and PCR 
specific for Ophidiomyces ophidiicola, United States* 

Snake species 
Museum 

accession no. 
Museum 
collection 

State 
collected Date collected 

Ophidiomycosis 
histopathology 

PCR 
result† 

Ophidiomycosis 
diagnosis‡ 

Crotalus horridus UWZH 22773 UWZM WI 1958 Aug Positive Positive Confirmed 
C. horridus UWZH 23927 UWZM TN 1973 Apr 13 Positive Negative Apparent 
C. horridus UWZH 23930 UWZM TN 1973 Apr 13 Positive Negative Apparent 
Cemophora coccinea UWZH 13833 UWZM FL 1945 Positive Positive Confirmed 
Lampropeltis triangulum UWZH 22583 UWZM WI 1982 Apr 25 Positive Negative Apparent 
Pantherophis spiloides UWZH 23931 UWZM TN 1973 Apr 13 Positive Positive Confirmed 
Agkistrodon contortrix 582 MSUMC KY 1979 Oct 29 Equivocal§ Negative Possible 
Coluber constrictor 603 MSUMC KY 1980 May 6 Positive Negative Apparent 
C. constrictor 632 MSUMC KY 1980 May 16 Negative Negative Possible 
Regina septemvittata 496 MSUMC KY 1979 May 30 Equivocal Negative Possible 
R. septemvittata 511 MSUMC KY 1979 Jun 2 Equivocal Negative Possible 
R. septemvittata 634 MSUMC KY 1980 May 18 Equivocal Negative Possible 
*MSUMC, Morehead State University Museum Collection; Oo, Ophidiomyces ophidiicola; UWZM, University of Wisconsin Zoology Museum. 
†Samples are listed as positive if >1 PCR assay targeting the internal transcribed spacer region or mitochondrial NADH dehydrogenase subunit 1 gene 
was positive. See Appendix 1 (https://wwwnc.cdc.gov/EID/article/27/7/20-4864-App1.xlsx) for assay-specific results. 
‡Based on Baker et al. (6). 
§Equivocal indicates some histologic features consistent with ophidiomycosis were present but >1 diagnostic features were not observed (Appendix 1). 
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Negative controls consisted of blank extractions. For 
PCR, we used existing primers that specifically target 
the internal transcribed spacer region (ITS) of O. ophi-
diicola (6) and a newly designed PCR assay that tar-
gets mitochondrial NADH dehydrogenase subunit 1 
(nad1) (Appendix 2, https://wwwnc.cdc.gov/EID/
article/27/7/20-4864-App2.pdf). We targeted these 
2 loci, which exist at high copy numbers in the ge-
nome, because amplifiable DNA was expected to be 
at low abundance in the preserved specimens. We 
cloned and sequenced PCR amplicons of the appro-
priate size to confirm the presence of O. ophidiicola. 
We conducted tissue collection, DNA extraction, and 
PCR under strict protocols (e.g., unidirectional work-
flow and regular decontamination of work surfaces 
and equipment) to prevent contamination of samples.

Of the 12 snakes subjected to histopathological 
analyses, 7 (58.3%) had microscopic lesions with in-
tralesional fungi consistent with ophidiomycosis (6) 
(Table; Figure). We detected DNA from O. ophidiicola 
in 3 (50%) of the 6 specimens from UWZM that had 
been stored in 70% ethanol (Table). We did not detect 
DNA of O. ophidiicola in snakes from the Morehead 
State University Museum Collection (n = 6), likely 
because these specimens were stored long-term in 
formalin, which is known to affect the recovery of 
amplifiable nucleic acid. These results highlight the 
importance of targeting specimens stored in ethanol 
rather than formalin for molecular-based detection of 
pathogens in archival material.

We amplified the ITS target from 2 of the 3 speci-
mens and nad1 target from all 3 specimens; these se-
quences were 100% identical to existing O. ophidiicola 
sequences in GenBank. The 3 additional specimens 
from UWZM were strongly suspected to represent 
cases of ophidiomycosis on the basis of the presence 
of arthroconidia in histologic sections of lesioned 
skin (6); however, fungal DNA from these speci-
mens may not have been suitable for PCR amplifica-
tion. Negative controls performed as expected. The 3 
PCR-positive specimens met the diagnostic criteria 
for confirmed cases of ophidiomycosis (6); they were 
collected in Florida in 1945, Wisconsin in 1958, and 
Tennessee in 1973 (Table). These cases predate the 
earliest previously known detection of O. ophidiicola 
in free-living snakes in North America by as much as 
55 years (5).

Museum specimens can provide crucial insights 
into the history of emerging infectious diseases. Pre-
served animal specimens have been used to trace the 
origin and spread of other fungal pathogens, such as 
Pseudogymnoascus destructans (white-nose syndrome 
in bats) and Batrachochytrium spp. (chytridiomycosis 

in amphibians) (8–10). By using a similar approach, 
we demonstrate that ophidiomycosis was circulat-
ing in the eastern United States for decades before 
its recognition as an emerging disease. Future work 
focusing on how such factors as climate change, en-
vironmental disturbance, and underlying health of 
snake populations influence ophidiomycosis dynam-
ics might reveal the mechanism by which ophidiomy-
cosis is emerging (2).
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In India, sporadic outbreaks of buffalopox, which 
can be caused by vaccinia virus (VACV), have 

been reported among cattle and buffaloes (1–3) and 
also in humans (3). We describe an outbreak affect-
ing 120 lactating buffaloes and 40 lactating cows in 
Kannivadi, Navapatti, Alathuranpatti, Maniakaran-
patti, Muthukumaranpatti, S.Pudur, and E.Chittor,  

Dindigul district; and in Krishnarayapuram, Karur 
district, in Tamil Nadu, India in 2004. Pock lesions 
(0.5–1 cm diameter) were seen over the bodies of lac-
tating buffaloes but restricted to only the udder and 
teats of lactating cows (Figure, panel A). Buffalopox 
did not cause death in the animals we reviewed; it 
affected more buffaloes (30%–50%) than cows (20%–
30%). Suckling calves developed pock lesions on the 
forehead, lips, and mouth. Three milkers who worked 
with the affected animals experienced multiple pock 
lesions (1 cm diameter) on the fingers, interdigital 
webs, wrist and forearm (Figure, panel B) and gen-
eralized effects including fever (100°F) and enlarge-
ment of axillary lymph nodes. 

To investigate the causative agent, we used ex-
isting clinical samples. Scab samples were collected 
randomly from 20 affected animals (both buffaloes 
and cows). We examined scab suspensions under 
transmission electron microscope (EM) at 80 KV and 
inoculated the suspension in BHK21 cell line for vi-
rus isolation. We examined scab homogenates and 
cell culture fluid by PCR for differential diagnosis of 
cowpox virus and VACV infection (4). EM revealed 
typical brick-shaped pox virus particles of ≈290 × 270 
nm with irregularly arranged superficial filaments 
formed by tubules (Figure, panel C). After 2 blind 
passages, we noticed in BHK21 cell lines cytopatho-
genic effects such as cellular rounding, cellular fu-
sion, and intracytoplasmic inclusion bodies (Figure, 
panel D) after 48–60 hours of infection; PCR analysis 
revealed the causative agent to be VACV. 

During the global eradication of smallpox, 
strains of VACV were used as vaccine. VACV in-
fection sometimes transmitted from the vasicular 
lesion of vaccinae to domestic animals, usually cat-
tle; in turn, infected animals transmitted VACV to 
susceptible humans (5). Several outbreaks in cattle 
and humans that were thought to be cowpox were 
in fact caused by VACV (1,6,7). The infected animals 
were treated with parenteral injection of antimicro-
bial drugs for 1 week to control secondary bacterial 
infection and an antiinflammatory drug for 3 days 
to reduce pain and inflammation. Animal workers 
were also advised to clean the animals’ lesions with 
1% potassium permanganate solution followed by 
tropical application over the pock lesions with in-
digenous product of neem leaf extract and turmeric 
powder suspended in glycerin. Individual animals 
recovered in ≈1 month. Similarly affected humans 
were diagnosed at primary healthcare centers and 
treated with oral antimicrobial drugs and analgesics 
for 1 week, which reduced pain and pustules. Heal-
ing was complete in 3 weeks’ time. 

Buffalopox outbreaks caused by vaccinia virus were ob-
served in villages of Tamil Nadu, India, among lactating 
buffaloes and cows. Milkers also had lesions on their fin-
gers. Because vaccinia virus is known to have extended 
its host range in Brazil, we recommend continuous sur-
veillance to understand cross-species transmission and 
to curtail disease effects.
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The outbreaks resulted in financial loss to the 
farmers because of mastitis and loss of milk pro-
duction. The outbreaks also created public health 
concern because of human infection. The source of 
infection could not be identified; it is possible that 
VACV could be lurking in rodents, as reported ear-
lier (8), and causing sporadic outbreaks. More re-
cently, Lima et al. reported that host range of VACV 
in Brazil has extended over the period 1960–2018; 
VACV has been detected in rodents, primates, and 
several species of domesticated animals as well as 
humans (9). Thus, continuous surveillance and the 
study of genetic diversity of VACV and its patho-
genic attributes will be helpful to understand its 
founder effects and host diversity. Awareness 
among the stakeholders and steps taken for bios-
ecurity will reduce the transmission of disease in 
animals and humans.
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A 24-year-old man from Zimbabwe who had been 
living in East London, South Africa, for 13 years 

attended a primary health care clinic in East Lon-
don complaining of a 3-month period of generalized 
body pains, drenching night sweats, and weight loss. 
He had no notable previous medical history. The at-
tending nurse diagnosed HIV infection by rapid 
test, collected sputum for an Xpert MTB/RIF test 
(Cepheid, https://www.cepheid.com), and request-
ed blood screening as preparation before initiating 
combination antiretroviral therapy. Malaria-like ob-
jects found on the blood smear prompted referral for 
specialist opinion at Cecilia Makiwane Hospital in 
Mdantsane, South Africa. This case report was ap-
proved by the Human Research Committee of the 
Faculty of Health Sciences, Walter Sisulu University, 
Mthatha, South Africa (protocol no. 126/2020). The 
patient granted written informed consent for publi-
cation of the case report.

The patient shared a house with another adult 
(no animals) and worked as a construction laborer. 
Four months before seeking treatment, he returned 
from a 2-month home visit to Masvingo Province in 
Zimbabwe. He did not recall tick bites but reported 
that goats and cattle lived in the village he visited. 

At hospital admission, the patient was wasted 
(40 kg), generally weak, afebrile, and markedly pale; 
he had oral candidiasis. His enlarged, smooth, non-
tender spleen was palpable to ≈10 cm below the costal 
margin in the midclavicular line. No other findings 
were remarkable. Laboratory results (Table) showed 
evidence of likely hypersplenism-related pancyto-
penia, hemolysis, mildly raised transaminases, and 
advanced HIV infection. The abnormal blood smear 
showed intraerythrocytic parasites, initially thought 
to be malarial. However, concurrent rapid malaria an-
tigen tests were negative, and the smears and whole 
blood sample were sent to a national parasitology ref-
erence laboratory for further assessment. On the basis 
of microscopic examination of Giemsa-stained blood 
smears (Figure), we diagnosed babesiosis accompa-
nied by hemolytic anemia. 

We started the patient on a 10-day course of oral 
clindamycin and quinine (each 600 mg every 8 h). 
Blood transfusion was not needed. After 2 weeks, all 
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symptoms improved markedly; splenomegaly was 
reduced to 5 cm below the costal margin and he-
moglobin substantially improved. We subsequently 
initiated tenofovir, emtricitabine/efavirenz combina-
tion antiretroviral therapy, and trimethoprim/sulfa-
methoxazole prophylaxis; the patient responded well 
in the hospital antiretroviral unit.

DNA extracted from anticoagulated whole blood 
tested negative for Plasmodium spp. by multiplex real-
time PCR for malaria. We used a nested conventional 
PCR assay for the Babesia species 18S RNA gene (1) 
and applied bidirectional Sanger sequencing to the 
400-bp product, showing sequences shared across 
members of order Piroplasmida. We used PCR with 

18S RNA universal primers to refine this result. (2). 
The ≈1,700 bp product sequence (GenBank accession 
no. MW276138) had 99.15% identity and a subsequent 
sequence (accession no. MW276139) from a recrudes-
cence, 99.03% identity with the murine piroplasm 
Anthemosoma garnhami (accession no. MH093637.1; 
Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/7/20-4759-App1.pdf).

The patient returned for treatment 14 months later.  
He had not traveled outside of South Africa since his 
initial treatment. He was again pale and had an en-
larged spleen. His hemoglobin was 59 g/L, and we 
again observed intraerythrocytic piroplasms on the 
blood smear. His CD4 count was now 195 cells/mm3 

 
Table. Laboratory findings over time for an HIV-positive patient from Zimbabwe living in South Africa who was infected with the rodent 
piroplasm Anthemosoma garnhami 

Laboratory test 
Dates Reference 

values 2019 May 31 2019 Jun 7* 2019 Jun 20 2020 Aug 31† 2020 Nov 11 
Hemoglobin, g/L 45 40 92 59 96 132–173 
Mean cell volume, × 1015/L 82 73 84 81 84 80–99 
Leukocyte count, × 109/L 0.34 2.4 3.6 2.2 3.8 4–11 
Platelet count, × 109/L 123 140 184 56 103 137–373 
Reticulocytes, %  5.6    0.5–1.5 
Creatinine, mg/dL  0.79    0.5–1.5 
Total bilirubin, mg/dL  0.41    0.3–1.0 
Aspartate transaminase, U/L  111    10–30 
Alanine transaminase, U/L 19 47    10–40 
Lactate dehydrogenase, U/L  922    100–200 
Haptoglobin, g/L  <0.1    0.3–2.0 
CD4, cells/mm3 70   195  500–1,200 
HIV ELISA Positive      
Sputum Xpert MTB/RIF‡ Negative      
*Date of treatment initiation. 
†Date of recrudescence and retreatment initiation. 
‡Mycobacterium tuberculosis and rifampin resistance testing (Cepheid, https://www.cepheid.com). 

 

Figure. Thin blood film 
photographs showing Babesia-
like early tetrads (panels A, B) 
and pleiomorphic later-stage 
parasites (panels C, D) in 
an HIV-positive patient from 
Zimbabwe living in South 
Africa. The multiply infected 
erythrocytes and unusual 
morphology suggested 
nonmalaria parasites and were 
later determined to be the 
rodent piroplasm Anthemosoma 
garnhami, related to Babesia 
spp. Slides stained with 10% 
Giemsa, pH 7.2, for 20 min; 
original magnification ×1,000.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 7, July 2021	 1993

RESEARCH LETTERS

and HIV viral load 304 copies/mL. He was admitted 
for intravenous clindamycin and oral quinine (each 
600 mg every 8 h) as part of a 6-week treatment plan. 
The patient responded well clinically and hematolog-
ically to treatment (Table).

A. garnhami is an erythrocytic murine parasite, 
first described in spiny mice (Acomys percivali) in Ethi-
opia in 1969 (3). Because it shares characteristics with 
Haemosporidia and Piroplasmida, its classification 
was long debated, but on the basis of ribosomal RNA 
analysis of archived A. garnhami samples, it was fi-
nally assigned to the piroplasms, as the sole species of 
the family Anthemosomatidae (3). The parasite was 
identified again in 2 different rodent species in Na-
mibia (4,5). Ixodid ticks serve as vectors of piroplasms 
and therefore are likely vectors for A. garnhami; ex-
periments failed to demonstrate transmission by 
several tick and mosquito species (3). A. garnhami is 
closely related to the babesids in the Piroplasmida 
order, hence the similar microscopic appearance and 
the good clinical response in this case to clindamycin 
and quinine, drugs used to treat Babesia spp. Babesio-
sis in immunocompromised patients, including those 
with HIV, is more severe and more likely to recur (6). 
The recrudescing clinical course of this A. garnhami 
infection was probably exacerbated by the patient’s 
advanced HIV disease. 

Our report establishes a likely epizootologic simi-
larity between A. garnhami and Babesia spp., suggesting 
the potential for A. garnhami to cause zoonotic infec-
tions in humans. Although babesiosis in domestic ani-
mals is common in Africa and B. microti has been found 
in nonhuman primates in East Africa (7), only single 
reports from southern Africa (8) and Equatorial Guinea 
(9) have described human Babesia spp. infections. The 
conjunction of high concentrations of ticks, animals, 
malaria, and HIV-infected humans in Africa make it 
possible for piroplasm infections to be misdiagnosed 
as malaria, which poses potentially serious clinical 
consequences for immunocompromised patients. 
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Natural infection of animals with severe acute 
respiratory syndrome coronavirus 2 (SARS-

CoV-2) has been reported in pet cats and dogs, zoo 
felids and apes, and mustelids belonging to the sub-
family Mustelinae (1). Among mustelids, natural 
SARS-CoV-2 infections have been recorded in farmed 
American mink (Neovison vison) and sporadically 
in wild mink (https://promedmail.org/promed-
post/?id=8015608) and in a kept pet ferret (Mustela 
putorius furo) from an infected household in Slovenia 
(https://english.sta.si/2838759/first-case-of-coro-
navirus-positive-pet-confirmed-in-slovenia). Ferrets 
are common laboratory models, and experimental 
infections have evidenced their susceptibility to and 
ability to transmit the virus to other ferrets. SARS-
CoV-2 is shed for up to 8 days postinfection (dpi) in 
nasal washes, saliva, urine, and feces and is effective-
ly transmitted to naive ferrets by direct contact and 
through the air (2,3). Experimentally infected ferrets 
display either no clinical signs or exhibit elevated 
body temperature and loss of appetite (2,4).

Ferrets are common pets (https://www.avma.
org/resources-tools/reports-statistics/us-pet-own-
ership-statistics) and are also used as work animals 
for rabbit control. However, whether SARS-CoV-2 

circulates among kept ferret populations and wheth-
er ferrets could contribute to virus maintenance re-
mains unknown.

We studied 71 ferrets belonging to 7 owners; the 
ferrets were used as working animals for rabbit hunt-
ing in Ciudad Real Province, central Spain. All 71 
ferrets were included in the study, and none showed 
clinical signs of any illness. Group sizes ranged from 
4 to 21 (mean 10). Twenty ferrets belonging to groups 
1 and 2 were resampled 66 days after initial sampling. 
Information on coronavirus disease in the owners 
was not available. Sampling took place during Au-
gust–November 2020. Animal sampling procedures 
were approved by the Madrid Animal Research Eth-
ics Committee (approval no. CM14/2020). We collect-
ed 1 oropharyngeal and 1 rectal swab specimen (Del-
taSwab Virus 3 mL; Deltalab, https://www.deltalab.
es) from each ferret for RNA extraction.

We detected SARS-CoV-2–specific RNA by us-
ing a quantitative reverse transcription PCR assay 
(qRT-PCR). In brief, we extracted RNA by using the 
KingFisher Flex System (ThermoFisher, https://
www.thermofisher.com). We conducted SARS-CoV-2 
RNA detection by using the envelope protein–encod-
ing gene and 2 targets (IP2 and IP4) of the RNA-de-
pendent RNA polymerase gene (RdRp) (Appendix 
Table, https://wwwnc.cdc.gov/EID/article/27/7/ 
21-0096-App1.pdf).

Specimens considered positive by qRT-PCR were 
subjected to virus isolation in Vero E6 cells. We cul-
tured cells in RPMI-1640 Medium (Sigma Aldrich, 
https://www.sigmaaldrich.com) supplemented 
with Gibco 10% fetal bovine serum (ThermoFisher), 
100 IU/mL penicillin, and 100 µg/mL streptomycin. 
We cultured cells in 96-well plates at 37°C with 5% 
CO2 for 24–48 h. We then inoculated cells with 10 µL 
of the oronasal or fecal swab samples. We used mock-
inoculated cells as negative controls. We maintained 
cultured cells with daily observation of virus-induced 
cytopathic effect and cellular death. After 6 days, cell 
cultures were frozen, thawed, and subjected to 3  

We found severe acute respiratory syndrome coronavi-
rus 2 RNA in 6 (8.4%) of 71 ferrets in central Spain and 
isolated and sequenced virus from 1 oral and 1 rectal 
swab specimen. Natural infection occurs in kept ferrets 
when virus circulation among humans is high. How-
ever, small ferret collections probably cannot maintain  
virus circulation.

 
Table. Kept ferrets testing qRT-PCR–positive for SARS-CoV-2, 
by sample type, Spain* 
Animal ID Sample type Lowest Ct value† 
Ferret 1 G1-H6 Rectal swab 34.5 
Ferret 2 G1-H17 Nasal swab 37.29 
Ferret 3 G2-H5 Nasal swab 35.38 
Ferret 4 G5-H11 Nasal swab 39.83 
Ferret 5 G7-H7 Nasal swab 30.59 
Ferret 6 G7-H9 Nasal swab 38.91 
*Ct, cycle threshold; qRT-PCR, quantitative reverse-transcription PCR; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†A Ct cutoff of 40 was used. A result was considered positive for SARS-
CoV-2 when the sample showed a positive qRT-PCR result for >2 of the 3 
analyzed targets. 
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Figure. Phylogenetic analysis of SARS-CoV-2 indicating that spike sequences from kept ferrets were similar and clustered with a SARS-
CoV-2 genome from Spain that was included in the alignment. Black triangle indicates ferret, open triangle indicates mink; open square 
indicates cat; open circle indicates human (B1.1.7). Scale bar indicates number of substitutions per site. BRA, Brazil; CHL, Chile; CHN, 
China; DK, Denmark; EGY, Egypt; ESP, Spain; GHA, Ghana; IND, India; ITA, Italy; MEX, Mexico; NED, Netherlands; PHL, Philippines; 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2;TKY, Turkey; UK, United Kingdom; USA, United States; ZAF, South Africa.
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passages with inoculation of fresh Vero E6 cells with 
the lysates described. We performed SARS-CoV-2 
molecular detection by using qRT-PCR on the super-
natants from every passage to confirm presence or 
absence of the virus in the cell culture.

We obtained sequences from 2 positive samples 
with 38 primer sets (5) and performed sequence anal-
ysis by using the Sequencing Analysis 5.3.1 (Thermo-
Fisher), and we used SeqScape 2.5 (ThermoFisher) 
for sequence assembly, using the SARS-CoV-2 isolate 
Wuhan-Hu-1 complete genome (GenBank accession 
no. NC_045512) as reference. We performed phyloge-
netic analysis by using MEGA X (6). We used MUS-
CLE (7) to align spike proteins from the sequences 
with published sequences.

We found SARS-CoV-2 RNA in swab samples 
from 6 (8.4%) of the 71 ferrets (Table), belonging to 
4 of the 7 groups of ferrets investigated. The likeli-
hood of a swab specimen testing positive was unre-
lated with age group (<1 vs. >1 year old), sex, and 
site of sample collection (oral vs. rectal) (p>0.2 by 
Fisher 2-tailed exact test). We confirmed qRT-PCR 
results by sequencing the positive PCR product. 
None of the 20 resampled ferrets was PCR-positive, 
including 1 ferret that had tested positive 2 months 
earlier by oropharyngeal swab specimen (cycle 
threshold 35.38).

We isolated SARS-CoV-2 from the rectal 
swab specimen of ferret 1 (GenBank accession no. 
SUB9578702-MZ082987) and the nasal swab speci-
men of ferret 2 (accession no. SUB9585789-MZ099821) 
(Table). Phylogenetic analysis showed that spike se-
quences from ferrets were similar and clustered with 
a genome from Spain that was included in the align-
ment (Figure). Ferret sequences had no mutations 
identified in variants of concern, such as deletions 
(69–70del and 145del) or mutations (N501Y, A570D, 
and D614G).

We conclude that natural SARS-CoV-2 infection in 
kept ferrets does occur in circumstances of high viral 
circulation in the human population (8). However, the 
high cycle thresholds observed and the lack of virus-
positive ferrets at resampling suggest that small ferret 
populations are less able to maintain prolonged virus 
circulation than large, farmed mink populations (9,10). 
Specific guidance on SARS-CoV-2 in ferrets has been 
made available in the United Kingdom (http://apha.
defra.gov.uk/documents/guidance-sars-cov-2-ferrets.
pdf) and the United States (https://www.cdc.gov/
coronavirus/2019-ncov/animals/pet-store.html).

This article was preprinted at https://doi.org/10.1101/ 
2021.01.14.426652.
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Pulmonary tuberculosis caused by Mycobacterium cap-
rae was diagnosed in a 65-year-old goat breeder from 
northern Greece. This case represents a documented 
occupational transmission of M. caprae and highlights 
the importance of enhanced laboratory screening and 
increased surveillance for zoonotic tuberculosis control.
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Mycobacterium caprae, a member of Mycobacte-
rium tuberculosis complex (MTBC), causes cap-

rine tuberculosis (TB) (1). M. caprae has been isolated 
mainly in continental Europe and infects animals 
and humans (2–4). Although clinically indistinguish-
able from M. tuberculosis or M. bovis, M. caprae causes 
nearly one third of M. bovis–associated TB cases (5). 
Bovine TB control and pasteurization have made 
zoonotic TB rare; however, occupational risk exists 
for livestock farmers, veterinarians, slaughterhouse 
workers, butchers, and other persons working in 
close contact with livestock.

In August 2019, a 65-year-old male goat breeder 
from northern Greece was admitted to the Aristotle 
University Pulmonology Department at G. Papaniko-
laou Hospital (Thessaloniki, Greece) for weight loss, 
productive cough, and fever <38.5o C that was not re-
sponding to a 10-day regimen of cefuroxime. He was 
a frequent smoker, reported chronic alcohol abuse, 
and had no other medical history. He reported living 
in the goat shelter, occasionally consuming unpas-
teurized milk, and having no contact with or hunting 
practices involving other animal species. Laboratory 
tests showed normocytic anemia (hemoglobin 10.4 
g/dL) and an erythrocyte sedimentation rate of 112 
mm/h. Chest radiograph and computed tomography 
scans revealed upper lobe cavities and infiltrations,  
predominantly on the left side (Figure, panels A–C). A 
tuberculin skin test result was 12 mm in size. TB was 

suspected; sputum samples were sent for molecular 
and bacteriologic testing to the National Reference 
Laboratory for Mycobacteria at Sotiria Chest Diseases 
Hospital (Athens, Greece). Acid-fast stain results were 
positive and MTBC detected by using TRCReady-80 
(Tosoh Corp., https://www.tosoh.com). We deter-
mined drug sensitivity on a strain grown on sodium 
pyruvate-LJ medium by Genotype MTBDRplus (Hain 
LifeScience, https://www.hain-lifescience.de) and on 
solid media. We documented sensitivity to first-line 
anti-TB drugs and pyrazinamide. Because of the pa-
tient’s occupation, laboratory investigation included 
zoonotic species. GenoType MTBC differentiated the 
isolate as M. bovis subspecies caprae.

We used the optimized 24-loci Genoscreen MIRU-
VNTR (mycobacterial interspersed repetitive unit–vari-
able-number tandem-repeat) Typing Kit (Genoscreen, 
https://www.genoscreen.fr) on crude DNA, using 6 
quadruplex PCR and fluorescent primers with capillary 
electrophoresis. Identification was performed with the 
MIRU-VNTRplus database (6). Because no match was 
detected after initial best-match analysis, we used a tree-
based identification scheme by applying the UPGMA 
method and using the database reference strains. Iden-
tification was confirmed with a unique MIRU-VNTR 
pattern (M.caprae_Kilkis:255326322553434243231432) 
showing close phylogenetic match with M. caprae ref-
erence strains from central and eastern Europe and 
clear genetic distance from the Iberian cluster, mainly 
characterized by absence of spoligotype spacers 30–33 
(3) (Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/7/20-4399-App1.pdf).

The patient received a standard anti-TB regimen 
for 9 months and responded favorably. Cultures and 
acid-fast bacilli turned negative 10 days after treat-
ment and were negative 2.5 months after treatment. 
Erythrocyte sedimentation rate dropped to 25 mm/h, 
and the patient gained 17 kg. Chest radiograph and 
computed tomography scans showed remarkable im-
provement (Figure, panels D–F). Contact tracing did 
not reveal further human cases. Veterinary investiga-
tion identified no tuberculin skin test reactors among 
>300 goats of the epidemiologically linked herd.

Zoonotic TB causes an estimated 147,000 new hu-
man cases and 12,500 deaths annually worldwide (7). 
Zoonotic TB is a reemerging and underrecognized in-
fection in Europe; 170 confirmed human cases were 
reported in 2018 (0.05 cases/100,000 population) (4). 
Among countries not officially TB-free, Greece, Ire-
land, and Spain reported a plateaued prevalence of 
2%–5% in cattle herds over the past decade (4). The 
actual global burden of M. caprae disease is further 
underestimated because of differences in laboratory 



capacity and lack of routine surveillance data. Zoo-
notic TB is a public health hazard, resulting in serious 
economic losses and having a substantial effect on 
poor and marginalized communities (7).

Contaminated food and airborne transmission 
pose considerable risks to persons in contact with in-
fected animals or animal products (7). In this study, 
caprine TB was occupationally acquired by a goat 
farmer with a history of routine close contact with 
livestock. Pyrazinamide sensitivity and lung localiza-
tion could have caused an initial misdiagnosis of M. 
tuberculosis infection. Since 2019, enhanced laboratory 
screening and surveillance for high-risk patients re-
lated to animal breeding have been used in Greece. 
Timely application of bacteriologic and genotyping 
techniques, less frequently used in routine laboratory 
investigation until recently, highlighted the role of M. 
caprae as a human pathogen. MIRU-VNTR revealed a 
unique isolate similar to patterns reported in animals 
in Eastern Europe and the Balkans (3,8). Data on M. 
caprae zoonotic TB in Greece are limited. A dairy goat 
farm outbreak in northern Greece was the first docu-
mented in 2005; M. caprae caused pneumonia among 
animals, and the mortality rate reached 92% (9). Fur-
ther, Neonakis et al. (10) reported a human M. bovis 
isolate identified as M. bovis subsp. caprae in a Geno-

Type MTBC assay evaluation study.
M. caprae, a recently identified separate MTBC 

species, should be carefully addressed nationally and 
internationally. Key risk populations in countries not 
officially TB-free and with sizeable goat populations 
must be identified, occupational history sought, test-
ing capacity extended, and monitoring and reporting 
improved. A One Health approach that highlights in-
terdependence of human and animal health sectors is 
needed to curb the spread of this pathogen.
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Figure. Comparison of chest radiographs and computed tomography scans before and after the end of treatment for a 65-year-old male 
goat breeder infected with Mycobacterium caprae, northern Greece, 2019. Multiple cavity infiltrations and opacities are shown on the 
chest radiographs (A) and the computed tomography scan (B, C), mainly in the left upper lobe. After treatment, significant improvement 
is shown by cavity closure and recession of opacities and infiltration on the chest radiograph (D) and on the chest computed tomography 
scans (E, F).
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Rabbit hemorrhagic disease (RHD) is an acute, fa-
tal, highly contagious viral hepatitis in European 

rabbits (Oryctolagus cuniculus) (1). It causes severe 
economic losses in the rabbit meat and fur indus-
tries and can have a substantial negative ecological 
impact on wild rabbit populations and their preda-
tors. The causative agent, RHD virus (RHDV; family 
Caliciviridae, genus Lagovirus) has a single-stranded 
positive-sense RNA genome ≈7.4 kb in length. Patho-
genic RHDV strains exist in 2 main genotypes, GI.1 
and GI.2 (RHDV2). RHDV GI.1 has several variants: 
GI.1a (proposed as G6/RHDVa), GI.1b (G1), GI.1c 
(G2), and GI.1d (G3–G5) (2). It is considered enzootic 
in domestic and wild European rabbits in Asia and 
Europe; sporadic outbreaks occur in the Americas, 
Middle East, and Africa (1). RHDV2 GI.2, a variant 
first reported in France in 2010 (3), differs antigeni-
cally from RHDV GI.1 and is therefore considered a 
distinct serotype. RHDV2, which has replaced RHDV 
GI.1 in many countries in Europe, infects rabbits of 
all ages and crosses the species barrier to affect non-
European rabbit species (4).

Rabbit production, because of its low costs, has 
been promoted to reduce poverty in Africa but has 
been threatened by RHD outbreaks since the late 
1980s. In 2015, RHDV2 was detected on Tenerife in 
the Canary Islands (5). In April 2017, an outbreak 
was reported in northern Morocco (6) caused by a 
recombinant GI.1b/GI.1b/GI.2 RHDV2 strain close-
ly related to isolates identified in Portugal in 2014.  
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In September 2019, high mortality in commercial rabbits 
was reported in the Greater Accra Region of Ghana. Rab-
bit hemorrhagic disease virus 2 phylogenetically related 
to isolates from 2015–2017 outbreaks in the Netherlands 
was confirmed as the causative agent. The virus has not 
yet been detected in native rabbits in Ghana.



During 2015–2018, RHDV2 strains similar to those 
circulating in France, Portugal, Spain, and Finland 
were isolated in field rabbits in Tunisia (7). Recently, 
rabbit farms in West Africa have been severely af-
fected by RHD. Using competitive ELISA, researchers 

in Benin in July 2015 confirmed an RHD outbreak in 
the coastal city Cotonou (8). In February 2016, several 
RHD outbreaks detected by using real-time reverse 
transcription PCR (rRT-PCR) in Korhogo in north-
ern Côte d’Ivoire, were resolved but the virus and  
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Figure. Maximum-likelihood phylogenetic tree of the viral protein 60 region of rabbit hemorrhagic disease virus from Ghana (boldface) 
and reference sequences. We downloaded sequences directly from or extracted them from the whole genome sequences downloaded 
from GenBank. We aligned sequences in Geneious Prime (Geneious, https://www.geneious.com) and constructed the phylogenetic 
tree with the IQ-TREE Web server (http://iqtree.cibiv.univie.ac.at), using 1,000 bootstrap replicates as indicated in the tree. We then 
visualized the phylogenetic tree using iTOL (https://itol.embl.de). Scale bar indicates branch length.



rabbit species were not well characterized (8). On June 
3, 2020, Senegal reported its first RHDV2 outbreak, 
which killed many farmed Flemish giant, checkered 
giant, and Fauve de Bourgogne rabbits (8). Nigeria’s 
first reported outbreak started in September 2020 at 
rabbit farms in Kwara and Oya, southwestern states 
bordering Benin (8).

A September 2019 RHDV2 outbreak sickened 
11,350 rabbits and killed ≈6,000 in commercial rabbit 
farms in Dansoman, Korle-Bu, Mamprobi, and Ba-
nana Inn in the Ablekuma Central District, Greater 
Accra Region, Ghana. Clinical signs included dull-
ness, anorexia, convulsion, dyspnea, bloody nasal 
discharge, mucus in feces, and paralysis. Postmortem 
examinations revealed multifocal petechial hemor-
rhages in multiple organs, congested and edematous 
lungs, pulmonary edema with tracheal foam, spleno-
megaly, and pale livers with areas of necrosis. Tissue 
samples from affected animals submitted to the Ac-
cra Veterinary Laboratory tested positive for RHDV2. 
The disease quickly spread to other areas of Ghana, 
including the Ashanti Central Eastern, Bono, and 
Ahafo regions. We sent 35 rRT-PCR–positive liver, 
lung, and spleen samples from different regions of 
Ghana (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/27/7/21-0005-App1.pdf) to the Na-
tional Centre for Foreign Animal Disease in Winni-
peg, Manitoba, Canada, where rRT-PCR testing con-
firmed RHDV2 (9).

We extracted nucleic acid from 1 of the samples 
(RHDV2 Ghana-15 2019; Dansoman, Ghana) with a 
cycle threshold of 12.73 and subjected it to whole-ge-
nome sequencing on an Illumina MiSeq instrument 
(https://www.illumina.com) after targeted cDNA 
conversion as described elsewhere (10) with modifi-
cations. The whole genome sequence (GenBank ac-
cession no. MW118115) closely resembled (98.84%) 
that of RHDV2 isolate RHDV-NL2016 (accession 
no. MN061492) from the 2015–2017 outbreak in the 
Netherlands (Appendix Figure 2). We later subjected 
14 additional independent samples from different lo-
cations in the greater Accra region to whole-genome 
sequencing (accession no. MW789232–245) and found 
they were ≥99.73% identical at the nucleotide level to 
RHDV2 Ghana-15 2019, suggesting that this outbreak 
was caused by a single incursion.

The viral protein 60 gene of RHDV2 Ghana-15 
2019 showed 98.73% identity to the same gene in 
the isolate from the Netherlands (accession no. 
MN061492), 96.32% to the isolate (accession no. 
MF407653) from Spain, and only 94.70% to the iso-
late from Tunisia (accession no. MK629981; Figure).  
No sequence information was available from the  

previous RHDV2 outbreaks in West Africa, and there-
fore it is not possible to comment on the relatedness 
of the recent RHDV2 outbreaks in this region. Intro-
duction of RHDV2 at the port cities in West Africa 
suggests that the virus likely entered each country 
through imported rabbits or rabbit byproducts and 
was not spread by rabbits moving across land bor-
ders. The outbreak in Ghana continues, and the Gha-
na Veterinary Authority is considering vaccination to 
protect local rabbit populations. So far, no RHD cases 
have been reported in native rabbits in Ghana, but 
the lack of infections could be simply because native 
rabbits have not yet been exposed to the virus, which 
could change in the future.
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Girolamo Francesco Maria Mazzola (1503–1540), 
known as Parmigianino (the little one from Par-

ma), was a painter and printmaker. He was born into 
a family of painters in Parma, Italy, in what was then 
the Duchy of Milan, and died in Cremona, in northern 

Italy. He was among the first and most prominent art-
ists of the Mannerist school of art of the Late Renais-
sance that came after the High Renaissance. The High 
Renaissance is known for the works of Raphael and 
the early works of Michelangelo, and its art is trea-
sured for perfection of elegance and qualities of bal-
ance, proportion, and absolute beauty. In Mannerism, 
compositions are said to be exaggerated, almost to a 
fault, as a reaction to the art of the High Renaissance 
or perhaps as an attempt to improve on it. In general, 
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Mannerism is characterized by realist but decorous 
art in which there is subtle, unsettling elongation of 
figures with stylized features and poses.

Among Parmigianino’s more renowned works is 
a portrait painting from 1531–1534 of a young wom-
an, Antea, which appears on this month’s cover. It is 
unknown whether the painting is an image of a spe-
cific person or a stylized composition. We behold a 
beautiful young woman facing forward, with elon-
gated bodily proportions, as is characteristic of Man-
nerist works. With a small oval head set upon a large 
torso and wide shoulders, her arms and hands ap-
pear exaggerated in size, as if the parts of her body 
were proportioned for different paintings. Yet despite 
these physical disproportions, the viewer has an im-
pression of great beauty, a testimony to the subtlety 
and success of this Mannerist portrait. Contributing 
to the incongruousness of the image of this young 
lady, she is clad in the garments of an older woman, 
or a woman of an age with which we more commonly 
associate wealth; Antea is bejeweled, fingering a gold 
chain with her left hand, and dressed luxuriously. 
Among her layers of garments are a gold blouse with 
a fine white apron, a detailed gold satin dress, leather 
gloves, and a marten fur stole complete with the ani-
mal’s head, on which the nose is pierced with a ring 
still attached to a chain.

For millennia, people have worn animal furs, first 
for survival and protection and later for fashion. In 
European populations, the wearing of furs of Mus-
telidae, a family of carnivorous mammals, has been 
popular. Among the many mustelids are wolverines, 
weasels (including ermines), otter, badgers, marten 
(including sables), ferrets, and mink. Since the early 
Middle Ages, the quest for furs of these animals has 
played a role in European national expansion into 
areas where fur-bearing mustelids were populous, 
including Russia’s expansion into Siberia and France 
and England’s expansion into North America. More 
recently, as with animals of many other species, mus-
telid fur farming, principally of mink, has become 
widely practiced in North America and Europe.

We are currently in the midst of a global pandem-
ic caused by SARS-CoV-2, a Betacoronavirus related to 
coronaviruses found in horseshoe bats. SARS-CoV-2 
infection spilled over as a zoonosis, perhaps through 
an intermediate animal, into humans in Hubei, China, 
a circumstance that was first identified in December 
2019. As of May 25, 2021, approximately 168 million 
cases of SARS-CoV-2 infection and 3.5 million deaths 
in humans had been reported worldwide. SARS-
CoV-2 infection has also naturally spread as a zoono-
sis from humans to dogs, domestic cats, captive felids 

(cats) in zoos and sanctuaries, gorillas in zoos, farmed 
mink, and recently, to pet ferrets. Recent experimen-
tal research has shown that many mammals can be in-
fected with the virus, including cats, dogs, bank voles, 
deer mice, fruit bats, ferrets, hamsters, mink, skunks, 
pigs, rabbits, raccoon dogs, tree shrews, white-tailed 
deer, rhesus macaques, and cynomolgus macaques.

Extensive spillback of SARS-CoV-2 from humans 
to mink on mink farms was first reported in April 2020 
in the Netherlands. Mink-to-human transmission 
has been documented in the Netherlands, Denmark, 
and Poland and is suspected to have occurred in the 
United States. In January 2021, a combined report of 
the Food and Agriculture Organization  of the United 
Nations, the World Organisation for Animal Health 
(OIE), and the World Health Organization  presented 
data from OIE and other sources from 36 countries 
with mink farming industries and documented wide-
spread virus transmission, in both Europe and North 
America. Because of concerns that mink farm popu-
lations could serve as a reservoir for ongoing coro-
naviruses transmission and result in development of 
mutations that would undermine the effectiveness of 
SARS-CoV-2 vaccines, large-scale culling of these ani-
mals has been pursued by Denmark, the Netherlands, 
and Spain. Coronavirus variants have been identified 
in mink farms, including one with three amino-acid 
changes and two deletions in the spike protein. The 
escape of mink from farms into the wild is quite com-
mon; in one region of Denmark, 79% of wild mink 
have been found to be escapees. Presence of phyloge-
netically related SARS-CoV-2 in farmed mink and in 
free-ranging mink was first reported in Utah, USA, in 
December 2020. As with any zoonotic pathogen, the 
transmission of SARS-CoV-2 between animals and 
people emphasizes the importance of the One Health 
concept in the global approach to diseases that affect 
people and animals living in our shared environment.

Just as aspects of the figures in Mannerist paint-
ings often need explanation that can be complicated, 
difficult, and anxiety provoking, the issues surround-
ing fur farming for fashion, potential exchange of 
SARS-CoV-2 between human populations and vari-
ous animal species, and the massive culling of the 
commercial mink population are also complex and 
controversial. However, it appears that in addition 
to all the human-to-human contact prevention mea-
sures needed to control and eliminate SARS-CoV-2 
transmission, interventions that reduce contact of 
humans or domestic (or farmed) animals with bats 
or other susceptible wild animals will be needed to 
avert future spillover with pandemic potential. Like 
the rat-borne Black Plague of the mid-14th century 
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that ravaged the Italian states where Parmigianino 
executed his magnificent portrayal of Antea with her 
luxurious mustelid stole a century and a half later, 
the current coronavirus pandemic underscores again 
how we share pathogens with other species. With 
more than 1 million deaths and 1 billion infections 
attributed annually to zoonotic infections before the 
SARS-CoV-2 pandemic, we are challenged to assess 
and mitigate the potential risks of coronavirus trans-
mission posed by fur farms, to both humans and other 
animals. These are but two facets of the multifaceted 
public health goal of One Health, noted by CDC, “of 
achieving optimal health outcomes recognizing the 
interconnection between people, animals, plants, and 
their shared environment.”
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Article Title
Non–C. difficile Clostridioides Bacteremia in  

Intensive Care Patients, France

CME Questions
1. Which of the following statements regarding the 
background of patients admitted to the intensive care 
unit (ICU) with Clostridioides bacteremia (CB) in the 
current study is most accurate?
A. 	 Approximately half of patients with CB had no 

underlying comorbidities
B. 	 >40% of patients with CB had cancer
C. 	 >60% of patients had recent surgery or trauma
D. 	 Septic shock at the time of admission was rare

2. Which of the following statements regarding the 
clinical presentation of patients with CB in the current 
study is most accurate?
A. 	 Digestive symptoms were the most common 

presenting symptoms
B. 	 Myonecrosis was present at admission in most 

patients
C. 	 Most patients had evidence of acute hemolysis
D. 	 Most patients had evidence of acute leukopenia

3. Which of the following statements regarding the 
microbiology of CB among patients in the current 
study was most accurate?
A. 	 C. perfringens was isolated from > 30% of patients
B. 	 < 10% of cases were polymicrobial
C. 	 The rate of Clostridioides resistance to β-lactam 

antibiotics exceeded 50% 
D. 	 Patients treated with clindamycin experienced lower 

mortality rates compared with other antibiotics

4. All of the following factors were associated with  
a higher risk for death due to CB in the current  
study EXCEPT:
A. 	 Older age
B. 	 Higher Sequential Organ Failure Assessment  

(SOFA) score
C. 	 Male sex
D. 	 The presence of hemolysis
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